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Abstract
It is demonstrated that tokamak plasma can be fuelled by pellets while simultaneously
maintaining ELM suppression by external resonant magnetic perturbations (RMPs). Pellets are
injected vertically from high field site and deposited at outer part of plasma cross section. Each
pellet triggers a benign MHD event followed by a short lived ELM-free phase. The ELM
suppression phase with pellet fuelling lasts 11 pellet cycles and is terminated by intentionally
increasing the pellet rate to cause a transition to the ELMy phase.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In tokamak fusion reactors such as ITER gas fuelling becomes
inefficient and plasma density will be controlled by injection
of hydrogen ice pellets [1, 2]. Simultaneously edge localised
modes (ELMs) have to be avoided to protect exhaust system
from large power excursions. One of the ELM control tech-
niques is the application of external resonant magnetic per-
turbations (RMPs) [3–6] and such a system is planned on ITER
[7]. Both pellet fuelling and RMPs act on the plasma peri-
phery and therefore it is not surprising that these actuators
are coupled as seen on DIII-D [3, 8–10], ASDEX Upgrade
[11–14], MAST [15, 16] and EAST [17]. This coupling takes
the form of two effects. Firstly, application of RMPs increases
the peripheral particle transport (density pump out) which
in turn has to be compensated by increased pellet fuelling.
Secondly, fuelling pellets typically trigger ELMs and thus

a See www.euro-fusionscipub.org/mst1.

counteract to ELM control. This letter describes an experi-
ment where plasma is fuelled by pellets and simultaneously
full ELM suppression is maintained. Our observation is the
improovement of that described in DIII-D [8] where pellets
were injected into the plasma with partial ELM suppression
by RMPs. In this experiment, during the first two pellets the
plasma stayed in ELM suppressed regime but later on plasma
returned to partial ELM suppresssion. Another related exper-
iment was performed in AUG [11]. In this experiment, how-
ever, the target plasma for pellet injection was different com-
pared to that used in our present paper: the effect of magnetic
perturbation was not resonant, the density pump out was not
observed and the ELMmitigation occurred for densities higher
than certain threshold. This is an opposite trend as observed
for RMP ELM suppresssion at low collisionality. At low col-
lisionality the transition to ELM suppression occurs below cer-
tain density. What is actual control parameter for transition to
ELM suppression or mitigation is subject of active research
and for details we refer to the references [18, 19].
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2. Experimental setup

The experiment was performed on ASDEX Upgrade. In order
to access the fully stationary ELM suppression phase the
upper triangularity has to be elevated to about δu = 0.24
[18, 20, 21]. In addition the plasma has a single null divertor,
with radius of the geometric axis Rgeo = 1.58 m, horizontal
minor radius a= 0.51 m, plasma current Ip = 0.94 MA, tor-
oidal field BT (R= 1.65 m) = 1.78T, safety factor q95 = 3.7.
The plasma is heated by neutral beams with PNBI = 5.9 MW.
ELMs are controlled by RMP coils with toroidal periodicity
n = 2 and for further details (see [18, 21]).

Pellet fuelling is provided by deuterium pellets injected ver-
tically from the high field side with a velocity of 560m s−1 and
a nominal size of 1.4× 1.4× 1.5 mm. For this parameter set a
total 30% of the pellet atoms are lost before the pellet arrives
in the plasma reducing the effective pellet particle content to
Npel = 1.2 × 1020 atoms [22].

Key elements of this experiment are fresh boronisation and
gradual reduction of gas fuelling. After application of RMPs
the gas fuelling level is reduced to Φgas = 1× 1021 atoms s−1

which allows the ELM suppressed phase to become estab-
lished (see figure 1). A second gas reduction is introduced just
before the pellet train when the gas is completely switched
off. The pellet frequency is initially 23 Hz, and later increased
to 47 Hz.

3. Pellet fuelling with suppressed ELMs

Figure 1 shows the effect of pellet fuelling on a plasma with
simultaneous ELM suppression by RMPs. It is seen that dur-
ing the 23 Hz pellet phase the peripheral plasma density tran-
siently reaches the pre RMP value (figure 1(a)). In other words
pellet fuelling broadly compensates for the density pump out
and switching off the gas fuelling. At present there is no con-
sensus which dimensionless parameter should be matched in
order to demonstrate the relevance of this ELM/fuelling con-
trol method under ITER conditions. In this situation the selec-
tion of the pellet fuelling level that compensates for the dens-
ity pump out and gas switch off seems to be a reasonable first
choice.

