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Abstract : A four waveguide grill has been used to 
launch lower hybrid waves with power up to 300 kW. 
Reflected power was found to be unexpectedly low 
after grill conditioning. Effects on a 80 kA, 2.7 
Tesla discharge are presented with special emphasis 
on ion heating. Temperature increase is a linear 
function of RF power up to 200 kW where saturation 
occurs. 
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INTRODUCTION 

Grills consisting of two or more adjacent waveguides with appropriate 
phasing have been shown to be a practical mean for launching slow 
waves in the lower hybrid range [l, 2, 3_^and recently, using high 
power sources which are already available, significant ion tempera
ture increase has been demonstrated L4 J-

On Petula, various twin waveguide grills have been tested. Although 
launching high power densities has been shown to be feasible, in ex
cess of what is likely to be desirable, rather short RF pulses and 
lack of equilibrium led to limited heating and hardly conclusive re
sults [5]. 

The twin waveguide grill generates a broad spectrum of waves which 
means that identifying the heating mechanism is a hard task. Moreover 
a large fraction of power is radiated with N,. < 1.5 corresponding to 
waves which cannot penetrate inside the plasma. In a limited period 
of time, before a major shut down of Petula to improve confinement and 
plasma position control, a four waveguide grill has been installed on 
Petula with N., spectrum centered on N., = 5 . This paper deals with 
the tests which have been carried out with this grill. 

RF SYSTEM 

The waveguide system is sketched on fig. 1. The power source is a klys
tron TH 2086. This klystron has not yet been fully tested ; with the 
present capabilities of the DC rectifier, it's maximum output was 1,4 
Mw during 130 ms at 1.25 GHz on a dummy load. The RF power is distri
buted to the A individual waveguides by 3 db couplers. Ferrite isola
tors prevent coupling of reflected power from one guide toward it's 
neighbours. Phasing is mechanically adjusted by changing the wavegui
de length in the U bend sections. 
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The grill is inserted toward the plasma through a rectangular port. 
In a previous experiment with a smaller twin Waveguide grill, the 
space around the grill, inside the port, acted as a passive waveguide, 
thus fully changing the N,. spectrum. The present grill is close 
enough to the port wall in the toroidal direction -2 to 3 mm- to pre
vent effective coupling. 

A step down transformer changes the dimensions of the individual 
waveguides from the standard one (165 x 82 mm) to 165 x 19. With the 
standard o, ir, o, ir phasing the N.. spectrum is centered on N.. = 5 , 
85 % of power being within 2 < N .. < 8. The total grill ar^a facing 
the plasma is 125 cm2. 

The grill mouth position respect to the limiter can be changed by 
inserting wedges, in order to minimize power reflection. For the pre
vious twin-waveguide grill, this minimum was located about 26 mm from 
limiter. In the present experiment, all measurements have been done 
at the innermost position -7 mm from plasma- since the reflection 
coefficient was already unexpectedly low. 

In contrast to previous experiments £5], the guides have only one 
vacuum window which is located far away from the grill mouth and 
cannot be seen from the plasma. 

Suppressing the second window has the advantage of suppressing a 
discontinuity close to the grill mouth, which on one hand can perturb 
wave propagation by creating evanescent modes and on the other hand 
was shown to be the birth place of RF breakdowns and arcs. It has ho
wever the drawback of having to put power in a guide filled with 
gas at some J0~* Torr. 

The whole grill is bakable to 180°C and an auxilliary pumping of 
100 1/s capability has been installed in each ruide. 
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PRESSURE EVOLUTION IN THE GRILL 

The whole system -plasma chamber and grill- geing filled with hydro-
—4 gen at p < 10 Torr 3 > before a shot, pumping by the plasma itself 

is observed in the grill as expected. Pressure drops exponentially 
with time constaut 34 and 96 ms for short and long waveguide respecti
vely. 

During RF pulses, pressure behaviour is changed. The pressure diffe
rence between shots with and without RF is plotted as a function of 
time (fig. 2) and power (fig. 3). Saturation is reached after 60 ms 
in the short waveguides and may exist in the long one later in time. 
This pressure evolution can be interpreted as a gas release with the 

_ • » rate Q *v 3 . 10 torr 1/s, when the RF power is 280 kW. Note that 
when P R F < 100 kW or for short pulse duration even at high power, 
the pressure increase is quite négligeable. 

GRILL CONDITIONING AND REFLECTION COEFFICIENT 

Grill conditionning has been carrier! out as usual by firing several 
hundreds of RF shots. This is mainly done without plasma, and a large 
fraction 50 - 80 % of power is just reflected. 

RF breakdowns which show up as a large phase rotation -several times 
2 IT- in the reflected wave,due to the arc travelling toward the va
cuum window, is quite frequent in the first shots and is connected 
with large pressure increase. Gas release occurs also in the absence 
of arc,but on smaller scale. A fraction of this gas diffuses in the 
Petula chamber where it can be analyzed : it has been found to be 
quasi pure hydrogen. Fig. 4 indicates how the grill behaves during the 
very first shots. This phase was ended when 600 kW of power could be 
injected without arcing, the pressure increase in the grill being 
< 10"6 Torr. 
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More shots have to be fired with plasma in front of the grill. This 
second phase is much shorter but has to be resuced ever y time experi
ment has been shut down for more than one day. 

