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Abstract
3D nonlinear, as well as 2D linear M3D-C1 simulations are used to model ELM triggering by
small pellets in DIII-D discharges in the ITER relevant, peeling-limited pedestal stability
regime. A critical pellet size threshold is found in both experiment and modeling depending on
pedestal conditions, pellet velocity and injection direction. Using radial injection at the
outboard midplane, the threshold is determined by M3D-C1 for multiple time slices of a
DIII-D low-collisionality discharge that has pellet ELM triggering. Experimental observations
show that a larger pellet size than the standard 1.3 mm diameter is necessary for ELM
triggering; 1.8 mm pellets triggered several ELMs in cases where a smaller pellet failed. The
M3D-C1 simulations are in good agreement with these observations. While the 2D linear
simulations give insight into the change of growth rates for various toroidal modes with pellet
size, the 3D nonlinear simulations apply a pellet ablation model that mimics the actual
injection with good match to the experiment. The 3D nonlinear simulation confirms the pellet
ELM triggering for a pellet size larger than the threshold found by the linear simulations.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Transient control is a critical issue for ITER and other future
fusion burning plasma devices. Edge localized mode (ELM)
mitigation or suppression in particular is essential to prevent
significant damage, like melting, of plasma facing compo-
nents. Even the unmitigated, axisymmetric, steady-state heat
flux in ITER [1] is predicted to heat the water-cooled tungsten
(W) monoblock divertor target plate tile surfaces to well above
their melting temperature [2]. Therefore, ITER has to operate
in partially detached divertor scenarios [3] to limit the incident
heat flux to 10 MW m−2. Transients like unmitigated ELMs,
however, will likely burn through the detachment, causing the
incident heat flux to significantly exceed that limit [4].

∗ Author to whom any correspondence should be addressed.

Various methods of ELM control have been studied on
multiple machines. 3D resonant magnetic perturbations have
been routinely applied in tokamaks to mitigate or suppress
ELMs [5–7]. These results motivated the inclusion of an in-
vessel, non-axisymmetric, control coil set in the ITER base-
line design [8]. Another very promising method available in
ITER is ELM pacing by injecting cryogenically frozen deu-
terium pellets at a frequency higher than the natural ELM
frequency [9]. Previous studies on DIII-D [10–12], ASDEX
Upgrade [13] and JET [14, 15], have demonstrated that trigger-
ing ELMs on demand by pellet injection at a frequency higher
than that of the naturally occurring ELMs can reduce the peak
instantaneous heat flux incident on the divertor target.

Traditionally, experiments exploring pellet ELM pacing
have operated in regimes with high collisionality [16] in the
pedestal region, ν∗ped � 2, due to the difficulty of achieving low
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density edge plasma conditions while injecting pellets [11, 12].
The pedestal stability of such high-collisionality discharges is
typically limited by ballooning instabilities that are driven by
the edge pressure gradient. Since it is the general understand-
ing that pellets trigger ELMs by providing a pressure pertur-
bation in the plasma [11, 17], it is beneficial for pellet ELM
triggering to operate close to the ballooning stability limit.
Further experiments include studies of pellet material drift
[18–20], which can affect ELM triggering and fueling.

ITER, however, is predicted to operate at very low col-
lisionality in the pedestal region, ν∗ped ∼ 0.2 [21]. Thus, the
pedestal stability in ITER will be limited by peeling insta-
bilities, driven by the edge current density. To demonstrate
and predict the feasibility of pellet ELM triggering in ITER,
it is necessary to study it in present-day machines under low-
collisionality conditions. Recently such experiments have been
performed at DIII-D [22] and are studied numerically in this
publication.

To simulate pellet ELM triggering we use the M3D-C1 code
[23], an implicit, high-order finite-element code, that solves
linear [24] and nonlinear extended magneto-hydrodynamic
(MHD) equations in magnetized toroidal geometry. Recently,
M3D-C1 has been coupled to the KPRAD-model for impu-
rity dynamics, allowing the MHD solution to evolve self-
consistently with ionization, radiation, recombination, and
transport of impurity species [25]. Such simulations have been
benchmarked to similarly coupled NIMROD [26, 27] sim-
ulations, showing excellent agreement [28]. Furthermore, a
model for the injection and ablation of mixed deuterium-neon
cryogenic pellets has been implemented in M3D-C1 for
the simulation of disruption mitigation by shattered-pellet
injection. Pellet ELM triggering has also been recently
studied in nonlinear MHD simulations using the JOREK code
[17, 29].

The paper is organized as follows. The next section lays out
the numerical setup of the M3D-C1 simulations with pellets,
used throughout this paper. Section 3 shows the results of lin-
ear modeling to determine the pellet size threshold for ELM
triggering, and shows its dependence on location and pedestal
collisionality conditions. In section 4 thresholds are then sim-
ulated for multiple times and compared to events of failed or
successful pellet ELM triggering in the experiment. Results of
a fully 3D nonlinear simulation, which confirms a successful
triggering of an ELM by a pellet larger than the previously
determined threshold, are discussed in detail in section 5. The
paper is finalized by the conclusions in section 6.

