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Abstract. Edge localized modes (ELMs) are triggered using deuterium pellets
injected into plasmas with ITER-relevant low collisionality pedestals, and the
resulting peak ELM energy fluence is reduced by approximately 25-50% relative
to natural ELMs destabilized at similar pedestal pressures. Cryogenically frozen
deuterium pellets are injected from the low-field side of the DIII-D tokamak at
frequencies lower than the natural ELM frequency, and heat flux is measured by
infrared cameras. Ideal MHD pedestal stability calculations show that without
pellet injection, these low collisionality pedestals were limited by their current
density (peeling-limited) rather than their pressure gradient (ballooning-limited).
ELM triggering success correlates strongly with pellet mass, consistent with the
theory that a large pressure perturbation is required to trigger an ELM in low
collisionality discharges that are far from the ballooning stability boundary. For
sufficiently large pellets, both instantaneous and time-integrated ELM energy
deposition measured by infrared cameras is reduced with respect to naturally
occurring ELMs at the inner strike point, which is the position where it is largest
for natural ELMs. Energy fluence at the outer strike point is less effected.
Cameras observing both heat flux and D-alpha emission often find significant
toroidally asymmetric striations in the outboard far scrape-off layer resulting
from ELMs that are triggered by pellets. Toroidal asymmetries at the inner strike
point are similar between natural and pellet-triggered ELMs, suggesting that the
reduction in peak heat flux and total fluence at that location is robust for the
conditions reported here.
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1. Introduction

One of the most urgent challenges facing the prospect
of a tokamak-based fusion reactor is preventing or
mitigating the edge localized modes (ELMs) [1]. ELMs
are intense, periodic ejections of con�ned plasma that
occur in the tokamak edge in the high con�nement
\H"-mode. In H-mode, the pressure gradient and
current density accumulate in a thin layer at the
edge of the con�ned plasma, generating the so-
called \pedestal". While the pedestal is good for
con�nement, the generally accepted theory is that the
increase of pedestal pressure and current eventually
reaches a point where it triggers a peeling-ballooning
instability [2], ejecting the edge layers of the high
energy con�ned plasma on a fast timescale, of order �1
ms in present devices. The magnetic equilibrium then
re-establishes and the pedestal begins growing again,
continuing the periodic ELM cycle.

While tolerable in most present devices, the
energy deposited by ELMs on the �rst wall of a
tokamak device is expected to scale with the edge
plasma pressure pped, which could easily lead to

melting of the wall material in ITER or other high-
pressure, reactor-scale devices [3, 4]. In addition to
the heat 
ux problem, recent work has found that large
magnetic perturbations induced by ELMs may trigger
neoclassical tearing modes that lead to disruptions in
tokamak plasmas where the equilibrium condition had
otherwise been stable [5, 6].

Ideally, full suppression of ELMs is desirable, but
access and sustainment of ELM-suppressed scenarios in
reactor-scale devices with detached divertor conditions
is uncertain, particularly in a device with limited
torque injection available relative to the plasma inertia.
Suppression of ELMs using applied 3D resonant
magnetic perturbations (RMP) has been demonstrated
in many tokamak devices [7, 8, 9, 10]. In DIII-D, RMP
ELM suppression appears to require a rotation pro�le
where the E�B rotation crosses zero near the top of
the pedestal, which has thus far not been accessible
with zero net injected torque [11, 12]. It could be
that the threshold resonant 3D �eld for suppression
is reduced in ITER relative to DIII-D su�ciently so
that such rotation control is not necessary [13], but this
remains to be seen. There are also concerns that the
3D equilibrium heat 
ux lobes caused by the modi�ed
magnetic �eld structure in the divertor may be di�cult
to detach [14], and rotating the applied �elds in time
to distribute this heat 
ux may be challenging from
an engineering and component lifetime standpoint [15].
At the same time, the most concerning possibility is
that the application of 3D �elds may lead to rotation
braking, tearing modes and disruptions.

Similarly, QH-mode scenarios appear to require

a critical rotation shear in the pedestal [16], which
may necessitate a level of rotation control that is
not available in a reactor-scale plasma. I-mode [17],
while apparently not dependent on torque injection for
access, may be di�cult to integrate with a detached
divertor [18]. Although it is clear that none of
these scenarios have been ruled out as options for a
tokamak reactor, and some or all of them may be
accessible in a given reactor design, it is also clear
that alternative options for ELM mitigation should be
explored in the event that full ELM suppression cannot
be accessed within the limitations of a given device.
This is particularly true for ITER, which is unlikely
to accommodate signi�cant changes to major device
components at the time of this writing.

ELM pacing by periodic injection of cryogenically
frozen pellets of hydrogenic fuelling gas will be
available in ITER for mitigation of the ELM-induced
heat 
ux as well as general impurity control [19, 15].
Previous studies on DIII-D [20, 21, 22, 23], ASDEX
Upgrade [24] and JET [25, 26] have demonstrated
that triggering ELMs at a frequency higher than
that of the naturally occurring ELMs can reduce
the peak instantaneous heat 
ux incident on the
divertor target. Ideally, this reduction in peak heat

ux is roughly proportional to the increase in ELM
frequency achieved by triggering. This has been
achieved with the injection of lithium granules as well
as the aforementioned hydrogenic pellets [22]. Indeed,
the largest tokamak currently in operation and the
closest approximation we have to ITER, JET-ILW,
has demonstrated that pacing ELMs with periodic
pellet injection mitigates ELM damage and subsequent
core tungsten accumulation while enabling good core
con�nement [19, 27].

Small vertical position displacements have also
been employed to successfully pace ELMs in JET [28].
This method of ELM pacing is likely not possible in
ITER, however, due to the limited slew rate of the
primary poloidal �eld coil current, as well as the risk
of a vertical displacement instability if the normally
conducting in-vessel coils were used [19].

Recent studies have raised the issue that, in
addition to unacceptable instantaneous heat 
ux, time-
integrated heat 
ux due to ELMs (ELM energy 
uence)
may cause melting, which may not be reduced by rapid
triggering as signi�cantly as the peak instantaneous
heat 
ux [3]. The work presented here focuses on the
change in total integrated energy 
uence with pellet
ELM triggering when pedestal collisionality is low and
pedestal stability is naturally peeling-limited, which
is likely to be the regime in which ITER and other
reactor-scale devices are operated. Here we use the
standard de�nition of normalized electron collisionality
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� � [29],
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where ne is electron density per m3, Te is electron
temperature in eV, q is the inverse rotational
transform, and R and a are the equilibrium major
and minor radii in meters, respectively. With this
normalization, � � < 1 results in \collisionless" electron
orbits, whereby a trapped electron undergoes a full
banana orbit on average before a collision, thus
enabling the drive of signi�cant bootstrap current [29].
Here ne, Te, q and Zef f are all quantities localized to a

ux surface, while R and a are global. In tokamak
H-mode plasmas, low� � conditions in the pedestal
tend to correspond to pedestal stability that is limited
by the current density (\peeling-limited") rather
than the pressure gradient (\ballooning-limited"), due
to the larger bootstrap current drive. As device
size becomes larger and pedestal top temperatures
increase, it is expected that reactor-scale tokamaks
with conventional aspect ratios will be predominantly
peeling-limited.

