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Abstract

The new JET Lower Hybrid Current Drive (LHCD) system has been
operational during the 1990 experimental campaign; ué to 1.6 MW at
3.7 GHz have been coupled to 2 and 3 MA plasmas in the limiter and
X-point configurations. 20 sec long LH pulses have led to steady
state plasma conditions with a 50 % drop in the loop voltage
measured up to He = 2 10" m—a. The broadening of the current

profile is observed toc increase with increasing electron density.

Combined operation of Ion Cyclotron Resonance Heating (ICRH) and



LHCD has resulted in current drive efficiencies ¥ = ne ICD R / PLH
~ 0.4 10% m_z_A/w at volume averaged electron temperatures of 1.9

keV and stabilization of sawteeth up to 2.9 sec.

LHCD operation is associated with central electron heating at
~ 1 keV/MW at Te ~ 1.8 10'° m™°, while generating a hollow shell
of suprathermal electrons, as measured by a newly installed Fast

Electron Bremsstrahlung diagnostic.

Introduction

Lower Hybrid systems are foreseen for non inductive current
drive and current profile control in fusion experiments of the

next generation.

The potential of Lower Hybrid waves for non inductive current
drive and current profile contrel has been clearly demonstrated in
a variety of experiments. On PLT /1/ 520 kA of plasma current have
been driven with 520 kW of LH power at §i_ = 10'° ™3, using a
narrow wave spectrum at 2.45 GHz. On Asdex /2/, suppression of
sawieeth and the m = ! instability was observed, fpllowed by an
increase in the central value of the electron temperature up to
Teo = 8 keV. More recently, full current drive up to 1.5 MA has
been achieved in JT-60 with 4.5 MW of LH power at 1.74 to 2.23 GHz
using a multijunction type launcher /3/, and a favourable scaling

of current drive efficiency with the electron temperature has been

observed.



A degree of control of the current density profile in JET,
leading eventually to sawtooth stabilization, can be achieved by
launching a high directivity narrow spectrum of Lower Hybrid waves
at 3.7 GHz. An LHCD system capable of launching 12 MW of LH power
is being developed where the parallel phase spectrum can be
adjusted from ny = 1.4 to ny; = 2.4. In this paper the first
results obtained on JET with a prototype LHCD system capable of

generating LH power in excess of 4 MW are reported.

JET operation up to now has been very successful in producing
high values of the triple fusion product nDtETi ~ 9 10°%° m‘akeVs,
with equivalent QDT up to 0.7, for 10 MJ stored energy and a
plasma volume in excess of 120 m3 /4/. JET 1is therefore in a
privileged position for undertaking a comprehensive study of

current drive schemes in reactor relevant scenarios.

The layocut of this paper is as follows. In section 1 the JET
Lower Hybrid prototype system is ©briefly described. The
experimental conditions and the diagnostic support for the 1990 LH
campaign are summarized in section 2 and the experimental results
are reported in section 3. Conclusions and details on further

developments are then summarized in section 4.
1 - The JET Lower Hybrid prototype system

Results so far have been obtained with a LHCD prototype

launcher consisting of 16 multijunctions resulting in 128 narrow




waveguides facing the plasma /5/. The launcher is powered by 8
klystrons capable of delivering up to 4 MW for 20 sec or 5.2 MW
for 10 sec, via a low loss waveguide transmission line pressurized
at 1 bar overpressure SFs. The vacuum transition is made by means

of a circular double guarter wavelength Be window (fig. 1).

The upper half of the multijunction is made in C coated CuZr
with a short circuit in the fourth multijunction port, following a
design developed in Cadarache for Tore Supra. The lower half
consists of 8 C coated Cu coated Stailess Steel multijunctions
packed together without gaps at the grill mouth, following a JET
design. Each horizontal row of multijunctions consists of 16
waveguides. Built-in phase shifters give a n/2 phasing between
ad jacent waveguides of a given multijunction. The-resulting wave
spectrum is centred at n; = 1.8 with a 70 % directivity (fig. 2};
the peak n, value can be varied from 1.4 to 2.4 by varying the
phase between klystrons from -n/2 to +n/2, at the expense of the

wave directivity.

