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Abstract. The energy loss caused by the edge localized mode (ELM) needs to be reduced for ITER operations
with ELMy H-mode plasmas. The reduction of ELM energy loss by the pellet injection for ELM pacing has been
studied by an integrated core / scrape-off-layer (SOL) / divertor transport code TOPICS-IB with an MHD
stability code and a pellet model taking account of the ExB drift of pellet plasma cloud. It is found that the
energy loss can be reduced by a small pellet injected from the low-field-side (LFS), which penetrates deeply into
the pedestal and triggers high-n ballooning modes with localized eigenfunctions near the pedestal top, where n is
the toroidal mode number. On the other hand, a small pellet injected from the high-field-side triggers lower-n
modes with wide eigenfunctions before the pellet penetrates deeply into the pedestal, resulting in a large energy
loss. The dependence of energy loss on the pellet injection timing in one cycle of natural ELM is studied. Early
injection reduces the energy loss because the high magnetic shear prevents the onset of lower-n modes, but leads
to the reduction of target pedestal pressure and the enlargement of pellet size to trigger the ELM. On the other
hand, the late injection induces a large energy loss comparable to the natural ELM. Therefore, the LFS pellet
injection to the pedestal plasma equivalent to that at the middle timing in the natural ELM cycle is found to be
suitable for ELM pacing. With these suitable conditions, the ELM pacing with the reduced energy loss is
successfully demonstrated in simulations, in which the core density increase due to additional particle fueling by
the pacing pellet can be compensated by reducing the gas puff and enhancing the divertor pumping.

