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Abstract. This paper describes the extension of the previous experimental database on
density control by pellets and ELM control by RMPs in the ASDEX Upgrade tokamak.
A stationary low triangularity plasma is sustained by simultaneous pellet fuelling and
RMP ELM control at ion pedestal collisionality of v., ,,, ~0.5. Refuelling of the RMP
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induced density pump-out requires a pellet rate of @ The duration

of refuelling of density pump-out can be minimised to about 3 energy confinement
times. Pellet fuelling increases or preserves ion pedestal pressure with respect to
unfuelled ELM suppressed/mitigated phase. Pellets cause transition from ELM
suppression to ELMy regime: At low triangularity, the first pellet triggers a transition
to an ELMy phase but subsequent ELMs are not modulated by pellets. At elevated
triangularity, initial pellets trigger ELM-like events but in-between pellets ELM
suppression is preserved. In later phase, as density increases the plasma transitions to
an ELMy phase similar to low triangularity case.

1. Introduction

In tokamak fusion reactors like ITER, the plasma density should be carefully controlled during all
phases of the plasma evolution. Plasma density should fulfil multiple requirements imposed by such
factors as avoidance of beam shine through, optimisation of transition to high confinement mode (H-
mode), mitigation of edge localised modes (ELMs), maintaining at least a partially detached divertor,
and maintaining the required fusion power [1]. During the main burn phase the plasma will be in H-
mode when density control by neutral gas is likely to be inadequate due to an opaque scrape-off-layer
[2] and fuelling by frozen deuterium and tritium pellets will be the main density control tool in ITER
[3].

H-mode is usually accompanied by ELLMs which are not compatible with long term divertor
operation and therefore ELM control has to be applied. One of the ELM control techniques is the
application of external Resonant Magnetic Perturbations (RMPs) [4, 5, 6, 7] and such a system is
planned on ITER [8].

Both aforementioned actuators, pellet fuelling and RMPs, affect the outer part of the plasma
and therefore it is not surprising that the density and ELLM control loops are not independent. On one
hand, pellets can affect the ELMs by direct ELLM triggering or by modulation of the ELM frequency.
On the other hand, ELM control by RMPs can affect the plasma density, in particular density reduction
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Figure 1. Temporal evolution of plasma parameters with ELM mitigation and pellet fuelling. (a) Line
integrated density on the central chord, (b) outer divertor tile current, (c) pellet ion radiation
monitor, (d) RMP current, (¢) electron and ion pedestal temperatures at 0, =¥/, = ~0.92, where

v 1s the normalised poloidal magnetic flux (solid lines are the time-averaged values), (f) pedestal
density at p,,, #0.92 and core density at p,, ~0.15. (g) and (h) temporal details of line integrated
density and divertor strike point current during the time interval shown by vertical lines in panels (a)
and (b). (i) density profiles just before and after the pellet at the interval shown by vertical lines in

panel (f).

— density pump-out. This interlink motivated a number of experiments with simultaneous density
control by pellets and ELM control by RMPs such as on DIII-D [9, 4, 10, 11], ASDEX Upgrade
[12, 13, 14] and MAST [15, 16]. Despite significant progress simultaneous density control by pellets
and ELM control by RMPs has not yet been fully demonstrated.

This paper describes an experiment which is a continuation of previous work reported in [14].
The main improvement is a shortening of the transient phase for pellet refuelling of the RMP density
pump-out and the achievement of a steady state plasma with ELM mitigation and pellets. Finally, the
paper reports on pellet fuelling of plasmas where stationary ELM suppression was obtained by RMPs
with elevated plasma triangularity.

