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ABSTRACT : Among the various methods of additional heating of toroidal
magnetically confined plasmas by high frequency field, heating near

the lower hybrid frequency appears promising. With principal reference
to the results of the WEGA-TOKAMAK, complemented by results on analogous
experiments, the discussion centers on three points : first, the coupling
of the H.F. energy to the plasma ; secondly, the modifications induced

in the plasma parameters and finally the ion heating by absorption of

the H.F. energy.




INTRODUCTION.

It is usualty recognized that a considerable amount of
heating power, additional to the ohmic heating will be required to
reach ignition in a reactor of the Tokamak or Stellarator type /1/.
To this purpose, the injection of intense beams of energetic neutral
particles as well as the use of R.F. fields are being currently
investigated.

The latter category of methods has been the object of various
studies (/2/, /3/, /4/). Among the considered methods, the use of R.F.
vaves in-the'neighbourhoodaof the lower hybrid resonance frequency
(L.H.R) appears as one of the most interesting in view of reactor
applications : due to this medium frequency (of the order of 1 GHz)
coupling of energy by means of waveguides is already possible, thus
avoiding many technical problems connected with (material) structures
inside ithe vessel /5/, /6/, /7/, and the frequency is still in
a range where large power wiil bé available without difficult develop-
nent.

Several experiments on plasma heating in toroidal devices
have been undertaken or planned in the last few years. The parameters
of existing (FT1l, WEGA, ATC, ALCATOR) and planned (PDX, ASDEX, JET,
JT60, FT) experiments on lower hybrid heating are plotted in Fig. 1
as a ﬁunctioh of toroidal magnetic field and electron density. The
accessible regions for lower hybrid heating are given for different
frequencies (Ref. /7 /. For example, KEGA in the present conditions
(SOO\Mﬂz, 15 kG) demands a density of the order of 2.1013cm_3. It is
to be noted that, with the exception of nigh-field machines (ALCATOR,
FT) the frequency to be used in devices of the next generation is
little different from the bresent experiments. On the contrary, the
necessary power, now of the order of several hundred kW for 10 to 20 ms.,
will be of the order of several MW (CW) in the next generation.

In this paper we shall present some results of the L.H.R.
heating studies through those obtained in the Tokamak WEGAT, whose
parameters are given in Table I.




1 - R.F. COUPLING AND WAVE PROPAGATION.

Both coupling by phased arrays of wavequides 710/ and internal
1aunching;structures /16/ have been used success fully. In all cases,
the accessibility condition /8/, /9/ has been satisfied.

An excellent verification of the coupling theory of the Grill /5 /
has been obtained with two and four-elements Grills on the linear device
H.1 and on A.T.C. (Fig. 2, reproduced from reference /10 /). In the
figure, exceptional agreement betwcen the experimentally determined and
the theoretically predicted reflection coefficient as a function of the
phase difference between succeeding guides is demonstrated (The theore-
tical values were calculated bsing the experimental density gradient
at the plasma edge). In the A.T.C. experiment, the normal coupling was
70 to 80% and up to 95% with appropriate matching.

In WEGA, loops with coaxial feeders (Fig. 3) had to be used
because of the small availabiz port §ize. For these Toops no coupling
theory comparable to the Grill theory exists. The natural coupling was
also 60 tc 70%, and transmission in excess of 95% was easily obtained
by matching. Measurements with Langmuir probes have shown that the
density at the radius of the coupling loops was a few times lollcm"3
well above the cutoff density at 500 MHz. This may influence the coupling
between the loops. In fact, the natural reflection coefficient was, in
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this experiment,insensitive to tne phase difference of the loops.

From measurements of the density gradient using Langmuir
probes on the edge of the plasma and Thomson scattering further inside,
one can trace the so-called resonance cones /11/ along which theH.F energy
should propagate inside the machine. It is seen on the figure 4 that
they make one to two revolutions around the device before reaching the
linear conversion region. The dispersion relation is shown
schematically on Fig. 5. According to the linear theory, the incident
" cold plasma wave should be transformed into a hot plasma wave at a
density slightly less than the cold resorant density /12/, /6/. In this
region of the turning point, linear absorption of the wave is expected,
Non linear effects may occur algng the wave path as the electric field
increases.