1. Introduction
The energy loss caused by the edge localized mode (ELM) is crucial for the erosion of
divertor plates, the plasma confinement and the control for the steady state in tokamak
reactors such as ITER. The pellet injection is considered as one possible method to reduce the
ELM energy loss by increasing the ELM frequency (so called ELM pacing). Experiments in
various machines showed a wide range of ELM phenomena, which follow pellet ablation
[1-6]. This includes very prompt ELM onset at the time when the pellet passes the pedestal
region [1], ability to trigger the ELM with the high repetition rate by the pellet injected from
any location [2], and small energy loss of triggered ELM compared with the natural ELM
[1,3]. A few ideas have been already explored in attempts to explain ELM triggering by pellet
[2,5,7]. The mechanisms of ELM triggering and energy loss reduction, however, are not fully
understood yet.
In order to study the pellet triggered ELM, we have developed an integrated code
TOPICS-IB [8] (1.5 dimensional (1.5D) core transport code TOPICS extended to the
integrated simulation for burning plasmas). TOPICS-IB simulations showed that pellet
ablation clouds absorb the energy of background plasma, transport it along the major radius
by the ExB drift and steepen the pressure gradient locally in the pedestal, which
destabilizes high-n ballooning mode and triggers an ELM with smaller energy loss
compared with the natural ELM, where n is the toroidal mode number. The energy
absorption by the pellet is supported by the experimental observation of about 10%
decrease in the electron temperature along the pellet penetration path without the density
increase before the ELM onset [4]. This observation has been proposed as a candidate of
ELM triggering mechanism, which produces fast global perturbation spreading over the
whole flux surface with the electron thermal speed [5]. The simulation results were verified
by another integrated code JINTRAC [8] and could reproduce the other experimental
observations mentioned above.
In the ELM pacing by the pellet, ELMs with the reduced energy loss should be reliably
triggered by small pellets to minimize undesirable fuelling and the impact on the target
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pedestal pressure/temperature. In JET experiments, a small pellet injected late in the natural
ELM cycle triggered an ELM while larger one injected early did not [6]. This indicates the
existence of trigger threshold of the pellet parameters such as the pellet size. In the previous
TOPICS-IB simulations for a JT-60U H-mode plasma, a single pellet with a fixed set of
radius rp=0.6 mm (particle content ~ 5×1019 D) and speed vp=120 m/s triggers an ELM at
about 10 % lower pedestal pressure than that triggering a "natural" ELM. Further TOPICS-IB
simulations with different parameters help to find the trigger threshold.
In this paper, we carry out TOPICS-IB simulations with various pallet parameters of pellet
location, injection timing on the natural ELM cycle, size and speed. We study the trigger
threshold and the reduction of ELM energy loss by the pellet for the ELM pacing, and
examine conditions satisfying the demands for ELM pacing by the pellet. With the obtained
conditions, the ELM pacing with the reduced energy loss is demonstrated.
2. Integrated modeling of pellet triggered ELM on TOPICS-IB
The pellet triggered ELM is investigated by the integrated code TOPICS-IB. Details of
code are shown in [8]. Some essential features are explained as follows.
TOPICS-IB is based on a 1.5D core transport code TOPICS, which is coupled with a linear
MHD stability code MARG2D for ideal finite-n modes, a dynamic five-point model for
scrape off layer (SOL) / divertor transport and a pellet model APLEX. TOPICS solves the
1D transport and current diffusion equations on the normalized toroidal flux coordinate, ρ,
and the Grad-Shafranov equation of MHD equilibrium on the 2D plane (R, Z). Particle and
thermal diffusivities consist of neoclassical and anomalous ones where the anomalous
diffusivities are given as empirical formulas. In order to produce the H-mode pedestal, the
transport near the edge is reduced to the neoclassical value calculated by the matrix inversion
method with a prescribed characteristic width of pedestal, Δped. The ELM model is developed
by coupling TOPICS with MARG2D. In the present simulation, the stability of n = 1-50
modes are examined at given time-intervals. When unstable modes appear, an ELM is
assumed to occur. The ELM enhanced diffusivities are added on the basis of eigenfunction
profiles of unstable modes, where the maximum value, χELMmax, is given as a parameter. The
ELM enhanced transport is maintained for a time interval τELM given as a parameter. The
five-point model is based on time-dependent fluid equations. Particle flux and heat fluxes
across the separatrix obtained in TOPICS are used as inputs and the five-point model
calculates the SOL density and temperatures at the separatrix, which are used as boundary
conditions in TOPICS. The particle balance in the whole regions is modeled by integrating
neutral models with TOPICS and the five-point model, in which neutrals produced at the
divertor plates are pumped out from the divertor by the pumping fraction fdpump. The
parameters are chosen as Δped = 0.05 on ρ, χELMmax = 100 m2/s, τELM = 200 µs and fdpump=0.001
in this paper. The above set of TOPICS-IB but without the pellet model APLEX was used to
clarify the physical mechanism of the energy loss by the natural ELM, such as the
collisionality dependence of the energy loss caused by the edge bootstrap current and the SOL
transport [9]. The pellet model APLEX assumes a sphere pellet with a radius rp and simulates
the pellet ablation, ExB drift of ablated and detached plasma cloud, cloud energy absorption
and deposition on the background plasma. It is worth noting that background plasma
transports use 1D models even during the pellet ablation and further drift, and the background
plasma stability is examined by MARG2D. TOPICS-IB with the APLEX model reasonably
reproduced the penetration depth measured in JT-60U experiments, which could not be
reproduced without the ExB drift model [8].
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Ws [MJ]