2. Numerical setup

M3D-C1 uses a kinetic EFIT equilibrium [30] along with
1D electron density, electron temperature and E × B rota-
tion profiles (see figure 10 for details) to initialize the back-
ground plasma. In the following we focus on DIII-D discharge
178555, an H-mode plasma with a modified ITER-similar
shape; the outer strike point has been pulled radially inward
(see figure 6 for details). The discharge has 1.8 MW of co-
directed neutral beam heating, 1.5 MW of centrally deposited
ECH, a toroidal field of Bt = 1.6 T, a plasma current of

Ip = 1.1 MA, q95 = 4.4, and is low pedestal collisionality with
ν∗ < 1.

In the simulation the pellet is added as an additional main-
ion density source S to the continuity equation, positioned
at the injection location (Rp,ϕp, Zp), and localized by a 2D
Gaussian of width vp in the R–Z plane

S2D =
1

2πRv2
p

exp

(
− (R − Rp)2 + (Z − Zp)2

2v2
p

)
(1)

and a periodic von Mises distribution of toroidal width vt,
which is essentially a ‘periodic Gaussian’ distribution along
the toroidal angle in cylindrical coordinates, resulting in

S = S2D · R√
2πvt

exp

(
−RRp(1 − cos(ϕ− ϕp))

v2
t

)
. (2)

In the following we use M3D-C1 in single-fluid, linear-2D
mode as well as in nonlinear-3D mode. The latter will be
discussed in more detail in section 5. In linear-2D we identify
S = S2D only, which implicitly turns the pellet into an axisym-
metric density ring instead of a toroidally localized pellet.
Furthermore in contrast to nonlinear-3D, in linear-2D
simulations the equilibrium and pellet do not move or evolve
in time, but are a frozen snap shot, which is then analyzed for
linear stability as a time-dependent, initial value problem, for
one toroidal mode number at a time. In summary, the pellet
causes a stationary, axisymmetric density perturbation to the
axisymmetric equilibrium, while the linear-2D simulation
shows if that perturbation is large enough to drive linear
instability.

M3D-C1 utilizes a mesh in the R–Z plane, which has been
adapted to the initial equilibrium. Figure 1 shows the mesh
in the poloidal cross section. The equilibrium’s separatrix is
given by the red line. The blue and green lines represent a resis-
tive wall that is part of the simulation domain [31]. The mesh
is most dense near the separatrix but then becomes coarse in
the scrape-off-layer (SOL) and even more so in the vacuum
region outside the wall. Note that the MHD equations are not
evolved in the resistive wall or vacuum region. The magnifi-
cation on the right shows the outer midplane with the pellet
as the Gaussian density perturbation just inside the separatrix.
For the linear-2D simulations only four inputs are needed to set
up the pellet: the position (Rp, Zp), the Gaussian width of the
pellet vp (see equation (1)), and the magnitude of the density
perturbation. The latter is called the ‘pellet-rate’ Ap, which is
a dimensionless factor, which technically allows for multiple
pellets and therefore a time variation. Since we only use a sin-
gle pellet, we keep the name but here it is scaling the amplitude
of the Gaussian in equation (1).

In order to determine the proper values for the pellet input,
an ablation model is used [32]. Assuming the pellet is injected
radially at Z = 0 on the low-field-side (LFS), the model cal-
culates where a deuterium pellet of a given size ablates in the
plasma. This provides the radial location Rp and the Gaussian
width vp. However, the stand alone ablation model fully ablates
the pellet and is therefore not suitable to set the pellet-rate
Ap. Nonlinear M3D-C1, which uses the same ablation model,
ablates the pellet over time self-consistently with the plasma
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Figure 1. Left: poloidal cross section of the M3D-C1 mesh within the simulation domain. The separatrix is given by the red line. The
resistive wall is given by the blue and green lines. Right: magnification of the outboard midplane, showing the pellet density.

Figure 2. Electron density along the minor radius, given by the
normalized poloidal flux ψ, at Z = 0 from the magnetic axis
outwards. Black: without pellet, red: with pellet ablation, note that
the y-axis is on a log scale.

simulation; the pellet-rate is thereby calculated by M3D-C1
at each time step of the simulation. So, we run a 3D nonlinear
simulation with low toroidal resolution (here 8 planes are used)
for only a few Alfven times to determine the peak density, as
shown in figure 2. The black line is the background electron
density along the plasma’s minor radius, given by the normal-
ized poloidal fluxψ, from the magnetic axis outwards at Z = 0,
while the red line shows the peak caused by the ablating pellet.
The spatial ablation profile is well reflected by the peak loca-
tion of the density profile. In the linear runs the code inputs are
set so that the density perturbation matches the peak shown in
figure 2. For a spherical pellet of radius rp = 0.72 mm, we find
Rp = 2.256 m, Zp = 0, vp = 0.0072 and Ap = 0.0029. The lat-
ter results in a peak electron density of 4.24 × 1020 m−3. The
magnification on the right side of figure 1 shows the pellet
density perturbation using those input parameters. Note that

Figure 3. Temporal evolution of n = 9 mode structures within the
plasma after an initial perturbation by a pellet of size 0.72 mm,
injected at the outboard midplane. The time is measured in Alfven
time.

in the linear simulations the perturbation is adiabatic, i.e. the
temperature is reduced while the pressure remains fixed.

