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Abstract

Lower hybrid experiments were resumed on ASDEX with a system at 2.45 GHz. The full power
available from the emitter (2.6 MW) could be routinely transmitted to the plasma. Coupling of the
grill antenna was considerably improved after the surrounding protection limiters had been
reshaped. Detailed studies of current drive were conducted in ohmic target plasmas and also in
combination with NBI. Rather good agreement is found between the experimental results on
current drive efficiency and theory. Variations of the current drive efficiency can be closely
correlated with variations of the broadening of the lower hybrid pump wave. Improved global
energy confinement is obtained with LH at low density. This improvement can be attributed to
the superior confinement of the suprathermal electrons. Particle confinement is also improved
with LH current drive. The MHD activity is strongly influenced by LH current drive. Sawteeth
can be suppressed in OH- and NBI-heated discharges with LH current drive. Stabilization of the
m=1 mode is achieved with LH current drive at low N,,, in OH target plasmas and also in
combination with NBIL. After suppression of the m=1 mode strong central electron heating and
peaking of the radial electron temperature profile are obtained. The current profile j(r) can be
controlled by varying the LH spectrum. Current and temperature profiles can thus be decoupled
and all MHD modes be simultaneously suppressed by LH current drive.

The Lower Hybrid experiments are performed in collaboration between IPP Garching, ENEA
Frascati and PPPL Princeton.
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1. Technical layout of the rf system

Lower Hybrid waves are injected into ASDEX in the actual experiments at 2.45 GHz with

nominal power of 3 MW and maximum pulse duration of 1 s/1/.

The transmitter consists of 6 klystron amplifiers (Varian VKS-8296 A) with an output power of
500 kW each. Without extension of the cooling facilities the pulse length is restricted to 1 s.
Each klystron is protected against excessive reflected power by means of a four-port circulator
(insertion loss 0.4 dB) which can be operated into a VSWR = 6 for 1 s and into VSWR = e for
0.1 s. The remaining reflection back into the klystron is < -20 dB for any phase of a short
circuit at the output of the circulator. The klystrons are arranged in two groups of three tubes
(Fig.1). Each group is fed by one high-voltage power supply (0 - 70 kV/50 A) and protected by
two parallel ignitron crowbar systems. These crowbars trigger in the event of arcing in one of
the tubes (dIp/dt), too high a beam voltage or too high a body current. Its response time is < 5
us. The control system of the transmitter is the same as used in the previous 1.3 GHz
experiment. The klystrons were previously used on the FT tokamak in Frascati and on the PLT
tokamak in Princeton. In the actual configuration on ASDEX they are fed from one common
master oscillator (1 W) through six solid-state intermediate amplifiers (5 W). The amplitude and
phase in each line are feedback-controlled within a range of 20 dB (£0.1 dB) and 360° (F2°),
respectively, with a combined characteristic time of 2 ms. The amplitude control can be used for

calibrated modulation of the output power.

Six transmission lines of standard WR 430 waveguides connect the klystrons to a power
splitter system where the power of each klystron is divided into eight channels. The power
division is performed by successive stages of 3 dB-E plane hybrids which are terminated on
arm 4 with dry loads (125 W/1 s). Their directivity is better than 30 dB and a short circuit in any
one of the output waveguides affects the forward power in any other waveguide by < 0.5 dB.
In each of the 48 outputs of the power splitter system the phase can be varied through 360°
(£2.5°), resulting in a high degree of experimental flexibility with respect to the wave spectrum.
These phase shifters are driven by a step motor, and a variety of phase settings stored in a

personal computer can be loaded by remote control between successive ASDEX shots.

The 48 output waveguides are then connected through step transformers, DC-breaks and a
structure of bent narrow waveguides (10 x 109 mm) to the input of a 2 x 24 waveguide grill
antenna. This antenna includes two blocks with 24 ceramic waveguide windows each. Two
stainless steel front ends finally touch the plasma boundary a few millimetres behind the

protection limiter radius. The inner surfaces of the front ends are coated with a rough gold layer




to reduce the risk of multipactor breakdown in the waveguides. Arc detectors, sidewall
directional couplers and a VSWR measurement in each of the grill waveguides allow fast
tripping of the RF power in the event of arcing (I pts) or excessive reflection (100 ps) in any

one of the 48 waveguides.

Each row of 24 waveguides of the grill is connected to one of the two groups of klystrons.
They can thus be operated independently with respect to time, pulse length, power and wave
spectrum. The signals recorded in the data acquisition system include the 6 input powers into
the power splitter and their phases, 48 grill input powers and 48 grill reflection powers. The
grill input phases are recorded through a time multiplex system, allowing all 48 channels to be

sampled twice during a 1 s pulse.

The system was put into operation on Dec. 15, 1988. After a total of 80 shots with different

phase settings and varying plasma conditions a power level of 1 MW for (.5 s was achieved.

This new lower hybrid system was constructed in cooperation between ENEA Frascati (grill
antenna,bent waveguide structures, 3 klystrons, socket tanks, transmission line), PPPL
Princeton (waveguide windows, 3 klystrons) and IPP Garching (ASDEX interface, power

splitter, transmitter, low-power system, control system, data acquisition).
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2. Coupling

The coupling of the 2 x 24 waveguide grill was not particularly good during the first
experimental phase after commissioning of the 2.45 GHz Lower Hybrid system.The magnitude
of the average reflection coefficient <R> was higher than expected from coupling code
calculations. Fig. 2 shows <R> measured in this experimental phase at the upper grill array as a
function of the rf power. The increase of <R> with power is thought to be due to the
ponderomotive force modifying the edge electron density. The decrease of <R> with decreasing
Ny, , i.e. lower A¢, indicates that we have a very low edge electron density in front of the grill.
On the other hand, <R> was found to be rather insensitive to the line average electron density Ne
of the plasma (in the range 1.3 to 5 x 1013 cm-3) and also only weakly dependent on the plasma
position (in the range Rp = 1.65 m to 1.68 m) and the grill position.