2. Experimental setup

The experiment was performed on ASDEX Upgrade. This paper reports on experiments using two
plasma shapes: low upper triangularity o6,,=0.1 and elevated triangularity &6,, =0.28. For low
triangularity the set up is close to those used in our previous experiment [14]. The plasma has a single

null divertor, with radius of the geometric axis R, =1.61 m, horizontal minor radius a=0.495m,



plasma current 7, =0.80 MA, toroidal field B,(R=1.65m)=1.81T, safety factor g, =3.9. Fresh
boronisation is applied to obtain low density and consequently low plasma collisionality. To improve
the reliability of the discharge small gas fuelling is used with constant rate of @, =0.27x10"at/s.
The plasma is heated by neutral beams ( P,,,, = 6 MW ) and by on axis third harmonic electron cyclotron
heating ( P,. =2.6 MW , f,. =140 GHz ). Under condition of pellet fuelling the absorption of neutral
beams is ~80%. The absorption of the EC power is nearly complete (>96%) but about 20% is absorbed
at the edge at second harmonic resonance as calculated by TORBEAM code [17, 18]. For the elevated
triangularity plasma parameters are similar: [, =0.90MA, B, =1.82T, ¢, =3.6, Py, =6 MW,
P =1.6 MW and @, = 0.9x10at/s. For more details on the setup at elevated triangularity see the
reference [19].

Deuterium pellets are injected vertically from high field side with a velocity of 560m/s and a
nominal size of 1.4x1.4x1.5mm . For this parameter set, a total loss by arrival in the plasma of 30%
takes place reducing the effective pellet particle content to N, =1.2x 10* atoms [20] (about ~20% of
plasma inventory). ELMs are controlled by RMP coils with 7=2 toroidal periodicity (for details see
[19]).

3. Stationary plasma with pellets and RMPs at low triangularity

Figure 1 shows the traces of parameters for a discharge in which the plasma is sustained by pellet
fuelling and ELMs are controlled by RMPs. At the beginning of the discharge RMPs are applied and
the plasma density starts to decay. The corresponding pump-out rate determined from the slope of line
integrated density is @, =ch/dt|t:2.25X r d(l’lef)/dt‘lzz . V/2a=1.7x10"at/s. Here (n,() is the
horizontal line integrated density and V' is the plasma volume. The rate @, is ~1.7x larger than
in our previous experiment [14]. We do not have an explanation for this stronger pump-out rate, but
better boronisation and lower gas puff could be the cause (gas puff in the present experiment is
D, =0.27x10"at/s compared to D, =0.5x10"at/s in our previous work [14]). Simultaneously
with a density decrease the ELMs change from pre RMP mix of large and small ELMs with frequency
of f,,,,(2.0-2.25)~100Hz to fully ELM suppressed regime att ~2.52s (see figure la, 1b and in detail
1g, Th). During the pump-out phase the ion pedestal temperature decreases showing the degradation of
pedestal ion confinement. The decrease is also seen in pedestal electron temperature but to a lesser
extent (see figure le).

After a pause, pellets with a constantrate of f,, =47Hz are applied and the density is recovered
to a level close to that before application the RMPs. The corresponding pellet fuelling rate is
D, =5.6x10"at/s. This value is higher than in our previous experiment in [14] where
@, =1.9x10""at/s was needed for the refuelling of the density pump-out. This is in line with the
stronger pump-out rate mentioned above.

During the refuelling phase ELM suppression is lost and the plasma returns into an ELMy
regime (see figure 1la, 1b, 1g and 1h). Nevertheless the ELM frequency is higher,
S (2.982-3.0265) ~ 450Hz, and their amplitude is lower compared to the pre RMP phase
consequently showing that the pellet refuelling preserves RMP ELM mitigation, though at a
compromised level. The ratio of ELM frequencies during the pre RMP and pellet refuelling phases
(450Hz /100 Hz = 4.5 ) is however an exaggerated measure of ELM mitigation because of the reduction
of energy confinement by the RMP which is not recovered by pellets. To account for this one can
compare the normalised quantity (f,,,,7,)”" Wwhich is a proxy to the relative energy loss per ELM
Wy, /W and 7, is the thermal energy confinement time. During the pre RMP phase
(frm ) =(100Hzx 0.0665)" =15% while  during  the  pellet  refuelling  phase
(Frns 7)) = (450Hz % 0.0375) ™" = 6% (here 7,[2.155;3.0s]=[0.066;0.037]s ). Therefore even in
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Figure 2. Refuelling of the RMP density pump-out by pellets with different timing and frequency. (a)
Evolution of the line integrated density on the central chord during application of the RMP field and
pellets. The timing of the RMP is the same and it is indicated by the upward arrow. The start of pellet
trains is indicated by the downward arrows. The pellet rate is 23Hz for the shot 33130 and 47Hz for the
shots 33131, 33350, 33352. (b) Pellet refuelling in density — temperature diagram at pedestal top
P = 0.92. For each shot data for two time slices are shown: start of pellet train and end of pellet
transient (exception is the shot 33352 where the first point is the time of maximum density by pellets).
The times selected are indicated by colour coded vertical bars on panel (a) and are as follows: #33130
(2.50s—>2.80s), #33131 (2.50s—3.0s), #33350 (2.35s—>2.75s), #33552 (2.40s—2.70s). The colour
coding is the same as in panel (a). The box “ref” is the envelope of reference points just before RMPs
including the pre-RMP pre pellet time slice for shot 33352. The dashed lines represent the contours of

