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Abstract Due to the possibility of representing the solution of th< EM wave 
equations everywhere in a plasma medium by a simple and uniform as. ptotic 
expansion, the problem of the weak field side HF heating has been globally 
and self-consistently approached. Both propagation and absorption hav been 
together included all along from the source - the antennas - to the s-nk -
the plasma particles. It is shown that, as a result of contradictory 
requirements imposed by the physics of this global problem, the heating 
efficiency has a maximum in terms of the two main parameters, antenna wii'th 
and minority concentration. This means that large width antennas presenT'.y 
considered are not the best ones for heating. Furthur more, the part of ~v^ 
HF power which is not used to heat the plasma particle is shown to hea-
particles in the peripheral plasma in the shadow of the limiter by collisional 
heating. These heated particles in turn are producing extra impurity influx 
by increased sputtering. 
This is why operating the weak field size BF heating at optimum values in 
order to minimize the impurity production is so important in view of future 
large size experiments. It is shown that, though impurity production can be 
significantly reduced at optimum, it is not possible to reduce it further by 
using radial resonant type structure of the EM wave, because of the mismatch 
created by the large toroidal speed of the fast magnetosonic waves. As a 
result it is not sure today that this way of heating will be efficient enough 
to stay safely within the thermonuclear purity requirements for a convention
al tokamak. 
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I_ : INTRODUCTION : 
It is now almost evident that, unless perhaps in very high 

magnetic field machines» auxiliary heating is absolutely necessary in 
Tokamaks devices in order to reach thermonuclear conditions in futur large 
experiments. Among the possible candidates, Wave Heating and more precisely, 
Ion Cyclotron Wave Heating appeared to be one of the most prom-lssing because 
of its relatively light implementation, especially as concern the constraints 
on top of the ones related to the Tokamak structure itself, and the good 
accessibility it implies, when compared to the Neutral Injection Heating in 
the same situation. This way of heating has been succefully worked out in 
recent experiments with a two ions species plasma [ 1 | , showing very 
interesting results, both in high field side -interior-heating [ 2 ] and in low 
field side -exterior-heating [3 ], in agreement with theoretical expectations 
[4 ] . It mainly appears that in the high field side heating, wave conversion 

[5 ] , or else, in fact, wave transformation mechanism [6] . are giving the 
wave in the torus a parallel electrostatic component along the magnetic field 
which heats the electrons, on top of the ions heating, whereas, in the low 
field side heading, at least for large enough ratio of the densities of 
minority to the majority ions > 5 %> only ion heating is mainly observed, due 
to cyclotron Landau absorption around the ion cyclotron rssur.gince, when 
considering fundamental heating. The question of harmonics heating is to be 
discussed separately. So in the fundamental heating, the low field side 
heating seems apparently more adapted than the high field one, both from the 
point of view of efficiency - the main absorption channel is the (minority) 
ion cyclotron absorption, which goes preferentially onto the bulk ions - and 
from the point of view of technical easiness of implementation (simple 
access) and of development (large room available in principle around the 
torus for the installation of an array of antennas, for instance). 

However, in view of higher required performances, it is very 
important to understand clearly the role of the various elements entering the 
complicated system represented by the plasma and the antennas in the vessel, 
and to follow exactly the energy flow from the sources - the antennas - up to 
the ultimate sink - the plasma ions. This is necessary to establish a 
reasonnable efficiency rate of these ways of heating, in order to optimize 
safely their effects in future large mechines. 

It will appear in the sequel that the coupling of the antennas 
with the plasma surface, which is the only usual requirement for larger effi-



ciency, is in fact not adapted, and even misleading, because of the 
contradictory conditions that this coupling imposes on the It, -wave spectrum 
- small k// - as compared to the ion cyclotron Landau heating which is optimi
zed for large k/, . A trade off is then necessary and this will be discussed 
here, where an optimum will be shown. 

On the other hand, all the wave heating experiments are showing 
a net increase in the impurities population, [7] which should also be taken 
care of in the long run for qualifying the wave heating. These impurities may 
have their origin in the sputtering of fast unconfined ions heated by the 
wave, but an other possible source is the increased sputtering of peripheral 
plasma ions in the shadow of the limiter, heated by an enhanced collisional 
heating which will be shown to exist necessarily because of the specific 
combined effects of the limiter and the metallic wall of the vessel. Thus, it 
is even more important to improve the efficiency heating rate of the plasma 
ions, because then less energy will be available for peripheral heating, and, 
consequently, for impurity production. In fact, this is one of the major 
problem of wave heating to have, contrarily to the neutral injection heating, 
a good efficiency from the source to the inside of the vessel, but a poor one 
from this inside on to the plasma ions, see Fig n° 1. 

This is why establishing a correct energy balance is so impor
tant for wave heated plasmas. In the sequel, the elements in view of this aim 
will be set down. Clearly, such a problem requires first to be approached on 
a global level, contrarily to the usual "local" analyses which are nut 
linking the waves to their sources, and do not allow to compare consistently 
various possible situations. It will be shown here that the complete wave 
propagation problem can be analytically solved to an extremely good 
approximation by uniformly asymptotic expansion valid every where -including 
the singularities- which allows to represent the field structure every where 
in the torus. However, because the situation of weak field side wave heating 
turns out to be the simplest from pure theoretical point of view, and because 
of its potential interest as discussed above, one will only be considering 
this situation in what follows as a first step. The comparison of the 
exterior heating with the interior heating will be studied elsewhere. 

T.a the next paragraphs, the analytical expression of the EM 
field inside the torus in terms of the paramaters of the plasma and the 
source (the antenna) will be first set down. Then the power delivered to the 
ions will be evaluted and its optimum will be discussed, it will be shown 
that this corresponds in general to a "medium" width antenna, which will be 



defined. 
When applied to existing experiments, PLT will appear to be a good one, 
whereas JET with large antennas is largely off. On the other hand, it will be 
shown that, despite the obvious advantage to operate with the parameters 
corresponding to the optimum, this advantage is neverthless limited, justi
fying to research for further improvements of the heating efficiency. This is 
occuring for specific values of the parameters, which will be given 
explicitely, for which the EH wave is shown to have a "resonant" structure, 
in the sense that there is a maximum in the field amplitude at the cyclotron 
layer, and a minimum at the metallic limiter. It is interesting to note that 
this structure is found when including completely and self-consistently the 
absorption mechanism on to the wave propagation, in general splitted apart in 
the usual analysis. For there specific values, the absorption mechanism is 
strongly enhanced, but the difficulty is now to stay at these values, and a 
trade off is again discussed. 

Finally, the other collisions! heating of the peripheral plasma 
in the shadow of the limiter is analyzed, and expressions of the power 
absorbed, in a;;reement with experimental observations, are given.As a conse
quence, the impurity production by the resulting sputtering is given, and the 
time behaviour of the impurity densities is analytically derived in terms of 
the power loss in the exterior region in the shadow of the limiter and 
compares with good agreement to experimental results. 

With these elements, it is possible to set down a acceptable 
energy balance analysis. This mainly indicates, as previously mentionned 
that, due to the fact that the wave is not as localized in the plasma center 
as the neutral injection beam deposition, because the former unavoidably 
feels the metallic walls, there is always a part of the power which is 
deposited outside the plasma. Minimizing this part is of fundamental impor
tance for the future of the wave heating around the ion cyclotron frequency 
It is not sure today that the possible minimum is low enough to be compatible 
with Thermonuclear performance requirements. More precise analysis would be 
required for a more conclusive answer. 
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II.-STRUCTUHE OF THE EM WAVE IM THE TOROS : 
II-l : General Properties : 
Let us briefly recall that It has been possible to establish in 

a full toroidal geometry, the system of equations for the propagation of an 
EM wave in a hot plasma. When there are two ions species (at least), this 
propagation ' is strongly affected by the existence of the hybrid ion ion 
singularity, (the Busbsbaua frequency), which with a nearly cut-off separates 
the plasma volume in two distinct domains as for the structure of the wave 
propagation , Fig n° 2 . 

Mien the wave propagates from the high field side (interior 
antenna) it first hits the ion ion hybrid layer, where it party transforms 
into an electrostatic component. There it can be shown that the exact 
geometry of the magnetic field - pololdal component - plays a very important 
role in the wave propagation, because it controls the behavior of the 
component of the electric field along the magnetic field lines, itself 
responsible of the electrons heating via Landau absorption. So this 
contributes to the splitting of the injected power onto the ions and the 
electrons and should not be neglected in the analysis. 

When, on the other hand, the wave propagates from the weak field 
side (exterior antenna), it first feels the cut off singularity, and, above a 
critical value of the density ratio of the ions species (typically a few per 
cent), is mainly reflected without transformation. In this case, the exact 
geometry of the magnetic lines acts only weakly and can there be simplified 
without damage, though it may be completely taken into account to the expense 
of some more complexity in the algebra. 

Because this last situation may be important in future experi
ments, due co its relative easiness of implementation inside the machine, and 
due also to the larger simplicity of its representation as just follows from 
the previous discussion, it is the problem of the ions heating near ion 
cyclotron frequency from exterior antenna which will be analyzed here in a 
first step. The interior heating will be discussed elsewhere. 

Solving this problem rests upon the possibility of representing 
the EM wave everywhere in the torus -vacuum, plasma- where it exists, in 
order to account for the various elements playing a role in the transfer of 
rhe power from the antenna -the source- up to the plasma ions -the sink-. 
This requires then a global approach, to properly include in a self consis
tent way the role of these various elements. Such a global approach is eased 



by the relative simplification of the magnetic geometry corresponding to the 

exterior heating. So, to proceed, it should be shown that there exists a 

solution to the problem of the structure of an EM wave in the multi media 

structure shown on Fig n* 3. This requires : 

- to solve first EH wave problem in the plasma and get its 

explicit form. 

- to analyze the boundary conditions at the cut off. 

- to join the E.M wave at the plasma surface to the EH field 

outside produced by the antenna. 

These three points will be successively studied before it will 

be possible to write the expression of the power delivered to the plasma ions 

in terms of all the characteristic parameters of the various media and the 

power initially provided by the antenna, which will be given later, as well 

as the power deliver .d onto the peripheral plasma, and the expression of the 

resulting sputtering and impurity production. 

II-a The equations of the E.M. wave in the plasma medium : 

As shown in Appendix A, the fundamental wave equation : 

where the distribution function f of species is given by the Vlasov 

equation : 

\ 3t ) CO (2) 

with :* - — » '-3? 
mo 

first order in ge to the system : 

I - a 2 div ^ | i g r a d 2 = i ^ a 2 e 3 . ̂ " ' E '.3a) 

(3b) 

in a "geometric" system of coordinates related to the flux surfaces, where S 

is the poloïdal component of the electric field, and ; 

e 3 = nr • z = s 3* u) 
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f = ( H-e e jtfis the projected dielectric tensor onto the 2 -dimensional space 
perpendicular to the toroidal direction- the poloîdal plane - after proper 
rotations to transform the dielectric tensor obtained in intrisic "local" 
magnetic line coordinates into the present geometric frame - see Appendix A -

The system (3ab) is enormously reduced as compared to the 
initial equations (1) and (2), because now it has been east in a fluid like 
form very reminiscent of the MHD equations, where the only microscopic know
ledge is included in the "moment" "2^ .It is adapted for a self consistent 
handling of geometry, propagation and absorption effects on to the wave 
structure, and especially on the analysis of the local properties of the 
wave. 