While the input equilibrium is MHD stable, a pellet-
induced perturbation of significant size can cause the plasma
to become linearly unstable, resulting in an ELM. Figure 3
shows a simulation to illustrate that process. At t = 0 the pel-
let perturbes the plasma at the outboard midplane. For t > 0 a
mode grows on the perturbed flux surface and starts spreading
poloidally; here a mode with toroidal mode number n = 9 is
shown. Note that the poloidal mode number is determined by
the local q = m/n value. With time progressing, the mode on
the flux surface decays away, while another mode starts grow-
ing just inside the separatrix, indicating an unstable ballooning
response. Eventually this linear mode would begin to interact
nonlinearly with modes of other toroidal numbers, resulting
in the nonlinear ELM crash. Such nonlinear coupling is out-
side the scope of this linear modeling, but will be examined in
section 5.

3. Pellet size threshold for ELM triggering

In this section we use linear-2D M3D-C1 simulations to deter-
mine the linear stability of the plasma when pellets of vari-
ous sizes are injected. Since the simulations are linear, each
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toroidal mode n can be simulated individually. To cover a typ-
ical range of low to intermediate to high n modes, a total of
14 simulations for n = 1, 2, 3, 5, 7, . . . , 25 are performed for
each pellet size. By sampling pellet sizes between 0.5 mm to
1.44 mm, which covers the range of experimentally used pel-
lets in DIII-D, the pellet size threshold for ELM triggering can
be determined. Note that ‘pellet size’ in this context stands for
the radius rp of a spherical pellet. Pellets used in experiments
are cylindrical where typically the length L equals the diameter
d. Assuming equal volume the conversion is given by

d = L = (16/3)1/3rp ≈ 1.747rp. (3)

For the analysis in this section we focus on time slice 3055 ms
of DIII-D discharge 178555 for now. In section 4 the same
procedure is then applied to further time slices of the same
discharge.

3.1. Finding a threshold

Each M3D-C1 simulation is run for at least 300 Alfven times
τA (6.48 × 10−7 s for parameters in this simulation) to saturate
the linear growth rates of the modes. Note that neither the back-
ground equilibrium, nor the pellet density perturbation itself is
evolving during the simulation. Only the perturbations, caused
by the pellet as well as an initial random perturbation of small
relative magnitude to the single-fluid MHD variables, evolve
over time.

Figure 4 shows the linear growth rate γ for the least stable
eigenmode versus the toroidal mode number n for the equi-
librium without pellet injection (black line) as well as five
different pellet sizes. Each marker represents a linear M3D-
C1 simulation. Note that for each pellet size the poloidal
width vp as well as the pellet-rate Ap are changed consistent
to the pellet volume, while the position (Rp, Zp) is kept fixed.
As can be seen in the figure, the plasma is stable without
pellet injection as well as for pellet sizes of 0.5 mm (red line)
and 0.61 mm (blue line) with growth rates below zero, indi-
cated by the dashed line. For pellet size 0.72 mm (green line)
the growth rate is greater than zero for n = 9 and n = 11,
resulting in unstable modes that could lead to an ELM. For
larger pellets, 0.9 mm (purple line) and 1.44 mm (cyan line)
more modes in the intermediate n-range become unstable with
increasing growth rates. The most unstable mode is found to
be around n = 9. The intermediate range of n-modes that show
positive growth rates suggests that the plasma becomes peel-
ing unstable, meaning that the pedestal stability is limited by
the edge current density rather than the pressure gradient (bal-
looning unstable); the latter is typically associated with larger
n-modes of n � 20.

Using the growth rates for the most unstable mode in
figure 4, n = 9, for all simulated pellet sizes, the critical pel-
let size threshold for ELM triggering can be interpolated, as
shown in figure 5. The markers represent the growth rates, as
found in the previous figure for the respective pellet sizes. The
black line is a modified tanh, a tanh with linear asymptotics, fit-
ted to the data points. The zero-crossing, given by the dashed
line, then sets the critical pellet size threshold. The latter is
found as rcrit = 0.7018 mm for this time slice. So, we expect

Figure 4. Linear growth rates of toroidal modes between n = 1 and
n = 25 for multiple pellet sizes, injected into discharge 178555 at
3055 ms.

Figure 5. Linear growth rate dependence on pellet size for the most
unstable mode, n = 9, in figure 4. The pellet size is the radius of a
spherical pellet.

that pellets larger than rcrit can successfully trigger an ELM in
this discharge at this time, while smaller ones cannot.

3.2. Threshold vs poloidal injection location

The pellets in the previous subsection have been injected at
the outboard midplane, given by Zp = 0, further on identified
as the 0◦ location. In this section we vary the poloidal injec-
tion location, while maintaining the same flux surface location
as in the 0◦ case, given by ψp = 0.945. Note that the linear
simulations do not include any pellet motion, therefore the
direction of pellet injection has no direct impact on the shown
results. Since the outboard midplane injection is considered to
be radially inwards, we maintain the assumption that pellets
move perpendicular to the flux surfaces towards the magnetic
axis for the other poloidal locations. Furthermore, linear M3D-
C1 does not account for the drift of particles ablated by the
pellet in the edge. It has been observed that such drifts could
either transport pellet material further into the plasma, as seen
on the HFS, increasing the so called fueling efficiency, or out
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Figure 6. Poloidal cross-section of discharge 178555 at 3055 ms.
The red dots show the location of pellet injection.

into the SOL, as has been seen on the LFS, especially the mid-
plane [18]. Such a drift can affect the effective pellet size nec-
essary to trigger ELMs, as material can be moved towards or
away from the critical location for ELM triggering. Therefore,
we point out that ‘pellet size’ here refers to the actual plasma
perturbation size.

