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ABSTRACT

For any given ICRF antenna design for ITER, the maximum achievable power strongly depends
on the density profiles in the SOL. It has been suggested that gas injection can be used to modify
the SOL profiles and thus minimize the sensitivity of the ICRF coupling to variations in the density
at the edge of the confined plasma. Recently joint experiments coordinated by the ITPA were per-
formed to characterise further this method. An increase in SOL density during gas injection led to
improved coupling for all tokamaks in this multi-machine comparison. The effectiveness of using
gas injection over a wide range of conditions, as a tool to tailor the edge density in front of the ICRF
antennas, is documented for different gas inlet location and plasma configurations. In addition, any

deleterious effects on the confinement and interaction with the antenna near-field are investigated.

1. INTRODUCTION

Ion Cyclotron Range of Frequency (ICRF) heating relies on the capability of ICRF antennae to
radiate power via the Fast Wave (FW) to the plasma core. However, the density in front of the
antennas is generally below the FW cut-off density 7, . .¢ and the FW has to tunnel through an
evanescence layer of thickness d, the distance from the antenna current-carrying strap to 1, ., ofr

[1]. For a plasma with one ion species, n ¢ can be written as:

e,cut-o

3

1.€. N, e ofe typically in the 10" m range, depends on the antenna spectrum (k - parallel wave

number), the tokamak geometry (¢ = (R,,,-R,)/R, - inverse aspect ratio), the ICRF heating scenario

ant
(w/w - ratio of the ion cyclotron frequency at the major radius R, to the operational frequency) and
the ion species (A/Z - ratio of ion mass and charge). To first approximation, the maximum achiev-
able ICRF power, can be written as P, .= VzmaXRC/ 2ZCZ, where V,, . is the peak maximum voltage
on the antenna structure, Z, is the transmission line characteristic impedance and R, represents
here the antenna loading, referred also as the coupling resistance. The value of R, is determined
by the plasma surface impedance at the boundary of the propagation layer that is sensitive to the
electron density gradient, and by the FW RF field attenuation in the evanescence layer of thickness
d. It can be shown [2] that R.xexp(-a | k;, | d) where a is a tunnelling factor that depends on the

density gradient at the cut-off. So, R and P,,,,, for a given V, . Z., and k,, are strongly linked to

max? max —c?

the scrape-off-layer (SOL) density profiles. For ITER, the prediction of the plasma profiles (density
and temperature) in the far SOL is still subject to large uncertainties and depends on assumptions
regarding the nature of the edge cross-field transport [3]. Recent simulations showed that the two
ITER ICRF antennas [4] will couple the minimum required 20 MW in the ITER 15 MA inductive
DT scenario but also that the maximum achievable power can vary significantly with different edge
assumptions [5][6][7]. Nevertheless, considering the range of plasma current and Greenwald density

fraction, the SOL density condition will vary widely and schemes to actively maintain or maximise



the ICRF coupling deserve further investigation. As different plasma fuelling techniques will influ-
ence the SOL density profiles differently, it is reasonable to think that suitable gas injection could
be used to control the ICRF coupling in ITER allowing either eased operation at lower operating
voltage, or an increase in the ICRF power capabilities. Experiments have then been performed on
tokamaks worldwide to use gas injection for such a purpose. The coupling modifications, effect on

plasma confinement, optimum location for the injection, and RF sheaths are presented in this paper.

2. EXPERIMENTAL SET-UP

This paper will focus on the most recent results obtained on JET, DIII-D, AUG, and TS. The ICRF
system properties and conditions of the experiments are summarised in Table 1. Top views of the
fours tokamaks are represented on FIG.1. in order to visualize easily the ICRF antenna positions
relative to the gas injection inlets. For ITER assuming a DT plasma at 5.3T, typical cut-off densities
will be 1 to 4.4 10" m™ depending on the antenna phasing [6]. Using the density profiles described
in [7] for the 15MA inductive ITER scenario (refered as scenario 2) and with two SOL assumption

for the outward pinch and a wall-separatrix distance of 17 cm, the distance between the antennae
) and 12.5 cm.