But here, it is intended to get global and explicit expressions 
of the EH wave in order to study directly the heating problem. So, in order 
to simplify the formalism to a still relevant form, though the argument can 
be carried over on the system (3ab) to the expense of more writing 
complexities, further reductions will be considered in relation with the weak 
field side implementation of the EH field. It is already expectable from the 
physics that in this case, the in the change static magnetic field direction, 
which has been shown to be of prf.mary importance in the case of high fi?ld 
side wave launching, is here less dramatically dominating in the low field 
side wave propagation problem. In other words, on may split appart the 
eventual variation of \a,, enterring the expression of the arguments of the Z 

functions in the dielectric tensor from the geometry in which the EH wave 
propagates. So one will consider only here the plane slab geometry shown on 
Fig n° 5, where B is along e , e represents the poloîdal variable and e 
the normal to the flux surfaces. It is expectable that this approximation is 
the more adapted as one is concerned with heating and propagation close to 
the equatorial plane, and the plasma cross section is itself more elliptical. 

On the other hand, it is to be shown later that the perpendi
cular typical wavelength is much shorter than the vertical one, ie, the wave 
variation is much larger along its propagation than on a constant phrase 
surface. ~o expanding in this small parameter, one finally gets-to within, a 
few per cent - the first order equation : 

\ l o g | r7Fj ) s *\\ • ? s?— \ f ^ i 7« ' , J r = 



D 
where : x • r2-, R the radius of* the cut off layer, to be defined *ater. 
' d , c o 

= -gj- , and : 
XÎ = K 2 R 2 = St „ 1 H 2 = 193 ne - ^ R 2 (6) • n co C 1 0 co A, co e i 

13 3 with n in units of 10 /cm and R in meters, and : e co 

- • = A - k* (•»> ' " " ' tf1^ • 

Finally, as a last simplifying assumption, it will be supposed 
that the Larmor radius effects on to the real parts of the elements of the 
dielectric tensor T are negligible. Then, for a two ions species plasma value 
where 1 is the minority, A, and A- in eq. (A-21ab) are equal, A, = A, » A, 
and B eq ( A-21c) are thus approximated by : 

u'.iui2- n,aj- i, a \ ) 
' Ts •• d'-nj U'-a 2) " * "' (Sb) 

with the hybrid ion-ion frequency (Buchsbaum frequency) : 

n, a,* n, ft, _ "i (9) 
n, a,+ n! a, ' "j «,+ n 2 

In (7ab), the imaginary term represents the effect on to the dielectric ten
sor of the { Landau + collisions} wave absorption, and this term is being 
kept to self-ccnsistently account for the modification of the wave propaga
tion due to this absorption. It is given by : 

a. •*( a — a.T :u, 1 . 
r' * k V • ~" l Z l k v {1°> 

This expression, in most cases, simplifies however by the remark 
that Landau absorption largely dominates in the bulk of the plasma, whereas 
collisional absorption is mostly important in the peripheral plasma. So, 
inside the plasma volume, one may replace (1C) by : 

M = V k v e x p " k 2 v» <"• 
" V T I H T l 

Equation (S), with (8 ab) and (11), obtained in a plane slab 



model with : 

S (x,y,z,t) = E U ) . exp i (ky t k J t « t) (12>-i 
y v 

is the only one which will be discussed here. It oountains already the basic 

effects related to propagation, absorption and their coupling, and it will be 

used to obtain in the next parc-èraph, an approxinu.— analytical form of the 

EH wave inside the plasm medium. 

11-3 : Structure of the EM wave inside the plasma medium : 

So the equation (S) to discuss :'.s of the form : 

E" - - p . E- * | Xfg * h | E = 0 (13) 

where : 

f = "Tïk1 ' s ~ F . " - - F >--™ '• i F t k 2 i ,-ld) 

ana K = —rr- . 

A'ith : 2 = ~7f" » i - t reduces to the normal form : 

y - j\;g - h , -£ - -g- J y = o (is) 

Despite its relative k-omplexity, (15) has the very interesting property that 

the parameter \\ in its expression is in general very large compared to 1. 

From (6), one can verify for instance that : 

X^ F H = 193 x 10 X 1 • 1930 (16a) 

X* = 193 x 5 x 3 = 2895 (16b) 

In other words, its value is get ;ing larger for lar, er machines. 

Now, suppose also that at the edge, the value of the density is large enou-

gh-typically, n (edge) = 0.15 n (o) - which corresponds to a diaphragm which 

"cuts" the density, in agreement with observations, the parameter Xt is then 

large all across the plasma cross-section. 

Then it is possible to represent the solution of (15) in terms 

of a uniformly asymptotic expansion in —r—, valid everywhere all across the 

plasma domain, including the singularities [ S J .Of course, the obvious 

advantage is that it is not necessary to proceed to the matching at the 

singularities, as with the usual WKB expansion, which breaks dow- at these 

points. So, writing : 

(17) 



eq. (15) becomes 

l M . V(z) (18) 

| X|z * * ( z ) | V = 0 (19) 

Where : 

- f; f " f , , i f d 0 2 ^ d O l A d 2 f f d z ^ , / J1 '20! * =[h * -3ff - IT J tdrJ - cad • ~5ẑ  Hĉ t? J , 2 0 ) 

To the first order in—r-, the solutions of (16; *re given by : 

V, = Ai (-X* z) . V, = Bi (- \*.h-z) (21) 

which are asymptotically behaving, for largo z, like a sine and a cosine 
function respectivelly. The functions Vr , defined as . 

•^ « V, ± iV, (22) 

will be useful later, as they behave like pure forward âiid backward travel
ling waves respectively. 

Thus inside the plasma domain, the general structure of the EM 
wave is given, to the first order in—r-, by the analytical form : 

- B

+ - [ - r f > - - - [ - i - ] 1 / 4 ^ 
when gathering the variables change and where B+ are tvo constants to be 
determined later» It is interesting to note that these fonctions are oscil
latory, with a minimum value of their modulus when : 

Be ( \1*z) = ax , Re U * z) = bi (24) 

respectively, for the functions V and V , where ai a. ibi are the zer-os of 
the Airy functions Ai-(-x) and Bi(-x) [10 '. Similarly, their amplitude will 
be largest when conversely : 

He U * z) = a'i , Re U!/> z5 = b'i (25i 



where a'land b'i are the zeros of the functions Ai' (-x) and Bi'(-x). 

To proceed further, let us characterize the singularities of 

(15) or (19). A slight simplification occurs due to the small value of the 

parameterk=7: inside the plasma, typically, k is at least-5— so k = — — « 10~ . 

So one may reduce the coefficient of Y in (15) to the simpler form : 

1 ,, B 1 - F(F+k 2) , „ 3F' ,„ =. 
— - X| f • k B c o -p- (26) 

which indicates that Y behaves like a Whittaker function for 

Re F = 0 (27! 

which corresponds to the hybrid layer. From (7) and (8a), this gives : 

!HB- n' ) ( MV 
HB " HBo » i»A_ (n, B,+ n, 8.) 

no 

28) 

immediately solvable for toiL. This shows a variation of the location of the 

hybrid singularity as a function of k* , a point which will be useful later. 

Similarly, the cut-off in eq(15) is, owing to the smallness of 

the other terms, approximately given by the coefficient of \*,i.e : 

Re is2- T ( F + k») j = 0 (29) 

with (7), (8ab), one notes that : 

3 : F = "' ' " * " 1 = V n ; 8 j } + 

R B a 2 U -a,) do ±S2j) - ? l 3 0 ) 

where B and F are the real parts of B aiiu F. Then (29) gives 
ft a 

— ^ i » ' - u ' ) ~ 2ff [•»* (a,+ >V «. ) +n, a, u "I 
«2 CO Û0&. $ |_ CO ' z COO ' - cool 

!31) 

£ ' ( n l a f n A i ( ' ' - " L > ) = k"' (k"2 +k ; ) - 4 * ( «»-af)( „« - s'f) 
CO HBO a 4 ui no l rn * 



tu = Hi fli+ n a il, (32) 

Eq(31) can also be solved for"»^ , and a simple procedure is to iterate by 
noting that the RHS of (31) is small. This also gives a k-dependent cut off 
location. In other words, for each couple (k, 5 J of wave numbers belonging 
to the domain in the Fourier space excited by an antenna, there will 
correspond a specific wave analytically given by (23), with specific cut-off 
and hybrid singularity given by the solutions of (31) and (28). These spectra 
are in general relatively small domain around the origin in (k , k)-space, 
but depending on the shape of the antennas, other domains may as well be 
considered. This will be important next when optimizing the heating effi
ciency. However, the situation where k -k • 0 is an interesting reference 
point. Supposing for simplicity that n.r.is small enough for g to be develop-
ped, one gets from (17) with :0..= -*-, the value o being refered to the cutoff 

j x 
, j 3 "coo 1-» r 2 u ,„„ l~ u 1 31 n, . , I 2/3 

(33) 

with : 

*'/vTi D « "COO 

and the function : / /• -\\ 

which represent the variation of the imaginary parts of the argument when 
crossing over the heating domain located around the ion cyclotron layer. It 
is interesting to note that jypically this function grows from 0 for ç = . 
to a limiting value for ç » * » see Fig n"6. In other words, due to the 
integral operator in <t> , the effect of the crossing of tile absorption domain 
is felt whatever far away from it, and this of course changes the nature of 
the wave inside the plasma medium. This coupling between the propagation and 
the absorption is in general not considered, where one ,unconsistently 
analyzes the propagation in the real field, and absorption is evaluted 
afterwards without taking account of its effect on propagation. 



Note that this effect is not a nonlinear one, ie, that it plays 
a role more or less important depending on the value of the parameters in 

• front of the integral in *. 

II 4 : Limiting and Boundary Conditions : 
Once the form of the general solution (23) has been fixed, it is 

necessary now to determine the value of its free parameters from the boundary 
and limiting conditions in order to link exactly the EM wave inside the 
plasma medium to its sources, which is required to evaluate the absorption 
efficiency of the heating phenomenon and its variations with the main 
parameters. From Fig n° 3- or its slab counterpart Fig n°6- this implies to 
match the previous solution, eq(23), to the inner solution beyond the cut off 
layer and, at the plasma edge, to the EM wave produced by the antenna in the 
presence of the metallic wall. 

This represents enough conditions to completely specify the 
solution. 

At the out off, first, equation (IS) reduces to a Sfhittaker 
equation with (26) and a Budden-type analysis [ 11 ] determines the transmis
sions and reflection coefficients for waves propagating from the weak field 
side toward the high field, and from the high field side toward the weak 
field side. Let T-,H-,T+,R+ be these coefficients respectively, see Fig n° 
7 . Then the general matching of the solutions A y + A y and B y + B 
y_ on the high field side and the weak field side respectively is given by 
the relations : 

B + = S_ B_ - T^ A + (36a) 

(36b! 