During this phase the grill was surrounded by carbon tiles intended to protect the grill surface
from particle impact. These tiles protruded 3 mm beyond the actual metallic grill surface which
is toroidally and poloidally shaped according to the torus geometry. It was supposed that this
fact consequently led to a layer of very low density of 1 to 2 mm width insensitive to the main
edge plasma parameters. In fact, introducing a vacuum gap of up to 2 mm in the Brambilla
coupling code strongly enhances the calculated reflection coefficient.

Therefore these graphite tiles were replaced by new ones which no longer protruded beyond the
grill surface. The coupling was thereby considerably changed. The average reflection coefficient
<R> was reduced by up to a factor of 3 as seen from Fig. 3. The characteristic features such as
symmetric reflection patterns for symmetric wave spectra and asymmetric patterns for current
drive spectra are clearly present. For low N, as with ¢ = w2 or 00nr..., <R> stays below 10
% even up to a power of 1.8 MW. At high Ny;, as with ¢ = On0mn..., <R> is higher and reaches
values of 20 %. There is now also a distinct dependence of <R> on the plasma position and on
the grill position relative to the protection limiter in ASDEX. High Ny, operation is more
sensitive to the grill position then low N, operation, as shown in Fig. 4. There is still some
increase of <R> with power due to modification of the edge parameters with the high power

density. We now also observe a slight interaction between the upper and lower grill arrays.

Techniques for active control of the coupling conditions with gas puffing or pellet injection have
been tested recently /2/.
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3. Current drive efficiency
3.1 Steady-state current drive efficiency

The Lower Hybrid experiments in ASDEX are performed with a feedback-controlled constant
plasma current Ip. When lower hybrid current drive is applied, the loop voltage thus drops to
the value Uy iy = Ugy - AU, required to keep the sum of the RF-driven current Iz and the
remaining inductively driven current Ijy = Up g/R, (Rp, = plasma resistance) constant on the

preset value:
]RF+IiI1d:Ip‘ (l)

In order to avoid transient effects, we determine the drop in the loop voltage, AU, at times

when it is stationary. From many shots we obtain characteristics of AU/Ugy as a function of
power. Examples of these characteristics taken at different line-averaged electron densities ng
are shown in Fig. 5. From curves like these, we can determine the values Py o at which the
loop voltage is zero, i.e. AU = Ugy. The experimental steady-state current drive efficiency is

then
Noexp = Ip neR/Prpyo ., (2)

where R is the major radius of the plasma. On the assumption of homogeneous current density

and power deposition profiles, j(r) and p(r), we can derive from theory
Mo theor = 1240 / [InA (5+Z ) <N, 2>], 3)
with

Ni? Nli2

NIl ace =

o2 - Nil ace
f ELNQ dNj - Pt dNj

1 ,,’<N||>2 =

] P(Ny) dNy
ot 4

This formulation takes into account the particular shape of the spectrum as calculated with the
Brambilla code and the fraction of power going in the wrong direction, and assumes
nonaccessible power to be lost /3/. Throughout this report we assume for Njj ¢ the value
obtained from the plane wave accessibility condition with the line-averaged density n,, and the
central magnetic field B(0). We also neglect any possible broadening or upshift of the Njj
spectrum due to toroidal or nonlinear effects.

In Fig. 6 we plot Mg theor as a function of the grill phasing for three different values of Nijac
and Zegr = 5 (solid lines), and for Njj 5o = 1.5 and different Z g (dashed lines). According to

9




the accessibility condition for plane waves in a homogeneous plasma, Njj ;.. = 1.5 corresponds
to the parameter combination fi, = 1.4 - 1013 cm-3 and B, = 2.8 T. Also shown in Fig. 2 are the
values of 1| exp taken in plasmas with a line-averaged density of i, = 1.35 - 1013 cm3 and a
magnetic field of B; = 2.8 T. For the different machine wall conditions, namely bare stainless-
steel walls, carbonized walls, or boronized walls, the values for Z¢ as determined from
bremsstrahlung are between 3 and 7. The point for A = 120° is given in brackets since for this
phasing we did not really reach zero loop voltage and Py j; was determined by extrapolation.
For these parameters only the case for A@ = 67° suffers in respect of accessibility. At all other
phases the full spectrum is accessible. In spite of the assumptions underlying the model we find
pretty good agreement with the theory in this low-density case. At higher densities, but with
still fully accessible spectrum, the experimentally observed efficiency is less than calculated.

This can be correlated to nonlinear effects as described in chapter 4.

At the low density, ne = 1.35 - 1013 cm3, we also combined lower hybrid current drive at low
Njp , Ap = 909, launched with one grill, with a small amount of power (=160 kW) launched at
high Ny , Ag = 180°, with the other grill. As compared with current drive with low Ny alone,
this leads to a strong decrease of the internal inductance, indicating a shifted power deposition
profile radially outward. Nevertheless we need about the same current drive power at low Njj

to achieve zero loop voltage, i.e. we have the same overall current drive efficiency.

At higher densities changes in accessibility have to be taken into account. The dependence of 1,
on the density is shown in Fig. 7 for plasmas with B; = 2.8 T. The theoretical curves are
calculated for Z.g = 5, while the experimental values for Z,¢ vary between 3 and 7. Although
the agreement between theory and experiment is not as good as in Fig. 6, we still recognize the
importance of accessibility particularly in the density region around i, = 2 - 1013 cm-3, where

the efficiencies of the Ag = 75° and the A = 90° spectra become equal.

We also applied lower hybrid current drive to neutral-beam-heated plasmas in the L-mode.
The variation of the loop voltage as a function of the lower hybrid power is shown in Fig. 8.
The neutral beam power was kept constant at =1 MW in co-injection. During combined neutral
beam and lower hybrid injection we get a density increase from 2.1 to 2.4 - 1013 cm™3. For
comparison with current drive in an ohmic plasma we see in Fig. 8 as dashed lines the
characteristics obtained at i, = 2.1 -1013 cm-3 and , = 2.8 - 1013 cm-3. From this it is
concluded that the current drive efficiency at zero electric field is essentially the same without
and with neutral beam heating. The zero loop voltage point with neutral injection from Fig. 8 is

marked in Fig. 7 as a thick cross.

