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ABSTRACT.

Lower Hybrid (LH) isahighly desirabletool for ITER, particularly for the steady state and hybrid
scenarios that rely on forming and maintaining a specific g profile. However, coupling of the LH
waves in ITER represents a challenge because the launcher, flush with the outer wall, will be at
least 12cm away from the Last Closed Flux Surface (LCFS), where the electron density, n,, is
predicted to be below the cut-off density. Also, the plasmawill bein H-mode with ELMsthat could
trigger trips of the protection systems, resulting in reduction of the averaged power. To study solutions
to improve coupling of LH waves in these conditions, experiments were performed in JET using
plasmas with Internal Transport Barrier (ITB) and H-mode, with distance between the LCFS and
the limiter, Dp , up to 10 cm. To increase ng in front of the launcher, N g, CD,4 or D5 is puffed
from a specially designed pipe, recently modified to optimise the gas flow. When no gasis puffed,
the LH coupling is poor during the high power phase, indicating that Ne grill is below the cut-off
density. With CD, puffing, the coupling improves dramatically, and 2.5MW of LH power is coupled
with Dp = 9cm and type | ELMs. Measurements with a reciprocating Langmuir probe show that
N grill 1S @, or slightly above, the cut-off density, in this case. With D, puffing, preferable to CD,
for ITER because of concerns about T co-deposition, 3MW was coupled successfully with Dy up
to 10cm. The ELMs are smaller with D, but the improvement in coupling can not be attributed
only to this. The use of D, or CD, was explored further in other plasmaswith ITB and H-mode. In
all the scenarios, the coupling is better with D, than with CD,. Moreover, the ITB existence and
performance are not affected by the D,. To help understand the processes leading to the increasein
Ne grill: CoHg @nd C3Hg were compared to CD, and D, in the same scenario. n,, scales with the
ionisation cross-section in the case of the hydro carbon gases, but is higher than expected for the
D,, possibly because of higher D, recycling from the walls. In a few shots with LHCD in JET,
bright spots on components magnetically connected to the LH launcher have been observed with a
CCD camera. These are probably caused by fast particles created parasitically in the SOL in front
of the launcher, as has been observed in other machines. This paper aso presents results from
experimentsinvestigating LH counter current drivein JET, in plasmaswith reversed magnetic field
and plasma current. Simulations indicate a current drive efficiency of asimilar magnitude than in
the co current drive case.

1. INTRODUCTION

Control of the g profile has become increasingly important to achieve and maintain plasmas with
Internal Transport Barriers (ITB). Lower Hybrid (LH) waves have been used successfully in several
tokamaks for this purpose, see for example [1 - 4]. LH is thus a highly desirable tool for ITER,
particularly for the steady state and hybrid scenarios that rely on forming and maintaining a q
profilewith low or negative magnetic shear. However, coupling of theLH wavesin I TER represents
achallenge because the launcher, flush with the outer wall, will be at least 12cm away from the last
closed flux surface. At this location, the electron density, n,, is predicted to be below the cut-off



density, Ng o t-off fOr waves at 5GHz (3.1x10""m™3). Asthe plasmawill bein H-mode, ELMscould
be triggering trips of the protection system, resulting in large reduction of the averaged power. Itis
crucial to investigate solutionsto improve coupling of LH wavesin these conditions. Because of its
size, JET can operate with a distance between the last closed flux surface (LCFS) and the poloidal
limiters (dp ), of up to 10cm, i.e. of similar order to that in ITER. Moreover, it can provide plasmas
with core and edge transport barriers, with different types of ELMs, and low electron density inthe
scrape-off layer (Ng 5o )- Thismakesitideally suited for testing ITER relevant heating and current
drive systems, and to study their use in ITER relevant scenarios.

This paper is organised as follow. Section 2 briefly presents the LH system in JET. Section 3
describesthe ITER relevant coupling experiments, including the comparison of different gasesand
the coupling of LH wavesin plasmaswith high triangularity. Section 4 summarises the observation
of hot spots on components magnetically connected to the LH launcher. Section 5 describes LH
counter current drive experiments that were done in plasmas with reversed magnetic field, B+, and
plasmacurrent, |, including modelling of the current drive components. Finally, some conclusions
aregiven, along with the experiments and model ling required to continue thiswork and to extrapol ate
itto ITER.