When gas release no longer decreases and sudden phase or amplitude 
changes in the reflected waves are no longer observed, the grill is 
considered as being properly conditionned. 

In these conditions, the reflected waves have been recorded with am
plitude and phase for a large number of shots. The reflection coeffi
cient on every guide is presented on fig. 5. 

Several observations can be made : 

- Even at low power, the reflection coefficient is always very low, 
in disagreement with grill coupling theory f 6]]. 

- Grill symmetry is not observed especially as far as phase is con
cerned . 

- At P > 200 kW, the reflection coefficient versus P.™ plot is no 
longer smooth. 

- As a general tendancy, reflected power slightly increases with time. 

The global reflection coefficient never exceeds 8 % at 300 kW total 
power. 

In a particular experiment, instead of the standard o, IT, O, TT pha
sing, phases were reversed in the two inner guides leading to a dif
ferent N,, spectrum. All plasma effects were similar, with AT^ hardly 
smaller. The only difference was in the reflection coefficient which 
was up to 15 %. 
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ION HEATING 

Plasma experiments have been performed in the following range of 
parameters : R * 72 cm, a « 14 cm, B_ » 2.7 Tesla, I » 80 4 90 kA 

— 1 3 - 3 p 

and 1. < n < 2.5 . 10 cm . e 

Ion temperature is measured by two diagnostics : charge exchange 
neutral analysis and Doppler broadening of impurity lines - 0 U T T 

a VA A 
1643 A most of the time. 

Charge exchange measurements are performed along a vertical chord. 
Energy can be analyzed either in the thermal range (0.6 to 2 keV) or 
in the high energy range (E > 5 keV). A typical temperature increase 
is presented on fig. 6 ; the maximum temperature is reached after 
5 ms, which is comparable to the RF risetime. The RF interaction does 
not leave the plasma in the same state, density in particular and 
usually the final temperature, after the RF pulse is different from 
the initial one. 

AT., temperature increase respect to a shot without RF, not corrected 
for density changes, is a slightly decreasing function of n~ -the line 

11 — 13 e 

average density-in the range 10 < n < 2.5 .10 ; in other words, 
n AT. is nearly proportionnai to n" . 

Measured T^ have been plotted versus incident RF power on fig. 7 ; 
heating saturation is evident for power larger than 200 kW. 

Spectroscopic measurements lead to a smaller temperature increase by 
roughly a factor of two, with a different time evolution : equilibrium 
is reached in about 20 ms. However the same saturation effect occurs 
at the same RF power level. 

The high energy tail exhibits a maxwellian shape with temperature 
'V 7 keV. This energy does not depend on heating power but the counting 



rate - particle number does (Fig. 8). The sane effect had been ab
solved in a previous experiment with a two waveguide grill. At the 
end of the RF pulse, 80 Z of the density of this tail is lost in a 
very short time (i . 6 as) ; the 20 Z left has a confinement time 
of 2 ms. 

OTHER EFFECTS ON PLASMA 

In addition to ion heating, RF interaction induces large changes in 
the discharge,which depend on electron density. Two series of shots 
with the same 170 kV, 40 ms RF pulse but two different densities 
have been used to compare these effects. 

13 -3 
- Low density case n » 1.2 . 10 cm . 
Plasma column shifts 5 mm outward, not being feedback controlled. 
Density increases by 30 Z. As a consequence H„ and 0V__ line in
tensities are also enhanced. Actually densities of 0 T and neutral 
hydrogen as obtained by dividing these line intensities by the ave
rage electron density, decrease by 8 Z and 35 Z respectively. Elec
tron temperature drops from 970 to 820 eV, may be another consequen
ce of density increase. Electron cooling is far from being sufficient 
to explain the soft X ray intensity decrease, when both n" and 
n_ n - are increasing (Fig. 9). This can be most probably attri-e oxygène " " 
buted to a dramatic change in temperature and density profiles. 

— 13 
- Medium density case n » 2.2 . 10 . 

e 
Electron temperature remains constant and electron density is not 
much affected, with a 5 Z increase phase followed by a 10 Z increa
se. Plasma position follows the density behaviour. The lower den
sity after the RF pulse, is in agreement with a final ion tempéra
ture lower than the initial one. 
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Hydrogen and oxygen line intensities and soft X ray intensity 
increase by to 30 to 40 Z and this can be interpreted either as a 
large increase in impusity content and neutral hydrogen release 
or agaic as a change in radial profiles. 

Thus in both cases we have indications that radial profiles are 
greatly affected, unfortunately we do not have direct measurement 
of this effect. 