e,cut-off

strap and the n position, can vary between O (density at the wall above n

e,cut-off

3. EXPERIMENTAL RESULTS

3.1. COUPLING IMPROVEMENT AND CONFINEMENT

The increase in SOL density during gas injection always led on DIII-D, JET, TS, and AUG to an
ICRF coupling improvement with no effect on the ICRF heating efficiency and without reduction
of the antenna electrical strength (no unusual arcing). In DIII-D experiments (see FIG. 2. and
[12]), an increase up to a factor of 6 of the loading in between Edge Localised Modes (ELMs) was
observed when injecting D, gas at a rate of 1 10%* el/s from a pair of orifices adjacent to the antenna
285/300. The loading between ELMs increased from 0.17 Ohm to about 1 Ohm during gas injection.
The changes in antenna loading caused by the injection were well correlated with changes in the
D, recycling light viewed by photodiodes - higher loading between ELMs during the injection is
correlated with higher Da baseline levels, which in turn indicate higher far SOL density and decreased
wave evanescence. Gas injection also increases the ELM frequency, from ~ 38 Hz before the puff
to ~100 Hz (somewhat aperiodic ELMs) during the puff. As a result of the reduced edge transport
barrier and pedestal height, the global confinement factor H98(y,2) decreased by ~20%. On JET,
the coupling increase/confinement decrease vs. gas injection level was found to depend strongly on
the plasma configuration used. During experiments reported earlier [ 10], a very strong, up to 280%
(averaged over antennas A, B and D) coupling improvement was observed when injecting 1.8 10%
el/s in conditions of strong recycling and high SOL densities typical to the so-called “ITER-like
configuration”. In the new set of experiments and for the shape referred as “V5 configuration” (filled
squared symbol on FIG. 4.), the coupling could be increased by ~ 57% (averaged over 4 antennas)
injecting 1.08 10*%el/s from GIM6. In that case the confinement was decreased by ~ 15%. In the



HT3 configuration (open triangle symbol on FIG. 4.), that has a higher pumping, the coupling
could also be increased by gas puff. Unfortunately, no reference without gas injection exists for
this configuration. Nevertheless, an increase from, for example 1.02 to 2.26 10* el/s injection rate
from GIM6 gave an overall coupling improvement of 48% (averaged over 4 antennas) which is
sligthly lower than the improvement in the V5 configuration. Also, at gas injection rate of ~ 1 10*
el/s, the coupling was still much lower than in the V5 configuration. This could be due to a higher
averaged cut-off density — antenna distance, firstly because of a lower edge density and secondly
because the separatrix is far-away from the antenna upper-half compare to the V5 configuration (see
FIG. 3.). At the moment, the uncertainties on the density profiles available and hence cut-off density
position do not allow firmer conclusions. Finally, the pulses in the HT3 configuration were prone to
Neoclassical Tearing Modes (NTMs) that strongly degraded the confinement. On FIG. 4., only the
pulses without NTMs have been kept and although not enough points are available to determine a
conclusion on the coupling improvement vs. confinement loss vs. gas injection, one can clearly see
that in the HT3 configuration the H98(y,2) factor for a gas injection level of ~ 1 10% el/s is still ~
1 which is ~ 10% higher than for the V5 configuration with the same gas injected. This different
response to fuelling can be attributed to the higher plasma triangularity of the HT3 configuration

and related higher pedestal pressure as previously reported in [17].

3.2. COUPLING IMPROVEMENT VERSUS GAS LOCATION

On DIII-D, for the pulse represented FIG. 2., though the gas injection location in this case was local
to, and magnetically connected to only one of the two antenna arrays used, the loading on the other
antenna was also significantly increased by the puffing, indicating that the effect was not primarily
localized to the puffing orifices, but due to a more global increase in far-SOL density.

On JET, different results were observed depending of the plasma configuration used. In previous
experiments using the ITER-like plasma configuration [10] a larger coupling improvement was
obtained for gas injection from the main chamber, compared to injection from the divertor valves
and an influence of the gas inlet locations and proximity to the antennas was also observed. In 2009,
using the HT3 configuration that has a similar triangularity but different strike point position, the
coupling improvement obtained injecting gas from GIM12 was found to be very similar to that
obtained using inlet in the main chamber (see FIG. 4.). Furthermore, when using gas inlet on the top
of the machine (GIMS, 8 or 7), no clear higher increase in the coupling of the antennas magnetically
connected to the gas inlets was observed, pointing towards a global SOL density increase. The only
observed trend being a highest coupling improvement on antenna B for high level of gas injected
from the GIM6 pipe that is the nearest to this antenna.

FIG. 5. compares two TS pulses, differing only by the gas injection scheme. In reference pulse
TS43025 (black data) the whole fuelling was performed by valve V7, not connected to the ICRF
antenna QS, and feed-back controlled to maintain a prescribed value of line integrated density 4.65

10”m™. Over the pulse the plasma was moved radially away from the antenna. In TS43027 (red



data) a given amount of 1 4APa.m’/s (~0.74 10* el/ s) was fed through the poloidally distributed valve
V9, located toroidally ~5m from antenna QS5 and connected magnetically to the launcher (see FIG.
1). The (small) complement was feed-back controlled from V7 in order to maintain the same core
density as in the reference pulse, thus preserving the same recycling. Both valves exhibited similar
fuelling efficiencies, so that the total amount of injected gas was similar. As represented on the bottom
part of the figure, the coupling of antenna Q5 was similar in both cases and decreased as expected
with the separatrix —limiter distance. The surface temperature on the antenna front face, monitored
by IR thermography, was also found unchanged. Comparing TS43027 with another pulse at higher
target nl and same V7 contribution shows that increasing the total amount of injected gas from
V7+V9 by 5% could improve the coupling resistance by up to 10% FIG. 6. AUG — Dependance
of the antenna 1 and 4 coupling on the limiter-separatrix distance and for different D2 gas injection
location (see FIG.1).