Traditionally, experiments exploring ELM pacing
using pellets have operated in regimes with high
collisionality in the pedestal region, � �

ped > � 2,
due to the di�culty of achieving low density edge
plasma conditions while injecting pellets at high
frequency [21, 22]. This high collisionality is expected
to favor successful ELM triggering, as MHD modelling
shows that the process of pellets triggering ELMs
is via a pressure perturbation in the plasma [30,
31]. Starting with an equilibrium that is closer
to the ballooning stability boundary minimizes the
perturbation required to destabilize the ELM. There
is therefore some motivation to experimentally test
how pellets might modify the pressure and current
pro�le on a fast timescale with hot, low collisionality
pedestals, such as those expected in ITER, where� �

ped
is estimated to be � 0.015 in the 15 MA scenario [32].
Larger pellets may be required, as explored here in
Section 3.

The remainder of this paper proceeds as follows:
Section 2 lays out the setup of the pellet ELM
triggering experiments in DIII-D, Section 3 explores
the dependence of ELM triggering success on pedestal
collisionality and pellet mass, Section 4 describes the
ELM-induced heat 
uxes and time-integrated 
uence
caused by both triggered and naturally occurring
ELMs, Section 7 provides a discussion of implications
and future work and Section 8 gives a brief summary
of the results.

Figure 1. Plasma equilibrium cross section for the modi�ed
ITER-similar shape and IR camera coverage in the lower
divertor. Contours in the core indicate  n increments of 0.1,
and 0.01 in the SOL. Pellet injection, D- � fastcam, IR periscope
and IRTV viewing locations are noted, and green arrows and
numbers indicate the coordinate \Distance along wall" used for
IR pro�les presented in Section 4.

2. Setup of ELM triggering experiments with
low collisionality pedestals

Experiments were executed in DIII-D plasmas with a
modi�ed \ITER-similar" shape, used previously for
ELM heat 
ux studies [33]. The plasma magnetic
equilibrium is shown in Fig. 1 to illustrate the plasma
shape and pellet injection location as well as positions
viewed by the lower-viewing infrared camera (IRTV)
in the lower divertor target at a toroidal angle of
60 degrees in green. View ranges for the fast D-�
camera (dashed black line) and tangentially viewing
IR periscope camera (magenta) are also shown. The
outer strike point has been pulled radially inward in
this experiment to allow su�cient IR coverage, at the
cost of reduced pumping e�ciency. As a result, the
majority of the intersection of the equilibrium magnetic

ux with the �rst wall is captured by the infrared
camera in this shape. Less than 0.5% of the normalized
poloidal 
ux in the scrape-o� layer (SOL) is shadowed
by the pump shelf.

Although the infrared camera is technically a line-
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Shot number Times used (s) PNBI (MW) PECH (MW) ne range (1019 m� 3)
178555 2.2 - 5.5 1.85 1.4 3.8 - 5.0
178556 2.3 - 5.5 1.85 1.1 4.5 - 5.1
178558 2.2 - 5.0 1.85 1.4 4.1 - 5.8
178559 2.2 - 5.5 1.85 1.4 4.4 - 4.6
178560 2.2 - 5.0 1.85 1.4 4.5 - 5.8
184867 2.3 - 5.5 1.9 1.0 3.7 - 4.4
184868 2.3 - 5.5 1.9 1.0 3.8 - 4.4
184869 2.3 - 5.5 1.9 1.0 3.6 - 4.7
184870 2.3 - 5.5 1.9 1.0 3.9 - 5.3
184871 2.3 - 5.5 1.9 1.0 4.2 - 5.2

Table 1. Experimental parameters for discharges presented here, with times included in the anaylsis, neutral beam and electron
cyclotron heating powers, and the range of line averaged densities at the time of each ELM within this time range.

integrated measurement, in this analysis it is assumed
that the majority of the emission comes from the
material surfaces. This assumption is expected to
be valid for the discharges presented here due to the
relatively low plasma and neutral density in these
conditions, where the divertor targets are strongly
attached and signi�cant upstream infrared radiation
is not expected. Raw wall temperature measurements
from the camera show exponential decay following an
ELM, as expected, suggesting that volumetric emission
is not a dominant factor. Using this assumption, the 1-
D coordinate \Distance along wall" can then be de�ned
as starting from the edge of the camera view on the
inner wall. This coordinate will be used for pro�les of
heat 
ux presented later. The IRTV camera frame rate
is approximately 12 kHz.

The discharges presented here are given in Table 1,
along with the times used for ELM analysis, the time-
averaged power injected using neutral beam injection
(NBI) and electron cyclotron heating (ECH), and
the range of line-averaged densities as measured by
the interferometer at the time of each ELM within
the time range. Co-current neutral beam heating
was injected into a plasma with toroidal magnetic
�eld B T =1.6 T and edge safety factor q95=4.4. Ion
B � r B drift direction was into the primary (lower)
divertor, the \favorable" direction for low L-H power
threshold. Injected electron cyclotron heating power
was between 1.0-1.4 MW, depending on the sources
available for a given discharge. The predicted L-H
power threshold based on the 2008 ITPA empirical
scaling [34] varied between 1.5-2.0 MW during these
experiments, depending on the density. The relatively
low neutral beam power was chosen to be near the L-H
transition threshold to establish low frequency natural
ELMs for optimal diagnostic coverage of individual
ELM events. Injected power as a fraction of the L-
H power threshold (PLH ) has also been shown to
be correlate negatively with integrated ELM energy

uence [33], so this heating scheme results in large

Figure 2. Pellet ablation light from the plasma, showing
emission from the ionization of small and big pellets injected in
turn every 200 ms on DIII-D discharge 178560.

ELMs that are expected to be relevant for ITER, where
the total available injected power is expected to be very
close to PLH [34].