10



32 Current drive with non-zero electric field

When a DC electric field E is present, the fast current-carrying electrons are accelerated or
decelerated, depending upon the sign of E. As a consequence, the current drive efficiency
changes as described in a number of papers. For comparison of our experimental results with
theory we adopt the analytic approximation by K. Yoshioka et al. /4/, who calculated the
current drive efficiency 1 with electric field, normalized to the efficiency 1, without electric

field, as
M /Mo =1n[(1-x3) / (1x)]/ (x1-X3) 5)

withn,=j/p , xl,zza(ul,z)zEN s 0= 12 [(Zegs +T) , uzvphlvu1 ,and Ey=E/
Epyeicer. The indices 1 and 2 relate to the lower and upper boundaries of the effective phase

velocity spectrum.

Again assuming homogeneous profiles and combining eq. (5), eq.(1) and the circuit equation
Up g = Iind - Rp, we obtain

Piy/Prao=0-Up/Uog T /M /Mo (6)

Here the factor T describes the variation of the plasma resistance Ry, due to bulk electron heating

and a change in Z.¢ during the application of RF power. Using Spitzer resistivity, we get for T:
T=Ry0n/RpLH (7)
= Zegrou +0.72) | Zegrpu + 0.72) (TeLu / Te’OH)3/2.
The term x5 ~ E in eq. (5) can be expressed as
x3=Urn/Uon A, 8)
with
A =0.023 Zegrom + 0.72) [Zegrpm+ T) - 1p /5 N2 Teon®? . 9)

where I, , i , Te are in units kA, 1013 cm3, keV. A is seen to depend on the density n, the
total plasma current I, the electron temperature Te,on in the OH phase, Zeg, and the high phase
velocity limit Njj, of the Nj; spectrum, which is eventually given by accessibility. Except for
N, all these quantities can be determined experimentally.

In Fig. 9 we compare measurements taken at two different densities, i, = 1.35 - 1013 cm3 and
fie = 2.8 - 1013 cm-3, with this theory. From the measured values of the volume-averaged Zef,

the volume-averaged T, oy, and the plasma current, and with the calculated value of Njjp =

11




1.85 for the 90° spectrum we obtain for the parameter A values of between 0.84 and 1.02, or
0.46 and 0.59 for the lower and higher density points, respectively. Shown as dashed lines are
the calculated curves, eq.(6), with A =0.5; T=1.1 and A = 1.0; T = 2.2. These values of T
agree roughly with what we estimate from the increase in electron temperature at high RF
power. However, at low density and low RF power (< 150 kW) the variation of the bulk
temperature is not sufficient to explain the strong drop in loop voltage. In this situation the loop
voltage is still high enough to make the fastest wave-generated electrons tend to run away. This
can be clearly seen in the increase of the runaway signal at low RF power; in contrast, it rapidly

decreases at high power and correspondingly low loop voltage.

The model was further checked by changing the other parameters contained in A, namely I and
N}, and similar agreement was found /5/.The model was also found to be suitable for

describing the loop voltage drop observed when a symmetric spectrum of waves is launched, or

when the RF current is driven opposite to the inductively driven current.

12
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4. Parametric decay instabilities

A search for possible effects of parametric decay instabilities (PDI) on LH current drive and
heating was conducted on ASDEX by analysis of the signal collected by an RF probe located
near the wall in the shadow of the guard limiters.

An example is shown in Fig. 10. The frequency spectrum, whose shape is unaffected by the
position of the probe, was characterized by two parameters: the width of the 2.45 GHz pump
line at 10 db from the maximum Afp, and the intensity of the first satellite, downshifted in
frequency from the pump by one times the ion cyclotron frequency evaluated at the torus outer
edge /6/.

The plasma parameters for this study lie in the following ranges: line-averaged density 1.3 -
1013 em3 <, €5 - 1013 cm-3, plasma current 300 < I, <420 kA, toroidal field 2.17 < B <
2.8 T, coupled LH power 0.3 <Py y < 1.6 MW, peak value of the launched Njj spectrum 1.5
<Nj £ 44.

The main results can be summarized as follows

Satellite intensity

Well-defined thresholds of both Py iy and n, exist for the onset of the first satellite. Its intensity
firstly grows exponentially with Py 11, then saturates (see circles in Fig. 11). Below saturation it
decreases considerably if either I, or By are increased. The threshold for the growth of these
instabilities is determined by the edge plasma density and temperature, the coupled power and
by the convective losses, determined in turn by the grill dimensions. A code previously
developed for the FT experiment, which takes into account all the above parameters, can
satisfactorily reproduce the behaviour of the threshold power, as seen by the full circles in Fig.
12. With this same code the different developments of PDI, when either one or both rows of the
grill are excited, are also well explained /7/.

The growth of one or more ion cyclotron satellites does not seem to affect greatly the current

drive properties of the LH wave, at least not as long as they are 15 db below the pump, as is
most often the case, except for higher density plasmas, f, 2 4.7 - 1013 cm3.

Pump spectral broadening

Triangles in Fig. 11 and Fig. 12 describe the behaviour of Af,, versus Py g and ne, respectively.
An approximately linear increase is observed in either case. The influence of By and I, is similar
to the ion cyclotron PDI case, namely Af}, decreases, increasing either B, or Ip. The state of the

walls is also important; indeed Af, became smaller after the ASDEX vacuum vessel was

boronized.
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Unlike the ion cyclotron sidebands, the magnitude of Afp appears to have a considerable effect

on the current drive properties of the LH waves. This was established by analysis of CD
efficiency values T\¢p on a large data base selected in such a way as to avoid the problem of the

LH wave accessibility to the plasma core. The effect of other quantities which can appreciably
modify Ncp, such as Njj and the impurity content Zgr, was taken into account by normalizing
Ncp to the case Njj = 1.8 and Zgr = 1. This normalized efficiency ncp should be independent
of plasma parameters such as ng, I and B, and should therefore be constant for the selected
data set. However this is not the case and variations as large as 50% are observed. In looking
for an explanation of this effect a remarkable correlation of “E:D with Af, was found, as shown
in Fig. 13. This can be tentatively explained as follows. The spectral broadening can be due to
either PDI, involving ion sound frequencies, or scattering by density fluctuations. Both
processes can modify the launched Nj; spectrum. If it is assumed that the frequency shift of a
sideband is a measure of its change in Ny, only the fraction of the power within a small interval
Af,, around the pump frequency with negligible frequency shift can be considered useful for
CD. This fraction can easily be evaluated from the experimental spectra as a function of Afp,
and the decrease of Ny, with Af,, can be calculated. Af, is taken as a free parameter. A best-fit
procedure on the experimental value of nED yielded Af, = 0.8 MHz and is shown as a dashed

curve in Fig. 13.