The next LHCD system will consist of 24 klystrons feeding 48
multijunctions of the JET type. This system will be able to launch
up to 10 MW of LH power and will be installed for operation in the

Divertor phase of JET.

The launcher is assembled onto a main radial equatorial port
of the JET vacuum vessel. It sits on movable legs and is capable
of radial displacements during a plasma discharge of up to 210 mm

via a bellow assembly, in order to maintain the density at the



grill mouth in the required range for proper matching (fig. 3).

Directional couplers allowing phase measurements are located
in the ©pressurized part of the transmission 1line. Proper
assessment of the phasing at the grill mouth has been achieved by
varying the phase between 2 multijunction on a given row. The
total reflected power in a multijunction is the sum of the
contribution of the self reflection at the plasma, i.e. the S11
component of the scattering matrix and the power coupled via the
plasma from the neighbouring multijunctions, corresponding to the
S12 and 821 scattéring matrix elements. The total reflected power
is minimum when the two contributions have a n phase difference
and for different phasing between multijunctions. Assuming S12 =
821, it can be shown that the phase difference at the grill mouth
between two multijunctions is given by the half sum of the phases
corresponding to a minimum. In fig. 4 the evolution of the
reflection coefficient on two multijunctions (a,b) is shown when
the phase between the feeding klystrons is varied by a full cycle

(e} during a pulse. Results of the theoretical simulation (c,d)

are also shown for comparison.

During mest of the experimental campalgn the LH power
waveform consisted of a 5 to 15 sec long flati-top preceeded by a 5
sec 100 % modulation phase at 2 Hz {fig. 18a}, with a turn-on time
~ 1 ms, shorter than the data acquisition sampling time. This
procedure allowed more efficient conditioning of multijunction and
vacuum waveguides and has led to preliminary assessment of fast

electrons dynamics.



2 - Experimental conditicns and diagnostics

Lower Hybrid experiments on JET weré performed on deuterium
plasmas in limiter and double null X-point configuration at 2 and
3 MA of plasma current and 2.8 T toroidal field. The LH launcher
position was varied with respect to the toroidal belt limiter and
the neighbouring ICRH antenna to obtain high enough plasma density
at the launcher mouth in order to provide good matching to the
plasma while minimizing the power load from the plasma ontc the C
protection tiles. The launcher was positioned at the same major
radius of the ICRH antenna in limiter discharges and from 10 to 20
mn behind in double null (DN) L-mode plasmas, which are
characterized by wider scrape off layer and high edge density. The
plasma-launcher interaction is monitored via a CCD camera equipped
with a 8254 A (Be 1) filter, correspohding to the maximum infrared
CCD sensitivity, viewing the launcher from the main upper vertical
port {(fig. 5). This system allows real time visual monitoring of
RF breakdowns in the multijunction and of the plasma thermal lcad
on the launcher mouth. Minimization of the thermal load, together
with coupling considerations defines the optimum launcher radial

position.

Preprogramming of the shaping field and position contrel
feedbapk was required to match the plasma boundary to the launcher
poloidal shape., When operating in conjunction with ICRH, fine
position control could be achieved by feeding back the plasma

radial position contrel on the ICRH coupling resistance at values



ranging between 4 and & ohms.

The behaviour of the plasma current density profile was
monitored through the time evolution of the internal inductance
and of the second Shafranov moment as derived from sets of
magnetic pick-up coils and flux loops, installed at different
peloidal sections of the torus, with the magnetic equilibrium

reconstruction code IDENTC /6/.

