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ABSTRACT.

The operational domain for active control of type-1 Edge Localized Modes (ELMs) withann =1
external magnetic perturbation field induced by the ex-vessdl error field correction coils on JET has
been developed toward more ITER relevant regimes with high plasma triangularity, up to 0.45, high
normalized beta, up to 3.0, plasma current up to 2.0MA and gy varied between 3.0 and 4.8. The
results of ELM mitigation in high triangularity plasmas show that the frequency of type-l ELMs
increased by afactor of 4 during the application of the n = 1 fields, while the energy loss per ELM,
AW=W, decreased from 6% bel ow the noiseleve of the diamagnetic measurement (< 2%). No reduction
of confinement quality (H98Y') during the ELM mitigation phase has been observed. The minimum
n = 1 perturbation field amplitude above which the ELMs were mitigated increased with alower ggs
but always remained bel ow the n = 1 locked mode threshold. Thefirst results of ELM mitigation with
n = 2 magnetic perturbationson JET demonstrate that the frequency of ELMsincreased from 10Hz to
35Hz. and awide operational window of g5 from 4.5 to 3.1 has been found.

1. INTRODUCTION

The foreseen ITER baseline operating scenario [1] isthe type-| ELMy H-mode [2, 3]. The periodic
and transient expulsion of energy onto plasmafacing components, asextrapol ated from current devices,
is predicted to be too high and will pose a severe problem for the integrity and lifetime of these
components [4]. Therefore, reliable methods to the control of ELM power |osses are required.

Several possible active control mechanismsare presently under discussion: (i) edge ergodisation
by resonant magnetic perturbations [5], (ii) pellet pace-making of ELMs [6], (iii) vertical plasma
oscillations to trigger ELMs|[7], or (iv) enhanced toroidal field ripple [8]. The effect of perturbing
magnetic fields on the stability of ELMs has been investigated on several tokamaks [9, 10, 11].
Complete suppression of type-I ELMs has been demonstrated on DII1-D with resonant magnetic
fields (n = 3) [5]. All these experiments were carried out with perturbation fields created by in-
vessel magnetic coils. In view of designing next generation tokamaks, ELM control through the
application of low-n perturbation fields generated by ex-vessel coil systemsisan attractive solution
that needs further exploration.

At JET, ELM mitigation experiments with low-n External Magnetic Perturbation Fields (EM PFs)
induced by the Error Field Correction Coils (EFCCs) mounted outside of the vacuum vessel were
carried out successfully. The first results from this experiment showed that the frequency and the
amplitude of type-1 ELMs can be actively controlled by the application of an n = 1 EMPF generated
by the EFCCs|[13]. During the application of then =1 field the ELM frequency increased by afactor
of 4 and the amplitude of the Do signal decreased. The energy loss per ELM normalised to the total
stored energy, AW=W, decreased from 7% to less than 2%. ELM mitigation does not depend on the
phase of the n = 1 external fields. The pump-out effect [15], the reduction in ELM amplitude, the
smultaneousincreasein ELM freguency, and areductionin fast ion losseswere observed independent
on the phase of the n = 1 field. The temperature of the outer limiter dropped when the EFCCs were



applied. Transport analysis using the TRANSP code [14] shows that no or a modest reduction of the
thermal energy confinement time, Ty, PeCause of the density pump-out, but when normalised to the
IPB98(y,2) scaling [1] the confinement shows amaost no reduction.

In this paper, further experimental investigations of the operational domain for active control of
type-l ELMswithn=1EMPFsinamorel TER relevant parameter space, i.e. at high triangularity and
at high beta on JET are presented. Furthermore, the first experimental results of active ELM control
using the n = 2 EFCC configuration are described.

2. EXTERNAL MAGNETIC PERTURBATION FIELD INDUCED BY ERROR FIELD

CORRECTION COILSON JET
On JET, externa perturbation fields can be applied by the EFCC [12]. The system consists of four
sguare shaped coils (~6 m in dimension) which are mounted at equally spaced toroidal positions and
attached to thetransformer yokes as shownin Fig.1 (a) Each coil spansatoroidal angle of 70+ and has
aradia distance along the winding of 5.3 to 7m from the axis of the machine. It has 16 turns and the
maximum total coil current amountsto |- = 48kAt. Here, thetotal current is given in terms of the
current in one coil winding times the number of turns. Depending on the wiring of the EFCCs either
n=1or n=2EMPFs can be created.