In conclusion, it has been shown that ion cyclotron PDIs are rather well understood since their
behaviour can be satisfactorily predicted by the theory. They are found to have no great effect
on the CD efficiency. On the contrary, pump spectral broadening considerably degrades the CD

efficiency probably because of a related change in the launched Nj; spectrum.
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5. Power absorption

In the analysis of LH heating and current drive experiments, in contrast to the case of other
heating methods and notably of neutral injection, we have no theory which can predict the
amount of power absorbed by the plasma. Quasilinear damping of the launched spectrum is not
sufficient to explain the effects observed and, although different mechanisms of spectral
modification and Nyj upshift have been proposed, still we are not able to calculate the
absorption coefficient o .

Moreover, an additional problem is posed by the relatively low toroidal field of ASDEX. In
fact, we expect from theory that by increasing the electron density an appreciable fraction of the
launched spectrum should be converted to the fast branch of the dispersion relation and cannot

access to the plasma centre. This should ultimately lead to a reduction in the power absorption.

In this situation we have tried to determine o experimentally by using a method already applied
in [;revious LH experiments /8/ and further developed for ICRH experiments in ASDEX. This
method relies on measurement of the rate of change of the plasma energy on a time scale shorter
than the energy confinement time upon sudden switch-on and switch-off of the heating pulse

/9/.

For the case of LH we use an effective B, given by (2[3:1“ + Bc:a) /3 in order to take into

account the anisotropy of the distribution function and correctly evaluate the total plasma
energy. Moreover, it has to be realized that, as soon as the LH power is damped to the plasma
electrons, their distribution function is distorted in such a way as to generate an electric current
and to reduce the OH dissipation. In the presence of a constant electric field applied by the OH
transformer, i.e. for a time interval shorter than the response time of the current feedback
system (=20 ms), this leads to a fast rise in the plasma current, accompanied by an increase in

the plasma magnetic energy, which has to be taken into account in the power balance.

We therefore evaluated our absorption coefficient from the rate of change in the total plasma
energy, kinetic, as given by the effective Bp, and magnetic, as given by the total inductance of
the plasma loop (internal and external). However, when considering the experimental results,
we have to bear in mind that the power deposited far from the plasma centre will be dissipated
on a time scale shorter than the time resolution of our diagnostics and is not detected. By using

appropriate values for the relevant parameters, we estimate that our method is able to measure
the power absorbed within r < 30 cm.

At low density (o, = 1.3 - 1013 cm™3) we find that all power in the main peak of the spectrum is
absorbed by the plasma core in current drive experiments. This is in agreement with the results

on current drive efficiency, which are very close to their maximum theoretical value given by

23




total absorption. In this respect the power in the secondary lobe has too high a Nj; to contribute
to the driven current and is very likely absorbed at the plasma edge. At this low density, o is
higher for the lower Njj. By inverting the direction of the launched waves, i.e. by operating in
opposite current drive conditions, we observe a reduction by a factor of about 2 in the power
absorption. Intermediate results are obtained in experiments with symmetric spectra. These
observations suggest that the applied d.c. electric field can play an important role in determining

the wave absorption.

When we increase the plasma density, we find a remarkable decrease of «, in particular at

lower magnetic field, as expected from accessibility considerations and as already found for the
1.3 GHz experiment /10/. In Fig. 14 we show the results of a density scan with By =2.17 T

and compare them with the fraction of power satisfying the accessibility condition at a plasma

density equal to the line-averaged density and a magnetic field equal to the toroidal field on axis.
From this it can be concluded that the decrease in  is related to degradation of the accessibility,

although absorption is also found in cases where no power should reach the plasma core.

The measured absorption coefficient does not show any appreciable dependence on the
launched power. Moreover, at intermediate density (i, = 2.1 - 1013 cm-3) we changed Ny and
the width of the spectrum without appreciably changing the value of a.. For Njj = 1.8 and the
same density we also changed the plasma current in order to vary the g-profile, which should
influence the wave trajectory in the plasma. But this did not affect o either.

24




1ol

0.8 @
0.6 .
=]
0.4 + ®
B; = 2.17T
"Wk Ip =320 kA
N”= 18 +
0 | | L+ - 1
= x 10
0 1 ﬁe(cma) 4

o Rye! Py

Fig. 14: Density dependence of the absorption coefficient for LH power and of the accessible
fraction of LH power.

25




6. Energy confinement

Anisotropic electron distributions are generated with LH spectra of low Ny, which accelerate

the electrons parallel to the magnetic field to suprathermal velocities. The anisotropy decreases
with increasing density owing to the slowing down of the fast electrons by collisions with the
bulk. The dependence of the anisotropy on n, is shown in Fig. 15 for current drive with A@ =

75° (Nj; = 1.8). The increase in perpendicular beta ;3;, as derived from diamagnetic

measurements, approaches A[i‘;qu =A (0.5([3']') + Bll))), determined from the equilibrium fields, at

densities n, = 3 - 1013 cm3.

