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In 2011/12, JET started operation with its new ITER-Like Wall (ILW) made of a tungsten (W)

divertor and a beryllium (Be) main chamber wall. The impact of the new wall materials on the JET

Ion Cyclotron Resonance Frequency (ICRF) operation is assessed and some important properties of

JET plasmas heated with ICRF are highlighted. A� 20% reduction of the antenna coupling

resistance is observed with the ILW as compared with the JET carbon (JET-C) wall. Heat-fluxes on

the protecting limiters close the antennas, quantified using Infra-Red thermography (maximum

4.5MW/m2 in current drive phasing), are within the wall power load handling capabilities. A

simple RF sheath rectification model using the antenna near-fields calculated with the TOPICA

code can reproduce the heat-flux pattern around the antennas. ICRF heating results in larger

tungsten and nickel (Ni) contents in the plasma and in a larger core radiation when compared to

Neutral Beam Injection (NBI) heating. The location of the tungsten ICRF specific source could not

be identified but some experimental observations indicate that main-chamber W components could

be an important impurity source: for example, the divertor W influx deduced from spectroscopy is

comparable when using RF or NBI at same power and comparable divertor conditions, and Be

evaporation in the main chamber results in a strong reduction of the impurity level. In L-mode

plasmas, the ICRF specific high-Z impurity content decreased when operating at higher plasma

density and when increasing the hydrogen concentration from 5% to 15%. Despite the higher

plasma bulk radiation, ICRF exhibited overall good plasma heating performance; the power is

typically deposited at the plasma centre while the radiation is mainly from the outer part of the

plasma bulk. Application of ICRF heating in H-mode plasmas has started, and the beneficial effect

of ICRF central electron heating to prevent W accumulation in the plasma core has been observed.

[http://dx.doi.org/10.1063/1.4884354]

I. INTRODUCTION

In 2011/12, JET started operation with its new

ITER-Like Wall (ILW)1 made of a tungsten divertor and a

beryllium main chamber wall with some recessed W-coated

components (e.g., Neutral Beam Injection (NBI) shine-

through protection tiles, re-ionisation tiles, restraint ring

protections). Ion Cyclotron Resonance Frequency (ICRF)

heating using the A2 antennas2 was routinely used to provide

central electron heating in support to the experimental pro-

gram which focused on the characterization of fuel retention

with the ILW, characterization of H-mode access and high

performance scenario development.3 Plasma compatibility

and performance of ICRF heating (hydrogen minority, deute-

rium plasma) with the full metallic environment was

studied;4 5MW of RF power were launched into L-mode

plasmas and up to 4MW in ELMy H-mode. The main objec-

tives of the initial ICRF experiments in JET with the ILW

(JET-ILW) was to verify compatibility of the operation with

the ILW environment: (a) Verify if the new wall induced a

change in the antenna coupling resistance. (b) Characterize

ICRF specific heat loads on the Plasma Facing Components

a)Invited contribution to the 20th AIP conference on RF power in plasma,

25-28 June 2013, Sorrento, Italy.
b)Author to whom correspondence should be addressed. Electronic mail:

philippe.jacquet@ccfe.ac.uk
c)See the Appendix of F. Romanelli et al., Proceedings of the 24th IAEA

Fusion Energy Conference, 2012, San Diego, USA.
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(PFCs) in the vicinity of the antennas. (c) Verify if the use of

ICRF with the ILW led to an increased level of W impurity

in the plasma. (d) Characterize JET plasmas with ICRF heat-

ing, from the point of view of heating performance (the

increase of total plasma energy per applied unit of ICRF

power) and of the effect of central heating on high Z impu-

rity transport.