(37) 

(38! 

and H the radius of the singular ion-icn hybrid layer. It is easy to observe 
that for large enough minority density, ie n, large enough, o is large enough 

3_ = ir ( A_- Ĥ_ A_: 

where, in the present case : 

B_ = - (1 - exp —rj) 
R + = 0 

T_ = exp -
r = exp - 3 

T With 



itself for the exponential exp 5— to be very small. Then the cut-off 
layer behaves as a good reflecting surface for magnetosonic waves propagating 
from the weak field aide, and the wave structure in the plasma domain on the 
weak field side of the cut off is only weakly affected by the wave structure 
on the high field side of the cut off, that is, ultimately, by the boundary 
conditions on the high field side. In this case, standing wave type structure 
may exist [12 ] , and this point will be discussed later on. So taking a 
general condition : 

a^ = [A_ (39) 

imposed by an - unspecified - boundary constraint on the high field side, 
there results from (36 ab) the relation : 

1 - B^t 

which, with (37), gives (23) the final form : 

(40) 

[ i T - -«-• [ v - - ( R - - T - T - t > - V J Uli 

E still depends on a scale factor, which will be determined by matching at 
the plasma edge this solution to the one in the outside region between the 
plasma edge and the metallic wall and produced by the antenna, see Fig n°8. 
Supposing for simplicity that the outside region is the vacuum, one may 
easily solve Maxwell equations on both sides of the antenna. Now writing the 
matching of the solutions at the various surfaces -metallic wall, antenna, 
plasma surface-, one gets : 



and 

E (o) 
iu» ii j ch y a + r- sh Y al 

oh Y (a+b) + ( 
SD 

Y« 
-Y) shY (a+b) 

(43) 

where E(o) and E(w) represent the electric EH field at the plasma surface and 

at the metallic wall respectively, and j • J (k ,k) is the normalized Fourier 

transform of the current density inside the antenna. On the other hand : 

= k*,-k? - u V c 2 

dç 
Log E (O 

15=?, 
(44) 

where E = S (Ç) is given by (41)£,is the plasma surface, and : 

k* _ 4*i— c 

4 IT i (u a 
S'=k* - 4* i -S. a Ï"1. -i-

I + c y/ D (45) 

are characterising the metallic wall with conductivity tensor a Then i is 
* y 

the skin penetration depth of the current, and it is verified on (42) 'Chat 

E(w) = 0 when S = 0 (infinite conductivity). The current and the field at the 

metallic wall have been obtained by solving the Maxwell equations in this 

medium in order to evaluate the level of the dissipation in this domain where 

using the temperature equation which will be developed later. Finally, 

matching (41) with (43) gives the electric component of the EH field 

everywhere inside the plasma domain in the form : 

E (Ç) = E(o) •gj(5) - ipf.U) 

?•(« + iof,(y (46) 

with 

*. (5) -Etf Ai l.-xH'z) 

- ( ï ) = l f 
Bi i.-iifz) 

' y/r- (47) 



1 
and 

1 - B - * * T « T - (48) 
p " 1 - R - ; T T — * -

where R-,T+,T- are given by (3'') 
Though expression (46) is similar to the one obtained in ana

lyzing the coupling between the plasma and the antenna ( 13 j , it is fundamen
tally of different nature, as it will clearly appear later, in that instead 
of stopping the analysis to the plasma edge, as usual [ 14 ] , one is giving 
here, thanks to the asymptotic method valid in the present case for 

:»1, the field everywhere in the plasma directly in terms of its sources, ie, 
the current density in the antenna, and in an analytic form useful for 
further analysis. 

In other words, this will allow now to study row -and where- the 
power input on the antenna gets into the plasma medium, and thus to i .natruct 
the elements of a power balance in terms of the main parameters. 

This differ from the usual coupling analysis, where the power 
transfer from the antenna to the plasma surface is solely investigated, with 
an evaluation of the loading impedance. 
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III:POWER TRANSFBRED TO THE PLASMA PARTICLES 

III-l : General Properties : 

As already discussed, the main channel by which the power 

injectecd from the antenna is dissipated Inside the plasma in the weak field 

side wave heating, is the ions-channel. The electrons may be slightly heated 

if the wave tunnels enough across the doublet cut-off hybrid; ion-ion layer 
2 2 

because It in seen on expression (37) that R + T j* 1. This represents 

absorption which, as well known [ 15 ] is related to the wave conversion 

mechanism. This point will not be considered here, where emphasis will be put 

on ion heating. 

Then the power transfered to the ions of the species gaving 

their ion cyclotron resonance layer on the weak field side of the cut-off 

here the minority labelled 1-is Locally given by : 

pi • ~^whr— r- ' E * | 2 « 9 > 
where is given by (10) and E+ is the polarized component of the electric EH 

field rotating in the ion direction. So from the first compoment of the basic 

equation : 

7, 7, E = - TE 

A A 

r A IB\ 

and A and 8 by (Sab), one obtains 

(50) 

- E + iE = 
x y -,[ A - 3 +• k 2 + H 1 i k -

IE 
y 

E^ - E + iE = 
x y -,[ A - 3 +• k 2 + H 1 i k -

dx E^ - E + iE = 
x y -,[ A • k - i 

•«Ï J . » • fi«+ k"2 

which f ina l ly develops into : 

ui-nL i i - (K»+ *;> M E -Tt r* dz 
X p dç • D l 

E' 

(51! 

»i H|. (Ax - iv/iT Bx u exp u')+C u(l+C) 
(52) 

where E' is the z derivative, and : 
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Hie coefficients are given by : 

_ g,( ai* 0J( <»'- ilj A M * fl8 

o = ufl,( <ji+n,Sl2+njfli) ' 1 " M +nt Oj+ti il, 

n , ( u + 9J „ „ , n. a 1 *(x^njj)(M'-ai) 
(54) 

_ n a I m-g,)( mi- %) 
1 " u

! ( u+n, Si+njil,) 

and are regular when crossing the ion resonance layer oi • n, . So for each 
couple (k,k ) of wave numbers, equation (49) gives the local absorbed power 
in the minority ions 1, which is expressed for convenience in terms of the 
direct space variable ç,eq(17), and the mixed one u,eq(53), which is related 
to 5 By the formula : 

fih-«-H u = x' '[-57. • ( 1 -l) - XJ ( S 5 > 
By integration the total absorbed power can be evaluated in the form : 

a>2 R ! h 1 
J ^ - " H - • - ^ • n, -'I • P (56) 

where R . and R are the locations of the ion cyclotron resonance of species 
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1 and the geometric center the vessel, a and b are the small horizontal and 

vertical radii -for elliptic vessels-, h and 1 are the height and the width 

of the antenna, a the distance from the antenna to the plasma, I the fraction 

of the plasma cross-section irradiated by the wave ~dd P the average power 

inside the vessel, see Fig n° 9. 

The quantity 3^, which represents the results of the effects of 

the wave propagation from the antenna to the absorption domain - here the ion 

cyclotron reso. ..ice - is given by : 

3 , = fdk <fk . L . f ° ' ,_, I '. f ' ^ .u '. exp-u* 11. I' . d r (57: 

when writt ing : 

E^ = i ( 1 + î ) - ï 7 - i 7 0 - • ° + u l t S 8 ) 

from (52), (46), with : t + (Ï) = t, (O + io tz <î)-

This term "3. is a global "transfer function" of the ion 

heating by this mechanism, and gives a sort of figure of merit of the heating 

for a fixed set of global parameters, thus allowing to compare various 

possible situations. 

III-2 : Optimum heating conditions : 

So, in the general case, on should perform the integrals in for 

a given Fourier spectrum j(k,k ) of the current in the antenna, to obtain the 

power transfered to the ions. Though this requires some numerical analysis, 

it is nevertheless possible to derive directly interesting properties of "Ï and 

then of P., with some simplifying assumptions. This will be useful for 

searching, if any, an optimum of p in terms of the various global 

parameters, in order to increase as much as possible the efficiency rate of 

this way of heating. Independently of its own obvious advantage, the interest 

of this optimum search will be reinforced later by studying the effect of the 

unused injected power onto the impurity production by the walls. 

So let suppose first that the skin depth « in the metallic wall 

of the vessel is small enough to be neglected, and assure that the heating 

domain is localized enough for the (-variation in the (-integral of (57) 



to be neglected. Note, in any case, that this variation is completely regu

lar, and that keeping it slightly charges the result. So taking the ç-depen-

dent terms equal to their value at C s Ç , the location of the ion cyclotron 

reson&nce layer with respect to the cut-off layer, eq.(31), the K-integral 

becomes instead a u-integral, which is more strongly varying, and the inter

val may be extended over (-•,+»). Then £L simplifies to : 

1 "i_ f- ki 
d> cn'ftai-b) Y 2 ' » \VM, k,il ! . 

(59) 

f „ (t c>!
! • ><<ni.M 

I» (E i _ _iiÈ *<tr ) thT(a->b) 

CO 

with .'X,- '?'.' l e and 

^«..M-f* "' • 6 X P - "' iU

 r „ , !6C) 
J=. I"' '\ ~ *• " 3 1 J e 5 t p - u 2 ; *• "• 

Suppose first that the ratio : 

C • (61) 
I»,. , a-b .... • thT(a+b)!' 

|C^.' - i r ; V '» ' ^Tî E) I 
as it may be expected in general. Then from (60) there is a critical value: 

». li = "jj- ''63! 

such that above - or below - this value, the first - respectively the second 

- term in the denominator dominates. In the first case,n,p = , whereas in 

the second one n,^» ni . So as a function of n;, the product will have a 

maximum, which is roughly reached when (62) is satisfied, see Fig n° 10. 

Owing to the fact that : 

T 10 2 l n ZB _ ,„ ,_,. 
*i = -g^- • g T tea, -essla, eV) , -,o3) 

may be rather large, this could imply small values of n, ... typically 
l crlt 
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< 1 %. For instance : 

l 7 B = TO , x f T 5 SO (64) 

giving n .. = 0,8 %. This is not always the case however. For instance: tcrit 

I^ L T 3 10 (65) 

in which case n t » 4-5 %. There is an important difference between these two 
situations due to the technical difficulty to contre a smill amount of 
minority ions around or below 1 %. In other words, whereas it is possible to 
adjust the control of the minority density at the optimum in PLT, this cannot 
be done for the other machines, with the result of a smaller efficiency, 
which is getting worse where increasing the minority density. 

Now considering the (lt.k )-lntegral in (59) with again the as
sumption (61), and supposing first that k = 0, ie taking j(k,k ) = 6(k).j(kJ), 

and neglecting -jrj as compared to k , then the integral reduces to the 
core form : 

sh 2 kd, a 
ch2k,(a*b) I i ' \ ) \ 2 (56) 

where k„ = k has also been used. This form shows the role of the various 
terms, especially of the propagation term • .a. * . shown on Fig n" 11. 

2 c n K » l a * ° J 2 
For small k^ , it behaves like k. , whereas for large k. , it decays like 

$ 9 * 
exp-2k b. This illustrates the competition between : 

v 
- the propagation from the antenna to the plasma which varies like exp-2k. b 
and is then improved by small k , corresponding to large antennas. 

2 
-The ion cyclotron Landau absorption which varies like k^ and is thus 
improved by large k corresponding to narrow antennas. 