The total energy content W, during LH application is then calculated from the effective Bp =

dia

(2[3:1" +B A )/ 3. The energy content of the thermal electrons W,, is determined from the radial
profiles of ng(r) and Te(r), as measured by YAG laser scattering. The scaling of both Wp and
W, with the total power Py = Popy + Py g (assuming 0. = 1 for the LH absorption coefficient )
is shown in Fig. 16 for LH current drive at two different densities, n = 1.3 - 1013 cm™3 and n,
~3.5 - 1013 cm3. At the lower density highly suprathermal electron distributions with large
anisotropy are produced by LH. At the higher density the electron distribution stays close to

thermal and is isotropic.

At low density, the total energy content Wy, in hybrid operation of OH+LH current drive is
about 50% higher than with OH current drive alone with the same total power input, (Fig. 16,
upper part).

LH current drive at low density gives access to an operation regime with a total power input
even smaller than required for the same discharge with OH current drive. In this regime, the
total energy content still remains above the corresponding ohmic values. The confinement time
is therefore further improved. Up to the highest LH powers applied, the slope AWp [ APy

stays the same. Over the whole range of powers, also in the regime Py, < Pgp, the same

incremental energy confinement time v~ is then obtained. Its value is smaller than the ohmic

confinement time. The global confinement time therefore degrades continuously with power,
starting already at Py, < Poy. The dependence of T on Py, is well fitted by Goldston scaling
and Lackner plateau scaling. For the thermal energy content of the electrons W, no increase
above the ohmic value is found with hybrid operation of LH+OH current drive with the same
total power input as in ohmic discharges. The thermal ion energy content, as determined by CX
analysis, also remains the same in both cases. The improvement in global confinement, seen
from the enhanced W, , can therefore only be attributed to superior energy confinement of the
suprathermal electron population. In fact, with increasing density and thereby a decreasing frac-

tion of LH-produced fast electrons the improvement of global energy confinement with LH
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disappears /11/. At a density of i, = 3.5 - 1013 cm3 no enhancement of W, above OH values is
obtained. The total power input also always exceeds the input power of the OH phase (Fig. 16,
lower part). At this density the electron distribution is isotropic (Fig. 15).

With a combination of LH+NI, degradation of tg with Py, is found consistently with Goldston

scaling. For the same powers, the confinement time with LH is comparable with NI if the total
injected LH power is rated (oo = 1). With the experimental absorption coefficient oc = (0.5 one

obtains in this case a factor of 2 higher incremental confinement times than with NI. The

incremenfal confinement time with LH does not strongly depend on the plasma current.

27




A
\.
0.2- \
> \ equ
AB, \ AB
\
N
\A__ ..-A.\‘
v A
\\
\ L
X e
5 B \ ¥
Ne P
\v_,/
1
AB,
# 26 466 - 72
Ip =320kA;Bt=2.17T
PLH'-' 820 - 850 kW
Ag =75°
0 ! | | I
0 1 2

e (105 @m)

Fig. 15: Variation of the increments of diamagnetic beta ( Ap; ) and equilibrium beta ( A[i:q" )
with density for LH current drive.

28




60
W Re=13x10" cm™3 a
(kJ) ey Wo
40 — ,g."
’
‘o
20 OH X We
X %
BT
0 T T I
0 0.5 1.0 15
P (MW)
s0 fe=35%10"%cm™ . Wp
W UL ﬂ v o
(kJ) P e
40- We
OH
% X XX x>><< 2 ’32'?%( kS
20 - o
0 I T I
0 0.5 1.0 1.5
P . (MW)
tot

Fig. 16: Total energy content W), and thermal electron energy content W, versus total power
Piot = Pon + Py for LH current drive (A = 90°) at two different densities. B; = 2.8

T, 1, =420 kA.

29




7. Particle confinement
7.1 Modifications of density profile and particle transport determined from gas oscillations

The behaviour of the electron density profile in ASDEX, measured by HCN-laser
interferometry during lower hybrid power injection into ohmic target plasmas was studied for
LH current drive and for operation with symmetric Nj; spectra. For the same parameters
oscillating gas-puff experiments were performed, which allow evaluation of both the particle
diffusion D and inward convection v from the propagation of density perturbations induced in
the different interferometer channels /12/. The experiments were performed in the density range
n=12-24- 1013 cm3, with the launched LH power (~1 MW) allowing full RF current

drive at the lower densities in this range.

With a symmetric grill phasing of 0 0 7w v, almost no modification of the density profile is
found. Only for the highest LH powers does the sawtooth period slightly increase at low
densities and the profile shows weak broadening. No influence on sawteeth and the profile
shape is seen at the higher densities. For cases with symmetric spectra the particle transport
analysis during LH shows a slight decrease of both diffusion and inward convection in the
central plasma region at low density. A moderate increase of D and decrease of v is found in the

gradient zone, consistent with the observed decrease of the density gradients in this region /13/.

More dramatic changes of the density profile and transport coefficients are encountered for
current drive settings of the grill phase with low Ny (75°, 90°). In this case, stabilization of
sawteeth was already possible at moderate LH powers. In inductively driven discharges this
would lead to peaking of the density profile because the transport effect of sawteeth is switched
off. In contrast, lower hybrid current drive at the low densities leads to continuous profile
broadening with increasing LH power (Fig. 17). For conditions close to full current drive (i.e.
E = 0) the profiles are flat in the centre or may even become hollow. At the higher densities,
where only partial current drive was possible, sawteeth can still be stabilized, but now the
familiar central peaking of the density profile occurs (Fig. 18).

From the transport analysis at low densities for the case of current drive a central diffusion is
inferred which is reduced by a factor of up to five, while the convective drift term in the inner
part of the plasma reverses its sign, as compared with the ohmic case. In the outer region both
D and v are slightly reduced, the convective term keeping its inward direction (Figs. 19 and
20). For partial current drive at densities above 2 - 1013 cm™3 the central D is only moderately
reduced and v stays nearly unchanged, while both parameters show an increase at larger radii.
These transport modifications could explain the above-mentioned profile changes for current
drive at different densities.
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In conclusion, the analysis indicates only a small effect of LH power on particle transport for
symmetric spectra. In contrast, there are clear modifications for the current drive case. At low
densities with nearly full LH current drive, transport seems to be governed by changes initiated
by current drive, while the sawtooth term dominates at higher densities, where only partial
current drive is possible.