The JET ICRF heating system includes four “A2” ICRF

antennas (A, B, C, and D, see Figure 1). The ITER-Like

ICRF antenna (ILA) was not used in 2011/12. Each A2

antenna2,5,6 is a phased array of 4 poloidal straps; controlling

the phase between straps allows waves to be launched with

different k// spectra. Usually [0,p,0,p] (p phasing),

[0,p/2,p,�p/2] (þp/2 phasing) or [0,�p/2,p,p/2] (�p/2 phas-

ing) phasing conditions are applied to straps [1,2,3,4]. The

plasma facing part of the antennas is covered by a Faraday

screen consisting of tilted solid Be rods. Each antenna is sur-

rounded by two poloidal limiters made of solid Be tiles, and

a vertical septum made of solid Be is fitted at the centre of

each antenna. The feeding configuration of antenna A and B

during the initial campaign with the ILW was slightly differ-

ent than the usual arrangement (see Figure 2): Straps 1 and 2

of antennas A and B were fed by the same RF amplifiers

through a 3 dB hybrid coupler system5 also providing ELM

resilience. Straps 3 and 4 of antenna A were fed by inde-

pendent amplifiers. Straps 3 and 4 of antenna B could not be

powered, consequently only straps 1,2 of antenna A and B

could be used on ELMy H-mode plasmas. A numerical

model of the A2 antennas has recently been built to be used

with the antenna electromagnetic modeling code TOPICA7

(see Figure 3), the same antenna code is used for the design

of the ITER ICRF antenna.8 TOPICA simulations are now

being used to analyze the operation of JET A2 antennas.

II. ANTENNAS OPERATION AND RF/SOL
INTERACTION

A. Antenna loading

For a given Vmax, the maximum operating RF voltage in

the antenna structure (or in the ICRF system transmission

lines) limited by voltage stand-off, the achievable coupled

power varies to a first approximation linearly with the

antenna coupling resistance Rc: Pcoupled � V2
max Rc=2Z

2
c ,

where Zc is the transmission line characteristic impedance

(Zc¼ 30 X for JET ICRF transmission lines). The antenna

coupling resistance Rc is expected to decrease exponentially

with the distance between the antenna and the fast wave den-

sity cut-off position,9 the cut-off density being typically in

the range of 1–5� 1018 m�3 for JET operating parameters. A

statistical analysis of Rc has been carried-out to verify

whether if the change to a low recycling wall (the ILW) has

led to changes in the Scrappe-Off Layer (SOL) properties

which affect the ICRF antenna coupling resistance. The

result is shown in Figure 4 for antenna A. Rc is plotted as a

FIG. 1. Top view of JET, showing the JET ICRF antennas (A, B, C, D). The

view from the IR camera looking at antenna A and B is indicated. Also

shown is the position of the reflectometry (located at the mid-plane) and

Lithium-beam (located at the top) SOL diagnostics. Elements with tungsten

surfaces are in black.

FIG. 2. ICRF antennas feeding configuration during the initial campaign

with the JET–ILW (2011–2012).

FIG. 3. Representation of the JET A2 Antenna TOPICA model. The screen

bars were removed from the model representation on the right to illustrate

the strap geometry.
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function of the averaged plasma-outer limiter distance over

the antenna straps height. The data set includes L-mode

pulses with low triangularity, BT in the range of 2.35–2.9

Tesla, IP in the range of 1.8–2.5 MA; the line integrated

density is in the range of 5–6.5� 1019m�2. The operating

frequency is 42.56 MHz and the strap phasing is p. The cou-

pling resistance is averaged over the operating straps. One

can note that the coupling resistance decreases approxi-

mately exponentially with the plasma-outer limiter distance

as expected. The scatter in the JET-C data is larger, this is

attributed to the fact that the JET-C data-set includes pulses

with a wider range of operating conditions that can affect the

SOL conditions, in particular, different divertor configura-

tions with the outer strike point either on tile 5, 6 or 7 (see

Figure 1). On the contrary, the JET-ILW dataset includes

almost exclusively plasmas with the strike point on tile 5.

For equivalent plasma outer limiter distance, plasma

shape and plasma density, the A2 antennas coupling resist-

ance in JET-ILW is slightly reduced (by � 20% at most) as

compared with JET-C, which is equivalent to an inward shift

of the cut-off layer of �1 cm; this could be a consequence

from the change in the wall recycling properties, although no

obvious differences were observed comparing JET-C and

JET-ILW SOL measurements.10 The slightly improved cou-

pling with the JET-C could be a consequence of local

changes in the SOL properties in front of the powered anten-

nas from the local recycled gas as was observed in ICRF

coupling improvement via local gas puffing experiments in

ASDEX-Upgrade11 and JET.12 Finally one could not rule out

the possible introduction of a systematic error of the order of

1 cm in the localization of the separatrix position from

plasma equilibrium reconstruction when going from JET-C

to JET-ILW.