The ELM activity is simulated for parameters in typical
JT-60U ELMy H-mode experiments: R = 3.3 m, a = 0.72
m, κ = 1.8, δ = 0.1, Ip = 1.5 MA, Bt = 3.5 T [10]. Figure 1
shows the time evolution of (a) total stored energy, Ws, (b)
profiles of the total pressure of background plasma, P, and
(c) the ELM enhanced electron diffusivity, χe, in a natural
ELM cycle without the pellet injection. In the simulation, a
series of natural ELMs by unstable modes of
intermediate-n (n~20) occurs with the period of τcyc=26 ms.
At each natural ELM, the diffusivity is enhanced in the
whole pedestal region as shown in Fig.1(c), the pedestal
profile is collapsed in Fig.1(b) and the resultant energy
losses ΔWELM is about 6 % of pedestal stored energy
Wped~1 MJ. The first ELM in Fig.1 is really the first one
after the pedestal transport reduction simulating the
H-mode transition, and global parameters such as Ws and
the volume-averaged density are still increasing (will be
also seen in Fig.10). We choose this situation because
ELMs should be controlled before the plasma reaches to
the stationary state. In this natural ELM cycle, a pellet is
injected at three timings of (A) Δt/ τcyc ~0.19, (B) 0.58 and
(C) 0.96, where Δt denote the elapsed time from the
previous natural ELM. In Fig.1(b), the pressure at the
pedestal top (ρ~0.93), Pped, at each timing is lower than the
maximum pressure at the natural ELM onset, Pped,max, as
(A) Pped/Pped,max ~85%, (B) 95% and (C) 99%.
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FIG.1. Time evolution of (a) Ws,
(b) profiles of P and (c) ELM
enhanced χe for two natural ELMs
in one ELM cycle with period of
τcyc. In (a), three timings A, B, C
(vertical broken lines) are chosen
for injection of a pellet where Δt is
elapsed time from previous natural
ELM. In (b), thin chain and dotted
lines denote profiles at respective
timings A and B. P profile at
timing C almost corresponds to
those at ELM onset.

3.1. Dependence of ELM energy loss on pellet injection timing
A pellet with the radius rp=0.6mm and the speed vp=120m/s is injected from high-field-side
(HFS) top or low-field-side (LFS) launchers in JT-60U at three timings on the natural ELM
cycle in Fig.1(a). Figure 2 shows the time evolution of profiles of P, the normalized pressure
gradient, α, and χe for a HFS pellet injection at those injection timings. The ELM triggering
mechanism is the same as found in [8] as follows. The pellet cloud absorbs the background
plasma energy at the magnetic flux surface, which the cloud crosses. The ExB drift shifts
inward (outward for pellet from LFS) the heated cloud and deposits its energy in a region,
where the cloud merges with the background plasma. The energy absorption and the
following ExB drift modify the background plasma profile and produce a region with steeper
pressure gradient, which destabilizes modes and trigger an ELM. In all these timings, the
pellet can trigger the ELM. The unstable mode triggered by the pellet just before the next
natural ELM onset (timing C) is almost the same as the natural ELM and the early injection
triggers higher-n modes (n≥31 for timing A, n~24 for timing B in Fig.2). The ELM is
triggered when the pellet enters more deeply in the pedestal region for earlier injection.
Similar trend is also obtained by the injection of a LFS pellet with the same size and speed at
the same timings.
Figure 3 shows (a) the time evolution of Wped without the pellet and (b) the dependence of
normalized ELM energy loss ΔWELM/Wped induced by the pellet on the injection timing of
both HFS and LFS pellet. The energy loss becomes smaller for earlier injection of the pellet
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FIG.3. (a) Pedestal stored energy Wped without
pellet and (b) ΔWELM normalized by Wped as
functions of Δt/τcyc. In (b), circles denote values of
ELM triggered by a pellet injected at each timing,
shaded lines ranges for various pellet radius rp
(≤0.7mm) and speed vp (5m/s≤vp≤120m/s), and
triangles values of natural ELMs.
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FIG.2. Time evolution of profiles of (a) P, (b) α and (c) χe when a HFS pellet with rp = 0.6 mm and vp
= 120 m/s is injected at timings in Fig.1(a) where dotted lines denote profiles just before pellet
injection, solid ones just at ELM onset, broken ones just after ELM and vertical dotted ones pellet
position at ELM onset. Figures (d-f) and (g-i) are for respective timings B and C.
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FIG.4. Time evolution of profiles of (a) P, (b)
s and (c) α/αcr for the same case as Fig.2(g-i),
but with ELM model switched off, where αcr
denotes critical pressure gradient above
which infinite-n ballooning mode is unstable.
Time is after a pellet crosses separatrix.

