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SYNERGISTIC EFFECTS BETWEEN LOWER HYBRID AND
FAST MAGNETOSONIC WAVES IN JET

C GORMEZANO, M BRUSATI, A EKEDAHL, P FROISSARD
J JACQUINOT, F RIMINI

JET JOINT UNDERTAKING

Synergism: The condition in which the result of the combined action of two or more
agents is greater than the sum of their separate individual actions (from the Greek
synergos: working together) Chambers Science and Technology dictionary- Cambridge.

Abstract

Combined Lower Hybrid Current Drive and Ion Cyclotron Resonance Heating
experiments have been carried out in JET, starting in 1990 with the prototype LH
system. Non-inductive currents up to 1.5 MA have been produced in ICRF heated
plasmas with volume averaged electron temperature of 2.2 keV. The main "signature
of synergy is the large increase in the photon temperature of the hard X-ray emission,
representative of the fast electron distribution, which has been observed during
combined LH plus ICRH heating. Deposition profiles of direct electron heating have
been obtained by means of LH power modulation experiments. In presence of ICRH,
they exhibit an enhanced power transfer in the plasma core which cannot be accounted
for by the launched LH power alone. A possible explanation is the electron damping of
the fast wave on fast electron tail via Transit Time Magnetic Pumping leading to the
observed heating and current drive efficiency.

Plan

The paper will be divided along the following lines:
Possible synergistic effects between Lower Hybrid Current Drive and Ion Cyclotron
Resonance Heating.

- LHCD and ICRH systems and plasma range of parameters.

- Fast electron bremmsthralung diagnostic.

- Acceleration of LHCD induced fast electrons in ICRH heated plasmas.

- Domain of observation of "synergistic" effect.

- Central electron temperature increase.

- Current drive efficiency.



POSSIBLE SYNERGISTICS EFFECTS

LH Current Drive efficiency is inversely proportional to Ny. Therefore, an improved
current drive efficiency is expected if Ny downshifts during wave propagation.

Change of LH wave propagation properties and absorption can be anticipated when the
temperature and density profiles vary significantly as it is the case in ICRH heated
plasmas. According to ray tracing studies made at JET /1/, there are no significant

changes in the Ny spectrum, at least during the first pass. Propagation in the plasma
centre might depend upon plasma edge conditions. Multiple pass ray tracing usually

leads to a Ny upshift but not to a Ny downshift.

A more likely possible synergy mechanism is direct damping of ICRH waves on the fast
electron population induced by LHCD as predicated for instance in the calculations for
TTMP damping /2/. The ICRH power launched via a fast wave can be damped /3/:

- by cyclotron resonance on a minority population, which leads to the build-up of a
fast ion tail resulting in electron and ion heating;

- by mode conversion which might result in electron heating;

- by transit time magnetic pumping which result in the build-up of a fast electron tail.

In the latter case, the force acting on the electrons is proportional to pVB,where p is the

electron magnetic moment and B the RF magnetic field. It is to be noted that other
effects such as torsional Alfven wave damping are not yet taken into account by theory
/4/. RF wave damping is proportional to the density of fast electrons /2/ /5/. An
asymmetric parallel fast electron tail is present in the plasma as a result of LHCD; the
ICRH wave can further accelerates this population thus producing an extra amount of
current drive without the need to phase the ICRF wave.

Coupling of the ICRF wave to the electrons via mode conversion is a possible scheme,
especially with low k (| for which the damping is low. The damping of the resulting
waves on the fast electron population is not yet assessed.

EXPERIMENTAL CONDITIONS FOR COMBINED LHCD AND ICRF

LHCD experiments have been performed on JET with a prototype system consisting of
16 multijunctions splitting into 128 narrow waveguides facing the plasma /6/. Each
horizontal row of multijunctions consists of 16 waveguides. Build in phase shifters
give a n/2 phasing between adjacent waveguides of given multijunction. The resulting

wave spectrum is centred at Ny = 1.8 (in resonance with 100 keV electrons) with a 70%

directivity. The peak Ny value can be varied from 1.4 to 2.4 by varying the phase
between klystrons.



The launcher is powered by 8 klystrons capable of launching into the torus up to

3.2 MW for 10 sec. or 3.8 MW for 20 sec. The complete LHCD system, to be installed in
1993, will consist of 24 klystrons feeding 384 waveguides via 48 multijunctions. The
LHCD data presented in this paper have been obtained with power ranging from 1.2 to

2.4 MW with klystrons phases tuned to obtain the central value of Ny =1.8.

The ICRH system on JET is well known /7/. It has been operated in monopole and
dipole configurations at frequencies ranging from 28 to 52 MHz. The plasma
parameters were the following:

- By from2to34T
- Ip from 1 to 3 MA
- MNeofrom2t03.51019 m3

As shown in figure 1, there is a large variation of the target electron temperature profile
from Teo : 3 - 11.5 keV. As a result, large variations in the fast electron profiles were
observed as it will be discussed later.