Preliminary results for the analysis of the A2 antennas

Rc measurements using TOPICA are presented in Figure 5.

For a series of JET-ILW L-mode pulses where the plasma

mid-plane outer gap was changed, Rc from antenna A is

compared to the calculations from TOPICA; in these cases

only straps 1 and 2 were used. The plasma temperature and

density profiles representative of the profiles in the L-mode

discharges have been loaded in TOPICA simulations. For p

phasing, the simulations reproduce well the measured cou-

pling resistance dependence with antenna-plasma distance.

For �p/2 phasing, the measured coupling resistance is higher

as compared to p phasing, this behavior is also reproduced in

TOPICA simulations. The error bar in Figure 5 corresponds to

the uncertainty in the absolute radial position of the SOL den-

sity profiles measured in JET (from the reflectometry diagnos-

tic or Lithium-beam diagnostic). Further analysis is ongoing to

study cases with the 4 antenna straps powered, providing a fur-

ther and sound validation of this numerical tool.

B. ICRF specific heat loads on antenna limiters

When using ICRF heating, local hot spots from

enhanced heat-fluxes are commonly observed on some

plasma facing components close to the antennas,13 an exam-

ple is shown in Figure 6. Experiments have been carried out

during the initial experimental campaign with the JET-ILW

to characterize the heat flux to the A2 antenna limiters.14

Using Infra-Red (IR) thermography and thermal models of

the tiles, heat-fluxes were evaluated from the surface temper-

ature increase during the RF phase of L-mode plasmas. The

maximum observed heat-flux intensity was �4.5MW/m2,

observed on antenna A when operating with the 4 straps; the

strap phasing was �p/2, the power was 2MW on antenna A,

and the plasma midplane outer gap was 4 cm. The surface

temperature increase was DTsurface¼ 375 �C on antenna A

septum during the 5 s ICRF phase (JET pulse Nb 81702).

The heat-fluxes were enhanced when using current drive

phasing; the intensity was found to increase linearly with the

density at radial position corresponding to the antenna and

with V2
RF, the square of the RF voltage at the antinodes of the

FIG. 4. For antenna A, the coupling resistance is plotted as a function of the

averaged separatrix–outer limiter distance over the height of the antenna

straps. The data set includes JET-C and JET-ILW plasmas with low triangu-

larity, and line integrated density in the range of 5–6.5� 1019 m�2. Antenna

phasing is p, and the operating frequency is 42.56 MHz. Operation with all 4

antenna straps are represented with solid symbols (data from the 2013 restart

with the JET-ILW are included), operation with straps 1 and 2 only are rep-

resented with open symbols.

FIG. 5. Antenna A coupling resistance measured in JET-ILW and results

from TOPICA simulations. Only straps 1 and 2 are powered. The data set

includes plasmas of similar shapes with line integrated density in the range

of 5–6.5� 1019m�2.

061510-3 Jacquet et al. Phys. Plasmas 21, 061510 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.94.122.242 On: Mon, 13 Jul 2015 12:38:38



transmission lines feeding the antenna. The Be tiles of the

A2s protecting limiters can handle fluxes of the order of

6MW/m2 for 10 s, therefore, RF specific heat-fluxes are in

practice not a limitation for JET ICRF operation (although

hot spots need to be monitored). However, these heat-flux

values deserve further attention, in particular, when com-

pared to the engineering design targets (5MW/m2) for the

ITER ICRF antenna Faraday screen and neighboring blanket

modules.

To optimize the design of the antennas for future devi-

ces, modeling activities of ICRF sheath rectification are

carried out within the ICRF community (see, for example,

Ref. 15). We have tested a simple RF sheath rectification

model, in particular, to verify if the intensity and the location

of the hot-spots measured on the JET antenna protecting

limiters is consistent with the E// map in front of the A2s as

calculated using the TOPICA code (E// is the RF electric

field that drive RF sheath rectification, // denotes the direc-

tion parallel to static magnetic field).16 In the simplified

model derived from Ref. 17, Q//¼ e Z n cs VDC where e is the
elementary charge, Z is the atomic number of plasma ions