These are clearly two conflicting requirements, and the optimum 
can only be obtained by correctly including both of them in a global study as 
developed here. This also shows the weakness of an analysis restricted to 
only one of the two previous aspects, as for instance, in the usual antenna 
design. Again, it follows from the present analysis that the best antenna to 
couple the EH wave to the plasma is a very poor one as for this wave to heat 
the plasma, which is the only ultimate goal. 
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In order to proceed and analyze the role of the Fourier trans

form of the current distribution j(&), let us consider as an example the 

distribution ; 

J - ~àr • ex<> - # ( 5 7 > 
o o 

where : x = ." , x =s — * ^ - , representing a centered gaussian. Supposing 
° ° «h 2 » 2 b 

for simplicity that : -Jjjr^Tjy = x exp - 2 Bx with g » — — -stains in 

this case •. 

K -.-AT- - ^ ( 4S-) ( 6 8 ) 

*) • ^ T ï 1 " ' ^ ITS", 
where : 

? (u) = (1 • 2u 2) . exp u:.erfc u - ^jL (69) 
o 

/2 Tb 
From (56),P is seen to vary in terns of the variable u = — ; , whic 

1 "o 
contains the most sensitive parameter 1 , the antenna width, as : 

cyl :7C) 
' a,, a a s i " a 2 i 2 o ' 

_ - " 0 0 0 
The curve -rr-u? P (u) is shown on Jig n" 12 and exhibits a net maximum for 

4 o 
u = 1.2, which corresponds for the distribution (67) to the optimum balance 
m 

between the two contradictory requirements of better propagation from the 

antenna to the plasma and better absorption by Landau ion cyclotron resonance 

mechanism. This optimum may change for other distributions, as observed for 

instance on the more general off-centered gaussian distribution : 

<*>--r • ! ¥ • • « * HMI . e x p - i i ^ l l ( 7 1 i tFHî:)]-'---
for x > 0 and its symmetrical image with respect to the j-axis for x < 0. 

One then gets instead of (68) the expression : 

« '•*» - J '72) 

2 
where : P (u,v) * exp-v. p (u,v), and whose maximum can be studied as a 

o 

function of x • Finally the important point here is the existence of the 

maximum, with a thumb rule : 

(73) 



corresponding to the best antenna width with respect to the power transferred 

to the ions. 

So, in summary, the power transfered to the ions has been ex

pressed in an analytical approximate form to within 1-2 %, As a function of 

the two sensitive-parameters 1 and n , respectively the antenna width and 

the ion minority proportion, this power exhibits a maximum defined by the 

approximate relations (62) and (73). It has been noted that in some 

experiments like TFR or JET, the corresponding optimum value for n may not 

be accessible for the choice of the antenna width, which is too large. Of 

course, a more complete analysis would be required to count more correctly 

the absorbed pow^r. In fact, one should include the absorption at the sin-

2 2 
gular hybrid layer (because R * T < 1 ) and the part absorbed after refle
xion, which gives : 

Pabs = { °ï * U " T- J ' C T- + a L ) } " ̂  ( 7 4 ) 

with : 0- • Pj/Pf instead of P only as in (56). One may also generalize the 

expression of the absorption (10) by including as well the trapped particle 

effects associated to new satellite frequencies iîi- p u» , due to ions 

bouncing with frequency w.= -—-g-, and which are corresponding to new resonan

ces. Then (10) modifies into 

M; % E L 
r 

p V V T Z v, 

showing the role of these resonances. Such effects may be important in the 

high temperature range where larger trapped particle population is created. 

However, this does not modify the optimum property and will not be discussed 

here for simplicity. So, the next question is to evaluate the absorption 

efficiency 0*=, and to analyze what the unused injected power does in the 

discharge in order to know to what extend this is acceptable or not, and 

eventually look for improving CX. if required. 
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IV:POWER LOSS AND IMPURITY PRODUCTION 
IV-1 : Experimental Observations : 
In 1CRH experiments performed with antennas on the weak field 

side of the plasma torus, one generally observe a minority ions heating. This 
heating is the stronger, as the proportion of these ions is smaller [ 16 j • In 

parallel, a weak heating of the other particles, electrons and majority ions, 
see Fig n' 13 ab, is observed, which may be attributed to the collisions of 
the minority ions onto these particles. Direct electron heating does not seem 
easy to measure due to the difficulty of monitoring small enough values of 
the minority proportion in order to have a reflexion coefficient, eq( 37 ), 
small enough compared to 1 for the absorption by wave conversion mechanism to 
be important. 

A3 for the minority heating, the structure of the observed 
distribution functions with a tail formation agrees with tneorutical analysis 
[17 ibased on quasi li..~dr approximation *or ion _w .-vLrtai . ~ ~ — L , , . IQ» 

justifLying the developement of the present analysis. Note in passing, 
however, that this tail formation raises the question of the adequacy of the 
"optimum" values found in the previous paragraph, for the purpose of bulk 
ions heating, in the sense that having, because of the small-ier:, cf -i. , a 
family of very fast - and, at the limit, unconfined - minority ions nay not 
be useful for heating the bulk ions. This question will be discussed later 
on. Aside these observations, another phenomenon, extremely important by the 
consequence it implies, and always existing in parallel to the previous ones, 
is a large increase in the impurity density during the RF pulse. 
It has been mainly noted that this increase is almost linear in time, with a 
slope proportionnai to the injected power [ 19 ] , see Fig n° 14. For long 
enough RF pulses a stationnary level is reached, which is again proportional 
to the injected power. This indicates a strict correlation of the impurity 
variation to the H.F heating itself, because Neutral Beam Heating in similar 
plasma conditions shows a much lower level of variation. On the other 
hand,active analysis has been adressed to the research o ' -he sources of 
these impurities, and, after elimination of spurious effects related to 
inadequate choice of limiter materials, it appears that th£ antenna is not 
the source, but the metallic wall itself, and, also, some metallic parts, 
if any, in the outer region f 20 J. This result points out already the fact 
that if a physical source is to be looked for, it must be located in the 
region in between the plasma surface and the ;tallic wall, in the shadow of 
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the limiter and not in the plasma domain itself. Of course, this last 
statement refers to the plasma bulk, eliminating the relatively trivial 
effect due to unconfined fast ions sputtering on the wall, which can be 
easily counted from the knowledge of the heated ions distribution function. 
Again, this shows the poor interest of such a situation where the minority 
proportion is too weak, though further analysis is required to compare with 
other situations, as shown in the following. 

£V-2 : Mechanism of Impurity Production : 
From the previous rapid analysis, impurities are likely to be 

produced close to the metallic wall. On the other hand, the remarkable 
steadiness of the experimental observations which, in many different condi
tions, are solely depending on very global quantities, like the injected 
power, already suggests that their origin is related to a bulk effect of the 
particles in this outer domain, namely, a bulk heating inducing an enhanced 
sputtering at the wall. In other words, specific acceleration-type effects 
may be discarded for the moment. One is for instance the ion acceleration at 
the crossing of the ion cyclotron resonance layer, whose contribution is 
shown to be too weak. However, note that the existence of a larger enough 
electric field parallel to the magnetic field lines, could produce a sheet 
effect by electron acceleration, then giving the ions enough energy to create 
enhanced sputtering when hitting the wall. But there remains to evaluate this 
electric field compatible with physical conditions, and to verify that the 
net effect, after the chain of all the interactions, only depends on the 
injected power as observed^ Another heating source could be at the lower 
hybrid frequency : a' H

 =f(j^_T + nj2J , but this requires for existence 

that : n < n . t = '•~n» i*. "J, .Z'i—!•"' in units 10 1 2/cm 3, which is too e - c n t 16 U Aj / 
weak for most experimental cases. 

So returning to the bulk heating whose local expression is given 
by (49) with (10), it is easily noted from the behavior of the Z-function 
with complex argument, see Fig n° 15, that far enough from the cyclotron 
resonance layer u> = a , the contribution to (10) from the !• Z is rapidly 
overpassed by the contribution from the imaginary part of the argument 

v. /'A,/ v . This is especially the ease in the cold enough peripheral 
plasma,in the shadow of the limiter, where the quantity ^ has a ver" 

k»v 
specific behavior, let : 

Z--0- "i 1.0214 M.: , „ ,„12, 3, 
" ' Ti i 

(76) 



2 w.V.ch varies like N./T. . Its logarithmic derivative with respect to the 
coordinate labelling the flux surfaces is then : 

ajrii • ( 7 7 ) 
Ti Ni Ti 

Now, in the annular region in the shadow of the limiter, the 
approximate solution of the density equation is a simple exponentially deca
ying function : N. = N. exp-\t> . On the other hand, due to the limiter, the 
temperature drops steeply close to it, whereas, at the wall where the density 
is low and there is not heat source, the temperature is almost flat. So in 
("7) the quantity -\ + — l * X' changes sign, being positive close to the 
limiter, and negative at the wall. As a result, 0. has a maximum in the 
peripheral plasma region. This is illustrated on a specific experimental 
situation shown on Fig n° 16, where the agreement of N. with an exponential 
can be verified. But it is important to note that such a result is a general 
one, which holds as long as there exists a wall and a limiter with their 
respective effects on density and temperature. 

As a consequence, there is a strong collisional heating region 
in the peripheral clasma. In the realistic case where the quantify : '•• 

Tiechahism is given in this limit by 
- Il -H-*," is large, from (63), the local absorbed oower by this 
H c y J K 'n 

16 ft? (u-a )%»-.* (78) 

where E is the local electric field component rotating with the ions. As 
"i * 2 Z B li ̂  12 3 

— — — S io ___— (tessla, eV, 10 /cm ) is also a large quantity, 
u 2 may be neglected in the denominator of (78). The total absorbed power is 
then given by the integral of (78) over the peripheral volumev/V. 

The effect of this power transfer is to directly heat the ions 
or at least to accelerate them if they have no collisions-. The resulting 
temperature should be computed self consistently, ie, in a full nonlinear 
way, owing to the large variation in temperature that this heating may imply. 
In other to avoid this study, a simple evaluation of the stationnary 
temperature will be obtained by equating the power absorbed in the domain to 

nop* (Top _ TiJ.l^o 
tne toss term by conauction : ? •— . where CP refers to the 

4op 
outer plasma, with T

o p the energy lifetime in this region. Due to the 
existence of la.*»e fluctuations of the electric field-as observed for ins
tance en the density [201 - the limit e« = k Te will be used, where T is 

e 
the electronic temperature. This in turn gives a Bohm type transport coeffi
cient :D = p ,from which one gets : 

op e 3 •*• ' s 
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e 3 T d 2 (79) 

where d is a typical distance, with dia+b, see Fig n°8; 
There results the temperature equation for T 

"op Jit. 
c n T^ k (T ~Ti ) TS' °P ' - -TT- K «r ("J 

which, when taking the average, may be simplified in the form : 

A> d'n 
T ]*. (T - T.) = 0.1058 - = T — s r 2 2 - |E \ 1 . (eV.cm.Tessla, (81) 
° p o p 1 BT e * 10'' /cm', Volt/cm) 

giving the increase of the ions temperature in the edge region under the 
influence of th» existing electric field E by collisional heating. 