Infact, the EFCCssystem on JET was originally designed for compensation in both amplitude and
phase of the n = 1 harmonic of theintrinsic error field arising from imperfectionsin the construction
or alignment of the magnetic field coils[12]. Previous studies of the error field on JET show that the
amplitude of theintrinsic error, B&",(q = 2)=B, isonly in the order of 107° [17] which correspondsto
few kAt of EFCC current.

The effective radial resonance magnetic perturbations, [b°%| = |BF" /B, calculated for Igroe =
1kAt in both, n =1 and n = 2 configurations are shown in Fig.1 (b), where B, « res and B, are the
radial resonant magnetic perturbation field and the toroidal magnetic fields, respectively. Inthen=1
EFCC configuration, the amplitude of the n = 1 harmonic is one or two magnitudes larger than other
components(n=2, 3). However, thereisstill ann=1 harmonic existinginthen=2 EFCC configuration
dueto the geometry of the EFCCs, and the amplitude of b (n=1) issimilar to that of b (n=2)a
the plasmaedge. Although the amplitude of b (n=2)inn=2EFCCsisby afactor of 3smaller than
b (n=1) in n =1 EFCCs, the number of resonant surfaces increased twice and the distances
between resonant surfaces are reduced too. Here, the calculation is based upon an equilibrium
reconstruction for Pulse No: 67954 shown in figure 1 of ref. [ 13] with the perturbing field in vacuum
superimposed. Screening effects due to plasma rotation have been neglected.

3. EXTENSION OF THE OPERATIONAL DOMAIN FORELM MITIGATIONWITHnNn=1
EMPF

Recent experiments have shown that ELM mitigation with an n = 1 field is applicable in high beta

plasmas (By = 3; B;= 1.8T and |, = 1.2 MA) without causing a degradation of the thermal energy

confinement time [16].



3L ELM MITIGATIONWITH THEN=1EMPFIN HIGH TRIANGULARITY PLASMA
Anoverview on an ELM mitigation pulseisshown in Fig.2. Thetraces are: (a) thetotal input power,
P, @d thetotal stored energy, E;,, (b) upper and lower plasmatriangularity, 8,; 9, , (C) | e, (d) the
line integrated electron densities n.l, measured with an interferometer along two lines of sight, one
closeto themagnetic axis (upper trace) and the other near the pedestal top (lower trace) (theintegration
lengths of core and edge probing beams are~3.2m and ~1.5m, respectively), (€) electron temperature
in the core and near the pedestal top, (f) H98Y , estimated based on the measured total stored energy,
(9) the D, signal measured at the inner divertor. The pulse had atoroidal magnetic field of B, = 1.78
T and a plasma current of 1,= 1.5MA, corresponding to an edge safety factor of ggs = 4.0. In these
experiments, the type-I ELMy H-mode plasma with a high triangularity shape (8, = 0.45 and 6, =
0.4) was sustained by Neutral Beam Injection (NBI) with a input power of 9.2MW) for 6s. The
electron collisionality at the pedestal is~0.2. No additional gas fuelling was applied during the H-
mode phase. Then =1 perturbation field created by the EFCCs has aat top with | g = 24kAt for 3s,
whichisby afactor of ~10 longer than the energy confinement time of this pulse. Here, the EFCC coil
current isonly limited due to the 12t thermal rating limit of the power supplies.

During the EFCC phase, the D, signal (g) measuring the ELMs showed a strong reduction in
amplitude. The ELM frequency increased from ~10Hz to ~40Hz, while the periodic changein Te at
the edge pedestal due to the ELM crashes, ATe, reduced from ~600eV to ~150eV measured by the
ECE diagnostic. Theenergy lossper ELM normalized to thetotal stored energy, AW=W, measured by
the fast diamagnetic loop indicates a strong reduction from ~6% to values below the noise level (<
2%) of the diagnostic. A continuous decrease in the electron density is observed in the core and edge
line-integrated el ectron density signalseven during theflat-top of I xcc. A modest drop (afew percent)
inthe total stored energy during the ELM mitigation phase with the EFCCs due to the strong density
pump-out effect occurs, the plasma confinement quality (H98Y ) isnot reduced. Thisismainly dueto
the energy confinement time for a ELMy H-mode plasmawhich scales with n,>** [1].