(Dþ), cs is the ion sound speed in the SOL, n is the electron

density at the antenna and VDC ¼ 1
p
j
Ð
E//dlj is the RF rectified

sheath potential. In the model, the reflectometer or

lithium-beam density measurements are mapped along the

poloidal limiters to estimate the local density. Figure 7 illus-

trates this procedure: in the poloidal plane, the outer plasma

radius of curvature is smaller than the antenna limiter radius,

hence points along the vertical direction on the limiter lay on

different flux surfaces; points located at the top and at the

bottom of the limiter are further away from the plasma sepa-

ratrix, the density at these locations is smaller than at the

plasma midplane. The SOL density measurements from the

reflectometry diagnostic and the Li-beam diagnostic are

mapped on the poloidal limiter using flux surface reconstruc-

tion based on the EFIT equilibrium code.18 The E// field in

front of the antenna is from TOPICA modeling. The field is

calculated 4.5mm in front of the limiters; the field intensity

is scaled to the launched ICRF power. The integration path

to calculate VDC is along the tilted field lines up until the

location of the poloidal limiter. A typical result is shown in

Figure 8 for pulse 83063 where only strap 3 and 4 of antenna

A were used with �p/2 phasing. The heat-flux estimated

from IR thermography along the 2D poloidal limiter is plot-

ted as a function of the vertical position, and it is compared

to the estimates from the simple model; the model can repro-

duce the vertical location of the maximum heat-flux and the

magnitude of the heat-flux within the uncertainty of the den-

sity measurements. It is important to take into account the

variation of n along the height of the limiter (plasma-limiter

distance is not uniform along the limiter, n peaks at �0.3m)

in order for the model to reproduce the location of the maxi-

mum load. The model is also consistent with the observed

reduced intensity of the hot-spot when the strap phasing is p

instead of current drive. However, the simple model cannot

FIG. 6. Pulse 83063 t¼ 13.0 s, IR camera frame showing ICRF hot spots

when antenna A (straps 3,4) is powered. The heat-flux on the limiter high-

lighted with dotted lines is analyzed in Figure 8.

FIG. 7. (a) 2D poloidal cross section of field lines in the SOL and of an

antenna poloidal limiter (pulse 83063, t¼ 13.0 s). The reflectometry line of

sight is shown. The Li-beam diagnostic line of sight is at the top of the

plasma, at R¼ 3.25m (not shown). (b) Reflectometry and Li-beam electron

density measurements mapped along the antenna limiter.

FIG. 8. Pulse 83603, t¼ 13 s, comparison between the heat-flux measured

along the poloidal limiter and results from the simple model.
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explain the observed experimental scaling of the ICRF

specific heat-loads with V2
RF, more complex phenomena such

as the modification of plasma properties in front of the anten-

nas by ICRF power can also be involved explaining this

scaling.19

C. ICRF specific impurity source

During ICRF heating, the bulk radiated power is found to

increase compared to C-wall operation although not prevent-

ing effective heating of the plasma (see Section III B). The

main radiators in the plasma bulk are W (new to the JET-

ILW) and Ni which was also observed in JET-C,20 the

increased level of radiation in the JET-ILW plasmas being

attributed to the tungsten. The radiated power is noticeably

higher when using ICRF instead of NBI heating (see Figures

9, 10, and 12). The plasma Be content is also higher with

ICRF heating.

Ni (Ref. 20) and W (Refs. 21 and 22) were detected

from Vacuum Ultra Violet (VUV) spectroscopy operating in

the range of 10–110 nm. Analysis of Soft-X Ray (SXR)

signals including a 2D spatial deconvolution of the emission

was also used to evaluate the W concentration (c_W) pro-

files21 in the plasma. In this case, the Bremstrahlung emis-

sion from low Z impurities is subtracted from the SXR

signals and it is assumed that W is the only other radiator

contributing to SXR emission. Further, the total radiation

profiles can be recalculated and compared to the Bolometric

measurements (Figure 13).