Figure 1(b) shows the divertor tile current that is used as
an indicator of ELMs, which manifest themselves as positive
spikes. It is seen that during the first part of the pellet train
from 2.8 s to 3.7 s there are infrequent irregular ELMs (see the
positive spikes on the divertor current) indicating partial ELM
suppression. This situation spontaneously changes during the
second part of the pellet train from 4.1 s to 4.45 s where ELMs
are completely suppressed. During this phase the density is
slightly lower compared to the phase of partial ELM suppres-
sion. This is consistent with a notion of an empirical density
threshold below which ELM suppression is observed (see the
lower horizontal line in figure 1(a)). This is also in line with
the plasma response to the increase of the pellet rate to 47 Hz
which leads to a density increase and transition to ELMy H-
mode. Figure 1(e) shows a reasonable separation between sup-
pressed and ELMy data by the line of constant pressure. For

completeness figure 1(e) shows that the electron collisional-
ity of plasmas with simultaneous ELM suppression and pel-
let fuelling is in the range of ν∗e = 0.2− 0.9. Note that for
high collissionality ELM suppression regime ν∗e > 0.9 [19].
Figure 1(e) also shows that on average the phase with ELM
suppression and pellets have slightly (9%) higher pedestal top
pressure compared to ELMsuppressionwithout pellets. This is
due to increased density at constant temperature, figures 1(a)
and (c). Such pedestal behaviour is reflected by global stored
energy which does not change significantly (5%) after adding
pellets at 2.7 s (for comparison the applicatioon of RMPs at
1.5 s reduces energy content by 20%). This behavior is similar
to previous observations with ELM mitigation [14]. Finally
note that in figure 1(e) there are about five ELMy points with
pellets which are below the line of constant pressure. These
are the data taken immediately after the pellet rate is increased
to 47 Hz and as such represent the initial transient phase. All
later ELMy data with pellets are above the line of constant
pressure.

Figure 2 shows the details of plasma parameters during
the quasi-stationary phase with full ELM suppression. The
figure 2(a) shows the peripheral interferometer signal with
each pellet causing a sharp density rise. Note that the pellet
deposition is peripheral as seen from the electron density pro-
file before and after the pellet in figure 2(g). The maximum
of the density perturbation is located at ρpol ∼ 0.90. This is
similar to that expected in ITER [1, 23], however the ratio of
pellet to plasma particles is about a factor of two larger than
expected in ITER for fuelling pellets. To assess the interaction
between pellet and RMP it is important to know the location
of RMP affected area. If we assume that the affected area coin-
cides with the location of q=m/n resonance, then the relevant
surface is m/n = 7/2 and it is localised at ρpol = 0.96 [21].
We therefore conclude that the RMP affected area is located
more outside relative to the maximum of pellet deposition.
This would imply that the direct interaction between pellet and
RMP is mainly restricted to the time interval when pellet is
inside the edge transport barrier.

The trace in figure 2(c) shows a magnetic pick up coils
signal. It shows that each pellet triggers a short MHD spike.
These events are not conventional ELMs. Firstly each such
event causes a step like increase of the total plasma stored
energy (figure 2( f )). These short transients are also visible on
traces of the power to the divertor measured by the infrared
camera showing the short dip after the pellet (see the divertor
infrared camera signal in figure 2( f ) red line). This behaviour
is mirrored by the divertor tile current. All these observations
are opposite to conventional ELMswhich cause sudden energy
loss and a corresponding spikes on a power to the divertor and
on the divertor tile current.