The changes of the plasma profiles are shown in Fig. 3 (aand b). The electron density decreases
everywhere by ~24% during the application of then = 1 EMPFs, thisisthe so-called pump-out effect.
However, the electron temperature increased from 3.2 to 4.3keV at the plasma core and from 1.1 to
1.5keV at the pedestal. The pedestal ion temperature also increased from 1.4 to 1.7keV. The eectron
collisionality at the pedestal dropped down to ~0:08.

3.2. DEPENDENCE OF ELM MITIGATION WITH n=1EMPF ON ¢,

Results from DIII-D have shown, that with the n = 3 perturbation field the edge safety factor was a
crucia quantity and complete ELM suppression was only achieved within anarrow range[5]. In the
JET experiments, ELM mitigation withthen =1 EMPFsare performed at different gq5 of 4.8, 4:0, 3:5
and 3.0 by changing the values of the plasmacurrent to 1.4, 1.6, 1.8 and 2.0MA and keeping the same
toroidal magneticfield of 1:84 T. ELM mitigation was achieved for all values of gg; asshowninFig.4
(a—d). When the EFCC coil current increased above the critical value, IE‘L";,, the ELM frequency



started to increase while the drop in T, during the ELM collapse, ATe, decreased. The minimum
EFCC current for ELM mitigation increased with decreasing g5, but always remained below the
n = 1 locked mode threshold as shown in Fig.5.

A further increase of | - actively controlled both, fg ,, and ATe. With | g = 36.8kAt, the ELM
frequency in the pulses with gys of 4.8 and 4.0, increased from ~35Hz to ~190Hz and from ~30Hz to
~125Hz, respectively. However, the dependence of fELM on IEFCC isfound to be different between
ramp-up and ramp- down of IEFCC asindicated in Fig. 4 (a) and (b) which could bedueto ahysteresis
effect or non-stationary nature of the experiment. In the cases of gy = 3.5 and 3.0, the ELM frequency
increased quickly by afactor ~4 from~20Hz to~80Hz before the locked mode threshold was reached.

4. ELM MITIGATIONWITH N =2EMPF

Thefirst experimentsof ELM mitigation using n =2 EMPFsinduced by the EFCCs have been carried
out on JET. Figure 6 (left) shows the time evolution of |gecc, fg m, ATe, and the drop of electron
density due to the pump-out effect of the EMPFs, dn,, for a discharge with Ip = 1.6MA, B, = 1.85T
and gg5 = 4.0. In thisexperiments, the EFCC current has been limited to values below 24kAt whichis
65% of the n = 1 case. Thiswas due to atechnical limitation of the EFCCs power supply system on
JET.

In the shown pulse, the Imin ELM observed is ~16kAt which is similar to that with then =1
EFCCs(seeFig. 4 (c)). Further increase of |z up to 24 kAt resultsin anincreasein fg, , from 15Hz
to 40Hz, and areduction in ATe from 650eV to ~250eV. A continuous drop in the plasma density has
been observed even after the flat top of IEFCC was approached. On JET, the wiring of then = 2
EFCCs dlows only two different phases depending on the current direction in the coil pairs. The
pump-out effect, the reduction in ELM amplitude, and the simultaneous increase in ELM frequency
were observed with both phases. However, one phase has been identified where the application of the
“field perturbation leads to a dight shrinking of the plasma column due to the action of the plasma
position and boundary feedback control because the magnetic pick-up coils measure the applied
perturbation field. This effect is similar to the n = 1 configuration [13].

The dependence of the ELM mitigation with n = 2 EMPF on the edge safety factor, ggs, was also
investigated. In these experiments, gqs Was varied between 3.1 and 4.5 by choosing different plasma
currents of 1,= 1.6, 1.25 and 1.1IMA with the same magnetic field of 1.6T. ELM mitigation was
achieved for all values of ggs as show in Fig. 6. The ratios of the ELM frequency with and without
application of the n = 2 perturbation field are 10Hz/18Hz, 10Hz/35Hz and 15Hz/38Hz for the gy of
3.1, 4.0 and 4.5, respectively. No locked mode was excited by the n = 2 EFCCs.