One could invoke a change in transport of W and Ni in

the plasma core during ICRF to explain the enhanced level

of impurity when using ICRF, but preliminary transport anal-

ysis23 suggests that there are also specific ICRF Ni and W

sources. It was plausible to suspect that RF sheath rectifica-

tion along the field lines which connect the powered anten-

nas to the divertor, could enhance W sputtering in the

divertor region. ICRF field–SOL interaction could indeed be

evidenced;24 For example, enhanced Be sputtering was

observed using Be I or Be II line spectroscopy with line of

sight falling on a limiter close to antenna D or on the

Faraday Screen in front of strap 4 of antenna D.25 The effect

was enhanced when using �p/2 strap phasing. Also, the W I

emission at the outer divertor baffles, measured with an

intensified CCD camera fitted with a 1 nm filter (centered at

400.9 nm), was found to change depending on which specific

antenna was powered, the effect in this case also increased

when using �p/2 phasing which is expected to generate

higher VDC that drives RF sheath rectification. The possible

mechanisms responsible for enhanced sputtering of W and

Ni during RF are: (a) near field RF sheath rectification; (b)

far field RF sheath rectification; (c) charge exchanged neu-

trals of RF accelerated fast particles. However, we could not

identify the main mechanism at play in JET and we could

not directly link the increased W content in the plasma to a

specific W source when using ICRF heating. In particular, W

FIG. 9. For pulse 83383 (before Be evaporation, in grey) and 83428 (after

evaporation, in black) time trace of (a) ICRF and NBI power, (b) Te at

plasma centre, (c) core radiated power from bolometry, (d) plasma thermal

energy (obtained subtracting the RF and NBI fast ion contributions to the

MHD energy evaluated using magnetic measurements and equilibrium

reconstruction code), and (e) Ni concentration evaluated from VUV spec-

troscopy. In (f), W concentration evaluated from SXR analysis at different

normalized radius is shown (83383 with dashed lines).

FIG. 10. For a database of JET-C and

JET-ILW L-mode ICRF heated plas-

mas, comparison of: (a) power radiated

from bulk plasma, from bolometry

diagnostic; (b) plasma thermal energy

evaluated from the High-Resolution

Thomson diagnostic assuming equal

electron and ion temperatures. The

database includes pulses with ICRF

frequency¼ 42 MHz, p antenna strap

phasing, 2.5 T<BT< 2.8 T (central

heating), 1.8MA< IP< 2.5MA, line

integrated density in the range of

5–7� 1019m�2.
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line emission spectroscopy26 did not evidence higher W

sputtering in the divertor region when using ICRF heating.24

The W components located in the main chamber could also

contribute importantly to the W in the plasma. In limiter

configuration, ICRF heated plasmas also had higher c_W
compared to NBI. Moreover, when in such a limiter dis-

charge the plasma was shifted upwards away from the diver-

tor, providing better magnetic isolation between the divertor

and the antennas, c_W did not decrease. Further, we have

investigated the effect of covering the wall with a thin layer

of Be through an overnight evaporation (see Figure 9).

Comparison of reference pulses before/after evaporation

(�3 nm thick Be layer) shows a strong reduction of the Ni

and W concentration level, and of the bulk radiated power.

Also observed is an increase of the thermal energy after Be

evaporation (Figure 9(d)). The effect of Be evaporation on

plasma radiation was still visible when repeating the refer-

ence pulse after �10 ELMy H-modes pulses. This is consist-

ent with the idea that Ni and W surfaces on remote areas in

the main chambers were screened from sputtering by the Be

layer which suggests that these areas contribute significantly

to the high Z impurity source in JET.

III. ICRF PLASMA HEATING

A. Plasma parameters and high Z impurity content

For ICRF and NBI heated plasmas, the edge density is a

key parameter that influences the plasma impurity content,

c_W (Ref. 24) and c_Ni (Ref. 22) being both reduced when

operating at higher density. A number of different processes

could lead to this result: (a) a decrease of the impurity source

from a reduced electron temperature in the SOL when opera-

tion at higher density (using higher level of gas dosing); (b)

a change in impurity transport properties; (c) a direct dilution

of the impurities in the plasma; and (d) in the case of ICRF,

a reduction of the antenna RF field at higher SOL density

reducing RF sheath rectification effects.