IV-3 : Impurity Density in the Plasma during HF heating : 
As a consequence, the ions hitting the metallic wall will have 

the temperature T instead of I,, as before without the HF field. They will op i 
in turn induce a larger sputtering, as this is a rapidly increasing function 
of the energy of particles, see Fig n« 17. The corresponding increase of the 
impurity production may be roughly approximated, at time t aicer the HF field 
is turned on, by the expression : 

n.Qs 

n. 2 n . _^_ . -^L . V (T ) (82) 
i op xop xop •Jl op 

where V" is the total plasma volume and J T ( T ) the sputtering coefficient 
P op 

for impurity I by ions of energy kT . Note however that, in this region, the 
charge excharge time [ 21 ] , 

TCX = { *-76 1 0" 8 "-A-lH / (83) 
may become smaller than t , in which case, the particles hitting the walls op 
will be neutrals instead of ions, with a t equal now to their time of 

op 
flight : 

d/5" 
TF = -7— = 9.79 lo'/T- ; C m " e V ' S e C ' ! 8 4 ) 

op op 
Though crude, the expressions (82) for the impurity density with 

SF-heating already shows the important feature that it grows linearly with 
time-for a constant HF power input, as assumed here-. This is due to the fact 
that the supplementary impurity source with RF power is not directly linked 



to the plasma itself as for instance in the Neutral Injection heating. This 

means that saturation will only be reached when a new equilibrium implying 

both the plasma and the outer plasma will occur, which may correspond to 

higher equilibrium values. 

to show this point, note that the impurity density n T obeys a 

diffusion equation : 

at 
(83) 

where 0 is the particle diffusion coefficient. When RF heating is put on, the 

boundary condition resulting from the previous analysis is given by : 

r T (t) (S6) 

where r(t) is the total influx of impurities at the plasma surface 4» = 'K 

to be determined later, and the initial condition is : 

n x U,0) = n I o (*) (87) 

where t = 0 is the starting tine of RF heating, and n T ( ») "he stationnary 

impurity distribution before HF heating. One should solve ÎSS) for n T with 

(86) and (87), in order to known its evolution. However, the fict is that the 

spectroscopy measurements are not observing n. t but the quantity - here the 

radiance of a choosen line of an ionization level- : 

F (t) - /dl . n (*,t) (88) 

where the integral is taken along a chord across the plasma domain, much 

easier to obtain. To be specific, consider for instance a slab geometry, 

representing a good approximation for outer enough impurity levels. Then (85) 

becomes : 

3 n T a !n 

i f ' 3-TZ- ( S 9 ) 

supposing D a constant, with : D -5^-] = - r

T(t) . With J - £ - . w( x,t), 

the solution of (89) is : ° 

ni«»-*' " A £ "S" * • -7T J ^ «P " 35F 

•L «* - " 2 rr <f- ~SS^ -*h 
2/5^ 



quite complicated, but : 

F.(t) =J n I(x,t)dx = 7 | - J w(x',t) -dt =1 r„,(tM d f (91) 

which is trivially expressed as the integral of l̂ -(t) the total flux at the 
plasma surface. This result (91) is a general one ( 22 I .which extends to 
nonlinear D as well and cylindrical geometry, and provides an extremely 
simple link between the spectroscopy observation and the flux at the plasma 
surface. 
There remains to evaluate r (t). This quantity is, at each time, the resul
ting balance between the inward flux coming from the extra sources produced 
by the SF heating as developed above, and the out-flux due to the particle 
transport giving the particles a finite lifetime inside the plasma. The 
inward flux is itself the product of the source by sputtering at the metallic 
wall r times the solid angle S by which the plasma is seen from the wall. 
On can verify that : 

yr 2„ -j . _-/i âa 
(a+b+a ) ' (92) 

for a point on the equatorial plane and on the weak field side of the plasma, 
owing to the fact that the EH wave is mostly concentrated around the equator
ial plane. This in a sensitive function of - a + = o as shown on Fig n»18. 

a» ni-ao The out-flux L can be represented as : r = n_ v = — * — where T is the parti-L L I Tp p 
cle lifetime. So finally : 

r T (t) = s n . r s(t) - r t(t) (93) 

and it is possible, from (91) and (93), to relate the spectroscopy measure
ment to the flux evolution at the plasma surface. 

At the beginning of the RF heating, n_ is small so the second 
term is negligible, and, for a constant power imput , " s (t) = f 3 , the quan
tity (88) varies linearly in time for a fixed plasma location. 

After a certain time on the contrary, more impurity particles 
are in the plasma, the second term r gets larger and ?_ (t) saturates for r -

0. This equality, as announced, implies both the plasma and the peripheral 
plasma parameters. 



Here is the fundamental reason why it Is so important to know 
where the unused injected RF power inside the vessel goes and what it does. 
It has been shown that, as expectable from on EM wave which sees the metallic 
material, the unused part of the RF power which does not go into the minority 
ion cyclotron resonnance heating, propagates up to the walls and, because of 
the structure of the peripheral plasma imposed by the limiter, is absorbed by 
collisional heating in this region and contributes to an enhanced impurity 
production by sputtering. In other words, to limit the impurity production 
would require to have a much better direct ion heating efficiency, or else, 
if this is not sufficient, to reconsider the limiter-metallic wall structure 
outside the plasma which is then uncompatible with the weak field side RF 
heating. It is in order to adress to these basic questions that the 
possibility of improving the RF heating efficiency will be discussed in the 
next part, after applications of the present results to experiments will be 
made first, in order to get an insight into their relevance. 

IV-4 : Application to Experiments : 
As already described in paragraph IV-1 above, the first effect 

of RF heating is to push up the minority tail, the more as the concentration 
of the minority is weaker, see Fig. n° 13. Similar results are obtained in 
other experiments with a corresponding increase of the bulk ion temperature 
due to collisions. It is customary to represent the resulting in temperature 
increase <1T j vs P/n , see Fig n° 19. in fact, an elementary energy balance 
shows that : 

T P 
i T i - V Jii- • — ^ (eV, ms, m 3. Kw, 10 1 3/cm 3) (94) 

i.o C/ n P 
where t-is the energy lifetime, the plasma volume, n the averaged density, 
and P . the absorbed power related to the injected one by the relation (74). 
Letting ? » O P, where P is the injected power, it is already possible to 
get from experiments an estimate of Ĉ _, which measures the heating efficiency 
for the considered experiment, for reasonable r £ , which can be evaluated 
itself from an energy balance. For PLT, for instance : 

i T E -
TJTTF = 3 ( s 5 ) 

which, with T £ ~ 70ms, gives : ̂ w - * 0,65-0.7, whereas, for TFR, this 
ratio is around 5, from which : Q~n* 0.3, showing a large difference between 
the two experiments from pure experimental point of view. This fact is ve-



- 32 

rifled from the theory developed here, where it is easy to obtain P, from 

(70) for PLT parameter, which gives :<\pi j s °- s • T* 1 1 3 correctly agrees 

with the previous evaluation, when including the local absorption. From this 

value, the corresponding result for TFS by taking the ratios of the various 

involved parameters is fl, -m^~iz" • ̂  pcÇ 0- 2 5» 1" 6 o o d agreement again with 

the experimental value with almost total reflection. When now making the 

extrapolation to JET, on finds : 

a*h ~ i_ ^i* h foci 
^l.JET = 12 ^i.PLT k ' 

which is extremelly small, and implies for this low heating efficiency, a 

much larger power input to reach the announced 5 keV performances than 

presently considered. 

It is interesting to observe that the reason of this low 

efficiency is in the inadapted antennas size. Returning back to Fig n" 12, it 

is seen that, with respect to the maximum - optimum domain - PLT is located 

above, but the drop with respect to the maximum is modest enough. This is not 

the case for TFH - and JET - where, due to the large width of the antenna in 

these experiments, the loss with respect to the maximum is a good factor of 2 

- In other words, the analysis developed here indicates that an improvement 

of a factor of 2 in the efficiency rate can be found for JET by simply 

choosing the optimum antenna width, typically half of the actual one. Another 

gain can be obtained by acting on other geometrical parameters, like the 

heigh h of the antenna, which should be longer and surround the half exterior 

complete plasma for highest efficiency. With this respect, the antenna design 

in PLT is a good one, and this is precisely what is seen on the experiment 

with Op^sro.7. 

The other important observed effect of BF heating is the large 

increase of metallic impurities. In order to test again the collisional 

heating model followed by enhanced sputtering proposed above, one may first 

apply expression (81) to a specific experimental situation. Consider the 

following case : d = 5, n = 3, B =0.33, A » 2 Te = 4 in their respective 

units, corresponding to a TFK discharge, see Fig n'20. Then from (81), one 

finds : T ~ 12 for E ~ 30, which is quite realistic from the structure of op + 

the field given by (46) and (52). The corresponding consumed power by 

collisional heating turns out to be : P ï100-120 KW, typically=S0 * of the total 



inj-
electrons was estimated to be P _.=il20 KW for an increase of the temperature 

pare 
AT. * 225 eV. 

Application of expression (82J gives the estimates : 
n = 5.10 /cm , in good agreement with observations, for a heating time t - T^ = 
I v» -5 
100 ms, and taking from Fig n° 17 the estimate *. 3^ (12 eV) » 10 . 
Though quite low» this coefficient is nevertheless very efficient to produce 
the extra amount of observed impurities, and here is a important probleu for 
the future. 

It is customary to represent the observed radiance- of a 
metallic line, here Ni XVIII for Ni impurity, vs the injected power P. ., 

in j 
showing a rough linear increase, see Fig n° 21. This trivially follows from 
(81) and (82), by just approximating ; X (T > » tfT(T.) + ^1(T.).(T -T.) where the varia-~*1 op l i i l op i 
tion of ^ «is now proportional to P. ., as observed. But the expression 
(81) and (82) are suggesting that on may act on the global parameters, here 
essentially the ratio "-1>0D

 c f t n e plasma volume to the outer plasma 
volume, and mainly the magnetic field which goes like a cubic power in 
( 81 ), in order to charge signi ficantly the resulting amount of produced 
impurities. Preliminary results on FT are suggesting a lower impurity level 
at higher magnetic field. It should be noted that the scatter in the 
experimental points is due to the change in the conditions, but also to the 
fact that the impurity does not reach a stationnary level. To be more 
specific again, it possible from (91) and (93) to follow precisely the time 
evolution of directly measured radiance - of an impurity line, in terms of 
the injected power variation and the horizontal displacement, supposing the 
loss term to be the same all along, i.e, no change in transport properties. 

Two examples with different behaviors are considered on Fig 
n° 22ab, where the ' rMiànce of Ni XVIII, the injected power and the horizon
tal displacement are plotted vs time. In the first case, the injected power 
steps up immediately and is almost constant, whereas the displacement is 
small in the first period. Then the radiance grows linearly, as theoretical
ly expected. In the second period the plasma rr.oves linearly toward the 
antenna, with as a result,a parabolic increase of the brillance. In the 
second =ase, on the contrary , the power first ramps off, and the plasma 
moves toward the antenna. Thai, as expected. the radiance• erows 1 iKe t . 
On the plateau, on the other hand, the radiance first .increases as a 2 parabola (=t ), but with a downward concavity due to the displacement 
of the ar.~er.na. The saturation occurs at the balance between the two terms 

http://ar.~er.na
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in r r . In these two examples, qualitative agreement is met with .the 
model developed here, and more precise quantitative representation can be 
made as well. It is interesting to note that they are showing the possibility 
to monitor the impurity growth in time by manipulation of injected power 
time variation or plasma location, on top of the choice of adapted parameters 
- mainly a larger magnetic field - to lower the impurity amplitude. 

