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Effective ELM pacing was obtained with injection of Li granules in different H-mode scenarios, at fre-
quencies 3-5 times larger than the natural ELM frequency, with subsequent reduction of strike-point
heat flux (Bortolon et al., Nucl. Fus., 56, 056008, 2016). However, in scenarios with high pedestal density
(~6 x 10 m~3), the magnitude of granule triggered ELMs shows a broad distribution, in terms of stored
energy loss and peak heat flux, challenging the effectiveness of ELM mitigation. Furthermore, transient
heat-flux deposition correlated with granule injections was observed far from the strike-points. Field line
tracing suggest this phenomenon to be consistent with particle loss into the mid-plane far scrape-off
layer, at toroidal location of the granule injection.
© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction mitigation by high-frequency pacing has been studied by injection
of Li granules.

Unmitigated ELMs represent a potential threat for the divertor
wall components of fusion devices like ITER, where, at full 15 MA
operation, a projected 30-50x reduction may be required to avoid
unacceptable damage [1]. Among the possible remedies, ELM pac-
ing at frequencies much larger than the natural ELM frequency is
of particular interest, as it also provides a direct tool to counter-
act the flux of high-Z impurities to the plasma core. Demonstra-
tion of ELM triggering by injection of frozen fuel (typically D,) has
been obtained in multiple devices [2,3], accompanied by reduction
of ELM size proportional to the increase of ELM frequency. ELM ‘ac-
celeration’ and mitigation has been also demonstrated with non-
fuel pellets [4,5]. The use of non-fuel materials, in particular low
Z, non-recycling materials, could contribute to reduce the gas load
to the pumping and tritium processing systems for future devices.
Here we report on experiments performed on DIII-D, where ELM

2. Apparatus and discharge scenario

Full-shot, high-frequency pacing of ELMs with non-fuel pellets
was obtained in DIII-D using the lithium granule injector (LGI), a
device capable of injecting solid granules of selectable size (0.3-
1.0 mm diameter), with injection speed 50-120 m/s and average in-
jection rates up to 100Hz for 1.0 mm granules and up to 700 Hz
for 0.3 mm granules. The LGI concept, implementation and diag-
nostic tools, are described in detail in [4,5]. For the experiments
described here the LGI was located at toroidal angle 285°, inject-
ing on a horizontal and approximately radial trajectory from the
low field side mid-plane. The injection frequency was controlled by
varying the potential applied to a piezoelectric disc, determining
the approximate average rate at which granules are released from
the selected reservoir, and fed to a rotating impeller. The injections
were monitored by detecting the visible emission from the ablation
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Fig. 1. Selected traces illustrating the discharge evolution for two discharges in
ITER-baseline scenario, without (black) and with (red) Li granule injection. The evo-
lution of Li granule injection rate and ELM frequency (d) are computed on a moving
time interval of 150 ms. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

fluctuations are also detected in the vicinity of the injection loca-
tion. The granule penetration is inferred assuming constant veloc-
ity during the ablation: ablation times are measured in the range
of 0.05-1.0 ms, corresponding to 0.5-10 cm penetration depth for
granules of diameter 0.3-1mm and injection velocity ~100 m/s
[5,6]. Granule size and velocity can be selected to vary the am-
plitude and location of the applied perturbation, in order to maxi-
mize the ELM pacing effectiveness 7yq, defined as the number of
ablation events divided by the number of triggered ELMs. An ELM
is considered “triggered” when the beginning of the ELM spike in
the divertor D, emission occurs within 1 ms from the beginning of
an ablation event.