In order to test the e�cacy of pellet ELM
triggering, cryogenically frozen deuterium pellets were
injected from the low-�eld side outboard midplane at
135 degrees toroidally, directed towards the magnetic
axis. This injection location gives optimal coupling
to the ballooning modes that are thought to trigger
ELMs [30]. Cylindrical pellets of two di�erent initial
sizes were used, each produced by a separate pellet
gun but launched from the same injection point inside
the vessel: pellets with diameter 1.3 mm and length
0.9 mm (approximately 7.2� 1019 atoms when fully
formed, referred to as \small" pellets from here on),
and pellets with diameter and length both equal to
1.8 mm (approximately 2.7� 1020 atoms, henceforth
referred to as \big" pellets). The actual mass of each
injected pellet (as well as the number of macroscopic
secondary fragments) varied as it arrived at the plasma
due to di�erences in pellet quality cut from the
extruded solid in addition to di�erences in losses from
transit along the guide tube. Light gates separated by
35 cm along the pellet guide tube were used to calculate
the pellet velocities, which mostly ranged from 100-400
m/s. The full database of pellet velocities is provided
later in Fig. 4(a).
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This set of experiments was performed during
two run days. For every shot presented here from
the �rst run day (shot numbers presented here in
the range 178555-178560), a small pellet was injected
�rst, followed by big pellet 20 ms later, with this
pattern repeating every 200 ms. In the second run day
(shot numbers in the range 184867-184871), the time
delay was extended from 20 to 100 ms to ensure that
there was su�cient time to monitor plasma interaction
following the deposition of each pellet before the arrival
of the next pellet. The pellet injection frequency was
intentionally kept below the frequency of natural ELMs
in order to study individual ELM triggering events,
and to allow time for pellet particle removal by the
pumps to attempt to maintain low collisionality plasma
conditions. Quasi-stationary time windows prior to
any pellet injection are used to collect statistics on the
natural ELMs at low collisionality, as pellet injections
tend to raise collisionality once they begin. Fig. 2
shows the pellet ablation light during DIII-D discharge
178560, as measured by a dedicated photodiode used
as an ablation monitor. The y-axis is a log scale
so that emission from all sizes of pellets can be
seen, but amplitudes are relative and are not directly
translatable to pellet ablation intensity or size. The
view does not directly observe pellet ablation, but
rather re
ected ablation light o� of the inner wall.
Big pellets often saturate the signal. Some pellets are
broken into multiple pieces by the time they arrive at
the plasma, in which case each macroscopic piece with
a measured mass above the noise level is included in
the database presented here and categorized according
to its mass. For example, there are 4 pellets included
in the database from 3832 { 3853 ms, 2 pieces each
from the small and big pellets that were injected.

Time traces of the discharge evolution leading
up to an initial pellet injection on shot 178560 are
given in Fig. 3. The line-averaged edge plasma
density as measured by an interferometer chord
through the outer radial regions of the con�ned
plasma is given in panel (a), followed by (b) D-alpha
emission near the inner strike point in the divertor,
(c) peak heat 
ux at the inner strike point from
the infrared camera, (d) 
uctuations in the poloidal
magnetic �eld away from the pellet injection location
(these tend to coincide with ELMs), (e) the ablation
monitor signal from Fig. 2, and (f) the normalized
pedestal collisionality � �

ped . Pedestal collisionality was
calculated by evaluating Eq. 1 at the top of the pedestal
using automated �ts of pedestal temperature and
density [35]. Carbon is assumed to be the dominant
plasma impurity at the top of the pedestal, resulting
in the approximation for Zef f in Eq. 1,

Zef f;ped � 1 + 30
nC;ped

ne;ped
; (2)

Figure 3. Time traces leading up to the �rst pellet injections
in shot 178560 of (a) line-averaged plasma density in the edge,
(b) divertor D-alpha emission, (c) peak heat 
ux at the inner
strike point, (d) poloidal magnetic �eld 
uctuations (e) light
emission from the pellet ablation, and (f) normalized pedestal
collisionality. The blue shaded time indicates the injection of a
small pellet that does not trigger an ELM, and red indicates a
big pellet that successfully triggers an ELM.

where nC;ped is the density of fully stripped carbon
ions as measured by charge exchange recombination
spectroscopy (CER). Calculating Zef f in this way
yields similar values as those measured by the visible
Bremsstrahlung diagnostic in these discharges, which
gives con�dence in the approximation.

Highlighted in blue in Fig. 3 is the arrival of the
�rst small pellet injected in the shot, which shows up
as a small signal above the noise level of the photodiode
in panel (e). As seen in the density, D� , IR and
magnetics traces in panels (a)-(d), this small pellet
does not successfully trigger an ELM. Approximately
15 ms later, the �rst big pellet arrives and successfully
triggers an ELM. The triggered ELM is seen clearly in
panels (a)-(d), with one distinguishing feature being
that the density does not collapse, leading to an
increase in density and collisionality for some time after
the pellet. This is an indication that some fraction
of the pellet mass was absorbed in the core without
being entirely 
ushed out of the con�ned plasma with
the ELM. This feature of the big pellets was relatively
consistent, and led to the slow increase of collisionality
throughout the discharges as more big pellets were
injected. Time between pellet injections enabled the
pump to reduce density over time, but for full-sized
pellets, the density rarely recovered to its pre-pellet
level before the next injection. Normalized energy
con�nement H98y2 was approximately 1.2-1.3 for all
shots and times shown here, and was not signi�cantly
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Figure 4. Pellet ELM triggering success (red circles) or failure (black X's) as a function of pellet mass on the y-axis and (a)
pellet velocity, (b) normalized pedestal collisionality before the pellet arrived and (c) the arrival time of the pellet as a fraction of
the previous natural ELM cycle on the x-axis.

altered by pellets, due to the slow injection rate relative
to the natural ELM frequency.

3. Dependence of pellet mass on ELM
triggering e�cacy

Fig. 4 shows the e�ectiveness of pellet ELM triggering
for several parameters, using the target plasmas
described in Section 2. In each �gure, red circles
indicate that the pellet successfully triggered an ELM,
while black crosses indicate pellets that did not trigger
ELMs. The relative pellet masses are measured
using a microwave cavity detector [36]. Because this
measurement is not calibrated, the pellet masses have
been normalized here by the maximum measured mass
of a pellet from the small pellet injector, estimated to
be approximately 7.2� 1019 atoms when fully intact.
Pellet masses can be grouped clearly corresponding
to \small" ( � 1) and \big" (greater than � 4) pellets,
with a few fragmented or eroded big pellets sometimes
existing between the two groups. Fig. 4(a) shows
the triggering e�cacy as the pellet velocity varies
on the x-axis and pellet mass is indicated on the y-
axis. The probability of a pellet triggering an ELM is
determined more by pellet mass than by velocity, as
all pellets above a relative mass of 3.5 were successful
at triggering ELMs, regardless of velocity, while pellets
below this size only triggered ELMs very infrequently.

Fig. 4(b) shows the ELM triggering success of
pellets as a function of � �

ped , taken just before the
pellet ablation, as well as the pellet mass again. Some
data points do not have a correspondent in Fig. 4(a)
due to lack of reliable pellet velocity measurements.
A possible trend emerges suggesting that larger pellet
mass is required to trigger ELMs at lower collisionality.
However, within this limited data set this cannot be
conclusively con�rmed. A single pellet data point was
excluded from the limits of Fig. 4(b) because of its
distance from the others: a successful ELM trigger with

relative pellet mass 3.27 and� �
ped = 3 :64.

Fig. 4(c) then shows the same quantities as a
function of the pellet arrival time with respect to the
previous natural ELM, as a fraction of the previous
natural ELM cycle. Several pellets were excluded from
Fig. 4(c) set because one of the previous two ELMs
was triggered by a pellet, thus making the reference
ELM cycle not \natural". Natural ELM periods have
large variance, so values signi�cantly greater than 1
generally result from relatively short natural ELM
periods prior to pellet injection.