The line average electron density, as measured by the
multichannel FIR interferometer /7/ and by the LIDAR scattering
system /B/, was varied between the values of 1019 m“3 and 2.5 1019
m-s, and kept constant during the LH pulse. The level of
impurities was monitored by bolometry and line spectroscopy. No
significant impurity production was detected during LH operation,
the Zef_r value ranging between 1.6 and 2.2. In fig. 6 the time
evolution of Ha’ CIII and Bel is shown during LH modulation.

Application of LH power had negligible effect on impurity

production.

The central electron temperature was varied from 3 to 11 keV

through combined application of LH and ICRH at a power level up to

4.5 MW. The ICRH system was used in monopole configuration in the

Hydrogen minqrity heating scheme with the cyclotron resonance at
the plasma centre at 42 MHz. Measurements of the electron
temperature profile were cobtained through the LIDAR scattering
system and Electron Cyclotron Emission diagnostics /9/. The

extraordinary mode electron cyclotron emission spectrum was




measured by an absolutely calibrated Michelson interferometer
along a sightline perpendicular to the toroidal magnetic field and
13 cm below the equatorial plane. The time resolution of this
instrument 1is ~ 15 ms. ECE measurements with better time
resolution (2 10 ps) were obtained from a 12 channel grating
polychromator giving the time evolution of the electron
temperature from the second harmonic extraordinary mode at 12
radial locations in the equatorial plane. Sawtooth activity was
monitored by the ECE diagnostics and the soft X-ray SI diode array
system /10/, which allows tomographic reconstruction of the X-ray

emission up to 20 keV.

Diagnosis of the fast electron population was obtained by a
Ge detector PHA system viewing the plasma along a single
tangential sightline /11/, capable of measuring continuum X-ray
emission up to 250 keV at ~ 100 % efficiency and up to 600 keV
with a reduced 10 % detection efficiency, and by a newly developed
Fast Electron Bremstrahlung diagnostic /12/ which integrates the
X-ray emission along 9 sightlines viewing the plasma poloidally
through a 1.5 mm thickness Inconel window installed on a main
upper vertical port (fig. 7). Each sightline has a spatial
resolution below 15 cm at the plasma midplane and is equipped with
CsI (T1) crystals coupled to Si photodiodes allowing signal
detection in up to four energy windows from a low energy limit of
100 keV, determined by detector neise and window transparency.
Most of the results so far have been obtained channelling the
signal in four 50 KeV energy windows, to an upper energy limit of

300 KeV.




3 - Experimental results
3.1 - Characterization of the fast electron population

Absorption of LH waves into the plasma 1leads to the
development of a high energy parallel streaming electren
population. In JET, the LH induced fast electron population have a
temperature » 100 keV, of the order of their parallel streaming
energy at the Landau damping resonance condition for n; = 1.8, and
an estimated density production rate = & 1015 m_aMw at Ee = 2 1019
m-a, corresponding to 0.05 % of the thermal electron density. In

fig. 8 the electron bremsstrahlung emission spectrum is shown, as

measured by the PHA system.

The ECE spectrum is significantly perturbed by emission from
non thermal electrons during LH. Fig. 9a compares the
extraordinary mode spectrum from the Michelson interferometer
before and during the LH pulse. At low frequencies, normally
associated with the first harmonic, fast electrons produce intense
relativistically down shifted second harmonic emission which
follows closely the LH waveform {(fig. 9b). Re-absorption by
thermal electrons obscures this emission at higher frequencies (>
125 GHz)} where the thermal second harmonic resonance is in the
plasma. In the frequency range 125 GHz to ~190 GHz, normally used
for electron temperature measurement because the plasma is
optically thick to second harmonic radiation, a significant

intensity change is also seen. This is mainly due to changes in



electron temperature, but a small contribution from fast electrons

radiating down shifted third harmonic emission is be present.