2. EXPERIMENTAL SET-UP

TheLH systemin JET comprises 24 klystrons at 3.7GHz, feeding alauncher composed of 12 rows
of 32 small waveguides, though 48 multijunctions. The parallel refractive index of the main wave,
N/, is 1.84 in the experiments described here. Figure 1 shows the launcher inside JET, along with
the nearest poloidal limiter and the specially designed gas pipe (GIM6) used to puff gas near the
launcher to increase ng, locally. The gas pipe has been recently modified to optimise the gas flow
near the launcher. The launcher position can be varied during the pulse, but is kept at alarger major
radius than the poloidal limiters, typically at 0.5cm to 2.5cm behind. Reflection coefficients, RC =
100* (reflected power/forward power), are used to judge the LH wave coupling. RC must be well
below 10% for good coupling. In this paper, globa reflection coefficients are used, for the 4 top rows
(RCtrop), the 4 middle rows (RCy,,p) and the 4 bottom rows (RCg 7). RC for the different rows can
behave differently, depending on the plasma shape, the connection lengths, the distance between the
limiter and thelauncher, (d | ) and dp . Progressinimproving the coupling of the LH wavein scenarios
wherethe density infront of thegrill isnear or below the cut-off density (Ng ¢ .ot = 0.17x10™ mfor
waves at 3.7GHz) in JET has been described in [5].

3. ITER RELEVANT COUPLING EXPERIMENTS

Dedicated experimentsto study LH coupling with large dp; (<10.3cm) and ELMs were performed
in JET using I TB plasmas with H-mode edge, with By =3.0T and I,= 1.5MA [6]. The LH power is
applied early in the pulse to shape the q profile, and during the high power phase (with Neutral
Beam Injection, NBI = 13-16MW, and Ion Cyclotron Radiofrequency Heating, ICRH = 2-3MW),



to dow down the g profile evolution. In that phase, both an I TB and an edge transport barrier can co-
exist, with type 111 or type | ELMs. The distance between the launcher and the poloidal limiter was
kept small (d, | =-0.5cmto -1.0cm) sincein ITER the LH launcher will be flush with the wall rather
than far behind a poloidal limiter. When no gasis puffed from the gas pipe near the launcher, the LH
coupling is poor during the high power phase, with high reflected powers and numerous trips of the
protection systems, indicating that the density in front of the launcher, ng iyj, is PElow ng ¢ ft-

When CD, is puffed near the launcher, the LH coupling improves dramatically. In addition, the
number of trips is greatly reduced. Measurements of n, g5 With areciprocating Langmuir probe
(RCP) magnetically connected to the areain front of the launcher indicate that the density in front
of the grill is at, or dlightly above, the cut-off density in this case. Asin [5], the amount of gas
puffed with GIM6 does not result in an increase of n, inside the LCFS. Figure 2 shows that even
with dp = 9.2cm and type | ELMs, 2.5 MW of LH power is coupled successfully, with an average
overall RC = 5.6%.

For ITER, D, puffing is preferable to CD 4 since the latter introduces C, which raises concerns
about T co-deposition. D, puffing was tested in plasmas with dg up to 10.3cm, and LH power up
to BMW was coupled successfully, as shown in Figure 3. The average RC is5.7% in thiscase, i.e.
similar to the shot with CD 4, even though dp, isslightly larger. On all shotswith D,, the ELMsare
smaller than with CD 4, because D, affects the edge differently. Measurements of the SOL plasma
with the reciprocating Langmuir probe in plasmas with dp = 7cm show that n, g5 ishigher with
D, (8x1021e/s) than with CD,4 (1Ox1021e/s) (the amount of gasis given in equivalent electrons/'s).
Moreover, the fluctuations in the reflected power typicaly measured during ELMy plasmas are
smaller with D, than with CD 4, when comparing shots with similar ELMs.

Figure 4 shows the average reflection coefficient for the top, middle and bottom rows, as a
function of the gasinjected, for all shotswith d, > 8cm and distance between launcher and pol oidal
limiter = -0.5cm (the minus sign indicates that the launcher is behind the limiter). RC on all rows
improveswhen CD, or D, isused, but the largest improvement is seen on the bottom rows, possibly
because the connection lengths of the flux tube in front of these rows are longer than for the rest of
the launcher, which can result in ahigher ng o, -

These results demonstrate that with gas puffing near the launcher, it is possible to couple LH
waves in conditions similar to those expected in ITER (i.e. large dp, and ELMs). Note that the
amount of LH power coupled up to now in these scenarios does not represent the limit achievable,
but rather what could be achieved in the experimental time allocated.

3.1. COMPARISON OF D,AND CD, IN OTHER ITB PLASMAS

The effect of D, in comparison to CD, has been investigated further by comparing their use in
other experiments with ITB and H-mode, but with the dy typically used in ITB experiments (5-6
cm). In all the scenarios analysed, the LH wave coupling is better with D, puffing than with CD 4,
even when the launcher position is further away from the last closed flux surface.