Figure 6 shows the poloidal cross-section of discharge
178555 at 3055 ms with the red markers showing the various
poloidal injection locations considered here. For each of these
locations the critical pellet size threshold is determined using
the same procedure as discussed above. As shown in figure 7
the critical pellet size threshold, shown by the blue markers,
varies significantly with the poloidal injection location. The
0◦ and 60◦ locations have similarly small thresholds around
0.7 mm, which makes them the most effective locations for
ELM triggering. At 120◦ and 240◦, which is near the upper
and lower x-points respectively, the threshold exceeds 1.5 mm
and has not been determined any further. At 180◦ and 300◦ the
threshold is about 1.31 mm. Keep in mind that a factor of two
in pellet size translates into a factor of eight increase in the
pellet’s mass and number of particles.

The reason why the outboard midplane is among the most
effective locations is generally to be believed due to a strong
coupling with ballooning modes in that region. Injected pel-
lets cause a large local increase in density when ablating.
Even though this causes a drop in local temperature due to
dilution cooling, the pressure still spikes, because parallel
electron thermal transport is much faster than the ion sound
speed. The working hypothesis in the pellet community, as
also shown in section 5, is that this increase in pressure then

Figure 7. Pellet size thresholds for ELM triggering depending on
the poloidal injection location, as shown in figure 6.

kicks the equilibrium over the ballooning (pressure-gradient-
limited) pedestal stability limit and triggers the ELM. Even for
a peeling-limited pedestal, the increased density from the pel-
let pushes the pedestal into a ballooning regime. The increased
threshold at the inboard midplane as well as the strong stability
near the x-points agree with that hypothesis. The strong asym-
metry between the 60◦ and the 300◦ locations is unexpected
and still under investigation. The ITER pellet injection ports
are located around 280◦, 225◦ and 210◦, which are in a section
of significantly higher threshold here.

Previous experiments in DIII-D high-collisionality dis-
charges [18] observe that ELMs triggered by low-field side
(LFS) injection are much larger than ELMs triggered by high-
field-side (HFS) injection for the same pellet size. There-
fore the reference concludes that ELMs could be triggered
by smaller pellets on the LFS than on the HFS. However, it
should be pointed out that all pellets actually triggered ELMs
in the experiment, so it is difficult to draw a clear conclusion
on poloidal location. On the other hand, JOREK simulations
of pellet ELM triggering suggest that HFS injection would
require smaller pellets to trigger ELMs than LFS injection
[17]. Furthermore, recent JET results show that the likelihood
of triggering ELMs during pacing experiments is larger for
vertical HFS (VHFS) injection than for LFS injection [33].
Note that the reference uses an extensive database of JET
results which spans a wide range of electron density and tem-
perature, but it does not distinguish by collisionality. Never-
theless, both results indicate that a VHFS location is more
favorable for pellet injection. This important issue will be fur-
ther addressed by future experiments in DIII-D with low col-
lisionality plasmas, various pellet sizes and multiple injection
locations.

3.3. Radial pellet penetration sensitivity

So far, all pellets were injected at the same radial flux surface
location ψp = 0.945, which matches (Rp, Zp) = (2.256, 0) m
at the outer midplane, as determined by the ablation model in
figure 2. In this subsection we study how sensitive is the critical
pellet size threshold to the radial location; the original point is
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Figure 8. Pellet size thresholds for ELM triggering depending on
radial location Rp along Z = 0. Black: constant pellet-rate, as found
for Rp = 2.256. Red: pellet-rate is adjusted to respective radial
position. Note that the separatrix is located at about 2.275 m.

used as reference. First, only Rp is changed in the code input,
while all other inputs, Zp = 0, vp and Ap are kept fixed for pel-
lets of the same size. This results in the black curve in figure 8.
The critical pellet size threshold raises strongly with decreas-
ing Rp, and drops further outwards of the reference point. This
does not take into account, however, how the density and tem-
perature of the background plasma, and thus the pellet-rate Ap,
change as the pellet changes position.

The red curve in figure 8 takes the local change of the pellet-
rate into account, which means that the pellet’s density pertur-
bation is larger in magnitude for the same pellet size the further
inwards the pellet ablates. So, for the red curve not only Rp is
changed, but also Ap in a consistent way to account for the local
changes in the background plasma at the respective positions.
The critical pellet size threshold still increases with decreasing
Rp, but much more moderately, and drops less outwards of the
reference point. Even if the radial position were unknown, the
critical pellet size threshold would be within 0.85 mm ±20%
across the entire plasma edge.