with chosen set of size and speed, because the pellet triggers high-n modes with localized
eigenfunctions near the pedestal top (see Fig.2(c)). The temporal increase in the magnetic
shear after the previous natural ELM due to the decrease in the bootstrap current prevents the
onset of lower-n modes. The early injection, however, leads to the reduction of target pedestal
pressure as shown in Fig.3(a). At the late timing C, the energy loss is almost the same as the
natural ELM. When the ELM model for finite-n modes is switched off and the stability of
infinite-n ballooning mode is checked in the case of timing C as shown in Fig.4, the pellet
pressure perturbation makes the infinite-n ballooning mode unstable near the pedestal top.
This is because the increase in the magnetic shear, s, in Fig.4(b) makes the plasma easy to
destabilize the infinite-n mode there. Kinetic effects make an unstable window of finite and
high-n modes near the stability boundary of infinite-n ballooning modes [11]. If the pellet
penetrates deeply into the pedestal without triggering intermediate-n modes, the pellet can
trigger high-n modes near the pedestal top even at the late timing C. The magnetic shear also
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becomes high near the pedestal edge in Fig.4(b), however, the pellet ablation is so small that
the pellet does not trigger the high-n modes there. In Fig.3(b), the energy loss varies
depending on the pellet size and speed, especially in the middle timing B.
3.2. Pellet size and speed dependence of ELM energy loss

P [kPa]

In a HFS injection, either pellet size or speed is varied from the reference values of rp=0.6
mm and vp=120 m/s at the middle injection timing B. As the pellet size decreases, the inward
drift of pellet cloud becomes shorter and the pellet induced pressure perturbation concentrates
in the pedestal region as shown in Fig.5(a)(b) compared with Fig.2(d)(e). This leads to a
wider eigenfunction profile in Fig.5(c). On the other hand, as the pellet speed decreases, the
inward drift of pellet cloud becomes shorter, but the pellet induces the pressure perturbation
together with the transport process of background plasma through particle fueling by the
pellet. This is because the time scale of pellet penetration approaches to the diffusion time
scale of background plasma. The transport process helps to trigger an ELM as pointed out in
[12], leading to an eigenfunction profile of higher-n modes localized near the pedestal top and
far from the pellet position (n≥50 in Fig.5(d-f)). In a LFS injection, a smaller pellet triggers an
ELM when the pellet penetrates more 20
deeply in the plasma, leading to the onset
of higher-n modes with inward shifted
eigenfunction profile as shown in
Fig.6(d-f) compared with Fig.6(a-c). On
the other hand, slower pellet induces the
(d) vp=10m/s
(a) rp=0.45mm
0
pressure perturbation in the pedestal edge, 5
leading to wider eigenfunction profile of
intermediate-n modes in Fig.6(g-i).
(e)
(b)
Figure 7 shows the dependence of
0
energy loss on (a) the pellet size and (b) 100
2
e [m /s]
speed. The energy loss becomes smaller
(f)
(c)
for smaller pellet injected from LFS,
0
while larger loss for smaller pellet from
0.8
1 0.8
1
HFS. The different dependency between FIG.5. Time evolution of profiles of (a) P, (b) α and
LFS and HFS pellet comes from the ExB (c) χe when a HFS pellet with reduced size rp = 0.45
compared with Fig.2(d-f) is injected at timing B
drift of pellet cloud, producing the weak mm
in Fig.1(a) where lines in (c)(f) denote the same
(strong) pressure perturbation outside meanings as in Fig.2. Figures (d-f) are for case with
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FIG.6. Time evolution
of profiles of (a) P, (b)
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timing B in Fig.1(a)
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where lines in (c)(f)
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(inside) the LFS (HFS) small pellet. The minimum size to trigger the ELM exists (rp~0.4 mm)
and its particle content (~1019) almost corresponds to the experimentally estimated value in
JET [6]. The minimum size is larger for earlier injection as shown in Fig.8 and this tendency
agrees with the JET observation [6]. The slow pellet speed helps to reduce the particle fueling
to the core region. The energy loss, however, becomes larger for slower pellet from LFS in
Fig.7(b). On the other hand, the HFS slow pellet induces the small loss, but requiring the
particle fueling, through which the transport process of background plasma helps to trigger
the ELM. The reduction level of energy loss is determined by how deep the pellet penetrates
into the pedestal and how it triggers the ELM there as shown in next section.
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FIG.7. Dependence of ΔWELM on (a) pellet radius rp and (b)
speed vp, where open symbols denote pellets not to trigger
ELM and horizontal dotted line does ΔWELM of natural ELM.
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FIG.8. Pellet radius rp, with which
pellet triggers ELM or not, as a
function of injection timings Δt/τcyc.
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3.3. Requirements for reduction of ELM energy loss
timing B A