So, in summary, it is possible to give a representation of 
the RF heating phenomena, which agrees with the experimental observations. 
In this approach it is mainly shown that part of the injected power goes 
onto the plasma ions, as expected. But this is sensitive to contradictory 
requirements, and a trade off, the elements of which have been shown, should 
be made to get the highest efficiency, which is not the case in most actual 
experimental situations. Typically, too large antennas are very penalizing 
This search for an optimum is the more necessary as the other part 
of this injected power which is not absorbed, goes mainly to the peripheral 
plasma in the shadow of the limiter, heating the particles there by 
collisional heating and inducing as a consequence by sputtering a large 
growth of metallic wall impurities, very deletrerious for future thermo
nuclear requirements. It is thus very fundamental to analyze now the 
ways to significantly lower the impurity production. 



V: OPTIMIZATION OF 8.F HEATING CONDITIONS : 
VI.1 : General analysis : 
As a result of the previous analysis, one trivial way to improve 

the efficiency of the weak field sida RF heating is to first design the 
parameters so that the system operates in the optimum domain shown 
on fig n* 10 and 12, This corresponds from (62) and (73) to impose 
essentially a width for the antenna and a concentration for the minority in 
terms of the other parameters. If the optimum width is easily realizable -
the typical value for b = 2.s cm is 1 ' 1 1 cm-, this may not be the case for 
the corresponding optimum concentration, which may be very small. For 
instance, n, =0,8%for x.,-70. This amount is almost not contrôlable, on top of 
the fact that it is not interesting to produce a very fast tail of a few 
particles which may have very catastrophic effects if not confined. From 
(63), it may be verified that for high enough temperature and resonnable 
magnetic field, the typical value for n is 3 6 - 7 56, quite acceptable-for 
instance n =6.6* for T. = 900 eV and B = 4 Tesslas-, From the point of view 
of heating, it is even more interesting to accept a smaller heating 
efficiency rate to cover a larger concentration ratio. The decline on Fig n° 
10 being rather slow, concentration up to 10-12 % are still very qualified 
for a good heating. In present experiments, only FLT succeeds in being very 
close to its maximum values for both the antenna width and the minority 
concentration, with apparently the most remarkable results as compared to 
other experiments like TFR and T-10. For these machines, the impurities 
growth during the RF pulse is considerable in agreement with the previous 
theoretical analysis. On this base, it may already be expected that in JET, 
which is also far from its optimum domain-the optimum antenna width is about 
21 cm, compared to the actual 40cm-, the heating efficiency will similarly be 
poor, and the impurity production large. 

Another (small) improvement is expectable by an adapted choice 
of the other parameters entering the expression (70) of the power absorbed in 
the minority P., at the cyclotron resonance. For instance, by increasing h or 
lowering Qtand 0 , one may increase P , but thi3 is very limited due to other 
constraints on these parameters. Finally, a further effect is the power time 



variation programming itself, as follows from (91), which shows that the 

impurities grow likeun*î,a+l for a power varying like t n, where t is the time. 

Though observed [23 ], this last effect Is also of very limited amplitude and 

solely adapted for short enough pulse. 

In a similar way, though operation at the optimum values is 

Ziving a serious improvement in the heating efficiency and, as a consequence, 

a lowering of impurity production, it is easily seen that, for future long 

pulse experiment, this improvement is not sufficient enough to stay safely 

below the contamination limit. From (93) and (82), an estimate of the 

stationnary impurity density after the transient period is given by : 

n l i m = n . Y (T ) . 4 E - O?) 
I op ->! op' To 

where ^ is the particle (impurity) lifetime in the plasma and T time of 
P o 

flight for an impurity leaving the wall as a neutral to travel across the 
12 

density gradient length. Taking for instance n • 3.10 , typically such that 
n =0.1 n, one gets for a medium metallic impurity (A =50) the estimate op 

,, T /T , 
nï*" - 8.5.10 . P & ° . (10 + a£HeV,s«c,C!E) (98) 

o 

which, for a large machine with a = 100 cm, and * » 0,5 sec, gives with 

To = lev and ^t= 10" the value n,= 4.10 - This value is around 10 the 
I i 

average density, i.e, higher than the thermonuclear purity requirement 

by factor of 3. Of course, the situation is known to get better with the 

ion temperature increase, so a complete analysis including the time variation 

of the temperature in an integrated sequence of heating would be necessary at 

this point to obtain a more precise answer than the previous estimate. 

However, the inspection of (60) where the variable u, given by (53), is such 

that the denominator is large, shows that now exp-u « 1, and the integral can 

be exactly performed. As a result, the linear temperature variation of P 

-from the 1/ \' in (70)- is no longer valid and P rapidly saturate without 

a sensible charge. 

So, in order to insure a really safe operation regime, with the 

weak field side RF heating, it is necessary to go beyond the "gross" 

improvements which have been discussed here and are too limited. 

V-2 : Elementary Resonant structure analysis : 

The present result forces then to consider the role of other 



parameters than the geometric or phisical ones. One possibility of course is 
to taylor the Fourier transform of the current density, jtk.kj, in 
such way that it is concentrated mainly aroum the maximum of the propaga
tion term fh, 'f3... In eq. (66). This point has been already briefly 

ch*k$(a+b) 
mentionned wiht the current density distribution (71) on expression 
(72) of the integral (66). It will not be discussed here because it implies 
to account first for the realizable antennas» which strongly limits the do
main of accessible functions j(k,k J on which the maximum is to be performed, 
thus limiting the expectable improvement for this parameter. Another impor
tant parameter is the specific structure of the EM wave itself, which has 
been neglected up to now by the assumption (61) in the general expression 
(59) of the integral in eq. (56). From the definitions (47) and (4S) and 
the form (58), it may be verified that if the evaluation (61) is adequate in 
the general case, this is not the case for those values of the parameters 
for which : 

<D J f, , , a»b -t»> ,. , thy.(a4Q) I . 
lfCe| 0<"' " ̂ 7 • (** U' ) T.(a+b) | ° !98! 

Then the denominator of (61) can be very small, that is, the 
ratio in the expression (61) is now large and there is an important 
amplification of the integrand in (56). Neglecting smaller terms for X, >>1, 
condition (98) takes also the form : 

î,Ai (-»Î0Z0! - P. \> 3i(-A,* zo) - -f^- /& 
00 ' 

-ptJ.Bi.(-x-.,„>} . - ^ - 0 
(99) 

where z = z(? n), and z is given by (17). This is an analytic relation between 
o 

the density n , from X, given by (6), and the minority concentration 1,, 
depending on the other parameters of the problem and on the wave numbers k 
and k^ excited by the antenna. Due to the oscillatory structure of the 
function Ai and Bi, there will be a discrete set of possible solutions 
corresponding for each integer n to a n-oscillations function ' U ) as in a 
usual Sturm Liouville problem. 

To be more specific, consider the case where the term n^tin A 
and B eq. (8ab) is small. Then z is given by (33), and (99) is reduced to : 

l | l Z|I i|3 
Aif-X^ z ; - o A, Z T 3 i ' ( - i , 

/Ai'(-Xf/' s s ) - oXj/'z. 3 i " ( - X ^ z R ) } 

! " a^b dz R | 
CO !o 

(100) 
th T . 'a-b} _ 

Y i3 -c ) 



dzfo. _2_ I __3 coo 1-u I u 
dC^3 j 4 T O T " 2 j " ^ ^ ^ 

ft'oeing defined by (34) . 
Noting, now tha t : 

(101) 

- the zeros of Ai(-X) and Bi'(-X) are very close : 

n 1 2 3 4 5 ô 

: a n 2.338 4.0879 5.5205 6.7867 7.9441 9.0226 : 

: b' n 2.294 4.0731 5.5124 6.7S13 7.9402 9.0196 : 

one may to the first order split the condition (100) into the explicit form 

zH,n x' a - 4 (k,k ) n n * (102) 

Where a is itself the root of 

Ai (-*2"za! - m ? ? * T 3-K-xjl5 z R) = o (103) 

and A is small and is given by 

•i. = n " R * • ! 

thT(a-i-b) 
7(a+b) (104 J 



From the previous remark, ? is very close to a and can be 
n n 

obtained itself by approximation. For large enough n^, o from (38) 

gets large enough for R- to be almost -1 (complete reflection), then 

p from (48) is very small and a is really an Jn this case, relation (101) with 

the definitions of the various terms takes the explicit form : 

». 'T~W- - l . ~ - " " 1 - *- <«*> do"/™. 3 .») (105) 
" cy 

where 

Ai I as \> , . , . - 1 3 . 3 , 
rST- • 6.0096876 ' *« l l l l > U 0 / c m •"' 
1 cy ' 

, , •> \L> i H " 1 ' £ « r l - ( l - u > . ) n , I 1 ' 1 a-b t i u ( a - b ) *£ (n.) -j|»; (n,)J *T' ' [8( M t *( l l .S, I )J • 1Ç • v ,a.b! ' 
(106) 

) -3 

with 
^^JL^^fl 

* • fn ) = 2 t " l * ( 1 - M l ) , 1 t ' _ _ .2 (107) 
2 [ i - ( i - u . K î ' I t ï f t o -Si) ] '^ 

î + ï 

and the expressions 

r - ., Lil-£i___i ri- q̂ a ... v—.., v*—i.-
" .1-(1-«I„)T,,1» *• » - ç 0~a, ' '""[!-( 1-»,)n, j. :*„*( I - * ,; n, j 

(1* O * r 2_ S. „ -i,(l-^) (I-*,)' 

"**- • 5ft (lca' 
cy " 

calling R the radius of the cyclotron resonance layer and d the distance 

from this layrr to the exterior metallic wall, s being a positive integer. 

For each s, eq (104) gives in the (N , n,)-plane a curve when all 

the parameters and y, the wave number, are fixed, see FLg a" 23. 

This represents a generalization of eigen - modes analysis to the 

cases where there exists absorption. Pure resonance does not occur hut, as 

expected there is a large enhancement of the ratio (61) which is now 

approximated by : 

i •£(£<=)!' it"-(sc)r (109) 



2/3 which nay be quite large for small enough z_ - recall that X zo B ^ from 
(102) and z T<ip - and p , that is, large enough ir from the previous 
discussion. As usual, the resonance is the higher and the thinner, the 
absorption is weaker, see Fig n°24. This somewhat modifies the previous 
optimum in v. shown on Fig n° 10, obtained without this new dependence in 
1. of the EN wave itself. The present analysis suggests to take account now 
of the n -dependence of (109) from (33), (37), (38) and (48), in order to 
get the new optimum in this parameter. The integral in i|. becomes of the 
form : 

^1 2 lan^brin,)!' " ' ^ ^ U 1 0 ! 

with essentially a maximum which is sharper when the absorption Is larger. 
This suggests to avoid too large values of n 1 > typically such that "he 
first term in the denominator overtakes the second one. 

One may even be more demanding by noting that, from Fig n° 23, 
there are many oscillations of the EM electric field in between the antenna 

13 3 and the cut off for reasonnable density ~8.10 /cm and this increases 
with the size of the machine. Typically, s = 4 for TFH but s may be up to 
12 for JET. In this case, the field is very oscillatory and might happen to 
have a minimum for ; =5 also in which case the ration (SI) gets back to the 
value 1. On the contrary, one may impose the conditions for the numerator 
of (61) to become maximum at the cyclotron resonance layer, in the same 
time the denominator is minimum for E = ç„ . In the present approximation, 
this simply corresponds to satisfy the new condition : 

-'h 
\„ z e 2. a' , (111) 

where s' is an integer smaller than s, or a more complicated one 
corresponding to (102) without the actual simplifications. The curves in 
the (N-IL) -plane corresponding to (111), are shown to be obtained from the 
expressions (105) by simple taking e = 0, and replacing a by a' , see 
Fig n» 23. 