FIG. 6. illustrates the results obtained on AUG, with the coupling resistance of antennas 1 and 4,
plotted as a function of the separatrix-antenna limiter distance, for different gas inlet valves, all in
the midplane, and two D, gas levels [13]. Firstly, as expected, the coupling resistance decreased
exponentially with the plasma-antenna distance, consistent with the fact that the cut-off layer moves
away from the antenna, and in line with previous ICRF antenna coupling characterization [14].
Secondly, the coupling resistance increased when increasing the level of injected gas (5 10*'el/s for
the open symbols and ~ 9.5 10*" el/s for the filled symbols). Finally, for a given level of injected gas,
using gas valves located close to the antenna led to an enhancement of the coupling increase. For
antenna 4 (bottom figure), the coupling is significantly higher when injecting gas from the ICR valve
(triangle symbols), and similarly the antenna 1 coupling (top figure) benefits more from injecting
gas from A1 (squared symbols). From this set of experiments, it could be concluded that although
the coupling of the four antennas was improved when injecting gas, indicating a global increase
of the SOL density, below a certain distance between the gas injection point and the antenna, the
coupling increase became sensitive to the proximity of the valve. Finally, a higher neutral pressure
near the antenna 4 was also measured for gas injection at proximity of this antenna. Nevertheless,
no firm conclusion could be drawn on the physical mechanism leading to the local density profile
modification observed with injection gas near the antenna and several mechanisms are under
consideration: neutral ionization by plasma electron impact or by RF E, fields [18], local SOL
modification due to ExB drift velocity generated by the RF sheath potential gradient [19], local

transport modification (see for example [20]).

3.3. EFFECT OF GAS PUFF ON RF SHEATHS
Finally, the effect of gas injection on non-linear RF waves - edge interaction [21] should not be
neglected as it was demonstrated that local parallel heat fluxes due to RF sheaths rectification can

lead to significant heat loads on the ICRF antenna frame [22][23]. These fluxes being directly



proportional to the electron density, optimal ICRF operation in ITER might results from a trade-off
between reasonable coupling and tolerable heat loads. In TS, (see previous section) when the total
amount of injected gas from V74+V9 was increased by 5% and the coupling by up to 10%, more
intense hot spots on the antenna structure were observed. Another known effect from RF sheaths
is the enhanced sputtering by ions accelerated in the sheath potential. Interestingly, recent analysis
[24] of past JET experiments aiming at improving the ICRF coupling with gas injection [19] have
shown that the Ni concentration that generally increases during ICRF operation was significantly
decreased during gas injection. The reduction of the Ni content with gas puffing was attributed to a
change in temperature and density modifications in flow and transport, or to a change in the impurity
energy in the SOL and hence sputtering yield. Similar results were also observed on AUG where

the W sputtering yield was found to decrease for higher gas puff [25].

4. SUMMARY AND OUTLOOK
In the past years, experiments have been performed in the frame of the ITPA task 5.2 of the
Integrated Operation Scenario group in order to investigate the effect of gas injection on the SOL
density and linked ICRF coupling in view of ensuring maximum performance of the ITER ICRF
system on a broad range of conditions. The results obtained confirmed that gas injection, generally
used to fuel the plasma, could also be used to modify the far SOL density and hence increase the
ICRF coupling and the maximum achievable coupled power that is directly proportionnal to the
coupling. The effect of the location of gas orifices was also investigated and although gas injection
from divertor, top or midplane led to a global modification of the SOL density profiles significant
enough to improve the ICRF coupling, it was also shown that an injection near the antennas could
lead to an additional ICRF coupling improvement for the same amount of gas injected. There are
nevertheless, two possible drawbacks to this coupling improvement method. Firstly, it affects
(differently depending on the plasma configuration pumping and recycling properties) the plasma
pedestal and hence the bulk plasma confinement properties; note that the disavantages associated
with such a decrease compared to the advantages of a potential increase in the power imput to the
plasmas centre was not yet investigated nor quantified. Secondly, higher density in front of the
ICRF antennas will lead to higher RF sheaths-related heat loads. A possible suggestion for ITER,
in order to increase further its ICRF system performance, would be to use gas injection preferably
locally, controlled in real-time to optimise the required amount of gas ensuring that the requested
coupling is reached while controlling any deleterious effects. It is also important to emphasise the
importance of having measurements of the far SOL density profiles in front of the ICRF antennas,
for ITER but also for present-day machines.