The LH induced perturbation of ECE temperature measurements
has been investigated by comparing temperatures measured by the
ECE and LIDAR diagnostics. Fig. 10 shows the ratio of electron
temperature measured by the LIDAR Thomsom Scattering system to
that measured by the ECE system for a large number (~ 300) of
LIDAR pulses, versus LH power. To reduce scatter, the temperature
profiles from each measurement are averaged over the central 30 cm
of the profile, and spurious values with ratios outside the range
0.7 te 1.3 are excluded. Further, each plotted point is an average
over 10 observations. A linear regression {(solid line) with 95 %
confidence intervals (dashed 1lines) shows a statistically
significant trend with LH power. A similar analysis onrdischarges
with and without LHCD shows no statistically significant trends

with the main plasma parameters.

The behaviour of LH created fast electrons has also been
studied during LH modulation. The time evolution of the 100 %
modulated signal measured by the FEB diagnostics is shown in fig.
11 for a central line of sight. At n_ =~ 1.5 10"° m ", the fast
electron energy spectrum extends up to 500 keV, reducing to 300

keV at 'ﬁe = 2.5 10" n3.

The characteristic rise time TR and decay time T of the
detected signal are functions of the Landau damping rate, fast

electron slowing down time and energy and space diffusion. Fig. 12

10



gshows the variation of T and T with Bremsstrahlung energy and
compares it with the fast electron classical slowing down time on
the bulk. The o dependence of the slowing down time is in very
good agreement with the measurement of tR in the 4 energy windous;
T, on the other hand decreases with increasing energy at a rate
which indicates that the electron distribution reaches up to ~ 300
keV. A model is under development to investigate the energy

dependence of the diffusion process.

Seven out of the nine sightlines of the FEB diagnostic were
used for fast electron profile analysis. The innermost sightline
(n. 11 in fig. 7) was not operational during this campaign and the
signal measured on the outermost one (n. 19) included =a
contribution of thick target bremsstrahlung due to fast electrons

striking the bottom toreoidal belt limiter.

Most of the results have been obtained in limiter plasmas
with the plasma cenire located between FEB camera channels 15 and
16, as shown in fig. 7. Preliminary results ipdicate hollow line
integrated emission profiles, with hollowness increasing with fast
electron energy and bulk electron density (fig. 13). Error bars in
the experimental data are mostly due to uncertainties in the
detector area exposed to signal collimation. Whilé the density
dependence of the profile could be explained in the framework of
LH current drive theory, the energy dependence is presently being
investigated. A fit to the experimental profile can be achieved
using a strongly hollow local emissivity profile peaked at ~ 0.5 m

cutside the plasma centre, corresponding to a local g value just

11



below 2. Assuming a smooth variation of the fast electron
distribution function with minor radius, the good agreement shown
in fig. 13 indicates a hollow density profile of the non inductive

current carrying fast electrons.
3.2 - Current Drive efficiency

Estimation of the LHCD efficiency ¥ = ne I R / PLH , where

ICD is the non inductively driven current, R the plasma major
radius and PLH the LH power, is based upon analysis of the measured
surface loop voltage. Up to 50 % drop in loop voltage is observed
(fig. 14) at PLH/Ee ~ 0.6 10°'° MW m3, with no noticeable
dependence on the feedback controlled total plasma current. In
these conditions up to 3 Vs of resistive flux are saved,
corresponding to ~ 30 % of the overall resistive flux consumption
during the current flat top (fig. 15). No atiempt has yel been

made to optimize Volt second savings, for instance applying LH

during the current rise phase.

Current Drive efficiency depends wupon the launched n|
spectrum, as suggested by theory /13/ and observed in many
experiments. Phasing between klystrons is optimized in JET by
monitoring the cross talk between adiacent multijunctions and the
coupling to .the plasma. In fig. 16 the normalized loop voltage
reduction during LH is shown as a function of klystron phasing.
The broad maximum below 0° corresponds to a peak n - 1.6. Most of
the experimental campaign has -been carried out at 0° phasing

between multijunctions, corresponding to ny = 1.8.