When small pellets successfully trigger ELMs, the
pellets tend to arrive late in the natural ELM cycle,
approaching 1 or more on the x-axis in Fig. 4(c). Of
43 small pellets in this database that arrived at the
plasma in the �rst half of the natural ELM cycle,
only one successfully triggered an ELM. This pellet has
been marked with a magenta circle in Fig. 4(c). The
previous ELM cycle in this case had an ELM period
and stored energy loss that were within the normal
range in the shot, so it was not immediately clear why
the pedestal was unstable to such a small pellet so early
in the ELM phase in this one case.

For the remainder of this paper, pellet sizes will
be distinguished as \big" for pellets with relative mass
larger than 1 or \small" for those with relative mass
less than or equal to 1 in Fig. 4, due to the separate
guns used to produce each set of pellets as well as
the clear di�erentiation in measured pellet masses.
As shown in Section 4, there are clear distinctions
found between ELMs triggered with big pellets and the
smaller number of ELMs triggered with small pellets.

3.1. Pedestal stability analysis

For natural ELMs with � �
ped < 1, ideal stability

analysis found that the pedestals were robustly peeling-
limited, meaning that the natural pedestal growth was
limited by the edge current density rather than the
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Figure 5. (a) Pressure and (b) 
ux surface averaged
toroidal current density pro�les used for ideal peeling-ballooning
calculations, and (c) the calculated growth rates as a function
of normalized pedestal pressure gradient and current density.
Data is taken in the �nal 20% of the natural ELM cycle for low
collisionality pedestal prior to pellet injection.

pressure gradient. Similar results have been found
previously for DIII-D pedestals [1, 33]. In the low
� �

ped cases here, equilibrium stability was found to be
far from the ballooning boundary, which is consistent
with the understanding that a larger perturbation is
required to trigger an ELM relative to a case where
the natural pedestal growth was ballooning-limited.
An example ideal stability calculation is given in
Fig. 5(c), using pressure and 
ux surface averaged
toroidal current density pro�les shown in Figs. 5(a) and
(b), respectively, with data taken from the �nal 20% of
the 5 natural ELM cycles preceding pellet injection on
shot 178555. Normalized pedestal collisionality� �

ped �
0.5 here. The ELITE stability code was used [2], run
within the OMFIT framework [37].

The red crosshairs in Fig. 5(c) indicate the ex-
perimental operating point as a function of normal-
ized pedestal gradient and edge current density. The
normalized pressure gradient� on the x-axis for each
point in Fig. 5(c) is taken as the maximum across the
pedestal of the pro�le with minor radial coordinate
r [38],

� (r ) = �
2� 0R
B 2 q2 dp

dr
: (3)

The normalized current density on the y-axis is then

calculated as the ratio of the average of the maximum
current density in the edge region j max and the
separatrix current density j sep to the average current
density across the entire pro�le hj i ,

j norm =
j max + j sep

2hj i
: (4)

Small numbers in Fig. 5(c) are positioned at the
location of each individual pedestal calculation, with
the number indicating the toroidal mode number of the
largest calculated growth rate. Colors and contours
within these ranges indicate normalized ideal growth
rates 
= (! � =2) where blue is stable, red is unstable,
and the thick black line denotes the stability boundary.
Here ! � is the diamagnetic frequency and! � =2 is the
diamagnetic stabilization.

For these low collisionality conditions, the stability
calculations were found to be somewhat sensitive
to the precise calibration and alignment of the
impurity density pro�les with the electron temperature
and density pro�les in the edge. This is likely
due to the sensitivity of the bootstrap current
calculation to collisionality, which is proportional to
Ze� . Nevertheless, the qualitative result presented in
Fig. 5(c) that the pedestal stability is far from the
ballooning stability boundary before the injection of
pellets was found to be robust to realistic uncertainties
in the measurements. Carbon is assumed to be the
dominant impurity in the plasma, and is measured
using charge exchange recombination spectroscopy.

Later in the discharges when pellets are being
injected, the collisionality increases and the pedestal
stability becomes more ballooning-limited. When
a pellet is injected, the stability determination
becomes three dimensional, which is not handled
properly by the ELITE code, and changes on a fast
timescale relative to diagnostic frequencies. The naive
expectation is that the operating point of the 
ux
tube with an ablating pellet would shift to the right
in Fig. 5(c), towards higher pressure gradients, but the
high �delity modeling of these dynamics is left to other
studies [39].

3.2. Pellet ablation modeling

Aside from pedestal stability, the pellet ablation
pro�le is another variable that may be changing with
collisionality in a manner that could impact pellet
ELM triggering. Using a simple 0-D model of pellet
ablation, the pellets are treated as a sphere whose
radius r p is reduced at each time step as the pellet
material is deposited in the plasma according to the
equation [40, 41]

dr p

dt
= � Cp

n1=3
e T11=6

e

4�n cZ 2=3W 1=3r 2=3
p [ln(2Te=I � )]2=3

; (5)
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Figure 6. Edge plasma (a) electron density and
(b) temperature pro�les, and (c) resulting calculated pellet
deposition pro�le for high- (dashed green) and low- (solid blue)
collisionality cases.

where Cp is the ablation model constant, ne and Te

are the background electron density and temperature,
respectively, W is the atomic weight, Z is the atomic
number, nc is the atomic density of the condensed
phase, and I � is the mean excitation energy. The
background electron density and temperature pro�les
for two plasma equilibria are provided in Figs. 6(a)
and (b), respectively. A low collisionality case from
the work presented here (� �

ped � 0:5) is plotted as solid
blue and dashed red lines, based on kinetic pro�le �ts
from Thomson scattering data on shot 178555 in �nal
20% of the ELM cycle during the 200 ms before the
�rst pellet injection at 3000 ms. These are the same
pro�les as those used for Fig. 5. The second case,
plotted as dashed green lines in the pro�les on Fig. 6, is
from a previous experiment with a higher collisionality
target plasma (� �

ped � 3) where a higher fraction of the
small pellets were successful at triggering ELMs, shot
165415.

The electron deposition pro�les resulting from the
pellet ablation calculation for fully intact pellets are
�nally given in Fig. 6(c). The solid blue and dashed
green lines indicate the ablation of a small pellet in
the corresponding plasmas, and the dashed red line
is for a big pellet in the low collisionality case that
consistently triggered ELMs (each assumes zero mass
loss before reaching the plasma). The pellet velocity
in each case was 150 m/s. This calculation of pellet
deposition does not include the combined e�ects ofr B

Figure 7. Peak instantaneous heat 
ux at each location over 2
ms due to natural ELMs in low collisionality plasma conditions
before any pellets are injected.

and E� B drifts that can signi�cantly impact particle
deposition pro�les by carrying the pellet ablation cloud
to larger major radius [42]. Much of the deposited
pellet mass is also ejected when the injection results in
an ELM crash.