To elaborate further on the character of MHD events,
figure 3 compares two pellets, one in the phase of ELM sup-
pression and one when ELM suppression is lost due to the
increased pellet rate to 47 Hz (figure 1). It is seen that in both
cases the MHD perturbations are synchronous with the pel-
let ablation light and similar in amplitude. The most striking
difference is the divertor tile current Idiv which is a proxy to
particle loss to the divertor. In the ELM suppressed case there
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Figure 1. Pellet fuelling of plasma with ELM suppression by RMP. (a) Line integral density from the interferometer on peripheral chord
ρpol =

√
ψN > 0.8, where ψN is the normalised poloidal magnetic flux. (b) Divertor tile current—ELMs indicator, (c) electron temperature

at pedestal top at ρpol = 0.92 by Thomson scattering (this radial position is dictated by the location of measurement points, see figure 2(g),
(d) NBI power, gas puff rate and RMP current, (e) pedestal top electron temperature and density for different phases of the plasma on the
left panels. Each data point represents one Thomson scattering measurement. Arrows indicate trajectory of evolution. The borderline phase
2.7–4.0 s is omitted for clarity in panel (e). ELMs before RMP are type-I with frequency of 90 Hz and 9.6% total plasma energy loss per
ELM. The solid line represents constant electron pressure and the dashed line represents constant electron collisionality as used in [19]:

ν∗e = 6.921× 10−18Rgeoq95neZ lnΛe/
(
ϵ3/2T2e

)
where ne is the electron density in m−3, Z= 1.5, lnΛe ≈ 15, ϵ= a/Rgeo and Te is the

electron temperature in eV.

Figure 2. Quasi-stationary ELM suppressed phase (a) line integral density from the interferometer on peripheral chord (b) pedestal top
electron temperature from Thomson scattering at ρpol = 0.92, (c) Mirnov coil signal, (d) locked mode detectors at different toroidal
locations, (e) power to the divertor outer leg by the infrared camera (red) and divertor tile current (blue), ( f ) plasma energy content, (g) red
and blue symbols: electron density profiles at times indicated by the vertical lines in panel (a); black symbols: electron temperature profile
at time indicated by blue vertical line in panel (a).

is a very small increase of the divertor current by ∆Idiv ∼
1.5 kA during the MHD perturbation before it drops at the
end of the event. In the ELM case Idiv significantly increases
during the MHD event by ∆Idiv ∼ 10 kA, even displaying a
correlation with oscillations on the magnetic signal.This trend

is the same on both inner and outer divertor legs. It is not clear
whether these two type of events share the sameMHD physics
with the only difference that in the ELM suppressed case the
MHD mode saturates (incomplete ELM). These events are
benign and should be compatible with divertor operation.
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Figure 3. Comparison of pellet triggered magnetic perturbations in
the ELMs suppressed phase (red, at tpel = 4.2630 s) and the ELMy
phase (blue, at tpel = 4.4795 s). (a) Pellet ablation light, (b) Mirnov
coil signals and (c) divertor current signals. Note that figure shows
only initial part of the post pellet reduction of the divertor current.

The transient phases of reduced flux after pellets could be
linked to a post pellet density profiles (figure 2(g)). It is seen
that pellets create steep negative density gradient in the zone of
ρpol > 0.9, similar to pellet triggeredH-mode observed by sev-
eral tokamaks [24–26]. This resembles formation of the edge
transport barriers for heat and particle transport at the L–H
transition but such phenomena were not reported during the
H-mode. It has to be noted that in the context of ELM con-
trol, these phases are unfavourable because, if they last long
enough, they open the possibility for spontaneous ELMs as
seen in our previous experiment [14].

Finally it is interesting to note the behaviour of lockedmode
detector signals in figure 2(d). During pellet deposition there
is a fast swing which is correlated with the spike on the mag-
netic pickup detector discussed above. After this fast event the
locked mode signals slowly relaxes to the pre-pellet value.
However this relaxation is not complete and a slow drift is
evident during the shown time window indicating that the 3D
equilibrium is evolving on a longer time scale (see the relative
amplitude of two locked mode signals).

4. Conclusions

Thisletter reports on compatibility of pellet fuelling and ELM
suppression by RMP, namely:

• fuelling pellets are shown to preserve ELM suppression by
RMPs at low collisionality;

• individual pellets trigger benign MHD events; and
• the existence of ELM suppression with pellets is limited to
below a certain pedestal density.

Future work should improve on stationarity of the phase
with ELM suppression and pellet fuelling. This might be
achieved by using both actuators, pellets and RMPs, in
feedback mode. The future model of post pellet particle

transport should explain how the pellet material is removed
from the pellet deposition zone including the part with a pos-
itive density gradient.
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