7.2. Impurity confinement

An examination of the impurity confinement time was done in lower hybrid current driven
discharges with i, = 1.35 - 1013 cm3, Py iy = 1.3 MW and A¢ = 90°. The measurements were
made by the laser blow-off technique injecting titanium impurities into the plasma. Ti line
radiation was observed spectroscopically from different ionization stages (H, He, Li and Be-
like) which are localized in different radial zones between the centre and half minor radius. The
titanium confinement time in the plasma was estimated by evaluating the decay times of its
emitted radiation after a stationary outward flow had been established. This leads to a value of
= 95 ms, while similar shots with ohmic heating alone exhibited a value of = 49 ms.
Signals from Ti XXI lines are shown in Fig. 21. A transport model (ZEDIFF) which calcu-

lates the line intensities for the observed lines by assuming a flux in the form
®=-Ddn/dr+vr/a

can represent the experimental results by a common value of v =-230 cim/s, and D = 7500
cm?/s for ohmic and D = 5000 cm?/s for LH discharges, respectively. The simulated bright-
nesses for the lines considered are shown in Fig. 22. The results are similar to previous
observations during Lower Hybrid heating in the FT tokamak /14,15/.
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Fig. 17: Development of the electron density profile with increasing lower hybrid power,
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Fig. 21: Time dependence of Ti XXI brightness after laser blow-off injection.
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8. Impurity production

Impurity production during lower hybrid injection was monitored spectroscopically during an
experimental campaign in which the main plasma and wave parameters were scanned (density,
LH power and phase). Observations in the 1 - 25 A range were mainly made on lines of
oxygen, iron and copper ions existing near half radius. Contributions from other relevant
impurities such as carbon and boron could only be seen in the visible range from very low

ionization stages.

The entire campaign was made after the ASDEX chamber had been boronized, which generally
resulted in reduced metallic and oxygen contributions. During LH pulses oxygen variations
were hardly detectable at low density and were still low at i, = 5.4 - 10!3 cm-3. Iron was
generally much less important than copper (of which the divertor plates are made), though very
strongly dependent on the grill phasing. A comparison with Z, g measurements confirms that
Cu could be entirely responsible for the impurity behaviour at low density. As the density
grows the scaling of Z,; comes closer to that of oxygen (and the other light impurities). The
copper flux variations always increased linearly with the injected LH power. There was a
sensitive dependence on waveguide phasing, showing smaller Cu fluxes for higher Ny; at high
density, while at low density the dependence was opposite (Figs. 23 and 24). At low density
the impurity influx was even reduced by the LH pulse, when the injected power was low - but
the total power to the plasma still higher than in the ohmic pulse. Comparisons made with
impurity production during neutral beam heating show that in this case the oxygen contribution
is much larger, while there is practically no difference on Cu fluxes at high density. The low
density case is again better for LH (Fig. 25).
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9. Hard X-ray emission

Bremsstrahlung emission from fast electrons has been measured in the range from 50 to 500
keV for a large fraction of the LH discharges in ASDEX.

During 1989 two systems have been used in time sharing with other diagnostics. The first
system records simultaneously the emission from three radial chords (0,13,27 cm), the second
looks tangentially with a tangency point variable from r=0 to r=-40 cm (inner side) on a shot by
shot basis. The two systems use three inches Nal detectors with standard electronics and data

acquisition.

A typical spectrum from the central line of the radial system is shown in Fig. 26; the straight line
is the best fit to the experimental points and its slope gives the photon spectrum temperature.
This parameter and the flux intensity are used to characterize the LH wave interaction with
electrons. The strongest variation of the photon temperature, as well as of the flux intensity, is
found to be correlated with the electron density, as shown in Fig.27 where we note that fast
electrons are still detected for an average electron density of Ng =4.5 x 1013 cm-3. A smaller
decrease is found with increasing Nj; in the cases of current drive spectra and generally a radial
decrease occurs only for the most peripherical chord. No major variations of the photon
temperature are detected in the range of power that has been investigated or by changing the
working gas.

A summary of the dependence of the hard-x ray intensity versus the LH power in low density
discharges, i.e. the best current drive conditions, is given in Fig.28 for different phasings. It
shows that the lower the Ny the higher the intensity with the notable exception of the
symmetric spectrum 00nr which has the same Nj; as the 90 degree phasing. In this case the
higher flux can be explained by the relatively higher loop voltage in the discharge; also the
photon temperatures are slightly higher for this phasings. In Fig.28 it has to be noted that the
same intensity is obtained with 00nr phasing or launching two 90 degree-waves in opposite
toroidal directions with the two grills.

During the last year the plasma current direction in ASDEX was such that the tangential system
was always measuring the backward emission of the LH accelerated electrons. In these
conditions we recorded emission profiles in series of similar plasma shots in order to obtain
informations on the localization of the emission with changing LH and plasma parameters. An
iterative procedure was used to fit the experimental data by integrating along the viewing chord
a parametrized emission profile. ]

Two examples of this work are shown in the Fig.29 where the experimental intensity at 100

kev (open box) is plotted versus the tangency major radius. The full line is the computed
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integral that fits best the experimental points and the dotted one is the calculated radial emission
profile. The two cases shown refer to the same plasma conditions with two different LH current
drive spectra, Fig.29a is a combined spectrum of low and high-N}| spectra (N;;=2.2, 3.6),
Fig.29b is a case with only the low-Nj| spectrum ( Njj=2.2). From the two figures we deduce
that for the spectra with higher Ny| the experimental points are better fitted with a broader hard
X-ray emission profile which is peaked off-axis. This suggests a broader radial distribution of l
the fast electrons generated by the injected LH waves. A similar dependence on the Ny,

spectrum had been obtained at lower density in the experiments at 1.3 GHz /16/.
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10. Control of MHD activity

The impact of LH on sawteeth, m=1 modes and m=2 modes was studied for different Nyj

spectra, in current drive operation and with symmetric phasing.

