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a b s t r a c t

Peak heat fluxes arriving at the JET-divertor during Type-I ELMs have been successfully reduced by apply-
ing externally magnetic perturbation fields. The ELM-frequency in these plasmas strongly increases, lead-
ing to smaller ELM-size. The concomitant density losses, known as pump-out effect, have been recovered
using inboard divertor gas fuelling, albeit with a degradation of the energy confinement. Langmuir probe
analysis has shown that the magnetic perturbation drastically reduces the ELM-peak heat flux mostly via
a reduction in particle flux, but at the price of higher inter-ELM fluxes.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The heat loads during Type-I ELMs are a major concern for the
ITER-divertor and must be drastically reduced from their predicted
natural levels if material damage limits are not to be exceeded
[1,2]. Amongst several techniques currently being investigated
for ELM mitigation, ergodization of the plasma edge using an exter-
nally applied magnetic perturbation field is a very promising ave-
nue [3]. At JET this technique has been tested in a variety of plasma
shapes at low and high triangularity by operating the error field
correction coils (EFCC) in an n = 1 or n = 2 configuration [4,5]. Par-
ticle and heat fluxes to the plasma-facing components have been
measured by Langmuir probes embedded in the new MkIIHD-
divertor and in the outer wall guard limiters.

The JET error field correction coil system consists of four mag-
netic perturbation coils mounted at equally spaced toroidal loca-
tions. The EFCC can be operated either in an n = 1 configuration,
which leads to a strong core perturbation and can seed locked
modes or in an n = 2 configuration, which provides good edge ergo-
dization. Due to the present limitation of the available coil current
for the n = 2 configuration experiments thus far have been per-
ll rights reserved.
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formed mostly in the n = 1 configuration from which all data pre-
sented here are obtained.

The experiments have been carried out in low and high triangu-
larity (d) discharges with d ranging from 0.29 to 0.45 and with the
outer strike point placed in the middle of the new load-bearing
septum replacement tile (LBSRP) [6], which allows high triangular-
ity operation with high input power. It is worth mentioning that
the choice of the strike point location, which leads to poorer diver-
tor pumping and hence higher natural ELM-frequency, was based
on diagnostic needs. Fig. 1 shows the time evolution of several
important parameters for a typical high triangularity discharge
(JPN #69555), in which the EFCC are applied. During the flat top
of this Type-I ELMy H-mode discharge (Ip = 1.8 MA, Bt = 2.16 T,
q95 = 4.4, PNBI = 9.5 MW, PRF = 1.0 MW, hnei = 5 � 1019 m�3), the
EFCC are energised with currents of 2 kA � 16 turns. At these plas-
ma currents and input power, natural ELMs appear at a frequency
fELM � 30 Hz and release DWELM � 130 kJ of the pedestal energy.
During the EFCC-phase the ELM-frequency strongly increases to
about 90 Hz with DWELM dropping to values which lie within the
noise level of the diamagnetic energy signal. A power-scan has re-
vealed the ELMs remain Type-I despite their higher frequency and
lower amplitude. The loss of core and edge density during the error
field application, often referred to as the pump-out effect, is not
seen as increased particle flux, as indicated by the ion saturation
current, at the divertor in the inter-ELM phases (Fig. 1). At the
ELM-peak, the particle flux and heat flux are strongly reduced dur-
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Fig. 1. Overview of high-d ELMy H-mode discharge, showing (a) input power, (b) core and edge density, (c) core temperature, (d) diamagnetic energy, (e) EFCC-current, (f) Da-
recycling at outer divertor, (g) Da-recycling at inner divertor, (h) particle flux, (i) electron temperature and (j) heat flux at outer divertor strike point (OSP).
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ing the EFCC-phase (Fig. 1(h) and (j)), since less particles are lost
during the ELMs. This is confirmed by the decrease of the density
drop in the edge interferometer channel during the ELM (from
2.8 � 1018 m�2 to 1.4 � 1018 m�2). The confinement is almost pre-
served due to a strong increase of the electron and ion tempera-
tures. Since the EFCC induce an offset in the diamagnetic energy
measurement due to magnetic pick-up, the plasma energy must
be inferred from other diagnostics. Assuming that the energy par-
tition between electrons and ions remains unchanged, the electron
thermal energy content in the plasma can serve as a measure of the
confinement. Despite the observation that 30% of particles are lost,
the thermal electron energy drops only by 8%.
2. Divertor target profiles