As shown in Fig. 6, although the electron
temperature and density pro�les di�er signi�cantly
between the two collisionality conditions, the resulting
pellet particle deposition pro�le for the small pellets
is very similar, particularly up through the pedestal.
This is because the ablation is most strongly dependent
on Te, which is not as di�erent as density between
the two cases until the pellet reaches the top of
the pedestal. In this case, the resulting pressure
perturbation would actually result in a slightly larger
perturbed pressure gradient in the low collisionality
case than the high collisionality one, while experiments
observed that small pellets were more successful
at triggering ELMs when injected into the higher
collisionality plasmas.

4. ELM-induced heat 
ux

For natural ELMs in these discharges, the ratio of
the peak parallel heat 
ux q k between the inner and
outer strike points at the position viewed with the IR
camera was regularly the same as the ratio of the 
ux
expansion, such that qk ;ISP

qk ;OSP
� R OSP

R ISP
to within 10-15%.

Peak instantaneous heat 
ux pro�les for a series of
natural ELMs before the injection of pellets on shot
178555 are given in Fig. 7 as a function of distance
along the wall, which is a reference to the coordinate
shown in color on Fig. 1. The equilibrium inner strike
point (ISP) is located near 0.6 m on the x-axis, with
the outer strike point (OSP) near 0.9 m. During this
time series of ELMs,� �

ped � 0.5.
In the far SOL, beyond 1.0 m on the x-axis of

Fig. 7, there are some transient 3D striations, but these
do not approach the peak surface heat 
uxes of the
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Figure 8. Peak instantaneous heat 
ux over 2 ms due to a
natural ELM (black dotted line), an ELM triggered by a small
pellet (magenta dashed line), one triggered by a big pellet (red
solid line), as well as the peak heat 
ux over the equivalent time
between ELMs (dashed green line) and following the injection of
a small pellet that did not trigger an ELM (solid blue line).

inner and outer strike points. Due to their transience,
the natural ELM 3D structures are even less signi�cant
when integrated in time to calculate the total ELM
energy 
uence.

When ELMs are successfully triggered in these
experiments, particularly in low collisionality plasma
conditions, the heat 
ux structures observed at
the divertor target often exhibit signi�cant change
relative to the naturally occurring ELMs. The peak
instantaneous heat 
ux over 2 ms from the �nal natural
ELM before a pellet injection (starting from 3004 ms)
is plotted as a black dashed line in Fig. 8 again as a
function of distance along the wall. The peak heat 
ux
due to an ELM triggered by a big pellet is then plotted
as a solid red line (starting from 3054 ms), and that
from one triggered by a small pellet plotted as a dashed
magenta line (starting from 3839 ms). The amplitude
of the pellet-triggered ELMs were very similar to the
natural ELM, in that each occurred between 50-75
ms following the previous ELM and exhibited a loss
of approximately 45 kJ in diamagnetic stored energy.
This suggests that the pedestal was approaching the
end of its natural ELM cycle around the time the
pellets arrived and preempted the destabilization of the
natural ELM.

The peak heat 
ux over a similar 2 ms interval
between ELMs is also plotted as a dotted green line in
Fig. 8 (starting from 3000 ms), showing how much the
ELMs increase the heat 
ux relative to the inter-ELM
baseline. A �nal comparison is made with the blue
solid line, which represents the instantaneous peaks
over the same time scale when a small pellet was
injected but did not trigger an ELM (starting from
3430 ms). It is clear that the injection of a small
pellet without triggering an ELM does not signi�cantly
increase the heat 
ux, aside from a small increase in
the far SOL around 1.15 m that will be discussed next.

For the ELM that was triggered by a big pellet,
the peak instantaneous surface heat 
ux was reduced
by nearly a factor of 2 at the inner strike point,
while the outer strike point heat 
ux peak was slightly
higher than the natural ELM. Additionally, there were
large transient striations that resulted in signi�cant
instantaneous heat 
ux in the far SOL, between
1.0� 1.2 m in Fig. 8. Field line tracing indicates
that these 
ux tubes intersect with the pellet injection
location in the SOL upstream, which will be explored
in more detail in Sec. 5. This is consistent with
previous experimental [23] and modelling [30] �ndings
of transient 3D striations with pellet-triggered ELMs.
Smaller striations often also exist for times when a
pellet did not trigger an ELM, as seen for example by
the � 1.5 MW/m 3 increase in IR emission on the blue
curve at 1.15 m.

Although the heat 
ux pro�le from the ELM
triggered by a small pellet di�ers somewhat from the
natural ELM in Fig. 8, it will be shown later in
Figs. 12 and 13 that taken as a complete data set,
ELMs triggered by small pellets here do not di�er
signi�cantly from natural ELMs in similar equilibrium
plasma conditions.

One possible source of the di�erences between
natural and pellet-triggered ELMs is that at low
collisionality, the natural ELMs are more peeling-
like, with lower toroidal mode number n (< 10),
whereas a pellet injection triggers a more ballooning-
like instability, with higher toroidal mode number n
(> 20). The ballooning-like instability is more localized
to the outboard side of the plasma, where the heat

ux appears to be ejected preferentially in the pellet-
triggered cases.

4.1. Time evolution

In order to examine the full spatial and time
dependence of the ELM heat 
ux, a pair of 2 ms
sequences of instantaneous pro�les beginning just
before an ELM are given in Fig. 9. Fig. 9(a)
presents a naturally occurring ELM in low collisionality
conditions, from 3004:7� 3006:7 ms, and Fig. 9(b) gives
the very next ELM that was triggered by the injection
of a large pellet, from 3055:1 � 3057:1 ms (these are
the same ELMs shown in black and red from Fig. 8,
respectively). In each case, the progression of time is
shown with di�erent color pro�les, where the darkest
purple repress the earliest times and the lightest yellow
represents the latest times. Because these two ELMs
are sequential in the same discharge, the background
plasma, heating and fueling inputs are all very similar.
These ELMs are also similar in amplitude: for the
natural ELM at 3004 ms, 53 ms had elapsed since the
start of the previous ELM and approximately 45 kJ of
stored diamagnetic energy was lost, while the triggered
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Figure 9. Time evolution of heat 
ux for 2 ms of (a) a
naturally occurring ELM and (b) a pellet-triggered ELM with
similar stored diamagnetic energy loss.

Figure 10. Time evolution of ELM-induced heat 
ux measured
at the location of peak ELM heat 
ux at the (a) ISP and (b)
OSP for a naturally occurring ELM (red) and a pellet-triggered
ELM (blue). Time in each case is relative to the peak heat 
ux.

ELM occurred 50 ms after the previous ELM and also
led to the loss of approximately 45 kJ.