The spectrum of parallel wave number NV in WEGA is estimated
to extend from accessibility (%7c ~ 1.6) to about 5 or 6. The
conversion region has a finite radial extent as a function of the
density, temperature and magnetic field profiles. This region is shown
in Fig. 6. Here, the size of the hatched region corresponds to the width
of the spectrum in WV' It is noted that the asymmetry is due to the
major radius dependance of the magnetic field. The exact location of the
heating zone in minor radius therefore depends on the poloidal angle
at which the resonance cone attains this region. Once heating has taken

place, the temperature can be expected to become uniform along a magnetic
surface.

2-- EFFECTS OF THE H.F. ON THE PLASMA PARAMETERS.

a) Fast Ion Tail.

As -in other H.F. experiments, /13/ to /16/ on the application
of the H.F to the WEGA plasma, an energetic ion tail appears (Fig:7). It has
a mean energy of=1 keV, increasing to 2 keV at higher power levels /17/,/21/
Its decay time is normally very short after the end of the H.F. pulse,
in oyr case less than or of the orderof 100 us. /17 /.

An experiment has been performed in which a radial limiter
of limited extent vertically was inserted near the H.F. loops but in
the shadow of the main limiter /17 /. The fast ion flux decreased as
the plate approached the plasma, which can be interpreted as due to
the decrease of the volume of poorly confined plasma between the fixed
and'fheEmovab]eclimiter (Fig. 8). This observation, together with the
rapid decay time, led to the conclusion /17 / that the fast ions come
from the edge of the plasma. The corresponding power lost by these
ions may be calculated to be several kilowatts on the (poorly justified)
assumption that they are emitted isotropically in velocity and physical
space. It is noted that charge exchange can only give information in a
very narrow region of both spaces.

Another observation concerning the fast ion tail resulted
from experiments atlower magnetic.fﬁeld (10 kG), at which neither the
lower hybrid resonance nor the turning point exist in the plasma. Here, a
fast ion tail was observed whose total flux was comparable with that
observed under normal conditions. The fast ions are therefore not linked




with the phenomenum of linear wave conversion. Conversely, their number
seems to depend strongly on the electric field at the point of creation

/17 /.

b) Density Increase.

In most experiments, the application of H.F. at appreciable
power levels results in an increase in electron density. In WEGA, Thomson
scattering (Fig. 9) shows that the profile is not strongly distorted
by the application of H.F., but rather the density increases globaily.
Therefore, the peak density remains proportional to the average density
measured by microwaves as a function of time (Fig. 10). The figure
shows the time development for two H.F. power levels and several different
pulse lengths. It is noted that the time rate. of change is roughly
proportional to the H.F. power and the total increase to the pulse
length.(During the long pulses theHF power decreases in time due to
the limited energy of the emitter power supply). To investigate the
reason for the density increase, it is necessary to consider the type
of ion responsible. From the analysis of soft X-rays, one obtains the
electron temperature and, knowing the electron density from the inter-
ferometer it is then possible to estimate the concentration of one
impurity,assuning it is dominant in the discharge, from the intensity
of soft X-radiation /18 /.

! One finds that the hypothesis of dominant oxygen impurity
reflects well the experimental conditions for the plasma without H.F.
During the H.F. pulse the total oxygen ion concentration in the central
pa;t of “the plasma, deduced by this method, does not rise but instead
seems to decrease slightly (Fig. 11). This tendency is confirmed by
the evolution of the intensity of 0 VII line emission. Figure 12 shows
this intensity normalized to the squared electron density, i.e. a
quantity proportional to the 0 VII ion concentration.

It had therefore been concluded tentatively that the primary
source of the density increase was ionization of background deuterium.
To test this hypothesis, the fast gas valve was programmed to give a
density evolution similar to that produced by the H.F. It is seen that
the time evolution of the impurity concentration is similar (Fig.11,12).




The conclusion follows that, at the beginning, an appreciable
portion of the density rise results from deuterium, although impurities
may be added later on in the pulse. We should note here (Fig. 13) that
the density profiles obtained during H.F. and those during the fast
gas pulse are very similar.

c) Loop Voltage Increase.