3.4. Peeling vs ballooning limited discharges

Discharge 178555 is a low collisionality discharge with
ν∗ < 1 and with ν∗ = 0.8 at 3055 ms in particular. We expect
the pedestal stability of the discharge to be limited by the
edge current density (peeling) rather than by the pressure
gradient (ballooning). This can be confirmed by the ELITE
code [34] which calculates the pedestal stability diagram, as
shown in figure 9. ELITE was run from within OMFIT [35].
The x-axis represents the normalized pressure gradient, the
y-axis the normalized edge current density. The color con-
tour where the diamagnetic stabilization is equal to one, given
by the solid black line, denotes where the ideal peeling-
ballooning instability overcomes diamagnetic stabilization and
would result in an ELM crash. The black marker shows the
operating point of the discharge at 3055 ms within the stable
region, close to the horizontal branch of the stability boundary.
So the pedestal stability is peeling limited here.

Figure 9. ELITE stability diagram for discharge 178555 at
3055 ms. The black marker shows the operational point of the
discharge. The red and blue markers are VARYPED equilibria along
the same iso-stability surface. The black line marks the
peeling-ballooning stability boundary.

As mentioned earlier, the hypothesis for pellet ELM trig-
gering is that the local pressure increase, due to the ablat-
ing pellet, pushes the operational point across the ballooning
branch of the pedestal stability boundary. In other words, the
pellet shifts the operational point more or less horizontally
in the ELITE diagram. So, one would expect that the hori-
zontal ‘distance’ of the operational point from the ballooning
branch affects the pellet size threshold for ELM triggering. To
test this hypothesis we use the VARYPED code to modify the
electron density and electron temperature profiles to shift the
operational point either more towards the ballooning branch
(blue marker) or even further away to an even stronger peeling
limited pedestal (red marker). Thereby the shift is done along
the same iso-stability surface (given by the color contours) in
figure 9.

Figures 10(a) and (b) show the electron density and electron
temperature profiles respectively for all three cases, the origi-
nal discharge at 3055 ms as well as the even stronger peeling
limited case (red) and the ballooning limited case (blue). The
profile variations are intended to scale the pressure gradient as
well as the bootstrap current in the pedestal region so that the
edge stability is systematically changed. Thereby, when scal-
ing the pedestal pressure the core profiles are adjusted such
that the total stored energy is fixed and roughly the collision-
ality profile is fixed. Also, when scaling the bootstrap current
the total current is kept fixed. Note that there is no constraint on
the central q value in this approach, which can lead to a q on
axis below unity and therefore causing an n = 1 core instabil-
ity in the simulation, as observed in the red curve in figure 11.
The collisionality changes only moderately with the modified
profiles; the peeling case has ν∗ = 0.7, while the ballooning
case has ν∗ = 1.1. The plasma shape as well as the rotation
profile and any other inputs to M3D-C1 remain unchanged.

Similar to figure 4 M3D-C1 then finds the linear growth
rates for all the toroidal modes at a given pellet size of 0.72 mm
for the peeling (red) and ballooning (blue) cases. Figure 11
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Figure 10. (a) Electron density and (b) electron temperature profile
for 178555 at 3055 ms (black line), and its VARYPED variations
according to figure 9.

Figure 11. Linear growth rates for toroidal modes between n = 1
and n = 25 for the equilibria marked in figure 9, and a pellet size of
0.72 mm.

compares the results to the original discharge (black). Note that
the black curve here is the same as the green curve in figure 4.
While in the original discharge a 0.72 mm pellet just triggers
an ELM with small but positive growth rates for n = 9 and
n = 11, the ballooning limited case shows much larger growth
rates for modes between n = 7 and n = 13. This shows that the
ballooning limited case triggers an ELM much more easily and

therefore has a smaller critical pellet size threshold. The peel-
ing limited case on the other hand shows negative growth rates
for the same modes that are unstable in the other two cases. In
this case a 0.72 mm pellet fails to trigger an ELM; the equilib-
rium remains stable in the edge, indicating that the pellet size
threshold is greater than in the original discharge. The unstable
n = 1 mode in this case is localized in the core and does not
affect the edge stability. This result strongly supports the given
hypothesis, but further experimental and theoretical research is
needed to confirm it.

4. Comparison with experiment

In the experiment [22], cryogenically frozen deuterium pellets
were injected at the outboard midplane directed towards the
magnetic axis. Two sizes of cylindrical pellets were used, each
produced using a separate pellet gun but launched from the
same injection point inside the vessel. A traditionally pacing-
sized pellet, with diameter 1.3 mm and length 0.9 mm, referred
to as ‘small’ pellet from here on, is followed 20 ms later by
a traditionally fueling-sized pellet, with diameter and length
both 1.8 mm, henceforth referred to as ‘big’ pellet. Since the
pellets are modeled as spherical in the simulation, an effec-
tive radius, which matches the pellet’s volume, is found to be
rp = 0.66 mm for the small pellet and rp = 1.03 mm for the
big pellet. Note that the true mass (and number of macroscopic
pieces) of each pellet can vary, due to differences in pellet qual-
ity produced by cutting pellets out of an extrusion as well as
differential ablation along the guide tube; the latter is only a
very weak effect.