R, peal; g =const.  The dotted line represents the contour of v, =025, where
V*i,pd 4 9X10 18qR,gL0n1 pgd(m )Z lnA /( pndg’;/z) s ln Aii :]7 o g:a/Rgeo’ Z:1'5 4
ni,ped L ,ped /Z [21]

normalised units pellet refuelling still preserves some of the ELLM mitigation (a factor of 2.5) compared
to the pre RMP phase. Note that a similar value was found in our previous paper [14].

Regarding the type of ELMs during the stationary pellet refuelling phase let us note that in our
previous work [14] conventional 2D pedestal stability analysis showed that peeling-ballooning modes
are stable during the pellet refuelling phase, perhaps indicating that ELLMs are not type-l. Another
favourable observation is that during the stationary phase individual pellets do not affect ELMs neither
by triggering prompt large ELLMs nor by modulation of the ELM frequency. In this context the volume
averaged effective charge Z,, is decreasing during pellet fuelling phase and is below ~1.5 .

The pellet fuelling phase is sustained for more than 2 seconds and it is terminated only by
engineering settings. During this phase the line integrated, core and pedestal plasma densities are both
stationary showing that the density profiles are also not evolving (see figure 1a and 1f). It has to be
noted that the line integrated density signals in figure 1a, and elsewhere in this paper, are measured by
DCN interferometer which can be affected by fringe jumps during the pellet injections. For this reason
special correction procedure is used [22] and the signals are compared with the CO, interferometer so
that there are no fringe jumps.

Figure 1f shows the pedestal density signal measured by Thomson scattering. The scatter is
caused by the arbitrary timing of measurements relative to the pellet injection. Figure 1i shows the
density profiles captured by Thomson scattering just before and just after the pellet. It is seen that the



pellet is deposited within p,, >0.7 of normalised minor radius which is similar to that expected in
ITER. The local density perturbation due to the pellet is up to 50% which is about two times larger
compared to the maximum value expected in ITER [23]. It is seen in figure 1f that during the pellet
circle the density profile oscillates between hollow and conventional peaked shapes. In the core the
density is approximately constant during the pellet circle and approaches the value before the
application of RMPs. This is evident from the line integrated density signal in figure la and the core
density signal in figure 1f showing that the pellet fuelling approximately restores the density pump-out.
Regarding the evolution of density profiles during the whole phase of pump-out and refuelling we refer
to our previous paper | 14] where figure 4 shows three density profiles: before RMPs, during RMP after
the pump-out and after the pellet refuelling. It is seen that the core density after pellet refuelling
approximately matches its pre RMP value.

Figure le shows the evolution of electron and ion temperatures at the pedestal top. It is seen
that after transients due to RMPs and pellets (discussed in the next section) the temperatures are
stationary with the ion temperature somewhat larger than the electron one. In this context it is instructive
to compare the time-averaged pellet fuelling flux with a normalised heat flux:

q)pel ~0.073 Paux/T;,ped (1)

Here, T, ~T,,=700eV, P, =8.6MW is the applied power, T ,, is the ion temperature at
Pl =\/bl/9;; ~0.92, where y, is the normalised poloidal magnetic flux, and all values represent time
averages over multiple pellets during stationary phase. The front coefficient in equation (1) is in good
. ~ 0.05 despite the fact

that the pellet fuelling rate is lower and the pedestal temperature is higher. This indicates some similarity

agreement with the value found in our previous work [14] where @7, , / P
in character of particle transport in both cases.