THE FAST ELECTRON BREMMSTHRALUNG DIAGNOSTIC

The FEB diagnostic/8/ is a multichord detection system designed to detect hard X-ray
emission in the range 100 keV upwards. It comprises a vertical and a horizontal
camera of 9 and 10 detectors respectively (Csl Ti crystal) viewing the plasma poloidal
cross section through an inconel window of respectively 1.5 mm thick (vertical port)
and 4 mm thick (horizontal port). Photon emission is recorded for 4 equal energy
intervals in the range 100 to 300 keV for each detector line of sight.

A schematic of the FEB cameras is given in figure 2. Further to the FEB, the forward
X-ray emission above 3 keV is monitored by a Ge detector located at the end of a
narrowly collimated tangential line of sight forming an angle of 22° with the magnetic
axis.

An example of the photon spectrum in the forward direction is shown in figure 3 for
an LH only plasma pulse. The corresponding perpendicular spectra as measured by the
vertical and the horizontal FEB cameras are given in figure 4 and 5 for the same plasma
pulse, showing an acceptable agreement.

Unfortunately, when the Ge detector is used for combined ICRH and LHCD
experiments, the signal level is so high that the corresponding data are not reliable. An
X-ray attenuator has to be installed. Data from the vertical FEB camera are also affected
during combined operation by the large X-ray signal through the thin inconel port.

Therefore, all data which will subsequently be presented in this paper will be from the
horizontal FEB camera, profiles being obtained by means of Abel inversion on the
magnetic flux surfaces. Depending upon the plasmas conditions, a large variety of fast
electron profiles have been achieved:



- very peaked profiles as in figure 6 for a low density, high magnetic field case.

- rather hollow profiles as in figure 7 for a higher density. Fast electron peakedness
increases with increasing magnetic field. This effect can be explained by a better
penetration of the wave at higher magnetic field as predicted from accessibility
conditions.

ACCELERATION OF LHCD INDUCED FAST ELECTRONS IN ICRH HEATED
PLASMAS

In some plasma conditions described later, it is possible to observe:

- an acceleration of the fast electrons;

- an increased current drive.
An example of electron acceleration is given in figure 8. The photon spectrum with LH
only extends up to about 300 keV, i.e. above the interacting range which extends up to
about 180 keV. The additional acceleration can be explained by the well known
"synergistic" effect with the remaining E field from the inductive drive. During
combined ICRH LHCD operation, the photon spectrum extends up 450 keV. It is to be

noted that the loop voltage was zero for the latter conditions. The synergy with the E
field drops and the electron acceleration can only be explained by :

- a downshift of the Ny spectrum;

- a damping of the ICRH wave on the fast electron population.

A comparison of the photon spectrum is given in figure 9 for:

- a zero loop voltage plasma achieved with LH only (0.4 MA);

- a non-zero loop voltage plasma achieved with LH only (1.5 MA);

- a zero loop voltage plasma achieved with LH + ICRH (1.5 MA) with similar
densities (neo = 2.5 10 19m -3).

A very large increase in the number of photons in the 300 keV range is observed for the
combined heating. We have tried to simulate the observed photon temperature by
assuming a given set of parameters for the fast electron distribution, following ref. /9/.
In addition, we have assumed a cut-off energy for the electrons:

Parallel temperature 350 keV 900 keV 900 keV
Perpendicular temperature 100 keV 300 keV 300 keV
Electron cut-off energy 400 keV 400 keV 800 keV

Resulting calculated
perpendicular photon temperature 63 keV 84 keV 140 keV



Such a simulation is not exhaustive but shows that a significant acceleration of the fast
electron population, up to energies close to the 1 MeV has to be assumed in order to
simulate the observed photon temperatures.
DOMAIN OF OBSERVATION OF "SYNERGISTICS" EFFECTS
Synergistics effects between LH and ICRH have been observed so far in JET only in a
restricted set of conditions leading to a high fast electron density near the plasma centre.
This can be achieved by:
- operating at low density;
- using peak electron temperature profiles which occurs:

a) at high magnetic field;

b) during "monsters" sawteeth;

¢) for plasmas with high internal inductance.
- operating with the maximum LH power.
Synergistics effects have not so far been observed:
- in discharges with high Ze¢s;
- in high density discharges (neo > 3 1019 m-3);
- when the ICRH system was in dipole configuration;
- when the phases of the LH klystrons were not properly tuned.
The effect of increasing LH power is documented in figure 10 and 11 by comparing two
1.5 MA, 3 T discharge powered respectively with 1.2 MW and a 2.3 MW LH power, with
similar ICRF power and similar target plasma parameters. An LH only pulse at 2.3 MW
is also shown for comparison. From figure 10, it can be seem that a clear increase of the
photon temperature takes place only at high LH power and that the maximum increase
occurs where the density of the high energy photons is the highest (from figure 10).
The increase of photons on the low energy channel is roughly proportional to the LH
power while the high energy channel shows a dramatic increase at about 20 to 30 cm
from the magnetic axis.
From FEB data analysis during 100% LH modulation discharges, it can be seen that the

background signal, due to high energy gamma rays and neutrons induced by ICRH, can
be neglected over the energy range that has been used /8/.