An experiment was run to investigate the effect of the

hydrogen minority concentration on impurity concentration

in L-mode plasmas (BT¼ 2.7 T, IP¼ 2MA, 42MHz ICRF);

working at H concentration of �15%—somewhat higher

than the few percents traditionally used for minority hea-

ting—caused a reduction of the W and Ni concentration and

of the bulk radiation. Impurity concentration and radiated

power increased again when the H fraction was increased

above 20%. A tentative explanation for these observations

has been proposed in Ref. 27: increasing the hydrogen frac-

tion on one hand increased the edge density; As already men-

tioned in the previous paragraph, this tends to reduce the

plasma impurity content. But it also reduced the wave

absorption efficiency in the plasma core which increased the

power fraction re-incident on the edge, the latter hindering

coupling when the hydrogen fraction was increased above

20%. We should also add that for the pulses with low H

FIG. 11. For a database of JET-C and

JET-ILW L-mode NBI heated plas-

mas, comparison of: (a) power radiated

from bulk plasma, from bolometry

diagnostic; (b) plasma thermal energy

evaluated from the High-Resolution

Thomson diagnostic assuming equal

electron and ion temperatures. The

database includes pulses 2.4T<BT

< 2.8 T, 1.8MA< IP< 2.5MA, line

integrated density in the range of

5–7� 1019m�2.

FIG. 12. For pulse 81852, (a) time trace of ICRF and NBI power and power

radiated in the core plasma (grey line); (b) W concentration evaluated by

VUV spectroscopy, q is the normalized radius, (c) central electron tempera-

ture; (d) Wth, thermal energy (obtained subtracting the RF and NBI fast ion

contributions to the MHD energy evaluated using magnetic measurements

and equilibrium reconstruction code) and We, electron energy content (eval-

uated from High-Resolution Thomson Scattering diagnostic).
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concentration, the plasma entered into M-mode (regime with

enhanced particle confinement28); this change in confine-

ment regime could be involved in the observed changes in

the SOL density when varying the H fraction. The effect of

the M-mode of the high Z impurity transport at the edge bar-

rier could also not be ruled-out.

B. ICRF heating performance

During the initial campaign of JET-ILW, fundamental H

minority heating in D plasmas was almost exclusively used,

with the cyclotron resonance either on-axis or off-axis.

Except for specific experiments reported in the previous

paragraph, H2 was injected to establish a H fraction of �5%.

This heating regime when applied on-axis, leads mainly to

power deposition on the bulk electrons by collisions with the

ICRF-accelerated H ions, and it generally has good single

pass wave absorption. The ICRF heating efficiency

g¼Pabs/Picrf, obtained by break-in-slope analysis of the

plasma energy response to sharp ICRF power steps29 was

found similar than for JET-C.30,31 The overall heating per-

formance depends not only of the wave absorption efficiency

but also on plasma energy transport and confinement.

Figure 10 illustrates the impact of the enhanced radiation

from W with the ILW on ICRF performance. The plasma

energy achieved per MW of ICRF power is slightly reduced

(�20% for L-mode plasmas with central density �3� 1019

dominantly heated with �3–4MW ICRF) with respect to the

JET-C, despite the significantly higher bulk radiation level

observed with the JET-ILW. For comparison, the radiated

power and plasma thermal energy of NBI heated L mode

plasmas in JET-ILW and JET-C are plotted in Figure 11. For

NBI, the radiated power is also significantly increased with

the ILW (although not to the levels of ICRF plasmas) with,

as for ICRF, the highest levels of radiation corresponding to

lower density plasmas. With the ILW, the thermal energy of

the NBI L-mode plasmas is similar than for JET-C. In gen-

eral, both for ICRF and NBI, the ILW plasmas with lower

density and highest radiation tend to have the lowest stored

energy. These results are also coherent with the higher

thermal energy for pulse 83428 after Be evaporation and

with lower radiation as compared to pulse 83383 a reference

before Be evaporation (Figure 9(d)). Note that in 83428 a

M-mode28 with enhanced particle confinement developed

during the ICRF phase at 10.4 s. (ne,0¼ 3� 1019m�3 in

83383 and ne,0¼ 3.5� 1019m�3 in 83428) further enhancing

the beneficial effect of reduced radiation on the plasma

energy content.