C

natural ELM

WELM/Wped

LFS
By using simulation results with various
pedestal
HFS
r
v
v
r
v
r
p p p p p p
parameters shown above, the ELM energy loss is 0.08 top
plotted against the pellet position at the ELM onset
in Fig.9 where the mode location is also shown.
When the pellet triggers an unstable mode at the
shallow position, the mode has intermediate-n and
wide eigenfunctions, resulting in the large energy
mode
loss. On other hand, the pellet penetrating deeply
into the pedestal triggers higher-n ballooning
modes with localized eigenfunctions, resulting in
0
the small energy loss. The mode location is near
0.92
1
pel,onset
the pedestal top, which has an analogy with the
FIG.9. Dependence of ΔW
on pellet
following two methods to reduce the ELM energy position at ELM onset ρELM
pel,onset, where
loss. In JT-60U experiments, the EC injection, horizontal solid lines denote mode
defined by FWHM of χe during
whose absorbed location is near the pedestal top, locations
ELM and symbols denote ρpel,onset (by red
reduced the ELM energy loss [13]. The stability and blue), timing (shape), variation of size
analysis for JT-60U experiments suggested that and speed (closed and open). Vertical and
horizontal dotted lines denote pedestal top
high-n ballooning modes localized near the position and ΔWELM of natural ELM,
pedestal top is the origin of grassy ELM [11,14]. It respectively.
is suggested that the pellet and the EC makes the
pressure perturbation to destabilize high-n modes near the pedestal top, while the change of
equilibrium parameters such as the plasma shape makes the plasma easy to destabilize high-n
modes near the pedestal top in the grassy ELM.
The early injection timing A requires the reduction of target pedestal pressure and the
enlargement of pellet size to trigger the ELM, while the ELM energy loss can not be reduced
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1.9
gas puff off
at the late timing C. The reduction of ELM energy
natural ELMs
loss can be realized by a pellet with small size
(rp=0.4mm) and some degree of speed (vp=120m/s)
fdpump=0.001 (a)
injected from LFS at the timing B as shown in Figs
1.5
fdpump=0.01
6(d-f) and 7(a). We repeat this pellet injection to
1.9
fdpump=0.03
confirm the ELM pacing with reduced energy loss
and to investigate the impact on the target pedestal
pellet start &
(b)
plasma. Figure 10 shows the time evolution of (b)
gas puff off
1.5
enhance fdpump
Ws and (c) the volume-averaged core electron
2.6
density <ne> for cases with enhancing the divertor
pumping fraction fdpump from 0.001 to 0.01 and 0.03
after the pellet start with the gas puff of 3 x 1021 s-1
(c)
switched off. The particle fueling by NB is kept and
2
21 -1
0.9 x 10 s . As references, cases of natural ELMs
0
80
t [ms]
without/with the gas puff switched off after the first FIG.10. Time evolution of (a) Ws for
natural ELM are shown in Fig.10(a)(c). The natural ELMs without/with gas puff
off from t=10ms, (b) Ws for
reference case with the gas puff is the same as in switched
ELM pacing by pellets from t=25ms with
Fig.1(a). In the cases of natural ELMs, the variation gas puff off and fdpump enhanced from
of pedestal pressure profiles during each ELM is 0.001 to 0.01 and 0.03, and (c) <ne> for
all cases.
almost the same as shown in Fig.1(b)(c) and the
ELM energy loss does not much change. The natural ELM frequency, fELM=τcyc, increases
from 39 Hz to 46 Hz with the gas puff off because the pedestal neoclassical transport
(∝n/T1/2) is reduced in the inter-ELM phase. The core density increase is reduced by
switching off the gas puff. In the cases of ELM pacing by the pellet, each pellet is injected at
the timing when the pedestal pressure profile almost recovers to its original one just before
the previous pellet injection. Without enhancing the divertor pumping, the core density
increase is a little larger than that in the case of natural ELMs with the gas puff. The divertor
pumping with fdpump=0.01 (0.03) makes the core density increase comparable to that in the
case of natural ELMs with (without) the gas puff. This indicates that the core density increase
due to additional particle fueling by the pacing pellet can be compensated by reducing the gas
puff and enhancing the divertor pumping. The variation of pedestal pressure profile during
each pellet triggered ELM is almost the same as shown in Fig.6(d-f) and profiles of density
and temperatures evolve according to the core density increase. Pedestal density and
temperature profiles are almost the same between the case of ELM pacing by the pellet with
fdpump=0.01 and the case of natural ELMs with the gas puff. In the case of ELM pacing by the
pellet with fdpump=0.01, the averaged ELM energy loss ΔWELM is reduced by a factor of 4.5
compared with natural ELMs while the ELM frequency fELM increase by a factor of 3.3. The
particle fueling by the pacing pellet is about 3 x 1021 s-1 and is almost the same as the gas puff
switched off before the pellet start. The fELM increase estimated by the ΔWELM reduction is the
factor of 4.5 and is different from the obtained factor 3.3. The fELM increase can be mitigated
by the pedestal neoclassical transport with the transient density increase by the pellet.