Figure 12 shows time traces of the discharge evolution lead-
ing up to the first pellet injection: (a) the edge plasma density
as measured by an interferometer cord through the outer radial
regions of the confined plasma, (b) Dα emission in the diver-
tor as measured by the filterscopes, (c) peak heat flux at the
inner strike point from the infrared camera, (d) fluctuations in
the magnetic field near the pellet injection location (that tend
to coincide with ELMs), and (e) a photodiode signal measur-
ing the pellet ablation light. Note that the last panel’s y-axis is
on a log scale. Leading up to the first pellet injection just after
3000 ms the discharge experiences large, slow, natural type-I
ELMs at about 20 Hz frequency, as shown by the Dα signal.
For each ELM the edge density drops, the infrared camera at
the inner strike point records a spike in peak heat flux, and
the magnetic probes register strong fluctuations. In between
the ELMs the density recovers. After 3000 ms the pellet injec-
tion starts. A small pellet is followed by a big one 20 ms later.
The consecutive injection of small and big pellets repeats every
200 ms, which is slower than the natural ELM frequency, to
allow for the plasma to recover and the divertor cryopumps
to remove the injected excess density, so that individual ELM
triggering can be studied in contrast to high-frequency ELM
pacing.

The vertical blue bar in figure 12 marks the ablation of the
first small pellet, even though the peak in the photodiode signal
is almost within the noise. The other signals, however, do not
show the characteristics of an ELM at that time, so the small
pellet fails to trigger. The big pellet then triggers an ELM 20 ms
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Figure 12. Time traces of discharge 178555, leading up to the first pellet injection: (a) the edge plasma density, (b) Dα emission in the
divertor, (c) peak heat flux at the inner strike point, (d) magnetic fluctuations near the pellet injection location, and (e) a photodiode signal
measuring the pellet ablation light.

later, identified by the spikes in all signals as highlighted by the
vertical red bar. Also the ELM energy fluence changes for pel-
let triggered ELMs [22] like this, compared to natural ELMs.
This observation repeats more or less throughout the discharge.
Sometimes a small pellet triggers an ELM, but often it does
not, while then the subsequent big pellet succeeds.

By applying the procedure discussed in section 3.1 to the
times 2815, 3055, 3630, 3838, 4264, and 4434 ms, linear-2D
M3D-C1 simulations found the critical pellet size thresholds
at the respective times in discharge 178555. The results are
shown in figure 13 by the black markers on top of the gray
bars, which indicate the stable region of pellet sizes not trig-
gering ELMs in the simulation. The variation in the thresh-
olds is most likely due to the various timings of the equilibria
within the respective ELM cycle of the pedestal. One would
expect the threshold to be lower, if an equilibrium is closer in
time to a natural ELM event. The thresholds are compared to
events in the respective experiment. The red markers indicate
when pellets fail to trigger an ELM, while the green markers
indicate successful ELM triggering by the injected pellet. The
shown size of each pellet is derived from the pellet mass, mea-
sured by a microwave cavity detector along the pellet path. The
error bars give the uncertainty of the pellet size based on the
microwave cavity detector background noise, which is quite
asymmetric. The error is larger for small sizes and diminishes
for larger pellets, due to the cubic relation between radius and
mass. At 2815 ms no pellet is injected, but a natural ELM

Figure 13. M3D-C1 simulated critical pellet size thresholds for
multiple times in discharge 178555, shown by the gray bars,
compared to events in the respective experimental discharge
178555: the red markers indicate when pellets fail to trigger an
ELM, while the green markers indicate successful ELM triggering
by the injected pellet.

occurs. This shows that there is still a finite pellet size thresh-
old within the last 20% of the ELM cycle (the time average of
the EFIT equilibrium) before a natural ELM event.

At 3055 ms the small pellet fails to trigger, and does not
raise the density (see figure 12), as it is tiny and only a frag-
ment of the desired pellet size. The big pellet succeeds. The
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Figure 14. Electron density in the poloidal cross-section at ϕ = 0 for multiple times during the pellet ablation process.

Figure 15. Time evolution of the pellet radius (black line) and the
pellet-rate (red line).

simulated threshold of 0.7018 mm agrees with the experimen-
tal observation. At 3630 ms, only the large pellet is detected
by the diagnostics, so the small pellet size is assumed to be
within the detector noise. At 3838 ms a small pellet success-
fully trigges the ELM. Another small fragment follows right
after, but does not trigger an additional ELM. Note that the
shown threshold is calculated for an equilibrium right before
the triggered ELM and does not capture the plasma state right
after. At 4264 ms the situation is similar to earlier, where
the small pellet fails, while the large one triggers the ELM.
Finally at 4434 ms both pellets trigger an ELM. The thresh-
old is clearly below the larger pellet size, while it is within the
error bar of the smaller pellet size. Overall excellent agreement
between simulation and experiment is found here.