The major macroscopic difference between the discharges using
gas puffing and those with H.F. is the increase in loop voltage by
70-80% during the H.F. pulse, (Fig. 14), decreasing fairly rapidly at
the end of the H.F. pulse. The shape of the voltage peak makes it
appear unlikely that the measurement represents a inductive effect.

To explain the change in voltage , one could invoke a
change in electren temperature. However, the peak temperature is observed
not to vary appreciably. Equally, no drastic changes in temperature
profile have been observed, although they cannot be excluded because
of the large error bars on the measurement (Fig. 15). Alternatively
one could explain a resistance increase by an increase in impurities.
Howeger, soft-X-measurements show no appreciable increase in zeff’
which even shows a tendency to decrease slightly during the H.F. as
deduced from the results shown in figures 11 and 12.

Thus, an increase of the resistance by an increase of impu-
rities appears excluded, but neither a change in current density pro-
file nor anamalous resistivity /19/ can be excluded.

3 - ION HEATING.

a) Numerical Simulation.

A simulation of the WEGA experiment has been run using the
Fontenay code / 20/.

When 50 kW of localized energy are added to the ion species
at about half the radius of the plasma (Fig. 16 a), localized heating
is seen immediately. The ion temperature becomes uniform later in time.
Thus, after 10 ms., considerable heating has taken place throughout
the plasma volume. On the other hand, if deposition of energy takes



place farther out on the plasma radius, such as 3/4 the limiter
radius (Fig. 16 b), no effect is visible toward the interior because
of the larger energy losses.

One obtains from the code the local concentration of‘oxygen
ions six times ionized. From this, on multiplying by the local electron
density and the appropriate excitation cross-section, one finds that
the 0 VII line emission should be localized around half the plasma
radius (Fig. 17).

b) Experimental results.

The result of a measurement by charge exchange appears on
the figure 18 against time /21/. It must be pointed out that a reliable
determination of ion temperature by charge exchange during the H.F.
pulse is impossible because of the effect of the ion tail mentioned
earlier. However, after the H.F. pulse, and after disappearance of
the hot ion tail in 100 us.,the temperature is seen to be clearly
higher by 80 eV than that obtained by a 02 puff programmed to give
the same density increase as the H.F. In addition, the long decay-
time of ion energy suggests that thermalization has takenplace.
From this decay and the evolution of the density one can estimate an
H.F. power input of 25 to 50 kW to the ions if heating is uniform
in volume /21 /. By comparison, the power given to ions by electrons
isapproximaté1y 15 kW from the code. We note that, in our experiment, the
long decay time is definitelynot instrumental.

The second method of ion temperature measurement, using the
Doppler broadening of the 0 VII line, works during the H.F. pulse and
indicates also an appreciable temperature increase over that obtained
with the programmed deuterium puff (Fig. 19). Like charge exchange,
it indicates a temperature increase of 80 eV, indicating nearly homo-
geneous heating at least to half the plasma radius. These results are
in agreement with the Fontenay code, where 50 kW power to the ions
gave a temperature increase of 70 eV (Fig. 16 a) when the density
increase is taken into account. Similar results on 0 VII line emission
were observed on the A.T.C. device atthesameH.F. power /10/. Furthermore,
the ion temperature in A.T.C. deduced from C IV Tine emission




(Tocalized near the plasma edge) shows very little increase. / 10/.

It is note worthy (Fig. 19) that the increase of temperature
from the gas puff arrives very late in time simultaneously with the
highest ion temperature reached during the H.F. To look at the behaviour
of the ion temperature with density on figure 20 two series are shown
giving the time evolution of electron density together with the ion
temperature as measured by 0 VIT Tine emission. The difference between
the two sets of curves is in the density at the beginning of the H.F.
and in the H.F. pulse length. Notethat at higher density 0 VII shows
a temperature increase starting almost immediately. For the case of
lower starting density, the density first increases and, when it
reaches the same value as in the first case, 0 VII again shows a
temperature increase.