The time evolution of the heat 
ux at the location
along the target with peak instantaneous heat 
ux from
the ELMs represented in Fig. 9 are then plotted in
Fig. 10, at both the (a) inner and (b) outer strike
points. The natural ELM is plotted in blue and the
pellet-triggered ELM in red, both as a function of time
relative to the peak heat 
ux. The heat 
ux at the
inner strike point exhibits both a smaller peak and a
faster decay when triggered by the pellet. At the outer
strike point, the peak heat 
ux increases slightly with
pellet triggering, while the natural ELM heat 
ux stays
at an elevated level for a longer period of time.

Characteristic inter-ELM heat 
ux has a peak of
less than 2 MW/m 2 in each case, located at the OSP.
This can be seen in the �rst frames depicted with the

Figure 11. Fraction of stored diamagnetic energy lost due to
ELMs as a function of normalized pedestal collisionality. Natural
ELMs are plotted as grey circles, ELMs triggered by small pellets
are plotted as green triangles, and ELMs triggered by big pellets
are plotted as yellow squares. Collisionality on the x-axis is a
log scale.

darkest colors at the bottom of each time series in
Fig. 9.

One other notable feature in the triggered ELM
heat 
ux depicted in Fig. 9(b) is the transient heat

ux �laments in the far-SOL, outside of 1.0 m. This
will be discussed further in Section 5.

4.2. Collisionality dependence

The focus of this work is on extending the database of
pellet ELM triggering to more reactor relevant, lower
collisionality regimes and exploring how the physics
processes change when the equilibrium is far from
the ballooning stability boundary. For this section,
various quantities calculated from the ELM heat 
ux
deposition are plotted as a function of the normalized
pedestal electron collisionality � �

ped , as calculated from
Equations 1 and 2 using Thomson scattering and CER
measurements averaged over the 10 ms preceding the
ELM. Double ELMs, where two ELMs occur within the
2 ms integration time of each other, are excluded in this
analysis due to the uncertainty of the integrated ELM
energy of the �rst ELM and the pedestal collisionality
of the second.

The fraction of total stored diamagnetic energy
� W=W lost due to each ELM is plotted in Fig. 11
as a function of normalized pedestal collisionality� �

ped .
Stored energy before the ELM is taken as the maximum
measured in the 5 ms leading to the peak ELM IR
heat 
ux, and the after-ELM data is taken to be the
minimum within 5 ms following the peak. Natural
ELMs are represented by grey circles, while ELMs
triggered by small pellets are shown as green triangles
and those triggered by big pellets as yellow squares in
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Figure 12. Peak instantaneous heat 
ux as a function of � �
ped at the (a) inner and (b) outer strike points. Natural ELMs are

plotted as (a) blue and (b) red circles, ELMs triggered by small pellets are plotted as green triangles, and ELMs triggered by big
pellets are plotted as yellow squares. Striations in the far SOL are also plotted in (b) as yellow stars for ELMs triggered by big
pellets. Collisionality on the x-axis is a log scale.

each �gure. Wped is roughly 40% of the total plasma
stored energy for the cases here, estimated by

Wped = 1 :5 � ne;ped � (Te;ped + Ti;ped ) � V olume; (6)

where Ti;ped is the ion temperature measured by CER
at the top of the pedestal andV olume is taken as the
total con�ned plasma volume.

As shown in Fig. 11, the fraction of stored
energy lost due to natural ELMs increases at lower
collisionality here, consistent with what has been
reported previously in cross-device comparisons [43].
When ELMs are triggered by small pellets, they tend
to have stored energy losses similar to natural ELMs.
For ELMs triggered by big pellets, the ELM energy
lost is similar to that of natural ELMs in cases where
� �

ped > 1, but is reduced relative to natural ELMs at
lower values of collisionality. This could be related to
the theory that the pellets trigger ballooning modes,
which tend to have higher mode numbers and penetrate
less deeply into the core plasma than kink-peeling
modes, as explored in previous work [33]. Although
the triggered ELM with the lowest ELM stored energy
loss in Fig. 11 was relatively small compared to the
other big pellets (relative mass from Fig. 4 was 2.6),
there was in general no correlation between pellet mass
and ELM stored energy loss above the mass threshold
found for reliable ELM triggering.

4.2.1. Instantaneous heat 
ux The peak instanta-
neous heat 
ux at the inner and outer strike points
are plotted for each ELM as a function of normalized
pedestal collisionality � �

ped in Fig. 12(a) and (b), re-
spectively. Natural ELMs are represented by (a) blue
and (b) red circles, while ELMs triggered by small pel-
lets are shown as green triangles and those triggered by

big pellets as yellow squares in each �gure. For ELMs
triggered by big pellets, the peak instantaneous heat

ux in the far SOL from striations outside the radius
of the primary outer strike point are additionally plot-
ted as yellow stars in Fig. 12(b), as these often compete
with, and sometimes exceed, the amplitude of the heat

ux at the OSP.

In this data set of natural ELMs, peak heat

ux at both strike points generally increases at lower
collisionality. In the cases where a small pellet
successfully triggers an ELM, shown as green triangles,
the peak heat 
ux at each strike point resulting from
these ELMs is similar to that of natural ELMs in
the same range of collisionality. When ELMs were
triggered by big pellets, the peak instantaneous heat

ux that is typically observed at the ISP during natural
ELMs was found to be reduced by a factor of �
1=3 � 1=2, as shown in Fig. 12(a).

At the OSP, when ELMs are triggered by big
pellets (depicted as yellow symbols in Fig. 12(b)), there
is no consistent change in the instantaneous heat 
ux
relative to that of the natural ELMs, although there is
more scatter in the data. Although it is not common,
the 3D striations caused by the pellet-triggered ELMs
sometimes induced more instantaneous heat 
ux than
either primary strike point. This could be a potential
concern for ITER or other next-step devices if these
striations intersect the �rst wall in areas that are not
designed to handle such heat loads.

It should be noted, as explained in Section 2,
that these pellets were injected with a frequency less
than that of the natural ELMs. Based on previous
experiments, [21, 22] it would be reasonable to expect
the peak instantaneous heat 
ux to be reduced for
higher frequency pellet injection rates.
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4.2.2. ELM energy 
uence In addition to material
ablation or damage caused by excessive instantaneous
heat 
ux, ELMs can also be problematic if the time-
integrated energy deposited by the ELM exceeds some
limit for the material surface. While instantaneous
heat 
ux seems to be linearly mitigated by pellet
ELM pacing, [22] the total energy 
uence deposited by
each ELM appears to scale with the pedestal plasma
pressure. [3] In the case of pellet-triggered ELMs, it is
necessary to understand whether this scaling holds or
if the act of triggering the ELMs with pellets also leads
to a reduced peak in the parallel ELM energy 
uence.

The peak parallel ELM energy 
uence is given by
the equation

" k;peak = max

 R
� ELM

q(s; t)dt

sin
 (s)

!