DISCUSSION 

Two points are worth being discussed in relation with existing 
theories : the low reflection coefficient and the low power absorp
tion. At best for 170 kW incident power, while 10 kW are reflected 
back, no more than 10 - 15 kW can be estimated to be absorbed by 
ions, and temperature increase is rather modest when compared to 
similar experiments [A||. 

At least three hypothesis can explain our results. 

- The first one is that, however modest, no better results should 
be expected from the experiment. Power has been predicted to be 
absorbed at the linear turning point and this has been confirmed 
by the JFT2 experiment [VJ which shows that energy absorption by 
ions is a fast rising function of electron density when the lat
ter is made to come close to the linear turning point density. In 
our experiment, the linear turning point does not exist in the plas
ma : with N „ » 5, B A • 2.7 Tesla and Z .- ^ 3.5 -. A, electron den-

// 9 j .j eff 
sity should be larger than 5 . 10 on axis for wave conversion to 
occur. 
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Stochastic heating as described by Karney {J7"J, makes use of the part 
of the spectrum with N.. > 7, which is but a small fraction of inci
dent power. Hence this mechanism leads to power absorption on axis 
in the range 0.1 to O.IS watt/cm3. 

Moreover, the first step of stochastic heating is the creation of an 
energetic ion tail. The detected 7 keV tail, if representative of this 
interaction, is hardly confined in Petula and only a fraction of this 
population lives long enough to exchange energy with the ion bulk. 

Parametric effects should also be considered as in [8]. At high power 
densities, this tends to lower efficiency due to power absorption in 
the plasma outer layers and can explain ion heating saturation. 

Linear Landau Lamping, if considered alone should result in rising 
the electron temperature by a hundred volt. However with 
T ^ 0.9 f I keV, here again only the part of the spectrum with 
N.. > 6.5 is useful ; in other words, electrons and ions are in com
petition for the same small part of power and cannot be both heated. 
Only details of wave propagation and temperature and density profi
les can tell which population will gain energy. 

In any case, what happens to the remaining part of the power is left 
unexplained. 

Due to lack of time, no experiment has been carried out in Petula with 
high enough density. Thus observed heating may be explained by existing 
theories, but that will remain an optimistic hypothesis. 

- What happens in the grill : pressure increase, low reflection coef
ficients with lack of symetry leads to a second hypothesis, that po
wer does not reach the grill mouth. This may be due to a low densi
ty plasma which absorbs a large fraction of the incident wave. Elec
tron cyclotron» resonance, plasma diffusing from the main plasma, 
ionization by particles or radiation from the discharge are among the 
candidates for such a plasma. How much power actually comes through to 
the torus is another matter of discussion. The o, o, ir, w phasing ex
periment suggest that roughly 20 X at least should get out of the grill 
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mouth if the change in reflected power is interpreted as a change 
in wave coupling between individual wave guides. 

- This third hypothesis is that the H.. spectrum in the plasma is 
different from expected. This is mainly supported by the o, o, w, IT 
phasing experiment which produced effects in the plasma quasi iden
tical to the o, ir, o, w arrangement. Incident phases are measured 
outside the evacuated section. Any diffuse plasma in the grill can 
change the relative phasing in an unpredicted manner. Alternatively, 
the correct spectrum can be thoroughly altered in the outer plasma 
layers by any non linear effect f 9j. 

COHCLUSION 

More information is needed before we can determine which hypothesis 
is correct. It should be noted that these hypothesis lead to two dif
ferent kinds of problems. In one case we are faced with a technologi
cal problem : how to avoid plasma in the waveguides or at least to 
reduce it to such a low density that wave propagation is not affected. 
Propagation studies at high power in an evacuated waveguide with the 
same geometry as the grill waveguides and influence of magnetic field 
and pressure are being prepared on a test bench. 

If the grill is working correctly, then observed results are repre
sentative of lower hybrid heating. Due to lack of time, the range of 
experimental datas is not broad enough to conclude on scaling and 
discriminate between various heating schemes. Better efficiency could 
probably have been obtained by matching plasma parameter and power 
spectrum. 
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Fig.2. Pressure increase in the grill with 70 ms RF pulse 
x : long waveguide points : short waveguide 
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Fig.3. Time behaviour of pressure increase in 
long (crosses) and short (points) waveguides 
with 240 kW RF pulses. 
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fig.4. History of grill outgsssiag (long vav«fcuid«) 
during the first shots. 
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Fig.5. Reflection coefficient as a function of incident power. Top : external (short) 
waveguides. Botton (long) waveguides. Vertical full scale is 20 X. 
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Fig.6. Ion temperature evolution with and 
without RF (n f i - 1.7 10 1 ' , P - 400 kW), 
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Fig.7. Heating effect as a function of incident 
power (n - 1.7 10 1 3 ) . 
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Fig.8. Particle counting rate at 5, 10 and 15 keV 
as a function of RF power. All values have been normalized 
to the 130 kW counting rate (large cross). 
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Fig.9. Soft X ray intensity, line average density and neutral particle 

density evolution, with 170 kW RF pulse (solid curve) and without 
(dashed curve). Neutral particle density is Ha intensity divided by n e < 