As far as saturation of the ion temperature measured by the O VII

line is concerned, this again saturates at the same density for the
two cases.

The tentative conclusion is that the heating does indeed
depend on the absolute value of density, as predicted by the linear
theory. As the density increases because of the H.F., the turning
point moves outwards and heating is seen on the 0 VII signal when in
both cases, the turning point is at about half the radius. A continued
incré%se of density then pushes the turning point toward the outer
region of the plasma where according to the code, losses are so high
tha;‘qo heating occurs toward the inside of the plasma. This could then
be responsible  for the observed saturation in the temperature.

4 - CONCLUSION.

The following points may be made on lower hybrid heating
in toroidal machines.

1°) - Coupling by arraysof wave guides or loops has been used with
success. Transmission in excess of 95% was easily obtained by
matching.

2°) - No large scale perturbations of equilibrium due to H.F. have
been observed.




3°) - Bulk plasma heating is observed with H.F. power absorbed by
the ions of the order of twice as large as the power given
~to ions by collisions. For WEGA :

AT,i
: Pt 60-70%
i

has been obtained with 180 kW applied H.F. power.

4°) - The value of the density plays a role in the heating processes.
During the experiments at different starting densitiés in WEGA,
heating has been observed only for densities for which the linear
turning point is in the plasma.

5°) - Not yet understood are the reasons for the density increase, the
mechanisms for the production of energetic ions and the effect
of the H.F. on the loop voltage. Profile measurements are not yet
sufficiently complete to determine the energy balance.

6°) - From the technical point of view, H.F. generators up to 500 kW
are available, sufficient for present generation machines.
Development of generators of the orders of 1 MW-CW seems possible
at reasonable cost in the near future.
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1ABLE I

WEGA™ - TOKAMAK

1 - WEGA CHARACTERISTICS

Large plasma radius R0 =72 cm

Minor plasma radius a =13-16cm
Minor wall radius & ® 22 cm

Toroidal magnetic field Bﬁ = 14,4 kG

2 - WEGA PLASHA characteristics without H.F.

Deuterium plasma

Plasma current Ip = 45 - 60 kA
Chmic heating power Pq = 100 - 130 kW
Peak electron density neo =1-6.103n73
Peak electron temperature Teo = 500 - 1000 eV
Peak ion temperature T].0 = 150 - 250 eV
Energy confinement time Tre = 3 - 5ms.
Lotf | legp =26

H.F. HEATING WAVE PARAMETERS

H.F. frequency f = 500 MHz

Maximum H.F. power Pyp = 200 KW
Maximum pulse duration At = 5-15 ms.
Parallel. wave index NU =2+-3

++

- WEGA is a common experiment built and run by the Commissariat
a2 1'Energie Atomique and the Max Planck Institut fiir
Plasmaphysik - Garching and is operated in France at Grenoble. The

Belgian Ecole Royale Militaire.also takes part in this common program.
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FIGURE CAPTIONS.

Fig. 1 - Frequency ranges of interest for lower hybrid heating.
Fig.

N
'

a) Schematics of a waveguide coupling system.

b) H.F. reflection coefficient and its comparison with theory
(according to /10/, with kind permission of the authors).

Fig. 3 - The 2 Toops coupling system used on WEGA.

Fig. 4 - H.F. both along the torus (WEGA) - Computation using the

electron density profile as measured by Thomson Scattering and

3 Langmuir probes at the plasma edge.

Schematics of the dispersion relation.

(3]
1

Fig.

[=2]
1

Fig. The wave conversion zone of the linear theory in WEGA as a function
_ of the peak electron density.
Fig. 7 - Energy spectra obtained by analysis of charge-exchanged neutrals
before, during and ofter an H.F. pulse.
Fig. 8 - Detected neutrals flux at 3 keV as a function of the location
of the movable limiter.
Fig. 9 - Density profile by Thomson scattering with H.F. on and without
H.F.
Fig. 10- Behaviour of the peak electron density for efficient H.F.
power and various pulse durations (microwave interferometry).
Fig. 11- Total concentration of ionized cxygen towards the center of
the discharge in a standard discharge,in a discharge with H.F.,
in the simulation by gas puffing (as deduced from X-ray
measurements).
Fig. 12-Estimate of 06+

in the discharge with H.F., and in the gas puffing case.