The sawtooth repetition period Ty, varies strongly with the LH power, as seen from Fig. 30. The
increase of T during LH application correlates with the drop in ohmic power input. It is
strongest for current drive with low Nyjj (Ag = 75°, Nij = 1.8) and no change is seen with
symmetric LH spectra at high Ny (A = 1809, Njj = 4.4) and opposite current drive (Ap =-90°,
Njj = 2.2). The plasma current is kept constant in all these experiments by feedback regulation
of the ohmic transformer current. The reduction of the loop voltage during LH results from the
combined effect of direct LH current drive and enhancement of the OH-current drive by the
generation of suprathermal electrons. The variation of the sawtooth repetition period may be
explained mainly by the enhanced electrical conductivity in the presence of suprathermal elec-
trons. For symmetric spectra with Njj = 2.2, the sawtooth period saturates at about twice the

ohmic value ttH= 2¢% for P| ;; > 300 kW. At this power the reduction in Poy also saturates.

With LH current drive sawteeth are suppressed. The threshold power Py = 300 kW is nearly
independent of phasing. Stabilization by kinetic effects due to the suprathermal electron
population can be ruled out. A larger suprathermal electron population is produced with
symmetric spectra with Nyj = 2.2 than with the corresponding current drive spectrum. It can al-
so be ruled out that the dc electric field plays a role in sawtooth stabilization. Sawteeth persist
for LH heating with Nj; = 2.2 up to the highest LH powers, where Py is reduced below the
values at which sawteeth are stabilized by LH current drive. Sawtooth suppression is achieved
only with current drive spectra and seems to be related to changes in the current profile j(r).
Confirmation by Li beam measurements could not yet been obtained within the resolution of

this diagnostics.

The LH power required for sawtooth stabilization increases with density. The same scaling is
found for the old LH system on ASDEX at 1.3 GHz /17/ and with the new 2.45 GHz system
as shown in Fig. 31. The resulting drop in Py, however, is larger with 2.45 GHz. A larger
fraction of LH-driven current is therefore required with the higher LH frequency, and the

narrower Njj spectrum.

Sawtooth suppression does not lead to significant changes in density and temperature profiles at
low densities (5, < 2 - 1013 cm-3). At higher density (3, = 3 - 1013 cm-3) impurity accumulation
may start after stabilization of sawteeth. The central electron temperature then drops and the
discharge finally disrupts owing to radiation collapse. In NBI-heated discharges slight peaking
of n(r) and T(r) is obtained after sawtooth suppression by LHCD as already in previous
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experiments with 1.3 GHz /18/. No impurity accumulation is encountered in this case, probably
owing to the prevalence of enhanced L-mode transport.

The m=1 mode is still present after stabilization of sawteeth. A q=1 surface therefore continues
to exist in the sawtooth-free plasma in contrast to the sawtooth stabilization experiments with
1.3 GHz at lower density /19/. This behaviour is now similar to observations on PLT in the
same density range as the actual experiments on ASDEX /20/. The amplitude of the m=1 mode
grows to a much higher steady-state level after the last sawtooth crash. This can be seen from
the strong oscillations in the soft X-ray emission in the discharge documented in Fig. 32. There
LH waves are launched in current drive phasing with two steps in power. With the first level of
560 kW (90°) saw-teeth are suppressed. During the second phase with Py iy = 1050 kW
injected, also the m=1 mode is stabilized at t = 2 s. In this phase the internal inductance l; starts
slowly to decrease, indicating a flattening of the current profile j(r). Such a reduction of |; is
observed in all cases where the m=1 mode is suppressed. The long delay of ~300 ms between
the beginning of the second step in LH power in Fig. 32 and damping of the m=1 mode may
then be explained by the long time constant for redistributing the current density. The central
electron temperature and also i3p continue to rise after stabilization of the m=1 mode. The

electron temperature profile finally peaks strongly, as seen from Fig. 33.

Again, as for sawtooth suppression, stabilization of the m=1 mode is obtained with LH in
current drive operation only. The increase in the central electron temperature T, in the peaking

factor Qr =T,/ <T.> and in the total energy content AWd2 with LH power is compared in
Ts eo e gy P PO P

Fig. 34 for current drive and symmetric spectra, both with Nj; = 2.2. Up to a power level of
Pyt = 750 kW no difference is seen between the two spectra. For higher powers much stronger
central heating, peaking of T,(r) and improved global confinement - in accordance with the
larger AW, - are achieved with LH current drive, compared with application of symmetric LH
spectra. The bifurcation occurs at the threshold power for stabilization of the m=1 mode.This is
about twice the threshold for sawtooth suppression. It is clearly seen from Fig. 34 that
sawtooth stabilization has no effect on central heating and global confinement. With
suppression of the m=1 mode by LHCD, the central electron temperature is increased from T,
=~ 1.8 keV in the ohmic target plasma to up to T, = 8 keV with Pj 3= 1.3 MW.

While the electron temperature profile peaks strongly up to values of Qr, = 5, the current

profile j(r) flattens. Current and temperature profiles can therefore be completely decoupled
with LH current drive, as already shown in previous LH experiments with 1.3 GHz on
ASDEX.

Stabilization of the m=1 mode could also be achieved with LH current drive during NBL
Peaking of T,(r) and enhanced global confinement were also obtained in this case.
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Fig. 30: Variation of sawtooth period and residual ohmic power input with LH power for
different Ny spectra. By=2.8 T, 1, = 420 kA, Ne = 1.4 - 1083em3.
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Fig. 32: Temporal evolution of plasma parameters in a discharge with stabilization of sawteeth by
LHCD in a first power step at 560 kW and stabilization of the m=1 mode with a second
step at 1050 kW. B, = 2.8 T, I, = 420 kA, LHCD with 7/2, Njp = 2.2.
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shown in Fig. 24.
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11. Profile control

Optimization of plasma profiles requires control of the local power deposition profile, both in
LH current drive and in heating mode /21/. With low Ny current drive spectra a reduction of |;
is observed in conditions where the m=1 mode is stabilized. Local current density profile
measurements with the Li beam show only small changes of j(r) with slight flattening in the
central region.