The majority of the experiments discussed in this work were
performed in deuterium plasmas, operated in the so called ITER-
baseline scenario (By=1.6T, Ip=13MA, By=16-19, qg95=31,
pedestal density ngpeq=8.5x 101 m=3), with average ELM fre-
quency fgv =28Hz in absence of pacing. The magnetic equilib-
rium is configured with the divertor inner strike point (ISP) on the
central column, and the outer strike point (OSP) in the proximity
of the cryo-pump baffle, to optimize active pumping and minimize
density ramp up. At this relatively high plasma density, both strike
points appear to be ‘detached’ between ELMs. A typical discharge
evolution is represented in Fig. 1, for a reference discharge with-
out pacing (160,820) and one with injection of 0.9 mm diameter Li
granules, at 105 m/s (160,834). The injection begins at t=1.5s, and
continues with variable rate between 80 and 150 Hz, up to 4 times
larger than the natural ELM frequency (Fig. 1(d)). After t=3s, the
injection frequency is gradually decreased to zero. The evolution of
D, emission from the lower divertor shows that the ELM activity

160834, LGl 0.9 mm

0 t t t +
Electron Temperature [keV] (b)

t H0.15
—— Carbon|(d)
- — — Lithium

10.1

10.05

vol

Fig. 2. Radial kinetic profiles, as a function of the normalized plasma volume, for
a discharge with LGI pacing (160,834) and a reference discharge with uncontrolled
ELMs (160,820). Experimental profiles are taken within 5 ms before ELM crashes.

begins earlier in the LGI discharge, as soon as the Li injection be-
gins, and continues with frequency closely matching the Li granule
injection rate (Fig. 1(d)). Indeed, by correlating ELM occurrence and
ablation times, a triggering efficiency 7;~100% is found in these
discharges. The D, emission suggests a broader range of sizes for
LGI paced ELMs, which, as discussed in the next section, is con-
firmed by measurements of drop of stored energy and divertor
heat loads. Li injection appears contribute to the plasma electron
inventory, as a reduced fueling rate is sufficient to match the re-
quested target density. Li injection is found to reduce the accumu-
lation of intrinsic metal impurities, as visible in Fig. 1(e), where Ni
emission from the plasma core saturates at values 50% lower than
the reference discharge. On the other hand, Li injection faster than
50 Hz, correlates with a moderate decrease in energy confinement.
This is exemplified in Fig. 1(d), where, compared with By=1.8
of the reference discharge, a reduced By =1.6 is found at t=2.0s
when f;g~150 Hz, but increases to Sy =1.7, at t=3.5-3.8 s, when
fLci~60 Hz. Inspection of the kinetic profiles for the two discharges
examined suggests that the decrease in energy confinement time
Tg is associated with changes in the pedestal, and not a change in
core transport. Fig. 2 compares the radial profiles of electron den-
sity and temperature (ne, Te), ion temperature (T;) and density of
fully ionized carbon and lithium (n¢, ny;). With Li pacing clear dif-
ferences are observed at the pedestal top: a lower ne corresponds
to a 10% increase of Te and T;. On the other hand, the profiles
propagate through the core with similar gradients, indicating sim-
ilar magnitude of heat and particle transport. The higher tempera-
tures measured at the pedestal top, might be a consequence of the
25% reduction in radiated power observed during LGI, from 2.4 to
1.8 MW.
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Fig. 3. Evolution of the peak heat flux measured at the inner strike point, for two
plasma configurations: (a) Sn ~1.5, qgs~4.5 also discussed in Bortolon et al. [5] (b)
Bn ~1.7, qo95~3.2, ITER-baseline scenario. Red traces correspond to discharges with
Li injection and black traces show the corresponding reference discharges without
ELM pacing. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

3. Heat flux mitigation

In previous DIII-D experiments [5], ELM heat flux mitiga-
tion was obtained in discharges with Lower Single Null con-
figuration, B¢=2.0T, Iy =12MA, qo5s=4.6, BNy =1.5, Ngpeq =3.5-
4.5x 10 m=3. Robust ELM pacing was documented for dura-
tions up to 3.5s, with 1yj;~100% obtained with granule diam-
eter >0.7mm. 7y, dropped for smaller granule sizes, and was
weakly dependent on granule velocity. Paced ELM frequencies up
to 100 Hz were achieved (> 200 Hz transiently), with a 3-5 fold in-
crease over the natural ELM frequency (12 Hz). Fig. 3(a), shows the
evolution of the peak heat flux at ISP (denoted by qpeai in this
work), for a discharge with LGI (0.4 mm diameter granules injec-
tion at ~100 m/s), and for a reference discharge with the same tar-
get parameters, without LGI. In the figure, all spikes correspond to
ELMs; in the LGI discharge, all of these were triggered by a gran-
ule ablation event. In this case, LGI pacing increased fgy; from 12
to 38 Hz, with a clear reduction of qpe, from 700450 W/cm? to
300+ 100 W/cm?, corresponding to 2-4X mitigation. Indeed, while
Qpeak™~1/fgom was found at the OSP, the mitigation was weaker at
the ISP, with qpeai Often exceeding the 1/fgy relation.