Despite the different heating mechanisms and plasma

properties, the plasma heating performance of the NBI and

ICRF systems were also found similar.32,33 This is further

illustrated in Figures 12–15. Pulse 81852 is a L-mode plasma

(BT¼ 2.55T, IP¼ 2MA, ne,0¼ 2.4� 1019m�3) with a ICRF

phase (f¼ 42.56MHz) and a NBI phase (3.5MW input

power in both cases); Although W and Ni impurity content

are larger during RF which explains the larger radiated

power in the plasma bulk (1.5 times larger), the plasma ther-

mal energy is similar for both phases. Two important factors

FIG. 13. Radiated power (from bolom-

etry and SXR analysis) during the

ICRF and NBI phase for pulse 81852;

total from plasma bulk (light grey),

radiated inside normalized radius (q)

of 0.4 (grey), and inside q¼ 0.15

(black).

FIG. 14. For pulse 81852, evolution of Te profiles during sawteeth cycles

and ne profiles (averaged over 1 s), during the ICRF phase (a) and the NBI

phase (b). Also shown are the positions of the plasma magnetic axis (Rmag)

and of the ICRF resonance layer (Rres).

061510-7 Jacquet et al. Phys. Plasmas 21, 061510 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

134.94.122.242 On: Mon, 13 Jul 2015 12:38:38



contribute in preserving the overall ICRF heating

performance:

• First, ICRF waves heat efficiently the electrons in the

plasma centre as shown from the central electron tempera-

ture increase (Figure 12(c)) and from the peaked electron

temperature profiles during RF (Figure 14). This results in

the higher electron energy content during the ICRF phase

(Figure 12(d)). As NBI power is deposited approximately

equally on the electrons and on the ions one can speculate

that the ion energy compensates during the NBI phase the

deficit in electron energy and explain the overall equal

thermal energy in the two phases of the pulses but unfortu-

nately Ti measurements were not available for this pulse

to confirm this hypothesis.
• Second, plasma radiates power mainly from the outer part

as is shown in Figure 13 from bolometric signals and SXR

signals analysis. During the RF phase, less than 20% of

the total radiated power comes from q< 0.4 and less than

3% from q< 0.15.

The power balance for pulse 81852 is illustrated in

Figure 15. During the ICRF and NBI heating phases the

power input to the plasma (PIN¼PICRFþPNBIþPohmic) and

the power exiting the plasma (POUT) balance well (Figure

15(a)). More details on the accountancy of POUT are shown

in Figure 15(b). POUT¼PRADþPNBI_LOSSESþPDIV with the

following definitions.

PRAD: total radiated power (from bulk plasma and diver-

tor region) measured with the bolometry diagnostic.

PNBI_LOSSES: NBI power not heating the plasma, includ-

ing shine-through, charge exchange and fast ion orbit losses

estimated using the NUBEAM module34 in TRANSP.35

PDIV: Power conducted to the divertor PDIV

¼PDIV_OUTERþPDIV_INNER. PDIV_OUTER is estimated from

infra-red thermography of the outer divertor target36 apply-

ing a simple thermal model to deduce the heat-flux from the

divertor surface temperature time evolution. The surface

temperature of the inner divertor was not measured, and we

have assumed PDIV_OUTER¼ 2�PDIV_INNER.

As could be expected, during the ICRF phase with

enhanced plasma radiation the power flux to the divertor is

reduced as compared to the NBI phase.