The largest drop in |; is obtained with compound Ny spectra with low Nj; current drive
phasing applied to one grill antenna and high Ny phasing to the other one. This is documented

in Fig. 35 for a discharge where LH waves are launched first with 700 kW in current drive
phasing (A@ = 75°, Ny = 1.8). Then in a second phase a symmetric spectrum (A = 180°, Ny

=4.4) with 300 kW is added. During the first phase both ﬁf“ and 43;‘1“ + (I; - ,OH)/2 increase,
the latter more strongly owing to anisotropy Blli > [5; produced with LH. In the second phase [3(:“

rises slightly, while B;q“ + (I; - 1,0H)/2 decreases strongly. The long time constant indicates a
reduction of |; and therefore appreciable flattening of j(r). Li-beam measurements demonstrate
in fact a clear modification of the current distribution in the cases of such low Nj; / high Ny
compound spectra. The profiles for two cases are shown in Fig. 36. The profiles on the right-
hand side were obtained with Nj; spectra similar to the compound spectrum of Fig. 35, namely
with a combination of a current drive spectrum at A@ = 90° (Ng; = 2.2) with Pgp = 750 kW and
a symmetric spectrum at Ag = 180° (Nj} =4.4) with P 180 = 300 kW. The current density j is
diminished in the centre and also near the edge, while it rises between r = 10 cm and r = 20 cm.
The central region of flat current distribution grows and the gradient of j steepens in the region
‘further outside. q rises above 1 over the whole plasma cross-section. This is consistent with the
stabilization of the m=1 mode in these discharges.

The combination of low and high Ny current drive spectra can lead to a quite different kind of
broadening of the j(r) profile, as shown on the left-hand side of Fig. 36. With the compound
spectrum of A@ = 90° (Njj = 2.2) with Pgy = 345 kW and Ag = 1500 (Nj; = 3.6) with Py59 =
260 kW the current density j strongly drops in the centre but this time it rises near the edge. The
extension of the central region with flat j(r) distribution remains unchanged and the gradient of j

decreases everywhere. q rises above 1 over the whole plasma in this case, as well.

With the injection of compound Ny, spectra the shape of the current profile can therefore be
varied to a large extent. The versatile combination of low and high Ny; spectral components
offers a powerful scheme of minimizing the total LH power required and optimizing local
deposition. The high current drive efficiency of low Nj; waves can be maintained while their

deposition is steered by a small amount of power at high Ny, . Similar experiments with
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compound Ny spectra had been carried out already with the previous 1.3 GHz system /22,23/.
But in that case only one single grill antenna with smaller number of waveguides and
correspondingly broader Njj spectrum was at disposal. Variation of the shape of the Ny
spectrum was then obtained by varying the power distribution in the individual waveguides.
The maximum LH power available in those experiments was therefore limited to low levels
comparable with the maximum ohmic power input. The improvement in the flexibility of the
spectrum adjustement and the increase in power for profile control at higher density were the
main reasons for the installation of the new LH system at 2.45 GHz on ASDEX.
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Fig. 36: Radial current profiles j(r) during the ohmic phase and during application of LH with
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12.Fokker-Planck Modelling of current profile modification

The CQL3D relativistic, bounce-averaged, collisional/quasilinear Fokker-Planck code /24/ has

been combined with a lower hybrid ray tracing code /25/ to model the distortion of the electron

distribution functions (fe) resulting from lower hybrid energy injected at the plasma periphery.

The calculation accounts for functional variation of the distribution function in momentum space

parallel and perpendicular to the magnetic field, variation with the radial variable, and, implicitly

through the bounce averaging process, variation with poloidal angle. Rays representing the

spectrum of power emitted by a slow wave antenna are followed for multiple passes across the

plasma as they mode convert to and from fast waves and reflect at the plasma periphery, until

the wave energy is absorbed. This process can fill in the "spectral gap" /26/. By iterating

between ray absorption and the calculation of the distribution functions, the damping of the ray

energy is obtained self-consistently with the quasilinear distortion of fe. This model differs

essentially from previous work /26/ in the calculation in momentum space of the 2D electron |
distribution rather than a 1D distribution with perpendicular velocity averaged out, and by |

inclusion of toroidal trapping and relativistic effects on the collisions.

Recent, very successful lower hybrid current profile modification experiments /27/ on the 1
ASDEX tokamak are modeled. The combination of low-Nj; (90° grill phasing) efficient current 1l
drive power, injected from one grill, together with added high-Nyj (180° grill phasing) heating ' %
power (which is single pass absorbed at intermediate plasma radii), is found to shift a substantial |

portion of the current drive toward the plasma periphery in agreement with experiment. This is

to be contrasted with the general experimental and modeling result that low-Nj; power injected |
into a plasma with density below the mode conversion limit, only drives current within the 1l
central region of the plasma. Thus, modeling the input of 500 kW of lower hybrid power (75%
of the nominal input for shot #29272) at 90° phasing (launched power is 70% in the Njj= 1.85
to 2.55 spectral lobe, and 30% in -6.0 to -7.0 lobe), gives after multiple passes of the rays, 365
kA of lower hybrid current drive in the radial range r/a=0-0.3. Addition of 230 kW of high-Njj
(Nj; =4.5 to 4.75 and -4.0 to -4.75) power, corresponding to the 180° phased antenna, reduces
the core current to 240 kA and gives 230 kA of lower hybrid current drive in the radial range
r/a=0.6-0.9. The steady state internal inductance resulting from these two simulations is 1.7 and
0.7, respectively. Corresponding power deposition and current drive profiles are shown in
Figure 37(a) and 37(b). The mechanism for the current profile broadening is that the single pass
absorption the high-Nj| spectra enhances the tail electron distribution within the radial range
1r/a=0.6-0.9 to the extent that a significant portion of the low-Nj; spectrum is absorbed at that

location.
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