Fig. 3(b) exemplifies the results obtained in subsequent ex-
periments performed in the ITER-baseline scenario, described in
Section 2, with lower qgs, torque and field, but higher pedestal
density (B;=16T, nepeq =8.5x109m=3). In this case also, all
peaks in the LGI correspond to ELMs triggered by granule in-

jections. However, although the LGI increased the ELM frequency
from 20 to ~70Hz, a much broader distribution of qpe,y is found,
characterized by a mix of small and large events. Notably, while
Qpeak Was as low as 50 W/cm? for small events, the larger events
had qpea~600-800 W/cm?, equal to or exceeding the values mea-
sured for natural ELMs. The data shown in Fig. 3 exemplifies the
different response of the pedestal to ELM pacing obtained in the
ITER-baseline scenario: while ELMs could be triggered at higher
frequency, the mitigation of the ELM heat flux was not achieved.

The effectiveness of ELM mitigation can be studied by consid-
ering the distribution of size of ELM events in terms of drop in
stored energy associated with each ELM crash, AWk, and peak
heat flux qpe,y. Fig. 4 illustrates this for the ITER-baseline scenario
(Bn =17, qo5 =3.1) in two discharges with LGI, where ELM pacing
at 100 Hz was obtained with 0.9 mm granule injected at 105 m/s
and 60 m/s, and a reference discharge without LGI

In the LGI discharges, both quantities are characterized by a
much broader distribution extending from values close to zero
to values 30% larger than in the reference discharge with nat-
ural unmitigated ELMs. For LGI-paced ELMs, the distribution of
AWFgy decreases monotonically, but a small fraction of events
retains AWFgp exceeding the average 25 k] measured in the ref-
erence plasma. Interestingly, a substantially skewed qpeqy distri-
bution is found, that appears to combine two classes of events:
1) large ELMs, with 400<qpeak<600W/cm2, and small ELMs
with 10 < qpeax <400 W/cm? The distinction is more pronounced
in the case of lower velocity injection, where a lower number
of intermediate size ELMs is obtained and a larger fraction that
shows qpeax <100 W/cm?2. Notice that a number of events with
Qpeak < 50 W/cm?, larger in the case of 60m/s injections, occurs
with the traits of a sub-threshold edge perturbation (STEP), i.e. en-
ergy and particle relaxation induced by granule ablations or other
types of perturbations that did not trigger ELMs [5,7].

Fig. 5 shows the relation between AWgiy and qpe,y, for each
ELM in the selected cases. For the class of larger LGI-paced
ELMs (qpeak>300W/cm2), the dependence of qpex ON AWy
is coarsely linear, with an off-set of ~300W/cm?2. In particu-
lar, at the lower range AWFgp <10k], ELMs are observed with
300 < gpeak <500 W/cm?. The figure includes data from the refer-
ence discharge, showing that LGI triggered ELMs have qpe, 30%
larger than natural ELM of similar AWk . The class of smaller am-
plitude events appears as a cluster of points with AWg < 10Kk]
and qpe,i <250 W/cm?. The separation between the two classes is
clearer for the 60 m/s injection, suggesting that lower velocity is
less effective for triggering intermediate amplitude events.