C. Use of ICRF heating in H-mode plasmas

H-mode plasmas with the JET-ILW are prone to W

accumulation if reducing the gas dosing too much;3 indeed, a

higher level of gas injection contributes to increase the ELM

frequency and reduce the intensity of impurities source. But

it also affects the plasma energy confinement.37 Central elec-

tron heating was proved efficient on ASDEX-Upgrade to

increase local transport of high Z impurities and prevent

accumulation.38 Although ICRF heating was used in the

H-mode plasmas only late in the initial JET-ILW experimen-

tal campaign, we have indications that this tool can be used

in JET-ILW to prevent impurity accumulation. This is

pictured in Figures 16–18 for pulse 83897 (BT¼ 2.65 T,

IP¼ 2MA, 16.0MW NBI) and pulse 83603 (same plasma,

14.4MW NBI and 3.4MW ICRF heating). Due to the

slightly lower NBI power in 83603, the ELM are less

frequent before the ICRF phase and impurity flushing by

the ELMs at the edge transport barrier is less efficient, hence

the increased total radiated power for 83603 at the beginning

of the H-mode phase. The central electron temperature

(Figures 18(b) and 18(d)) is higher in pulse 83603 thanks to

the efficient central electron ICRF heating. In both pulses,

infrequent sawteeth are present (�350 ms period in 83597

FIG. 15. Power balance for pulse 81852. In (a) PIN the power input to the

plasma is compared to POUT, the power exiting the plasma. PIN includes the

ohmic, the ICRF and the NBI power. (b) gives more details on the POUT ac-

countancy: POUT includes the total (bulk and divertor region) radiated

power, the NBI losses (Shine-through, charge exchange and fast ion orbit

losses) and PDIV the power conducted to the divertor.

FIG. 16. For pulse 83603 (black) and 83597 (grey) traces of (a) heating

power, (b) Be II line emission (ELMs), and (c) bulk radiated power.
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and �400ms in 83603). In 83597 the central temperature is

decreasing halfway through the sawtooth period, before the

crashes, indicating radiating cooling in the plasma centre.

This is confirmed by the radiation emission peaked at the

centre as measured by bolometry (not shown) and SXR to-

mography (Figure 17(a)). The tungsten concentration in

these plasmas was evaluated from the analysis of SXR emis-

sion (see Section II C).39 The result is shown in Figures

18(a) and 18(c). For the no-RF case, c_W peaks at the centre

up to values in the order of 10�3. With ICRF heating in

83603 c_W at mid radius is larger than for NBI heating only,

consistent with the overall larger plasma radiation (Figure

16(c)), but tungsten peaking in the center is less pronounced,

and c_W at the centre even decreases in the second half of

the sawteeth cycles. These results illustrate the potential of

central ICRF heating to prevent W accumulation in

JET-ILW plasmas.

The possible mechanisms for the reduction of tungsten

peaking with ICRF heating in these pulses are discussed in

Ref. 40. Central heating could enhance outward neo-classical

and anomalous W transport. The observed increased fishbone

activity during the pulse with ICRF (during the second half of

the sawteeth cycles) which coincides with the reduction of

c_w at the centre content also indicates that MHD activity

could be an underlying cause for the change of tungsten

transport.

IV. CONCLUSIONS

We have characterized operation of the ICRF system

during the first experimental campaign with the JET-ILW;

the ICRF system operation did not encounter limitations due

to the change from the carbon wall to the ILW. The A2

antenna loading is slightly decreased, by at most 20%, with

the ILW as compared with JET-C when comparing equiva-

lent plasma conditions. ICRF specific heat fluxes at the

antennas are within the JET wall heat handling capabilities.

In addition, progresses are being made toward the validation

FIG. 17. Tomographic reconstruction

of SXR emission right before a saw-

tooth crash: (a) 83597 (NBI only)

t¼ 15.3151 s, and (b) 83603 (NBI

þ ICRF) t¼ 15.3451 s. SXR data are

averaged over 10ms.

FIG. 18. For pulse 83597 with no

ICRF, (a) W concentration estimated

from SXR emission profile at normal-

ized radius q¼ 0.0, q¼ 0.3, and

q¼ 0.45 and (b) Te at plasma centre.

The same quantities are plotted for the

pulse 83603 with ICRF in (c) and (d),

respectively. The vertical solid lines

indicate time when SXR emission pro-

files are plotted in Figure 17.
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of the antenna modeling code TOPICA and of the optimiza-

tion procedure to reduce the effects of RF sheath rectification

in the design of the ITER antenna.

In L-mode, radiation from the JET bulk plasma and im-

purity levels are higher with ICRF as compared to JET-C,

this is attributed to the presence of tungsten in the plasma

sputtered from the divertor or other tungsten sources in the

JET main chamber. Despite this enhanced radiation with RF,

generally ICRF heating has good performance and plasma

does not exhibit peaked centre radiation. In addition, we

have indications that ICRF central heating is efficient in

H-mode plasmas to prevent central W accumulation. In the

JET campaign starting in summer 2013, more power will be

available in H-mode (straps 3,4 from antenna A and B will

be available in the ELM resilient configuration). The empha-

sis will be on the optimization of the use of ICRF heating to

prevent W accumulation, using the ICRF capabilities to pro-

vide central electron heating and as a tool for MHD activity

control.41
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