(7)

where q(s; t) is the heat 
ux as a function of position
s and time t. For the analysis presented here, the
time integral is taken from 0.3 ms before the peak
heat 
ux to 2 ms after. This integral is normalized
by the sine of the incident angle of the �eld lines 

to the material surface to eliminate the dependence on
divertor shaping and 
ux expansion for cross-device
comparisons and extrapolations. The angle
 near
both the inner and outer strike points is approximately
2 degrees for the equilibrium used in this experiment
(depicted in Fig. 1).

This 
uence is calculated for every location in
the measured pro�le of the infrared camera, and the
location of peak parallel ELM 
uence is used as a
data point for each ELM in Fig. 13. For each ELM,
Fig. 13(a) presents the peak 
uence values from all
positions radially inside of the X-point (consistently
located near the ISP), and Fig. 13(b) shows the peak

uence values for all positions radially outside of the
X-point (always located near the OSP for natural
ELMs), each as a function of the normalized pedestal
collisionality � �

ped . Natural ELMs are represented as
(a) blue or (b) red circles, while ELMs triggered by
small pellets are shown as green triangles and those
triggered by big pellets as yellow squares. Fluence from
striations in the far SOL resulting from pellet-triggered
ELMs is again plotted as yellow stars in Fig. 13(b). For
natural ELMs, there is a clear trend of higher ELM
energy 
uence occurring at lower collisionality at both
the inner and outer strike points, but the dependence
is more pronounced at the inner strike point. At the
lowest values of collisionality, there are many natural
ELMs with roughly 2 times the peak parallel energy

uence at the ISP than the OSP, while at the highest
values of collisionality in this data set, the parallel ELM

uence at the two strike points is more similar.

In the few cases where a small pellet successfully
triggers an ELM, shown as green triangles, at both

strike points the total 
uence resulting from these
ELMs is similar to that of natural ELMs in the same
range of collisionality. As shown in Fig. 4(c), all but
one of these small pellet-triggered ELMs occurred late
in the natural ELM cycle. This suggests that the
pedestal may have been very close to the stability
boundary and the ELM triggering mechanism in these
cases may have been some dynamic combination of
pressure gradient and current density modi�cation,
rather than a simple pressure gradient increase shifting
the equilibrium to the right on the stability diagram as
shown in Fig. 5(c), for example.

For ELMs triggered by big pellets, however, the
peak parallel energy 
uence is reduced relative to the
trend of natural ELMs for all values of collisionality
at the inner strike point. This 
uence reduction at the
ISP appears to increase at lower collisionality, although
statistics are poor at the lowest levels of collisionality.
The reduction in peak ISP 
uence with big pellets is
observed regardless of the pedestal pressure or time
since previous ELM. At the outer strike point, there
is less change in 
uence when ELMs are triggered by
big pellets, and in a few cases more energy 
uence
is measured with pellet-triggered ELMs than with
natural ELMs occurring at similar collisionality.

Due to the transient nature of the 3D striations
shown as stars in Fig. 12(b), the time-integrated energy

uence at these locations in the far SOL does not
usually compete with that at the OSP in the same
way it did for the instantaneous heat 
ux, although
there are some exceptions where exceptionally large,
sustained striations were observed.

4.3. Spatial distribution of ELM energy

The total energy deposited by each ELM is then
integrated in both time (over the same 2.3 ms span as
for Fig. 13) and in position along the wall, and the ratio
of total energy deposited inside the X-point divided
by the total energy deposited outside the X-point is
plotted in Fig. 14, as a function of normalized pedestal
collisionality. Here natural ELMs are represented as
pink circles, ELMs triggered by small pellets as green
triangles, and those triggered by big pellets again as
yellow squares.

At lower � �
ped , natural ELMs deposit more energy

on the inboard side of the divertor, and the fraction
deposited to the outboard side then increases with
higher � �

ped . For ELMs triggered by small pellets, the
heat 
ux characteristics are again similar to those of
natural ELMs. Those triggered by big pellets, on the
other hand, observe a relative shifting of the heat 
ux
from the inboard to the outboard side compared to the
natural ELMs. This shift is consistent across all values
of � �

ped .
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Figure 13. Peak parallel ELM energy 
uence as a function of � �
ped at the (a) inner and (b) outer strike points. Natural ELMs

are plotted as (a) blue and (b) red circles, ELMs triggered by small pellets are plotted as green triangles, and ELMs triggered by
big pellets are plotted as yellow squares. Striations in the far SOL are also plotted in (b) as yellow stars for ELMs triggered by big
pellets. Collisionality on the x-axis is a log scale.

Figure 14. Ratio of total integrated ELM energy 
uence inside
the X-point divided by that outside the X-point, as a function of
normalized pedestal collisionality. Natural ELMs are plotted as
pink circles, ELMs triggered by small pellets as green triangles,
and those triggered by big pellets as yellow squares.

4.4. D-alpha images

In addition to the infrared camera, a visible imaging
camera captured images of D-alpha emission in the
divertor at a 10 kHz frame rate [44]. This lower-viewing
camera is located at the top of the tokamak at toroidal
angle 75 degrees, and portions of its view overlaps with
that of the infrared camera at 60 degrees presented
previously. A sample of these images is shown in
Fig. 15, for frames during (a) a natural ELM and (b) an
ELM triggered by a big pellet, both from DIII-D shot
178558. The source of this emission is complicated,
but can be considered a proxy for particle 
ux to the
target surface. In each image the inner strike point
can be seen on the bottom� 1/3 of the image, with

Figure 15. Fast camera images of D-alpha emission, looking
down into the lower divertor during (a) a natural ELM and (b)
a pellet-triggered ELM.

the emission on the outboard side spread out over a
larger radial region higher up in the image frame.

Fig. 15 shows a qualitatively similar result as the
infrared camera measurements earlier in this section,
suggesting that the heat and particle 
uxes exhibit
similar characteristics, rather than, for example, an
excess of particle 
ux to the ISP being responsible
for the observed reduction of heat 
ux in the cases
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with pellet-triggered ELMs. Natural ELMs at low
collisionality produce plasma emission concentrated
most intensely at the ISP, with some striations
extending into the outboard far SOL. In the case
of ELMs triggered by pellets, as in Fig. 15(b), the
strong emission at the ISP is greatly reduced, while
the emission in the far SOL is increased. These 2D
images also suggest that toroidal asymmetries in the
emission in the far SOL on the outboard side are more
pronounced in the ELMs triggered by pellets than they
are with naturally occurring ELMs.

Many frames were saturated, making a similar
rigorous quantitative analysis of the entire dataset
more di�cult than it was for IR, but similar patterns
emerged between the infrared and D-alpha emission
caused by the pellet-triggered ELMs.

5. Role of toroidal asymmetries

One possible complication of interpreting the data pre-
sented in Section 4 is that the heat 
ux measurements
are taken from a single position toroidally, which may
not be representative of the heat 
ux at every toroidal
location if there are signi�cant asymmetries in the
ELM structure. In fact, we suspect that ELMs trig-
gered by big pellets will have at least some heat 
ux
asymmetry on the outboard side, based on the tran-
sient striations observed in the far SOL.