5. 3D nonlinear simulation

In contrast to the linear simulations in the previous sections,
fully 3D nonlinear M3D-C1 simulations evolve the plasma
equilibrium as well as the pellet density source in time. The 3D

simulations use a similar adaptive grid in the poloidal cross-
section, see again figure 1, as the linear-2D ones, but with a
slightly coarser grid resolution to reduce memory and compu-
tational time requirements. The grid is then extended toroidally
using cubic finite elements for a given number of toroidal
planes. The number of planes sets the limit on the toroidal
modes that can be resolved. Here we use 48 planes, evenly dis-
tributed around the torus. Such a simulation is computationally
very expensive and uses about 12k CPU cores to run for 36 h on
the NERSC high-performance computing clusters in order to
advance the time evolution for about 60 Alfven times. For the
case discussed in this section, we use the equilibrium 178555
at 3055 ms, the same one used throughout section 3.

The code uses the same ablation model as shown in figure 2
to determine the pellet-rate, which now evolves in time. There-
fore Ap is no longer a required input. Instead the pellet
material, which is set to deuterium here, the pellet radius
rp = 0.72 mm, the initial size of the pellet cloud, set to 10
times the pellet radius to match vp, and the local electron
temperature and density are used to calculate the pellet-rate
during the simulation. In contrast to the 2D-linear simula-
tions the pellet density source S is also toroidally localized
using equation (2). The toroidal width vt of the von Mises
distribution is set to vt = 0.45 so that it can be reasonably
resolved by the number of toroidal planes. Note that this means
the full width of the toroidal distribution at half amplitude is
about 26◦ or about 1 m at Rp. The initial pellet location is
the same as in the linear-2D cases with Rp = 2.256 m, Zp = 0
and now ϕp = 0. The pellet also moves with a given velocity
	v = (vR, vϕ, vZ) = (−500, 0, 0) m s−1 radially inwards. Note
that in the actual experiment the pellet velocity ranges from
100 m s−1 to 400 m s−1, while experimental observations show
that the velocity dependence of ELM triggering is very weak.
Therefore we use it here to shorten the computational time
required to propagate the pellet within the edge; we run the
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Figure 16. Radial profiles along the midplane Z = 0 and ϕ = 0 for (a) electron density, (b) electron temperature, and (c) electron pressure
at multiple times during the pellet ablation process.

simulation for 60 Alfven times, over which time the pellet
moves about 2 cm at the given velocity.

During the simulation the pellet ablates with evolving time,
causing the pellet density cloud to spread, while the pellet size
shrinks. Figure 14 shows the poloidal spread of the pellet den-
sity cloud over time. At 1τA (left panel) the pellet has just been
injected at the outboard midplane and starts ablating. With pro-
gressing time the cloud spreads toroidally and poloidally along
the flux surfaces. Later in time (right panel) the spread of the
cloud has rotated somewhat clockwise due to the E × B rota-
tion of the plasma. At that time the pellet has moved about
2 cm radially inwards, which is hardly noticeable in the figure
though.

The pellet-rate, as calculated consistently by the ablation
model during the simulation, is shown in figure 15 by the red
line. Very early on the pellet-rate peaks, but then saturates. The
black line in the figure shows the pellet radius which is decreas-
ing very slowly. By the end of the simulation about 13% of the
pellet volume has been ablated.

Like in the linear-2D cases, the pellet causes a local peak in
the electron density, as can be seen in figure 16(a), but here
the peak density and background plasma evolve in correla-
tion with the pellet-rate. The peak density reaches a maximum
early on but then saturates around 3.5 × 1020 m−3. The elec-
tron temperature drops significantly inside the pellet ablation
cloud due to dilution cooling, as shown in figure 16(b), while
the resulting electron pressure still peaks strongly as found
in figure 16(c). This matches with the general expectations
of pellet ablation and has been observed in pellet injection
experiments.

Similar to figure 3 the shown figure, figure 17, gives the
poloidal magnetic field of the nonlinear simulation at vari-
ous times throughout the discharge. The magnetic field shows
the modes exited by the pellet perturbation without the over-
whelming effect of the pellet’s localized density. As can be
seen, similar to the process discussed in figure 3, at first the
pellet excites a mode on the ablation flux surface at the pellet
injection location. The perturbation spreads quickly along the
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Figure 17. Poloidal magnetic field in the poloidal cross-section at ϕ = 0 for multiple times during the pellet ablation process. Not that all
figures are on the same colorbar scale.

Figure 18. Time evolution of the magnetic energy for low order
toroidal modes (gray colors), intermediate-n toroidal modes (blue
colors), and high-n toroidal modes (red colors). The respective mode
numbers n are given by the inline labels. Note that the y-axis is on
a log scale.

flux surface, see T = 10τA. Later on, see T = 25τA, several
modes located further towards the edge are excited, which then
grow. Around T = 50τA these ELMs have grown considerably
and dominate the mode spectrum.