4. Pellet refuelling transients at low triangularity

The shot in figure 1 is one of the series in which we tried to minimise the duration of density transient
during refuelling. In an ideal case, the increase of particle transport due to an increase of RMP field
should be instantly compensated by an increased fuelling acting in a feedback loop. Such control loop
systems are under development. In the present work we restrict ourselves to a situation where both
pellets and RMP current are set in feed forward mode as seen figure 2a. The scan starts with an
application of a 23Hz pellet train starting at 2.55s (shot 33130). This pellet injection rate was not enough
to refuel the density pump-out and for the rest of the scan we used pellet trains with a 47Hz pellet rate.
Figure 2a shows three such shots in which the delays of the pellet trains were gradually reduced up to
the point where the pellet train starts simultaneously with the application of a RMP current. It is seen
that after a certain transient phase, the plasma density relaxes to the value which is broadly the same as
before the application of the RMP current. These transient phases last approximately:

Al ~ 025 ~37, 2)

where 7, ~ 0.066s is the thermal energy confinement time before the application of RMP taken at 2.15s.
The timescale (2) should be considered as a typical response time for combined density and ELM
control feedback systems in future.

The duration of density transient (2) is approximately what is expected from the typical ratio of
heat and particle diffusivities. The concern about the increased duration of the core fuelling phase was
raised from the observation after the transition to H-mode in JET [24]. This effect was later supported



by gyrokinetic simulations based on of MAST [25], JET [26] and ASDEX Upgrade [27] data showing
that an inverted density gradient has a stabilising effect on microturbulence and thus could reduce the
inwards particle flux. It has to be noted that such a stabilising effect could be counterbalanced by a
destabilising effect of an increased temperature gradient caused by a nearly adiabatic pellet deposition
[28]. Another counter effect is the transient nature of a hollow density profile due to an outward loss
due to ELMs or inter ELM convection (see figure 1i). The detailed analysis of particle transport during
a pellet cycle is important but is outside the scope of this paper.

The next interesting observation is the changing character of pellet particle confinement as
inferred from post pellet density decay time (see figure 2a). At low density the decay time is long (shots
33130, 33131 at ~2.55s) as displayed by a stair-like shape of the density signal. As density increases
the post pellet decay time becomes shorter and the density signal displays a sawtooth-like behaviour.
The extreme case is the shot 33352 where pellets were applied simultaneously with an RMP current.
Here the pellet averaged density initially increases and then relaxes. This relaxation shows that the
increase of particle transport by RMPs is also present at higher densities. (The secondary density
increase in the shot 33352 starting from 2.8s coincides with the loss of ECRH power and therefore it is
not related to the pellet refuelling transient). Note that in some ASDEX Upgrade experiments with gas
fuelling the application of RMPs can lead to a density increase [6] and this effect is linked to the
formation of high field side high density (HFSHD) front of the plasma edge. This uniformity of pellets
and RMPs as actuators observed in our experiment would be a welcoming simplification for the design
of feedback loops for ITER: pellets always increase the pedestal density while RMPs always decrease
the density. Note however that HFSHD front could be also present on ITER despite the low
collisionality and therefore extrapolation of the aforementioned observation should be further
investigated.