concentration (from the intensity of 0 VI1 Tline)

Fig. 13- Density profiles during H.F. pulse and in the gas puffing case.
Fig. 14- Behaviour of the loop voltage during on H.F. pulse at 180 kW
level and during gas puffing. '
Fig. 15- Electron temperature profiles by Thomson scattering during H.F.
and in a discharge without H.F.
Fig. 16- Code run with 50 kW assumed power coupled to be ions.
a) Power deposition around mi-radius.
b) power deposition at r/a ~ 0.75.
(The H.F. is on batween 0 and 10 ms).
Fig. 17- Density of 0%* and radiation intensity of the 0 VII line as
deduced from the code.




Fig. 18 - Ion temperature as deduced from charge exchange analysis
in a discharge with H.F. ; as compared with the gas-puffing
case (In the latter, the behaviour of the electron density
during H.F. was closely. Simulated by a programmed injection
of deuterium).

Fig. 19 - Ion temperature as deduced from the broadening of the 0 VII
line in a discharge with a long H.F. pulse and in the corres-
ponding gas-puffing simulation.

Fig. 20 - Correlation between electron density and heating during H.F.
pulses.




10k, U 0 o0 .
V14
- Ol
02
2 0G
B “

139 : Z ‘ 00}

ZASGey 980  IHDG0=%

ZHOGYC

wnJa2in2(] ﬁm.v:

Nu\\z

Fig. 1



AT.C coupling_

(Two or four wavyegquide coupler)

100
R %
80t A 2w
o 200 w
60+ o 1200 w ky
40 rambilla theory
204

50" "0 .50 100450200
PHASE ANGLE (DEGREES)

Fig. 2




WEGA couplin_g structure

\- ) : _ ! 4} Window

AFI ' cacuum
B @ \ vessel
- Loeo




Fig.



Hot plo.s ma wave

Turning_point TP

< "
Slow cold’ wave




fh = 500 N‘H}L
Deuterium

\
0 0.5 x=% -jl

T.=Tio (1-3:.“) B [ 150 oV
Ng = Tego (4"“‘2)

B¢= B¢o Fﬁ_x, - ngo:”i.ll-kG

Fig. 6




-rG Log [\?—E’ i.&] (AU) o before HF
e during HF

0O o
»

Tt 3 4 5 6 7 8 EL
Lo AU
7 e SLE ae e during HF
(@]
o o atter HF
18
5D t-55.5ms
4" f:éL.Sms
34
2l




ION FLUX

_E=3keV




o \with HF (90kw.10m.w.) Te (A-U)
e Without HF




)

30




!

£ HF
e |
OXYGEN e

(%) >




AN N

L0 0 t (msec)




!
tTe ()

owith HF (480kw)
e D, ir_x_jczc.hon

3




}Vivolts)
with HF (180 kw. 6.3mse_._c)
i _Dz_[_f_ld(?.c.h
~X
}/
i \xs //y'-'“?(\ \O-*Q_
"4-—...-—-__._.___1 -::5_‘—-—-._-__-.—_: S S
- » ° h-_'; Baaa t —e—
withoul HF7 e
L
| l . ez
40 45 t(msa.c) S0




A
o With HF(?0kw. 10msec)

e Without HF

Te (@v)




T Bm
@)
\\ 2.4msec
2004 \
=0 \
100+ \
0 A
P 05 ra 1
e v)A
200
100 |
0




0.5

7a

Fig. 17



CHARGE .EXCHANGE MEASUREMENTS

pHF' =180 kw

T @V HF

2501

2001

150




SPECTROSCOPIC MEASUREMENTS

oY
250 7 .
E ‘ HF // o with HF
(V) /. e D, irlje.c.l'iOn
} } AELF:=1E“)k”V
200}
_ J
150r
1002 o -
40 0 t 70
(msec)

Fig. 19




Lneo
10'33 F—" ‘l

t(msec)




	IPP 2_234 Deckblatt
	IPP 2_234 Text