As the intersection point of the two families of curves, the ratio 
(61) is now largest. Similarly, curves corresponding to the minimum of the 



numerator, or the maximum of the denominator can be obtained easily from 

these curves by changing a to a ' or conversely. This is useful to define 

a preeiseness "spot" within which the "best optimum" property discussed 

above may ba expected to exist. 

V-3 : Clobal Resonant Structure Analysis : 

In fact, the situation is more complicated due to the existence of 

a wave-number spectrum. Due to the (weak) -dependence by the ratio 

th Y(a+b) jjj y ^ denominator of (61), for weak heating, or the more 
Y(a+b) 

complex (k,k )- dependence of E from (46), the previous curves (1C5) and 

(111) are more likely bands in the (N-n.) plane. For a set of parameters 

corresponding to a point within one of these bands, the previous integrand 

of K. in (66) which was multiplied by 1 from (61), is now multiplied 

by a possibly strong contribution to the integral in k coming from the 

resonnance domains. 

As a consequence, the previous function P , Fig n°12, should show 

correspondingly resonance peaks [24] aside the gross maximum behavior for 

which the absorption is improved and the impurity production largely 

Lowered. These peaks would certainly be very interesting nominal points to 

run the experiments, but this result obtained in a strictly plane slab 

geometry cannot be expected to represent correctly the actual physical 

situation. 

This restriction is imposed by the geometrical structure of the 

problem. Returning back to the original 2-D equations (3ab), it can be 

verified by taking the eikonal approximation in a cartesian system of 

coordinates that the group velocities are given by : 

dy _ k» dz 
dx ~ k„ ' dx 

(112) 

where F is defined in (7). Taking roughly for k and k the values obtained 
y * 

with the height and the width of the antenna, one can show with : 
k v S-2Ï? , that typically : 
* a 

-2L. , La , 1 1 3 ) 

2ai°_) 



where the geometrical quantities have already been defined on Fig a' 9. 
The right hand side of (112) is around 0.1 for reasonable antenna 

size. This means that the fast magnetosonic wave emitted from the antenna 
has a spread which is considerably larger (10 times) in the toroidal 
direction than in the vertical direction. Seen from above along the torus 
axis, the emitted beam from the antenna has a certain angle which, when 
reflecting onto the cut-off cylinder- which is convex when seen from the 
outside- further speads out when returning backward to the exterior 
metallic wall, see Fig n° 24. 

As a consequence, the optical length travelled by each ray depends 
on its original angle, and the previous analysis, which has been developed 
by supposing that all the rays are covering the same optical length, cannot 
be applied here. With the estimate : -~- = -|j°- < 1 the typical defection 
angle S g of the emitted beam is : 

Typically » /4 or more for optimum antennas. On the other side of the 
spectrum, k =0, and the corresponding deflection angle S is given by : 

where F is a characteristic value of the term A and F = F + *"* -R' 

As a function of S, the length U S ) covered by a ray emitted by a 
point on the circle R + d, bouncing on the cut off surface R and 

O CO 
returning to the circle R + d, see Fig n» 24, is given by : 

U S ) = (R *d). cos S -{ a* -(R +d)'sirf si* (115) 

and is a smoothly increasing function of S. 
Now the plane slab analysis will not apply when within the spread 

S f i - S 0, the variation on the optical length is larger than half a wave 
length, that is, from the previous analysis, -22, ie : 

Î116) 

where s in the right hand ride is the mode number. Talcing simply the 
variational form around ; 
it is easily seen that : 
variational form around a given deflection angle S in the sector (S , S ), 
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(R* - (B -d^sin's > ^ 
• c ao c ° ° ° (H7) crit " s.L(S) ' (R +d) sin S o o 

corresponding to the equality in (116), is much smaller than S - S . In 
other words, it may be possible to satisfy the mode condition ( 105) for 
a given ray, but the neighbouring ones at the angle 65 crit will not. So 
only a small fraction of the emitted power will be concerned with the reson-
nance anhancement -within the ratio 5: /S_-S typically- and 

-rit 3 o 
zhe net effect of une conditions (10 5) and fill) corresponding to elementary 
resonance structure discussed In the previous paragraph is finally very 
weak on the absorbed power P., still correctly represented by the expression 
C56) for weak enough temperatures. This seems in agreement with experimental 
observations [ 25 | . Note that the eventual effect is the weaker the antenna 
is larger and the aspect ratio of the torus smaller, making this phenomenon 
not likely to happen in machines like JET. 

So, in summary, due to the very large toroidal spread of the 
fast magnetosonic waves when launched from the exterior side, it is not 
possible to meet the resonance conditions for an appreciable enough fraction 
of the emitted power, and radial eigen mode-type structure is not likely 
to occur. Thus, the absorbed power at the minority ion cyclotron resonance 
is only slightly affected and there is no possible enhancement of this power 
from the resonance effect. 

The only possible optimisation is consequently the "global" 
one discussed in the previous paragram, with the defect of being of a toe 
limited efficiency with respect ot the impurity contamination constraints. 



VI : CONCLUSION : 

Because of its high potentiality in future large experiments where 
considerable additional heating will be unavoidable to reach Thermonuclear 
Conditions, Ion Cyclotron R.F. Heating apparently presents interesting 
advantages over other possible candidates. Of the various ways of operating 
this heating process, the weak field side - exterior - heating is itself 
very attractive by the easiness in implementation in the machines and the 
observed efficiency in the results. Focusing on this spécifie heating, a 
theoretical approach has been developed in order to evaluate the effects 
and to analyze the role of the various parameters of the problem. This is 
possible in the present case by taking advantage of the structure of the 
«Equations for such a system, which allows to represent everywhere in the 
plasma medium their solution in the form of a uniformly asymptotic 
expansion in terms of a typically large paramf-er ! - 73) such that the 
first term is already sufficient enough. With this analytie representation, 
the complete problem of the power cascade from the source- the antennas- to 
the sinks-the plasma particles - can be approached in a global and self 
consistent way. In particular, the effect of the power absorption onto the 
wave propagation is fully accounted, whereas it is missing in usual 
analysis which splits apart propagation from absorption. 

The efficiency of the heating has been then obtained, by evaluating 
the power absorption at the minority ion cyclotron resonance, in terms of 
the parameters of the system and of the Fourier representation of the 
current density in the antenna. Two important parameters are the 
concentration of the minority species and the antenna width. It is shown 
that in terms of these two parameters, the heating efficiency has a maxi
mum. For the concentration, this corresponds to the optimum between the 
antagonistic effects of the density-increasing with the concentration- and 
of the wave polarisation-decreasing with the concentration-. As for the 
antenna width, this similarly results from the optimum' between the 



contradictory requirements of large wave length speetrum-to get a good 
coupling of the antenna to the plasma- and of small wavelength spectrum-to 
obtain a good Landau ion cyclotron absorption-. Usually, only the first 
i requirement is taken into account, concluding erroneously to the advantage 
of large antenna width, on the base also of being able to have a larger 
current in the antenna and so, more power available. As a result here, it 
is shown that large antennas have a very poor efficiency as compared to the 
optimum ones. This is experimentally demonstrated by observations on TFR 
and T-10, which have large antennas far off the optimum, and on PLT, with 
antenna width very close to the optimum. Typically, the efficiency is 
evaluated to be as high as 0.7 on PLT, but only 0.3 on TFR, in agreement 
with experimental observations. On this base, on may expect the large 
antennas in JET to have an even poorer efficiency. 

Independently of this intrinsic defect, the main problem is now to 
know where the unused power, injected into the torus chamber from the 
antennas, is going to, and what it is doing. 

As a large impurity production has been now repeatedly observed in 
axpirameritsduring the HF pulse, one may suspect the EM wave itseif 
to be responsible of this effect. This problem has been also studied here 
in order to be able to get a complete RF power balance. Xt is shown that, 
because of the very nature of an EM wave to be sensitive to metallic mate
rial, it will propagate up to the outer metallic wall, and produces a large 
collisional heating on the peripheral plasma in the shadow of the limiter. 
This is mainly due to the effect of the combined structure j limiter * 
metallic wall J onto the density and the temperature in this region. 

This new unavoidable sink of power associated with the weak field 
side RF heating has been studied and corresponding power absorption has 
been evaluated. As a consequence of the resulting particles heating, the 
sputtering of these particles against the metallic wall increases, and 
extra impurity production results. 

This production has been also evaluated as a function of time 
during an RF pulse. Comparison with experimental observations nf these 
various elements show a good agreement. 

This present result casts r.ow the problem sf the weak field side ?S 
heating in new form. Because the unused part of the injected RF power goes 
directly to the wall with corresponding impurity production, it is of 
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fundamental importance for the future of this way of heating to minimize 
this unused part. Or else, to maximize the other part which goes itse]f onto 
the plasma particles for a direct heating. This implies to operate 
necessarily at the optimum previously discussed. However, it appears when 
analyzing carefully the possible performances^that the impurity production, 
even in the most favorable optimum situation, is at the borderline of the 
plasma purity-requirements in Thermonuclear conditions . So a further 
improvement is necessary. 

This now requires to play onto the st.Ticture of the EN wave itself. 
It is shown that large enhancement of the heating efficiency may be 
obtained for specific choice of the parameters, vis. density and minority 
concentration, giving much larger power absorption for specific wavelengths 
in the Fourier representation fo the current density. However, it is shown 
that this appealing resonant like structure, appearing radially in a plane 
slab representation, is not effective in a true toroidal geometry due to 
the very large toroidal spread of the fast magnetosonic wave created by the 
antenna, in agreement with experimental observations. 

So finally within the .framework of a conventionnal tokamak 
structure, there is no way to get rid of the inherent defect of the weak 
field side RF heating, which is to allow a part of the injected power to go 
to the wall and to create impurities. Though this part can be seriously 
minimized by operating the RF heating in the optimum domain of the 
parameters, it is by no mean sure today that this is enough to operate 
safely up to Thermonuclear conditions. Because of its future implications, 
further more refined investigations on the problem of the compatibility 
between the conventional Tokamak structure and the weak field side RF 
heating are thus required at this point, as well as the study of other RF 
heating schemes. In particular, the high field side RF ion heating should 
be developed for comparison before a definite choice. This will be 
discussed elsewhere. 

Aknowledgements : The author is very much indebted to the TFR group for 
interesting discussions. 