4. Summary and discussions
The reduction of ELM energy loss by the pellet injection for ELM pacing has been studied
by the integrated code TOPICS-IB. The energy loss can be reduced by a small pellet injected
from LFS, which penetrates deeply into the pedestal and triggers high-n ballooning modes
with localized eigenfunctions near the pedestal top. On other hand, a small pellet from HFS
triggers lower-n modes with wide eigenfunctions before the pellet penetrates deeply into the
pedestal, resulting in a large energy loss. We have studied the dependence of energy loss on
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the pellet injection timing in one natural ELM cycle. Early injection reduces the energy loss
because the high magnetic shear prevents the onset of lower-n modes, but leads to the
reduction of target pedestal pressure and the enlargement of pellet size to trigger the ELM. On
the other hand, the late injection induces the large energy loss comparable to the natural ELM.
As a result, the LFS pellet injection to the pedestal plasma equivalent to that at the middle
timing in the natural ELM cycle is suitable for ELM pacing. With these suitable conditions,
the ELM pacing with the reduced energy loss is successfully demonstrated in the simulations,
in which the core density increase due to additional particle fueling by the pacing pellet can
be compensated by reducing the gas puff and enhancing the divertor pumping.
The simulation and the model validation on other sets of parameters remains as future work.
ITER simulations will be done to evaluate the pellet size to reduce the ELM energy loss and
to study the ELM pacing consistent with other particle fueling for the target density profile.
The present pedestal model used a prescribed width. This model can be improved by using
the empirical model of pedestal width or the CDBM anomalous transport model tuned
recently for self-consistent pedestal profile formation [15]. Detailed comparisons of ELM
energy loss, mode number and so on with experiments and nonlinear MHD simulations [7]
should be done in order to improve the prediction capability of model.
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