The simplest quantity to examine is the power
balance of the ELMs. By comparing the stored energy
lost for each ELM and the heat 
ux to the target
observed by the infrared camera, we can determine
if the camera is missing a signi�cant fraction of the
ELM energy, and further, whether this fraction of
ELM energy captured by the IR camera changes when
an ELM is triggered by a pellet. The stored energy
preceding ELMs in this data set was generally between
500-700 kJ.

Fig. 16 presents the stored energy lost due
to ELMs from the database, with the change in
diamagnetic energy on the x-axis and infrared energy
on the y-axis. To provide the most direct comparison
between stored energy and the IR signal, an estimate of
the steady state power into the divertor is subtracted
from the IR heat 
ux integral as follows:

� WIR =
Z

s

Z

� ELM

[q(s; t) � (Pinj � Prad )]dtds (8)

where Pinj is the total injected power from ECH
and NBI and Prad is the total radiated power from
bolometry. The spatial integral is taken over the full
spatial range of the infrared camera and the temporal
integral is over the same time range used previously:
0.3 ms before and 2 ms after the peak instantaneous
ELM heat 
ux. Natural ELMs are represented with
grey circles, ELMs triggered by small pellets with green

Figure 16. Stored energy loss from ELMs, as measured
by diamagnetic loop and integrated infrared camera assuming
toroidal symmetry.

triangles, and those triggered by big pellets with yellow
squares.

For natural ELMs in Fig. 16, there is some scatter
around the line of equivalency where both diagnostics
would measure the same ELM energy loss, but the data
is clustered somewhat evenly around the line, such
that on average the integrated infrared measurement
agrees with the amount of energy loss measured by the
diamagnetic signal. The same can be said of ELMs
triggered by small pellets, shown with green triangles,
which once again exhibit similar behavior as natural
ELMs. For ELMs triggered by big pellets, however,
there is a systematic bias to the data set whereby more
ELMs are found with additional energy loss from the
diamagnetic loop signal compared to what is observed
by the IR camera. This could indicate that the IR
camera is systematically missing heat 
ux in pellet-
triggered cases.

5.1. Field line tracing of 3D striations

In order to investigate the source of the intense but
short-lived heat 
ux striations in the far scrape-o�
layer beyond 1 m in Figs. 8 and 9, as well as the
potentially missing heat 
ux described in the previous
section, the equilibrium �eld lines are traced from the
position along the 
oor and plotted in red in Fig. 17.
These 
ux �laments trace back to the position of the
pellet injection at the midplane at 135 degrees toroidal,
suggesting that the heat 
ux �lament originates from
the position of pellet injection. This pellet-triggered
heat 
ux is broadly consistent with both previously
reported experimental results using injected lithium
pellets in DIII-D [23], deuterium pellets in JET[45] as
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Figure 17. Equilibrium magnetic �eld lines traced in red,
starting from the location of high heat 
ux striations observed
with pellet-triggered ELMs in the far SOL.

well as non-linear MHD modeling results of pellet ELM
triggering using the JOREK code [30]. In each case,
a 3D �lament of enhanced heat 
ux is observed in the
far SOL radially outward of the OSP.

While the heat 
ux that follows �eld lines in the
SOL to the lower divertor in Fig. 17 is observed by
the lower-viewing IR camera, the heat 
ux that would
be expected to 
ow the opposite direction would be
intercepted by the tiles at the top of the device, which
were not monitored by IR cameras. This may account
for some portion of the missing heat 
ux from pellet-
triggered ELMs shown in Fig. 16. Recent studies
in DIII-D have shown that signi�cant ELM-induced
heat 
ux extends to the secondary divertor when there
is a secondary X-point, even when the separation
between the two X-point separatrices is quite large [46].
If devices are expected to withstand operation with
ELMs, either with or without pellet ELM pacing, the
possibility of ELM-induced heat 
uxes to unarmored
surfaces at the secondary divertor should be examined.

5.2. Comparison of heat 
ux with second IR camera

For the second experimental day of this set of
experiments, an additional infrared camera was
available to view the heat 
ux induced by ELMs at
a di�erent toroidal location, which will be referred
to here as the \periscope" view in reference to its
toroidal viewing trajectory. This periscope IR camera
was located at 70 degrees toroidally at the outboard

midplane, facing the direction of positive toroidal
angle, such that the ISP was viewed at between 100
and 118 degrees. Like the lower-viewing camera at
60 degrees, this camera had a single 1D array of
pixels available in its view to enable the fastest time
response for this experiment. The extent of the
view is labeled in magenta as \IR Periscope" on the
cross section in Fig. 1. Although there is reduced
spatial resolution of this camera compared to the lower-
viewing camera used for most of the analysis presented
here, it su�ciently captures the peaks of the heat 
ux
pro�les caused by ELMs. Each camera has a similar
frame rate of approximately 12 kHz in this experiment.

Fig. 18 depicts the ratio of the peak heat 
ux
measured by the two cameras for each ELM from a
series of shots in the database as a function of the peak
heat 
ux from the lower-viewing camera (\IRTV"), at
the (a) ISP and (b) OSP. This provides a measurement
of the magnitude of toroidal asymmetries in the ELM
heat 
ux at each strike point, with numbers greater
than 1 indicating that the periscope camera observed
higher peak heat 
uxes than the primary lower-viewing
IRTV camera, and vice-versa. Once again, natural
ELMs are shown as (a) blue or (b) red circles, ELMs
triggered by small pellets are shown as green triangles,
and those triggered by big pellets are shown as yellow
squares. For ELMs triggered by big pellets, the ratio
of the peak heat 
ux from striations in the far SOL are
additionally represented as stars in Fig. 18(b).

A primary observation from Fig. 18(a) is that the
heat 
ux observed by the two cameras at the ISP does
not deviate by more than � 20� 30% between the two
toroidally separated measurements, and importantly,
these di�erences do not change in any systematic way
when the ELMs are triggered by pellets. This suggests
that the main conclusions about the ISP based on the
lower-viewing camera data in Figs. 12(a) and 13(a),
that triggering ELMs with large pellets reduced the
heat 
ux and 
uence at the ISP, are robust to e�ects
of toroidal asymmetry on the measurements.

For ELM heat 
ux on the outboard side, on the
other hand, Fig. 18(b) shows signi�cant di�erences in
the heat 
ux at the primary outer strike point with
ELMs triggered by big pellets, and even larger toroidal
asymmetries are found for the striations in the far
SOL. In each case, the periscope IR camera observed
signi�cantly less intense heat 
ux at the OSP than
what was found with the lower-viewing IRTV camera
for pellet-triggered ELMs, by a factor that was larger
than in the case of natural ELMs. The heat 
ux
striations in the far SOL were generally found to be
small at the toroidal location viewed with the periscope
camera relative to what was observed the lower-viewing
IRTV camera. Previous modeling has found that the
toroidal heat 
ux asymmetries from pellet-triggered
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