The last observation is related to the effect of pellet refuelling on pedestal confinement. As
shown in figure 1 the application of RMPs reduces plasma temperature and the subsequent pellet train
introduces another temperature change. In all cases the response is stronger on ions compared to
electrons. Figure 2b summarises the pedestal behaviour during the pellet refuelling phase. It is seen that
in cases in which the plasma density was allowed to drop significantly the application of pellets
increases ion pressure (shots 33130, 33131). In cases where the target plasma density was higher the
response of ions to pellet refuelling is isobaric (shots 33350, 33352). One possible parameter which
could separate these two cases is the collisionality as indicated in figure 2b. This might be quite
suggestive as collisionality is also proposed as one of the possible parameters to control RMP ELM
mitigation [29]. Clearly a larger dataset is needed to make a firm conclusion. Here we note that for shot
33131 the ion pedestal collisionality changes from v., ,,=0.18 to 0.51 during the pellet refuelling
(trajectory in figure 2b). For comparison in our previous work after refuelling v,, ,,, =0.21 [14]. For
the case of shot 33352 the collisionality at 1 =2.7s is v., ,,, =0.92 showing that the cases in figure 2b
cover a range of collisionalities. In shot 33352 the ELM frequency is f,,,, = 240Hz and the normalised
quantity (f,,,,7.)" =(240Hzx0.050s)" =8%. This value of (f,,,,r,)”" is larger than in the lower
collisionality case of shot 33131 ((f,,,,7,)" =6%) perhaps indicating the change of ELM mitigation
with the change in collisionality.

5. Higher triangularity plasmas

As shown above, ELM suppression can be achieved at low upper triangularity plasma shape (see figure
1). Nevertheless, in order to access the fully stationary ELM suppression phase the upper triangularity
has to be elevated to about &, = 0.28 [19, 30]. Here we describe the first results from ASDEX Upgrade
in which pellets were injected into ELM suppression phases with elevated triangularity. Figure 3 shows



#34843
3 nL [10%m?] @) 30F n.L(per) P (e)

3 28} [10°m?] e
4.0; W 264 ‘ M\““\
O 24 | ELMy -> ELM suppression __
3.6 M 22¢ —wkqj ey

1001, [10KA] G
2 ELMs suppressed ) ELMy ., (D) o‘g, v [10KA]
E 0.6
1E ldw [10kA] pe"etsl l l l { 04
SRR VO | /w-./\‘,q Ltfi 02F
0 3 0.6 Lpellet ablation (9)
fla.u]
0.04% | M detector [a.u.] 2;
0.02 1 ‘
0.0
000 - - -7 108 MHD n=even (h)
[a.u]
o -
Tr
12— / :
0.8 ' (d) o
0.6F lrwe [KA] 374 375 376 377 378 379
8421: Time (s)
0.0E |
3.2 34 3.6 3.8 4.0
Time (s)

Figure 3. Panel on the left: Temporal evolution of plasma parameters with ELLM suppression and pellet
fuelling at elevated triangularity. (a) line integrated density on central chord, (b) divertor strike point
current, ELM suppressed and ELMy phases are indicated by red and blue bars, pellets timings by
arrows; (c) locked mode detector signal, (d) RMP current. Panel on the right: Expansion of the signals
around 3" pellet at 3.7s. (¢) Line integrated density on peripheral chord ( Py > 0.8), dashed line shows
a value of the density at the transition from ELMy to ELM suppression regime earlier in the discharge.
(f) divertor strike point current, (g) pellet ablation light, (h) MHD detector signal.

time traces of such a plasma. The pellet injection geometry, size and velocity are the same as in
aforementioned low triangularity plasmas but the pellet frequency was deliberately lower in order to
document in detail the ELM behaviour during slow density ramp. With full amplitude of RMP field
each pellet triggered a transient locked mode which then dominated the post pellet density evolution.
To avoid this the RMP current was reduced by 20% from 3.2s to 3.8s (see figure 3d). This has led to a
reduced locked mode occurrence, as intended, but also to an increase of plasma density at 3.3s despite
an unchanged gas rate. The 1% pellet still triggers a locked mode but subsequent pellets do not, as seen
on the locked mode detector signal in figure 3¢ (interestingly second locked mode event at 3.8s seems
to be removed by subsequent pellets). Overall the response of the plasma to pellets is similar to that in
the low triangularity case: during the pellet train plasma density increases and at a certain point (after
the pellet at 3.92s in figure 3) ELM suppression is lost and the plasma enters the ELMy regime.
However, there are some differences in the details. Firstly, after transition to the ELMy phase, ELMs
are more irregular compared to the almost regular ELMs in the low triangularity case (see figure 1h).
The second difference is that the ELM suppression is preserved in-between initial pellets compared to
the low triangularity case where already the first pellet terminates the ELM suppression, despite the
pellet size being the same. This favourable observation indicates that increased triangularity makes the
ELM suppression more resilient against fuelling pellets. Similarly as in low triangularity case the
volume averaged effective charge Z

off
Nevertheless even pellets which preserve ELM suppression trigger ELLM like events as seen in