12



As already reported by JT-60, ¥ depends on ZﬂT and the
volume averaged electron temperature <Te>, as -shown in fig. 17.
The LH driven current is computed by taking into account the time
behaviour of the internal inductance and changes in Zeff and Te.
The additicnal effect of the residual electric field on the LH
fast electrons 1s estimated in the first order in the eleciric
field /147 and is found to be less than 20 % of the total driven
current in most cases. At <Te> ~ 1.9 keV and Ee = 2 1019m-? ¥ o~
0.4 1020m—2A/w, corresponding to = 1.2 MA non inductive current.
The strong temperature dependence of the efficiency is in
qualitative agreement with the spectral gap model where the energy
required to fill in the gap in velocity space is reduced when the
electron temperature increases, In JET, y follows approximately
the empirical JT-60 scaling law and reaches the maximum value
predicted by Fisch’s theory. One of the objectives of the next
campaign will be to investigate whether a saturation of ¥ occurs

at higher <Te> values.
3.3 - Current profile effects

Typical time evolution of the internal inductance 11, with
and without ICRH, is shown in fig. 18. LH application during the
ohmic phase leads to current profile broadening with a decrease of
11' eventually reaching a steady state after ~ 8 sec, comparable
with the current diffusion time. When LH is applied in conjunction
with ICRH, the current broadening compensates the peaking due to

central electron heating. This effect is highlighted in fig. 19,

13



where the power waveforms of LH and ICRH are shown together with
the time evolution of the internal inductance for three successive
discharges. Application of 1.5 MW of LH to an ICRF heated 2 MA
limiter discharge leads to a broadening of the current density
profile, with 1i ~ 1.10 (fig. 19b{2)) in contrast to the case of
ICRH alone where l1 ~ 1.17 (fig. 19b{1)). The current profile
control is lost on a current diffusion time scale when the LH

power is replaced by ICRH alone (fig. 19b(3)).

The current profile broadening is also evident in fig. 20,
where radial profiles of the safety facter g, as determined by
equilibrium analysis of the magnetic signals, are shown with and
without LHCD and compared with the sawtooth inversion radius as
determined from soft x-ray measurements. The 10 % rise in central
g is in agreement with indications of peripheral absorption of
Lower Hybrid waves obtained from ray tracing and Fokker-FPlanck

computations /15/.

3.4 - Sawtooth stabilization and électron heating

Long sawtooth free periods of the “"monster" type have been
achieved in ICRF heated plasmas, up to 2.9 sec at 2 MA of plasma
current and 2.3 sec at 3 MA. Fig. 21 shows the time evolution of
the central electron temperature, as measured by the ECE
Fabry-Perot Interferometer. Long sawtooth free ©periods are
cbtained when LH power in excess of 1 MW is coupled to the plasma.
In these conditions, the power threshold for sawtooth

stabilization for perieds 1in excess of the plasma energy

14



confinement time with ICRH alone is = 5 MW /16/. This result is
further supported by a statistical analysis carried out on a
subset of discharges with similar plasma conditions but different
LH and ICRH power levels, which shows that combined LH and ICRH
operation leads to substantial lengthening of the sawtooth free
period (fig. 22). In the particular case of fig. 21b, the
"monster" sawtooth terminates due to a continuous density increase
throughout the pulse. The lowering of the sawtooth stabilization
ICRH power thresheld could be explained by a combination of
stabilization effects due to fast minority ions accelerated by
ICRHE and reduction of the g = 1 surface volume due to off-axis

LHCD.

Substantial central electron heating 1is observed during
application of LH power on JET (fig. 23). The central electron
heating efficiency is = 0.5 keV/MW with LH alone, rising to values
of the order of 1.0 keV/MW during combined LH and ICRH (fig.24}.
The local power deposition on the bulk electrons was estimated by
using the change of slope of the electron temperature during the
LE power modulation phase, as measured by the Fabry-Perot
Interferometer, under the assumption that confinement and power
input terms, other than LH, remain unchanged (fig. 25). This
hypothesis is supported by the fact that no modification of the
m=1 activity level is detected when LH is applied and by the
observed delayed response of the surface loop voltage. The
modulated power deposition profile, deduced during LH power
modulation, is shown in fig. 26, for two typical cases with and