The reasons for this broad range of response to the granule in-
jection are the object of present investigations. Differences in the
applied perturbation, due e.g. to the intrinsic variability in granule
mass, shape, velocity are thought to play a minor role, since sim-
ilar indicators of granule ablation (e.g. ablation time, amplitude of
magnetic perturbation or transient ne increase) are found in con-
junction with either large or small ELMs. In principle, non-periodic
character of the LGI injection could result in a dynamic sequence
of events of broadly varying amplitude. For instance, sporadic time
histories as the one shown in Fig. 3(b), where large and infre-
quent ELMs are separated by frequent small events, might sug-
gest a dynamic in which the small events delay the occurrence of
large events, effectively decreasing the frequency of larger ELMs,
and consequently increasing their size. However, the presence of
large events after short wait-times (e.g. at t =3.23s) indicates that,
in this scenario, the amplitude of the large triggered ELM weakly
depends on the inter-ELM period. This is summarized in Fig. 6,
where (e and AWgyy are presented, for each ELM, as a func-
tion of the inverse of the wait time since the previous event. The
graphs also include dashed lines to map the 1/fg; scaling of ELM
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Fig. 5. ELM peak heat flux at the inner strike point as a function of drop in stored
energy for the discharges showed in Fig. 4 (160,834, 105m/s; 160,836, 60 m/s;
160,820 reference without pacing).

amplitude, normalized to the reference discharge data [8]. A ten-
dency emerges in the dataset of smaller ELM size at shorter ELM
wait time, coarsely aligned with the 1/fg relation. However, a
substantial spread exists at any value of 1/Atg), indicating that
the dependence of ELM amplitude or qpe,c on Atgy (or fgv) is
weak. As a result, the 1/fg); expectation appears violated, even at
values of ELM frequency 5x larger that the natural ELM frequency.
Notice that these results, obtained in the ITER-baseline scenario,
are in contrast with the observations reported in Bortolon et al.
[5] for Li pellet injection and summarized at the beginning of this
section. The causes of the different behavior are subject of active
investigation, and are likely associated with the different pedestal

characteristics (e.g. ne, Te, qos), influencing both ELM stability and
granule penetration.

4. Heat flux footprint

To investigate the difference of distribution of ELM energy loss
and heat loads, the spatial structure of the divertor ELM heat flux
was measured. The radial profile of qg;, in vicinity of the ISP is
determined by applying heat conduction modeling to high-speed
infra-red thermography measurements from a vertical view of the
divertor, at toroidal angle 60° [9]. Fig. 7(a) shows the maximum
qgiy achieved at each radial location during three selected ELMs.
The figure compares a natural ELM from discharge 160,820 (ref-
erence) with a large and a small Li-triggered ELM from discharge
160,834 (0.9 mm, 105 m/s). The figure includes also the inter-ELM
profile, characterized by the absence of localized heat-flux features,
indicative of divertor detachment at the inner leg. Both natural and
LGI triggered ELMs are characterized by a single peak at the ISP. (At
the OSP, due to the geometrical limitation of the IR camera cov-
erage, the presence of a secondary peak cannot be excluded but
is considered unlikely.) The two Li-triggered ELMs, although sep-
arated by a factor of ~5 in (pea, do not show significantly dif-
ferent profile features. The comparison between the natural ELM
and the Li-triggered ELM with similar qpe,~400 W/cm? (red) ex-
emplifies the narrower deposition observed for LGI events (full-
width half-maximum FWHM~14 cm) compared to natural ELMs
(FWHM~21 cm). This difference can be evaluated in terms of ELM
wetted area, defined as Aw = Pgiy/qpeak, Where Py;, is the power de-
posited in the vicinity of the strike point [10], determined by inte-
grating qg;, radially and toroidally, assuming axisymmetry. Indeed,
Fig. 7(b) shows that, in the range of qpe,~350-500 W/cm?, Ay is
systematically smaller by ~20-30% in LGI discharge (Aw~1.4m?2)
compared to the reference discharge (Aw~1.8m?). Such a reduc-
tion might contribute to the higher e, found for LGI ELMs com-
pared to natural ELMs, for similar ELM energy loss (Fig. 5). The
origin of this different behavior is under study, and might result,
for instance, from the spatial structure of the magnetic instabilities
leading to natural or paced ELMs [10,11], or from changes in diver-
tor conditions, typically characterized by lower neutral density and
radiation losses in LGI discharges.