- is decreasing during pellet fuelling phase and is below ~1.4.

the expanded view in figure 3e-h. The first event coincides with the pellet ablation and has the typical
signatures of a pellet triggered ELM. About 2.5ms later there is a second event with ELM signatures on
the divertor current and magnetic pick up coil signals (see figures 3f, 3h). This event is also associated
with a drop in the peripheral plasma density as measured by interferometer chord at p,, > 0.8 (~20%
of the density increase by pellet, see figure 3e). What causes the second ELM like event is not known.
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A possible explanation could be hidden in the sudden drop and slow (~200ms) recovery of the divertor
tile current signal after pellets (see figures 3b, 3f). One can speculate that pellets restore the sharp
density gradient just inside the separatrix to the pre RMP value and consequently destabilises ELMs
(see figure 1i). The duration of this phase would be limited by the subsequent recovery of the ELM
suppressed phase (see the divertor tile current in figure 3f) and thus only a limited number of ELMs are
triggered. However sometimes an additional ELM occurs after a relaxation of the pedestal back to the
pre pellet values and therefore cannot be explained by the transient increase of density pressure
gradients due to the pellet. Another possible explanation could be that the second post pellet ELM is a
result of a transient increase of ¢, after the pellet deposition. Indeed in the case in fig 3e, g, (calculated
by CLISTE code [31]) gradually increases from g,,(3.749s)=3.69+0.1, at the pellet deposition and
the first ELM, to ¢,,(3.752s)=3.82+£ 0.1 when the second ELM is triggered. Including the errors bar
this change might be just enough to move the plasma from ELLM suppressed to ELMy regime [19]. In
this context it is interesting to note that after each pellet the peripheral density exceeds the value below
which the transition from ELMy to ELLM suppression happened earlier in the discharge (see figure 3e).
The peripheral density stays above this value much longer than the duration of the phase with two post
pellet ELMs described above and therefore the simple peripheral density does not separate ELMy and
ELM suppression phases. Regarding the collisionality we do not have stationary, pellet-fuelled high
triangularity plasmas to evaluate values averaged over pellet cycle. Single time point measurement after
the pellet in figure 3e gives v, ,,(3.775)=0.38, i.e. in the same range as in low triangularity case.
Clearly more data is required to understand all these phenomena.

6. Conclusions

This paper reports on the significant extension of the previous experimental database [14] regarding the
density control by pellets and ELLM control by RMPs in the ASDEX Upgrade tokamak. New data show
that:

e Stationary, low triangularity plasmas can be sustained by simultaneous pellet fuelling and RMP
ELM control. The pellet rate required for refuelling of the density pump-out is
@, ~0.073 PW/T,-,ped :

e In these plasmas, the refuelling transient can be minimised to ~ 37, and density control is not
lost by the transient overfuelling. Pellet refuelling increases or preserves ion pedestal pressure,
though below pre RMP phase.

e Pellets cause transition from the ELLM suppressed to an ELMy regime. At low triangularity, this
transition is sudden, but ELMs are still mitigated (compared to pre RMP phase) and their
size/frequency is not modulated by the pellets. At elevated triangularity, each pellet triggers
ELM-like events but ELM suppression can be preserved in-between pellets. After several
pellets the plasma transitions to an ELMy regime.

Given the fact that pellet fuelling will most likely be the only actuator for core density control in
ITER, it is important to assure its compatibility with ELM mitigation. Regimes with complete ELM
suppression and its total independence on pellet fuelling should be the ideal goal towards which the
future scenarios should be optimised. It has to be noted that in present experiments relative pellet size
is somewhat larger than expected in ITER which might exaggerate some of the difficulties, therefore
experiments addressing this would be useful.
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