APPENDIX A : STRUCTURE OF THE E.M. FIELD EQUATIONS IN THE PLASMA : 

Within the plasma medium, the EM field is obtained as a solution of 

the {Maxwell + Vlasov} system of equations. When eliminating the magnetic 

field component, this reduces to the equation : 

1 31 -" 4* 3 f , 
'.'. E - ^=3- ~, = — V . ^ — E q /v f d'v A A c 2 3tJ c Jt a ^a J a 

(A-1Î 

where f , the distribution function of species a , is given by the Vlasov 

equation : 

F . v f ( 3fq \ (A-2) 
v a I 3C /coll 

with : 
D = -4T * v. 1* -2a- v, 3 . 7 (A-3) 
0 3t m A o v 

a 
So one should in general solve for f from (A-2! and substitute for its 
expression in (A-l). Though this is highly difficult in general, one may 
note that, for -ypical value of the parameters, on the term F. given by : 

F.h = ç. (E+ -^j-ABlF. 7 (A-4) 

when expressed in normalized variables, the quantity 

ï = * \ . u = J^ m u ft o y m 

is such that : ; :i. So, with the representation : 

[_i|_\ . %•; , 3 = D .- (A-5) 
I 3t / coll o 



i t is possible to formally express the solution of (A-2) in form ; 

f =-«.fn --S&r1.*- (A-6) 
a ott 

with :"IE= D-H (F.» v), to be substituted in (A-l) 
being linear in F, that is, in E, f is then in general a 

nonlinear expression in E, and so (A-l) becomes a nonlinear PDE. 
Fortunately, not all of the information included in (A-6) is necessary to 
get the electric field E, in the present case where E is driven in time by 
a source at a given frequency. Then to the lowest order, that is, 
discarding the harmonic components, p > 1, the only nonlinear contribution is 
to modify the operator D. This can be seen easily by rewriting (A-2) in the 
form : 

f --'a&i- = >&t (A-?) 

and substituting for f one time by iterating, which gives : 

f -"it-Wr- Mr *•%'»£ (A-8) 
O O 

Then splitting f in a slowly and a rapidly oscillating component by : f = f" 
+ f, where the reference oscillation is the given frequency, and noting 
that : J c & = J2& such that <iJ£i= 0, one gets from (A-8) Che system : 

f - ^ S k f . <J»'£t> + <3£-3£f> U-9a) 

? - « « f - <*&>& f - t t r +*} 

which to the lowest order gives 

33f = F. 7 f v o 

(A-9b) 

(A-10) 



© = D . tir- <"2£'3£» (A-ii) 

to be compared to (A-2). As usual [26] , this corresponds to a modification 

of the linearized version of (A-2) by a diffusion term in velocity 

variables, with a diffusion coefficient = | S | , the role of which is 

mainly to spread out the unperturbed trajectories from D-, like the 

collision [27], so a rough approximation, after Fourier transforming (A-10) 

on time, is to represent §) of (A-ll) in the form : 

eff 

eff ~ coll 

(A-12) 

(A-13Î 

As already discussed [ 6 ], the nonlinear contribution only plays a role in 

the very specific situation where the EH wave coming from the high field 

side, is modified when arriving at the singular ion-ion layer, and gets 

shorter and shorter wave lengths, which considerably enlarges the last term 

in (A-13), and, by a way of consequence, the absorption mechanism of the 

-•/ave by the ions, which is no longer the usual Landau cyclotron one, but a 

nonlinear coilisional type, ie, stochastic type, one. 

Because here it is proposed to specialize in low field side 

launching, the nonlinear contribution needs not to be retained, but it has 

been given for completeness. On the contrary, the collision term will prove 

to be important in the periphery region in the shadow of the limiter and 

will be kept whenever necessary. 

Without collisions first, 3) reduces to D , eq. (A-3), and the 
o o 

solution f of (A-10) is simply obtained in the form : 

f = F (r -v . G(t), «- at) . V- f !u,v,r - v.G(t)) (A-14) 
with : v ° 

G(') = I* R(t') if (A-15a) •E 



sin at ' 1-cos at' 0 

R ( t . ) = _i_ . l - ( l - c o s 9 f ) sin Of OJ ( A _ l s f e ) 

n o o at' 

( E x = O S * + S y s i n « - ^ - ( A _ l 6 ) 

lSx s..-.»- E y cos») . - L - ^ W T . E z - ^ 

* ~T { ( Bx s i n 4 _ By oos*,(v "ÏÏ " T u ^' W T T ( B X C O S* + By s i n*'ïi - By so"} 
in normalized variables, related to the fixed initial magnetic field B 0, 

with : T = "„ •. 

This representation is interesting because it directly exhibits the 

structure of the resulting wave equation (A-l), which is essentially a 

linear ?DE with displaced arguments, as expected from the effect of the 

Larmor radius. 

In other words, this results from the application of a translation 

operator [2S ] which, when applied to smooth enough functions, has nice 

properties -continuity, compactness- useful for its global handling. In 

general, one uses its Fourier transform representation, noting that : 

J U ) exp-Kn-p)» 
D ô ( e x p L'V*lm 1 n% Jn' U ) e x p in'* • STpTfl ( A" 1 7 ) 

tt> •*• kffVp V 
(A-1S) 

which gives the usual representation of the dielectric tensor [29 ]. In these 

terms, (A-l) takes now the form : 

7 7 , E - ^ E Ef T £ ' A" 1 9> 
A A c z c * 

with : 

(A-20) 

A ! IB B l ' 
13 A 2 - i B 2 

B l i B 2 C / 



and, for a mulxispecies ions plasma (A. t Z.) : 

A. = t X s id . , /TT . -SSBriJ i „ - ! • (x ) |+ \ 
1 J l J J >i n n j n , j J (A-21a) 

A

2 • A i + 2 t x ! {dj ^ XJ
 e x p " V^o'V z ( ^ V 0 

B . t X j . | d . T / e x p - X . Z n \ (X.) J ^ j } 

B i = ï -SÏ» c i x j j U i exn -X . 2 *3n ( X ) f " ' . l 
j Zj J n n j T n , j ) 

(A-aib) 

'A-aic) 

(A-21d) 

B 2 = J -ae 
J t'x'j J J exo -x . <\ (x.) Z ' ( / r .9. X) 
«* j 2j • J -"o j j o 

U ZJ 
T- - 0 ( 1 ) 

(A-21e) 

(A-21f) 

for Maxweiiian distributions, normalizing to the f i r s t (minority) ion 

species (A,, Z,) and where : 

•x 

4-

a. n. 
d. = - 1 T J -

(A-22) 

\ L (X) = I (X) - I' (X) 
n n ri 

(A-23) 



Ç.J - z <^=7 x (flj * - H i . )) ± z ( ̂  x cej - ̂ j - )) ( A_ 2 4 ) 

Note that the assumption of Maxwellian distributions should be 
removed when dealing with the minority heating for instance, in order to 
keep self-consistently the effect of the modification of the distribution 
function onto the wave propagation, tfere, however, this problem, which 
requires to include as well the temperatures equations for the species, 
will not be considered for simplicity, supposing that the power input is 
small enough fo.- these effects not to be important as it will be discussed 
elswhere. 

Now T i •> expressed in a local system of coordinates relate i to the 
static magnetic field lines, with the third coordinate along the magnetic 
fi'ild. This s} tern is not so convenient to represent the differential 
operator on the left of (A-19). 

So choc-sing a system related to the flux surfaces with the three 
orthogonal uni vectors ( e , e , e ) , where e is normal to the flux 
surface and e ̂  along the coroldal direction, one notes that on may oass 
from the local previous frame ~o the present one by two rotations R iefi ,$, j 
and R-Ce, .* ' see Tis. ^ ° d . which allows zo get: (A-13) in the form : 

R Je 3(e 3.V) V- (e,.v) 7, (H 2E . e 3) -R2(e .7)2E, + 7, ie 3Z 
(A-25) 

-1- — u c 

<Ç = R,P. T R~ltill , and e,= —=-$ , 2 = RB V = R 7 . — = 

This e aation, valid in any toroidal geometry, further simplifies 



when expanding it to the first order in ^ m v . Then, from (A-21f ), 

V = 0, , and (A -25) rei 3uc :es to thi 3 -CWC » seal. ar 

z + R2div $ grad Z = ik„ R 1 

V 
e. '• 'A Ft* E 

£ = 
B 
0 S e .'S? ; 7A ejZ + i H ?S J 

(A-26a) 

(A-26b) 

where H is the poiotdal comporment of the electric field, and : ̂ ? * (H-

The system (A-26ab) is the reduced system wh: h, was looked far in 
order to obtain the EM field inside the plasma. A simplified form of this 
system, when supposing k, >> 'K ̂  , which is valid inside the plasma but not, 
necessarily at the edge, has been already analyzed in [ 6 j , to obtain local 
properties. 
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FIG. 1: Typical sketch of the main power channels in ICRH 
and NBI. 
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FIG. 2: Main structure of the ion cyclotron.cut off 
and hybrid ion ion layers in a Tokamak. 
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FIG. 3: Geometry of the weak field (outer) side ICRH. 
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FIG. 4: Geometry of the Intrinsic" {e^,&„) frame and the 
'geometric* (e(|).e<p.ex) frame with the rotations fy 
(e^.fy) and R2(e//,<}>;). 

Plasma domain -

FIG. 5: Stab counterpart of the geometrical structure shown 
in FIG. 3. 
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FIG. 6: Variation of the function $(Ç)vs. Ç when 
crossing over the cyclotron resonance layer. 
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FIG. 7: Reflection and transmission coefficients 
across the (cut off, hybrid ion-ioni doublet. 
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FIG. 8: Sketch of the electric EM wave field in 
the region outside the plasma domain. 
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FIG. 9: Geometry of the RF heating from the 
outer weak field side. 



PIG. 11: Behaviour of the propagation term in 
the integral (66) 
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PIG. 10: Behaviour of the function H t x M ^ d i , A.,) . 2 = 
eq.60, with X= TJ, A,for A^B^C^I ^ 
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FIG. 12: Behaviour of the function (u) vs.u and location 
of the optimum domain. L 
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FIG. 13s: Ions distribution functions in JPT-2 for various r^/nQ. 
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FiG. 13b: Ions distribution function for IFF? experiment 
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FIG. 14: Experimental TPR resuli". snowing the linear variation 
of th'. Brillance of Ni X M vs time during an 'RF Pulse. 
Units are arbitrary. 
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* Private communication from TFR group 
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FIG. 17: Sputtering coefficient for Ni-target with deuteriums 
beam. 
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FIG. 18: Behaviour of the solid angle So. vs the ratio J l i L 
ao 
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FIG. 19: Sketch of the curve ÛTi vs FYrt for weak field side 
RF T-10 and PLT experiment . NBI heating in ASDEX 
and high field side RF heating in TFR are also given 
for comparison. 
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does not change. 

* Private communication of the TFR group and (29) 
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FIG. 21: Normalized impurity density with respect to the ohmic one 
»s injected power for PLT I ) and TFR ( ! experiments. 
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FIG. 22 a: Sketch of the injected power ( ) .the horizontal 
displacement { ), and the approximated one. ( 1 
and the brillance of Ni *Vnr I 1 vs time in a TFR 
discharge. Units are arbitrary. 
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FIG. 22 b : Sketch of the injected power ( ), the horizontal 
displacement I 1 and the approximated one ( ) 
and the brillance of Ni Z 2 E ( 1 vs time in a TFR 
discharge.Units are arbitrary. 
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FIG 23 Plot of the resonance condition MOM and the maximum absorption 
condition at cyclotron resonance (110) for Rcy=Ro. The crossed 
intersection points a should be privilegiated operating points 
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FIG. 24: Sketch of the EM wave normalization factor vs kj) when 
crossing a resonant value satisfying Eq (981. 



FIG. 25 : Sketch of the toroidal spread of the fast magnetosonic 
wave in the equatorial plane of the torus from a peint 
P of the antenna on the weak field side of the plasma 