Information on the heat load structure on a larger spatial do-
main was available from a tangential wide angle IR imaging, of-
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fering a toroidal coverage of the lower divertor of ~90° (toroidal
machine angle 115-195°) [12]. The wide angle IR camera data doc-
umented robustly transient striations as far as 20cm away from
the outer strike-point (Fig. 8(a)). These striations are clearly visible
for LGI triggered events in frames taken within 0.2 ms from the
beginning of the granule ablation, unrelated to the size of the trig-
gered ELM. In the lower divertor they appear at R=1.55-1.60m,
on the so called ‘lower divertor shelf. The absence of heat flux de-
position at this radial location in the measurements from the ver-
tical fast IR camera, located at 60°, suggests that this striation is
toroidally asymmetric. Notably, similar observations have been re-
ported from JET during experiments of D, pellet injections, where
field line tracing from the injection location to the divertor plates
suggested a possible dominant transport component into the SOL
crossing separatrix at the injection location [13]. For the cases pre-
sented in this work, field line tracing calculations show that field
lines originating at the LGI toroidal location between the plasma
boundary and the outer wall tiles connect to the lower divertor on
the shelf, in an arc of spiral depicted by the red line in Fig. 8(b).

The toroidal extension of the arc is associated with the radial lo-
cation of the field line origins on the equatorial plane: field lines
originating close to wall tiles hit the shelf at ~230°, and the hit lo-
cation shifts counter-clockwise for field lines closer to the plasma
boundary. Field aligned transport of plasma expelled into the far
scrape-off layer (SOL) at the granule injection location, possibly in
form of filaments, would deposit heat and particles along the red
line. While thermography analysis estimates a typical surface tem-
perature increase of 50-100°C at the tile surface, the low fram-
ing rate (~15Hz) does not allow the reconstruction of the ELM-
resolved heat load associated with these features.

5. Discussion

The use of non-fuel, non-recycling materials as pellets represent
a new tool in ELM control research, providing a high degree of flex-
ibility to achieve high injection frequencies. In the case of Li, main
chamber recycling is unaffected and electron density and collision-
ality are maintained. While the relative densities of the injected
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impurity can grow relatively high, the reduction of higher Z con-
taminants (e.g. C) results in a modest increase (<10%) of even de-
crease of Z.g. [5]. The recent dataset, acquired in the ITER-baseline
scenario plasmas with Li granule injection, provides new insights
on the field of ELM pacing and mitigation. The scenario incorpo-
rates several similarity aspects with the ITER case, in particular in
terms of shape, pedestal density and applied torque. With LGI in-
jection in this scenario, high pacing efficiency has been achieved,
close to 100%, when including all pedestal relaxations induced by
granule ablation events. However, a small fraction of the ELMs, re-
tain a qpeq that is similar to or larger than the natural, uncon-
trolled ELMs. This finding holds true even when the ELM frequency
is increased by a factor of 3-5 compared to the natural ELM fre-
quency. This phenomenon poses a real challenge for the prospect
of heat load mitigation by high frequency ELM pacing. It must be
noted that this type of evidence has not been observed in DIII-
D, applying D, and Li pellets to different scenarios [3,5], indicat-
ing that this phenomenology might be specific to the experimen-
tal conditions. In particular the use of deeply penetrating Li pellets,
needed to achieve high pacing frequencies in these high pedestal
density plasmas, together with the non-periodical injection se-
quences could possibly result in a more spatially extended, and

less repeatable MHD events. Interestingly observations of weak de-
pendence of ELM amplitude on inter-ELM period in ITER-baseline
scenario have been recently reported in JET ELM pacing with rel-
atively large D, pellets [14]. Also, a similar phenomenology was
documented in DIII-D discharges at high collisionality, where ELM
frequency was increased by means of modulated 3D fields [15].
These observations call for clear resolution, since it is legitimate to
expect that larger pellet induced perturbations would be required
to achieve the highest 30-50X fg;y multiplication, especially in
scenarios prone to “lag times” issues [16]. In this respect, advanced
modeling is needed to determine the non-linear dynamic evolu-
tion of the triggered ELM, to understand 1) the characteristics of
ELM crash under the pedestal properties typical of LGI plasma, e.g.
collisionality; 2) the non-linear dynamic evolution of the triggered
ELM. Such modeling has recently been initiated using the M3D-C!
code [17], recently extended to include localized particle sources
from ablating Li granules [18].
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