without ICRH.
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This result, in particular the higher heating rate during
combined LHCD and ICRH, is in apparent conflict with the already
reported profile hollowness of the current carrying fast
electrons. It must be observed however that the increase Iin
hollowness with increasing fast electron energy, as measured by
the FEB diagnostic in the range 100 keV to 300 keV, could indicate
progressively shallower profiles for lower energy fast electrons,
possibly due to an inward diffusion process. In this case
electrons with few tens of keV might be present at the plasma
‘centre, thus improving the TIMP damping of the fast magnetosonic
ien cyclotron wave, leading to more efficient central electron
heating /17/. Moreover, as LH driven fast electrons are
preferentially distributed in the forward velecity direction, TIMP
damping will be asymmetric in paralle; veloclity, thus centributing
to the current drive mechanism. The electron power depesition
profiles shown in fig. 26 indicate that ~ 400 kW, corresponding to
~ 10 % of the ICRH power, are transferred to the fast electron
population. Including this power reduces the estimate of the

current drive efficiency to ¥ ~ 0.32 10%° m 2A/W.
4 - Conclusions and further developments

The JET LHCD system has successfully started operation during
the 1990 experimental campaign, coupling up 1.7 MW of power into

different plasma scenarios.

Current Drive efficiencies up to 0.4 10a%f2 A/W at <Te> =

16



"3 and a degree of control of the current

1.9 keV and n_ = 2 10" m
density profile have been achieved with a high directivity narrow
spectrum of lower hybrid waves at 3.7 GHz, coupled to the plasma
through a multijunction type launcher. The temperature scaling of

the CD efficiency, already observed in JT-60, has been confirmed

in the temperature range 0.9 keV = <Te> = 1.9 keV,

LH operation in 2 and 3 MA ICRF heated plasmas has led to
sawtooth free periocds up to 2.3 and 2.9 sec. Central electron
heating at a rate of 0.5 keV/MW and 1 keV/MW has been observed in

Ohmic and ICRH plasmas respectively.

Substantial bremsstrahlung emission is observed during LH,
corresponding to fast electron energies up to 300 keV at He = 2.5
10'? n™>. The upper energy limit increases with decreasing density
of the bulk electrons. Hellow emiésivity profiles have been
measured, the profile hollowness increasing with electron density
and fast electron energy. The dependence on electron density is in
gqualitative agreement with ray tracing calculations. However, the

penetration of fast electrons is found to be deeper that code

predictions.

The observations of central electron heating and hollow fast
electron source appear in conflict which each other. Inward
diffusion of lower energy fast electrons might eventually lead to

synergism between TTMP and LH wave damping.

The full LHCD system, capable of launching 12 MW of LH power,

17



will be operational during the Divertor phase of JET, {foreseen

after 1992.
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Network and measures approximately 40 m

in

length.

{Bottom) general view of the JET multijunction type

launcher.
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fig. 5 - Side view of the CCD camera launcher viewing system. This
system allows viewing of top and bottom toroidal belt
Beryllium limiters, for a total extent of ~ 300 mm, due

to the viewing access of the vertical port.
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fig. 6 - Time evolution of (a) Hj, (b} CIII line and (c) Bel line
during (d)} LH power modulation. Impurity production
during LH does not differ from that observed during Ohmic

plasmas.
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fig.11 - Time evolution of FEB signal in the four energy windows.
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neutron induced.
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fig.21 - Time evolution of the central electron temperature, as

measured by the ECE Michelson Interferometer (—) and the

LIDAR diagnostic (+), without (left,

pulse # 22831) and

with (right, pulse # 22829) LH. The top traces show the

time evolution of the line integrated electron density.

The lack of sawtooth stabilization after 22 sec on pulse

27829 is due to worsening of the LH coupling, due to the

density build-up.
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