DISCUSSION AND CONCLUSION

Anincreasein fELM has been observed when an n = 1 magnetic perturbation field was applied. This
observation is different from the results from DIlI-D, where the type-l ELMs were completely
suppressed with an n = 3 resonant magnetic perturbation. The density pump-out effect and the changes



inthe edgetemperature profilearesimilar [5]. On DII1-D, the magnetic perturbation spectrum induced
by internal coilswith an n =3 configurationisvery sharp, which can explain partly the narrowness of
the ggs Window for complete ELM suppression. However, the EFCCswithalow n (1 or 2) configuration
on JET, produce abroad magnetic perturbation spectrum. Theinfluence of the g profile on the resonant
components at the various rational surfaces induced by the magnetic perturbation is not very large.
Thisisconsistent with the experimental observation of awide ggs window for ELM mitigation with
n=21andn=2EMPFson JET.

During the application of then = 1, 2 EMPFs, areduction in the ELM size (AW) and ELM peak
heat °fluxeson thedivertor target by roughly the samefactor [ 18] astheincrease of the ELM frequency
has been observed. Thereduction in heat flux ismainly dueto the drop of particle flux rather than the
change of the electron temperature. Here, the heat fluxes are measured by both, Langmuir Probes
embedded in the divertor tiles and a fast IR camera viewing the divertor targets. In addition, the
results from the Quartz MicroBalance (QMB) [19] measuring the amount of carbon deposited in the
inner divertor louvreindicates clearly less erosion of carbon on the divertor with mitigated ELMSs. In
type-1 ELMy H-mode plasmas, net-deposition of carbon onthe QM B with agrowth rate of » 0:6nm=s
was observed. However, when thelarge ELM swere mitigated by n = 1 EMPFS, net-erosion of carbon
from the QMB (~0.25 nm/s) was observed, which is mainly due to a strong reduction of the carbon
flux but still having a significant deuterium flux.

A strong braking of thetoroidal plasmarotation [20] has been observed during the ELM mitigation
with either the n = 1 or the n = 2 EMPFs. When the n = 1 EMPF was applied, the frequency of the
sawteeth precursor mode, f&; at in the plasma core was reduced from 10kHz to 6kHz when the | EFCC
increased up to 24kAt. Thereisacritical value of the | . Observed above which the ngC started to
decrease. The changes of ngC are linearly dependent on the amplitude of the I after the critical
value (~12kAt) of the | e has been exceeded. Since the amplitudes of both n =1 and 2 harmonicsin
n = 2 EFCC configuration are by afactor of 4 smaller than that of n = 1 harmonic inn =1 EFCC
configuration asshown in Fig.1 (right), thisindicatesthat non-resonance magnetic braking could play
arolein the influence on the plasma rotation.

In conclusion, active control of type-l ELMs with n = 1 EMPFs has been developed for more
ITER-relevant configurations and parametersin awide operational space of plasmatriangularity, ggg
and beta on JET. The frequency of ELMs increased by a factor of 4 for a duration of 10 times the
energy confinement time in a high triangularity plasma, while the energy loss per ELM, AW=W,
decreased from 6% to bel ow the resolution limit of the diamagnetic measurement (~2%). A reduction
in ELM peak heat fluxes on and carbon erosion of the divertor target plates has been observed during
the ELM mitigation with then =1 EMPFs. Thefirst results of ELM mitigation with then =2 EMPFs
on JET demonstrate that the frequency of ELM can be increased from 10Hz to 35Hz even with a
limited EFCC coil current of 24kAt. A wide operational window of gy has also been obtained for
ELM mitigation with n =2 EMPFs.
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Figure1: (a) Perspectiveview of JET showing the 4 largeerror field correction coils mounted between the transfor mer
limbs. (b) Effective resonant magnetic perturbation for 1kAt in the EFCCsinn= 1 and n = 2 configurations.
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before (+) and during (o) the n = 1 EFCC applied. All profiles are mapped onto the plasma midplane.
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