The main result of the 3D nonlinear simulation of discharge
178555 at 3055 ms is that a pellet with radius rp = 0.72 mm
triggers an ELM within 50 Alfven times after the ablation
begins; the result is presented in figure 18. The figure shows
the magnetic energy of the spectrum of toroidal modes over
time. The modes are grouped in three categories: the low order
toroidal modes, n = 3, 5, 7 are shown by the gray colors, the
intermediate-n toroidal modes, n = 11, 13, 15, which are typ-
ically associated with peeling modes, are shown by the blue
colors, and the high-n toroidal modes, n = 19, 21, 23, which
are typically associated with ballooning modes, are shown by
the red colors. Note that the y-axis is on a log-scale. Early on
all mode energies rise due to the initial perturbation caused
by the pellet. But, around 20 Alfven times the magnetic ener-
gies of all modes have more or less saturated. Then, around
30 Alfven times the magnetic energy of all intermediate-
n modes starts to rise significantly, indicating that these

modes are growing strongly. During that time the low-n and
high-n modes remain stable; the magnetic energy of the high-
n modes even decreases. After 40 Alfven times the magnetic
energy of all high-n modes starts to increase quickly, exceed-
ing the energy of all other modes around 50 Alfven times. This
shows that the pellet first causes peeling modes to destabilize,
which then in turn destabilize ballooning modes, by transfer-
ring mode energy [36], resulting in an ELM instability. The
pellet has successfully triggered an ELM in this equilibrium.
Note that a 3D nonlinear simulation of the same equilibrium
without pellet injection remains stable with negligible mag-
netic energies for all modes. The pellet size here exceeds the
critical pellet size threshold found in section 3.1, so this result
is consistent with the linear simulations discussed above.

6. Conclusions

Using linear-2D M3D-C1 simulations we are able to deter-
mine the critical pellet size threshold for ELM triggering in
a low-collisionality, peeling limited discharges. For multiple
pellet sizes linear simulations were run for a wide range of
toroidal mode numbers, sampling low-, intermediate- to high-
n toroidal modes. The most unstable mode is found, and, by
fitting the linear growth rates of the most unstable mode for
all considered pellet sizes, the critical threshold is given by
the pellet size where the growth rate crosses into positive. For
discharge 178555 at 3055 ms the critical pellet size threshold
rcrit = 0.7018 mm is found. So far all linear simulations are
run in single fluid mode. In future work we will add two-fluid
simulations to the linear-2D approach to include diamagnetic
terms, which affect pedestal stability as well.

A fully 3D nonlinear M3D-C1 simulation of the same
equilibrium confirms that a pellet of size rp = 0.72
mm successfully triggers an ELM by first destabilizing
intermediate-n peeling modes, which then in turn destabilize
high-n ballooning modes shortly after. The 3D nonlinear
simulation includes a much more realistic pellet model than
the linear simulations. The pellet ablates over time while
it moves radially inwards. The pellet density cloud spreads
along flux surfaces, causing a significant reduction in electron
temperature due to dilution cooling, while the electron
pressure still peaks. While extensive parameter scans in 3D
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nonlinear runs are not practical due to their computational
expense, this result is consistent with our linear parameter
scans, giving greater confidence to those results.

Relying further on linear-2D simulations, multiple poloidal
pellet injection locations are considered, while maintaining the
radial flux surface location of the pellet. It is found that the out-
board midplane as well as an upper 60◦ location are favorable
for pellet ELM triggering. On the other hand, locations near the
upper and lower x-points are the most unfavorable locations.
The inboard midplane shows about twice the critical threshold
size as the outboard midplane; so does injection around 300◦.
Note that the linear code used here does not account for the
particle drift of the ablated material, and therefore the pellet
size actually refers to the plasma perturbation size.

Published results from JOREK and JET indicate that a ver-
tical HFS location is more favorable for pellet injection. On
the other hand, as shown here, plasma conditions play a cru-
cial role in the effectiveness of pellets to trigger ELMs. The
simulations by JOREK were conducted in high-collisionality
plasmas, as were the ELM triggering and pacing experiments
at that time. The results by JET span a wide range of electron
density and temperature, but do not distinguish by collision-
ality. The difference between the shown simulations and the
published results could be due to drifts, which carries pellet
material, so that much more pellet material reaches the criti-
cal location for ELM triggering for a pellet injected from the
HFS than for one injected from the LFS. As machines gets
larger, the same phenomenon is likely to play a significant
role for ELM pacing, where small slow pellets are used to
trigger ELMs. The entire matter indicates an issue for ITER,
which is designed to inject pellets around 280◦. It is likely that,
for injection near 280◦ the drift would be mainly outwards,
in which case the concern is even more valid. Clearly more
experimental and theoretical studies are necessary.

Using the procedure outlined earlier, the critical pellet size
threshold for ELM triggering is determined for multiple times
during discharge 178555 and compared against ELM trigger-
ing events in the respective experiment. In all cases the sim-
ulated threshold separates events where a small pellet fails
to trigger an ELM in the experiment from events where a
pellet (small or big) successfully triggers an ELM. Despite
the limitations of linear-2D simulations, this result shows
good agreement with experimental observation. Further exper-
iments are currently underway, and will be followed up by
ongoing modeling and simulation work in the future.

In agreement with the hypothesis for pellet ELM trigger-
ing, further linear simulations confirm that linear growth rates
are significantly larger when an equilibrium operates closer to
the ballooning branch compared to the original equilibrium
for the same pellet size. On the other hand, the same pellet
fails to trigger an ELM for an equilibrium that operates fur-
ther away from the ballooning branch. This result suggests that
pellet ELM triggering in ITER could be challenging due to
ITER’s expected low-collisionality, strongly peeling-limited
operational regime. In future work we will use linear M3D-
C1 simulations to determine a critical pellet size threshold for
modeled ITER discharges and predict the required pellet size
for the ITER pellet pacing system.
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