In addition, the ITB existence and performance are not affected by the D,, even though the edge
density is generally slightly higher than with CD, in these experiments. In contrast, in previous
ITB experiments, the ITB was lost when D, was puffed in quantity sufficient to improve the LH
coupling [5]. Thisis partly because the present scenarios are more robust towards gasinjection, but
is a so due to the optimisation of the gas pipe design. In comparison to the previous design, smaller
amounts of D, are required to obtain similar coupling improvement.

3.2. COUPLINGIN ITB PLASMASWITH HIGH TRIANGULARITY

The experiments described above have arelatively low upper and lower triangul arity (typically 8up
~0.18 and §,, ~ 0.30 respectively). Previous experimentsin JET have shown that the LH coupling
is sensitive to the plasma shape [5]. ITER plasmaswill have high 8, hence it isimportant to assess
the LH coupling inthat type of configuration. Thiswasdonein I TB plasmaswith high triangularity
(8,p and §;, up to 0.48 and 0.41 respectively), but with small dp , and with the launcher far behind
thelimiter (d | =-2.5cm). Low LH power, ~2MW, was used, in plasmaswith up to 20MW of NBI
and up to 5SMW of ICRH. Figure 5 showsthat RC averaged over all rows decreases as afunction of
the plasma triangularity (the average 6 is used because 8up and 9, are varied together). The two
pointswith thelowest 6 arefrom two other I TB experimentswith slightly smaller additional power
levels and samed, | .

The shotsin figure 8 cover arange of plasma parameters. The amount of D, puffed from GIM6
varies between 3.9x10°" - 6.8x10? /s, the distance between L CFS and the limiter, between 3.1 -
5.5cm, and the line integrated edge density (inside the LCFS), between 2.0x10%° - 3.4x10' m™2,
However, the correlation of RC with these parameters is weak when compared with 8, indicating
that the triangularity is a more relevant scaling parameter. Since the main factor determining the
coupling isthe electron density in front of the grill, thisresult suggeststhat n, o, increaseswith .
NO ng 5o Measurements are available for these shots.

Figure 8 also showsthat RC for the different rows behaves differently. The largest effect is seen
on the middle and top rows, probably because the distance between the LCFS and these rows
decreaseswith ¢ in the shots shown here. The behaviour of RC on the bottom rowsis more complex,
because the connection lengthsin front of these rows can change significantly with small changes
in the plasma configuration and location. In comparison to plasmas with lower 8, but with similar
dp and launcher position, less D, from GIM6 is needed to improve the LH coupling. Thiscould be
because high 6 plasmas use larger amount of gas puffing throughout the high power phaseto control
the edge and maintain small ELMs [7]. Additionally, the larger connection lengths in the SOL, in
front of the poloidal limiter, that occur in high 6 plasmas could have a beneficial effect on ng o5 -

3.3. INVESTIGATION OF THE IONISATION PROCESS
The effect of different gases on the coupling of the LH wave was explored to help understand the
processes leading to the increase in ng g5 [8]. C,Hg and C3Hg were chosen because of their high



total ionisation cross-section. They were compared to CD, and D, in the scenario used for the ITER
relevant coupling experiment, described at the beginning of section 3, with dy = 7 cm. Similar
coupling, i.e. with average RC ~ 5-6%, was obtained in all cases. Additionally, ITBs with similar
performance to that obtained in ITB plasmas with CD, or D, were obtained with C,Hg and C5Hg.

Figure 6 shows ng 5o, Measured with areciprocating Langmuir probe for the different gases. It
scales with theionisation cross-section in the case of the hydro carbon gases. However, when D, is
puffed, ng 51 , especialy inthe outward part of the profile, ishigher than what would be expected
based on itsionisation cross-section alone. Thiseffect is not completely understood, but islikely to
be due, at least in part, to a higher D, recycling from the walls.

The possible role of the electric field at the grill mouth of the launcher in the ionisation process
has not been fully investigated yet. However, reciprocating Langmuir probe measurements for one
pulse with D, puffing and without LH power show ng g, is smaller in the region behind the
poloidal limitersthan in the case with LH power, indicating a possible effect of the LH power inthe
ionisation of the D,,.