In the meantime, effort should be put on developing the modelling of the experiment described
in this paper i.e. development of edge modelling codes (EDGE2D, B2-EIRENE (SOLPS)) to take
into account large antenna-limiter distances, inclusion of possible ionisation due to ICRF, 3D neutral

gas modelling injection and modelling of RF sheaths and related heat loads. Interestingly for ITER,



new far SOL density profiles have been recently produced as the ITER thermal load specifications
defined in [3] have been revised [26] [27] on the basis of the most up-to-date 3D First Wall geometry
and on the new reference magnetic equilibrium defined for the Qpy = 10 burning plasma. These
new plasma specifications are defined for “low” and “high” density conditions (as for the previous
ones - [3]), in keeping with the range of temperatures and densities expected in the ITER SOL
according to B2-EIRENE (SOLPS) simulations and direct empirical extrapolation of experimental
data from today’s tokamaks. It would be advisable to use these latest profiles as input for TOPICA
simulations in order to have for this crucial scenario, and up-to-date ICRF power prediction range.

Finally in a near future, experiments are planned on AUG in order to investigate the physical
mechanism behind the enhanced coupling increase with gas locally injected. In 2010, experiments
will be performed on KSTAR to document the effect of gas injection on the ICRF antenna [28]
coupling and installation of an additional gas puff near the ICRF antenna is planned in 2011. The
coupling behavior of the C-mod ICRF system [29] with gas injection should also be studied after
the installation of a new reflectometer end 2010. Experiments have been proposed for the 2010 TS
program, using a new reflectometer between the V9 valve and the Q5 antenna and D, spectroscopy
viewing directly the Q5 antenna. On JET, a proposal to be considered for the 2012 onwards program
has been put forward foccusing on the real-time control of gas injection and maximisation of ICRF

power in H-mode.
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JET DIII-D AUG TORE SUPRA
ICRF 4 * 4 straps A2 3 * 4 straps 4 * 2 straps 3 * 2 straps
antenna antennas (A, B, C, [antennas (285/300, [antennas (1,2,3, [antennas (Q1,
D) with: 0, 180) 4) with: Q2,0Q5)
- C and D paired by antennas 1 and
external conjugate 3 (and 2 and 4)
T (ECT) junction paired by 3dB
- A and B paired by hybrid couplers.
3dB hybrid coupler Note that the
- 1 * 8 straps usual pairing is
ITER-like antenna 1-2 and 3-4
— Not used here.
Ref. [81[9][10] [11][12] [13] [14] [15][16]
ficrr 23-57 30-120 30-60 40-80
(MHz) (42 in this paper) | (60 and 90 in this | (30 in this paper) | Minority heating
paper) (H)D
Heating Minority heating ELD/TTMP Minority heating | Minority heating
scheme (H)D electron heating (H)D (H)D
IK)/smax | 6.6 (= phasing) |6 (285/300) & 7.4 |8 («<m phasing) |13 (< phasing)
m™) (0,180)
(<= /2 phasing )
N seutoff 210" 110" 510" 910"
(m™)
Qytrap-timiter (€M) | 5.1 5.7 (285/300) & 39 55
4.1 (0)
yimiter1.crs (cm) | 10-14 2-12.5 4.5-10.5 1-8.5
B, (T) 2.6 1.3-2.1 2 3.8
NBI power 14-17 3-14 none none
(MW)
D, injection 0-24 0-15 05-10 0.8
(10%" el/s)
Confine- ELMy H-mode ELMy H-mode L-mode, L-mode
-ment mode near H-mode
Pumping Cryopump in the | Cryopump at the Cryopump in the | Pumped limiter

lower divertor

upper & lower

divertor

lower divertor

Table 1. Overview of the parameters used in the experiments described in this paper
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and relevant edge density diagnostic position are represented
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rate for different gas inlet (see FIG. 1.) and two plasma
configurations (see FIG. 3.). In the ECT layout, Rc for
C and D cannot be decoupled. To maintain the H level,
0.1 10°" ells from GIM11 and 0.03 1021 el/s from GIM9,
respectively for HT3 and V5, were injected throughout
the pulses.
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Figure. 5. TS - Time evolution of the ICRF power, line
averaged density, D2 injection from valve 9 (with 1.4
Pam3/s~0.74 107" el/s ), limiter- separatrix distance and
antenna Q5 coupling for a pulse with injection from V9
(magnetically connected to Q5) and from V7.
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Figure. 6. AUG — Dependance of the antenna I and
4 coupling on the limiter-separatrix distance and for
different D, gas injection location (see FIG.1).
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