The LBSRP in the JET-divertor is equipped at 12 poloidal loca-
tions with a total of 27 Langmuir probes, of which seven can be
operated as triple probes with a maximum temporal resolution
of 100 ls. Target profiles during the ELMs have been obtained by
coherently averaging the detected ELM-peaks. Fig. 2 shows the re-
sult for the particle flux Jsat, electron temperature Te and heat flux
Qp for three phases in the discharge, as indicated by the arrows in
Fig. 1. The heat flux is estimated from Jsat and Te assuming a sheath
transmission factor of c = 8. One should note that the profiles in
Fig. 2(c) reflect the heat flux peak values, which is not necessarily
the product of the Jsat- and Te-peak profiles, since the saturation
current and electron temperature reach their maximum at differ-
ent times during the ELM [7]. As reported earlier [8], the flux pro-
files tend to broaden during the ELMs. The EFCC do not cause
additional broadening or shift of the profile, but the ELM-peaks
are drastically reduced over the whole profile by about 40%. There
is only a small effect on Te during both the ELM and inter-ELM
phases. It is very much worthwhile mentioning that the interac-
tion of the ELMs with the outer wall is also diminished as
observed by the outer wall guard limiter probes as it will be
shown below.

Since the EFCC create a toroidally asymmetric perturbation, the
fluxes might not be toroidally uniform. To study this, a phase scan
has been performed, where the polarity of coil currents is changed
such that the resulting perturbation is shifted toroidally by 90o. For
operational reasons, only three phases have been tested. The
observation that in all three phases the particle and heat fluxes
during the ELM are reduced by the EFCC demonstrates that the
ELM-mitigation is not a local effect. Using plasma with large outer
and inner wall clearances it has been shown that interactions with
the outer wall are not enhanced during the EFCC-phase. In addi-
tion, a large drop in the divertor fluxes has also been observed in
these high clearance discharges.

The ELMs amplitude is known to have a distribution function of
finite width, some ELMs being larger than others for given plasma
conditions. All ELM-mitigation techniques must therefore not only
demonstrate that the ELM-peak amplitudes are reduced on average
but that the probability distribution of the peak amplitude is also
not broadened. As shown in Fig. 3, the histograms of ELM-peaks
measured by probes at the outer strike point location and at the
outboard limiter are clearly shifted towards smaller heat and par-
ticle fluxes.
3. Compensation of the density pump-out effect

As pointed out earlier, plasmas with external magnetic field
perturbation suffer from strong density pump-out. In order to
compensate for this, gas fuelling has been applied during the
main heating phase from the inboard side of the divertor. A series
of low-triangularity discharges with different gas fuelling levels
has been performed. Data averaging has been done for 500 ms
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Fig. 2. Divertor target profiles for high-d discharge of ELM-peaks and inter-ELM. The data have been averaged for the time windows indicated by the arrows in Fig. 1.
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at the end of the EFCC flat top phase and during an appropriate
time window following the EFCC switch-off. Fig. 4 illustrates that
already modest gas puffing levels (5 � 1021 elec/s) are sufficient
to compensate the lost density during the EFCC phase of an
unfuelled reference discharge. As expected, the ELM-frequency
increases slightly with higher fuelling rates in addition to the
increase caused by the magnetic perturbation. The loss of density
leads to a degradation of the confinement as shown in Fig. 5,
where the energy confinement time is normalised to the ITER-
H98(y,2)-scaling. With stronger fuelling the density can be
recovered, but the confinement decreases further since the
increase in core and edge temperature is insufficient to compen-
sate for the lost thermal energy. In this experimental series only
plasma densities up to 80% of the Greenwald density were
achieved.
Unlike in the high-d discharges, during EFCC phases at lower d,
the inter-ELM particle and heat fluxes are increased, typically by
about 50% in an unfuelled discharge. The EFCCs have no beneficial
effect on the inter-ELM losses, but they redistribute the energy
losses carried by the ELMs with respect to inter-ELM phases. To
estimate the energy per ELM arriving at the target, the individual
probe signals have been integrated in time. After subtracting the
inter-ELM losses and weighting the remaining energy by the
ELM-number, the averaged energy per ELM arriving at the outer
target is obtained:

WELM;target ¼ 2p
Z Z t2

t1

Q pðt;RÞdt R sin h?ðRÞdR=ðt2 � t1Þ
�

�
Z

Q p;interðRÞR sin h?ðRÞdR
��

fELM ð1Þ
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Fig. 3. ELM-peak histogram normalised to the total number of ELMs (a) of heat flux
at outer divertor target and (b) of particle flux at outboard limiter.
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Fig. 4. Greenwald density fraction, ELM-frequency and thermal electron energy
content plotted against increasing fuelling rate.
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>with Qp the parallel heat flux measured by a Langmuir probe at
major radius R, h\ the angle between the field line and its perpen-
dicular projection onto the divertor plate, Qp,inter the parallel inter-
ELM heat flux and t1 and t2 times in the discharge specifying a win-
dow over which the data have been integrated. Table 1 summarizes
the results. Note first that the ratios of ELM-peak to inter-ELM
losses are strongly reduced during the EFCC-phase (from �50 down
to �17). The comparable reduction of the particle flux and heat flux
ELM-peaks suggests that the magnetic perturbation is mainly
affecting the convective transport channel. In contrast, the inter-
ELM fluxes are increased by the EFCC. In the unfuelled, low-d dis-
charge about 243 kJ were lost per ELM without the EFCC, which de-
creases to 91 kJ with the EFCCs on. Assuming a fractional radiative
energy loss of 25% of the ELM-energy [9], one expects 182 kJ (with-
out EFCC) and 68 kJ (with EFCC) arriving at the inner and outer
divertor targets. Accounting the measured ELM-energy at the outer
target (cf. Table 1) and assuming the remaining energy to be com-
pletely deposited at the inner target, we find ratios for the inner/
outer-asymmetry in the range from 1.4 to 1.7, which is in fair agree-
ment with IR-observations where asymmetries by about 2:1 have
been found on JET [10].
4. Conclusions

External magnetic perturbation field experiments have been
shown to mitigate the ELM-peaks arriving at the outer target solely
by reducing the particle losses during the ELM. The electron tem-
perature at the target remains high, but does not seem to increase.
In low triangularity plasmas the inter-ELM fluxes are increased, to-
gether with a loss of electron energy and degradation of confine-
ment. The density pump-out can be recovered by gas fuelling,
but at the expense of a further degradation in the energy confine-
ment. Furthermore, even with intense gas puffing only target den-
sities up to a Greenwald fraction of 80% can be reached in low-d



Fig. 5. Confinement factor versus Greenwald density fraction for discharge phase
without EFCC (rhombs) and with EFCCs (squares). The arrows indicate the change in
confinement, when the EFCCs are applied and when the discharge is refuelled.

Table 1
Outer divertor target fluxes derived from probes.

Particle flux Heat flux

w/o EFCC With EFCC w/o EFCC With EFCC

Inter-ELM 4.6 [1022/s] 6.9 [1022/s] 1.3 [MW] 2.2 [MW]
ELM-peak 1.4 [1024/s] 0.86 [1024/s] 79 [MW] 43 [MW]
Total flux 1.0 [1023/s] 1.2 [1023/s] 2.9 [MW] 3.4 [MW]
Loss per ELM 2.7 [1021] 0.93 [1021] 77 [kJ] 25 [kJ]
fELM 21 [Hz] 50 [Hz]
DWdia 243 [kJ] 91 [kJ]
In/out ratio 1.4 1.7
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plasmas. The density pump-out makes divertor conditions more
difficult for detachment achievement and increases the inter-ELM
heat fluxes. ELM-mitigation by magnetic perturbations is a viable
and attractive technique, but some reduction of confinement must
be accepted.
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