4. BRIGHT SPOTSON COMPONENTSMAGNETICALLY CONNECTED TO THE LH
GRILL
In Tore Supra [9] and TdeV [10], bright spots have been observed on components magnetically
connected tothe LH grill. They have been attributed to fast electrons accel erated in the SOL plasma
by the high N, components the LH waves [11], [12], which are caused by the small scale length
structures of the grill.
In recent experiments in JET, bright spots in the divertor apron have been observed with a CCD
camerain the region magnetically connected to the LH grill [13], figure 7. They are related to the
LH power since they disappear as soon as the LH power stops. The bright spots have been seenin
alimited number of shots up to now, probably because, in the magnetic configurations typically
used, the region of the divertor magnetically connected to the LH grill is not seen by the CCD
camera. An absolute value of the temperature reached at the location of the bright spots is not
available, however, their relative brightness has been used to qualify the bright spots [13]. The
brightness increases with the LH power, which is consistent with observations reported in other
machines [9], [10], and with the theoretical analysis and simulations [11], [12]. The brightness
decreases when dp increases, which is favourable for ITER.

5 LOWER HYBRID COUNTER CURRENT DRIVE EXPERIMENTS

The direction of the main LH wave launched in JET isfixed because it is determined by the phase
difference between the small waveguides of the launcher, which in turn is created by mechanical
phase shifters inside the multijunctions. The main LH wave provides co-current drive in the
configuration normally used in JET. Recent experimentswith reversed B+ and | in JET have given
arare opportunity to investigate the LH wave current drive efficiency in the direction counter to | ..



The experiments were done with 2.9MW of LH power, during flat top o= -1.45MA, By = -3.1T,
and with line averaged density n, =1.0x10" m™ and central Neo = 1.6x10"m™3. The results were
compared to thosein plasmaswith normal By and | p, with similar, but not identical, plasmaparameters
(Ip = L.3MA, P 4 = 3.3MW). Figure 8 shows the time evolution of the shots in co and counter
direction. The change in surface loop voltage, vioop (Fig. 8-d), is smaller in the counter current
case, but the core T, (fig.8-€) ishigher. Theevolution of theinternal inductance, |; (Fig.8-€), reveals
that the current profileis evolving differently in the co and counter current cases. |; decreases when
Py isapplied inthe co-current case, indicating that the current profileis broadening. In contrast, |,
increases in the counter-current case, which indicates that the current profile is becoming more
peaked. In addition, sawteeth are observed from ~ 49s in the two shots with counter LH current,
indicating that g has reached 1. No g = 1 sawteeth are seen in the shot with co LH current.

The code CRONOS [14], which couples the diffusion equation to a 2-D equilibrium code, has
been used to estimate the amount of LH current driven in shot 59671 (counter) and 57326 (co). To
reproduce the measured T, internal inductance, |;, and surface loop voltage, v, in the counter
CD case, a current drive efficiency of ~ 1x10° AW tm2is required, with a central, wide, LH
power deposition. Thiscurrent drive efficiency is of the same order of magnitude than that found in
the co-current case. However, the LH power deposition in this case is off-axis, at r/a~ 0.4.

The sensitivity of the Cronos results to the initial conditions has been assessed, including z
and the T profile, to vaidate the results. In particular, if acurrent drive efficiency = Oisassumed, aT,
lower by more than 35% than the measured T, has to be assumed to reproduce the measured |; and v, o

CONCLUSION AND FURTHER WORK
Dedicated experiments in conditions similar to those expected in ITER, i.e. large dy and ELMs,
have shown that it is possible to couple the LH wave successfully by puffing gas near the launcher
toincrease ng 5, - They have also shown that D, can be used to improve the LH coupling without
detrimental effectsonthelTB. In addition, good coupling has been obtained in plasmaswith ITER
relevant triangularity, although with low dg . The investigation of the processes leading to the
increase in Ny g has started. A better characterisation of the SOL plasma with gas puffing is
needed however, including the effect of the connection lengths and the possible effect of the LH
power on the ionisation process. This experimental characterisation should also include an
investigation of the parasitic loss of LH power in the SOL. Simulations predict that the amount of
LH power in parasitic high N, will be negligiblein ITER [12]. However, theoretical predictions of
non-linear edge n, variations and n, fluctuation effectson LH waves[15] indicate that this could be
aconcern, which needs investigation. The LH counter CD experiment provides results that can be
used in the process of validating LHCD modelling codes.

Asdescribed, for example, in[2], LHCD isakey tool for the development of advanced tokamak
scenarios in JET and other machines. Additionally, fully non-inductive scenarios for ITER rely on
a large component of externally driven non-inductive off-axis current [16] which LH waves can



provide. Hence a LH system is highly desirable for ITER. The demonstration of long distance
coupling in plasmas with large ELMsin JET represents a major advance towards the validation of
the LH system on ITER. Further work is required for extrapolating in detail the coupling results
presented here to ITER, including the optimisation of a gas puffing system.
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Figure 1. Drawing of the LH launcher in JET, the specially designed gas pipe and the nearest poloidal limiter.
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