CENTRAL ELECTRON TEMPERATURE INCREASE

The behaviour of the fast electron profiles as inferred from the high energy photon
emission profiles, seems to indicate the possibility of current drive slightly off-axis, and
therefore possible changes in the local shear with a resulting improvement in the
electron confinement. In the 1990 campaign an improved electron heating was
observed during combined ICRH and LHCD operation /3/ /10/. The evolution of the
central electron temperature versus the total injected power normalised to the central
density is shown in figure 12. Low value of Pyyt/ne are obtained with a relatively high
value of the electron density for which synergy is not observed. High value of Piot/ne
correspond to low density operation with high RF power for which carbon bloom was
very often observed. The corresponding rise in Zgg might explain the lack of
synergistic effects at high combined power.

CURRENT DRIVE EFFICIENCY

As presented in earlier publications, enhanced non-inductive current drive appears to
be associated with the observation of synergistics effects.

The current drive efficiency data base on JET now includes data with full current drive:
at 0.4 MA with LH alone and at 1 and 1.5 MA with combined ICRF and LHCD
operation, as shown in figure 13. A bootstrap current of 0.3 MA has been estimated for
the plasma pulse shown in figure 13. Current drive efficiencies are calculated using the
following formula:

_ = rp INnt —IBs
Ncp = neR =ps

where:
- ne is the line averaged density;

- INI is the non-inductive current drive estimated from loop voltage drop, taking into
account resistive effects and time derivative of plasma inductance;

- Ipsis the bootstrap estimated from ref /11/. To be noted that JET experiments
conform to the current scaling Igs/Ip ~0.45 Bp.

- Pcp =PLH + INI X Vioop + PTTMP

Current drive efficiencies, assuming that all the power driving the non-inductive
current is given by the LH wave, is plotted in figure 14 versus the volume averaged
electron temperature. Possible bootstrap current is taken into account. It is to be noted
that data obtained with full current drive agrees quite well with data already published
where an inductive drive is still present. A "good" agreement is found with a linear
scaling law /12/ with the volume averaged electron temperature, up to <Te> of about
1.8 keV.



Synergy leads to a factor 2 increase in efficiency respect to the linear temperature
scaling. Unfortunately, the FEB camera data were not available for the data
corresponding to <Te> above 2 keV.

Power coupled to the fast electron population is estimated from estimation of the radial
electron deposition profile. The bulk electron deposition profile is deduced from the
change in the time derivative of the electron temperature as discussed in /13/. The
deposition profiles corresponding to conditions with and without observation, of
synergistic effects, are given in figure 15. Without synergy, 70% of the launched LH
power can be estimated to be coupled to the bulk electron population, while this ratio is
up to 125% of the LH power when synergy is observed. It can then be assumed that a
significant part of the ICRF power, approximately in the range of 10%, is coupled to the
electrons. Theoretical estimates of the damping of the fast wave on the fast electron
population induced by LHCD are given in /14/. Damping in the 5 to 10% range can be
estimated assuming a 200 keV isotropic fast electron population with a 0.15%
concentration of fast electrons.

The data base shown in figure 13 can be corrected by assuming than 10% of the ICRH
power contributes to the current drive as shown in figure 16. The current drive
efficiency then does not exceed significantly the maximum value which can be
estimated from Fisch /15/, assuming that 70% of the power is coupled to the fast

electrons and the Ny stays at its launched value.

SUMMARY

Combined LHCD and ICRH experiments have been performed in a variety of plasma
conditions, including a variation of central electron temperature from 3 to 11 keV.

Synergistic effects defined as:

- acceleration of fast electrons up to a few hundreds of keV (at the location where the
fast electron population density is highest);

- increased current drive : up to 1.5 MA;

- large current drive efficiency: I R1/P up to 0.57 1020 m-3 (assuming that current
drive is only produced by LH);

have been achieved when:

a large fast electron population is established in the inner half of the plasma;

the target plasma has peaked electron temperature and density profiles;

the electron density remains low (neo < 2.8 1019 m-3);

the LH power exceeds 1.5 MW.

Synergistics effects can be due to:



- a downshift of N ||, which appears to be an unlikely possibility;

- a direct coupling of the ICRH fast wave:

a) by direct TTMP or torsional Alfven wave damping;

b) by mode conversion, which appears also to be unlikely.

An experimental campaign aiming at optimising these effects remains to be done.
Radial electron deposition profiles appears to show that about 10% of the ICRF power
can be directly coupled to the electron population, indicating that up to 300 kA of the
current is driven by the ICRF wave. The possible utilisation of LHCD/ICRF synergy
includes:

- an increase LH current drive leading to an improved current profile control;

- production of a reversed magnetic shear configuration which might improve the
electron confinement allowing higher electron temperature to be achieved.

- an increase of the TTMP current drive if inwards diffusion of fast electrons is
significant in large and hot plasmas.
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Electron power deposition profile
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