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To understand the effect of injected deuterium (D) pellets on background plasma, the ablation of D pellets and the
transport of D species in both atomic and ionic states in the EAST device are simulated using a modified dynamic neutral gas
shield model combined with the edge plasma code SOLPS-ITER. The simulation results show that there is a phenomenon
of obvious atomic deposition in the scrape-off layer (SOL) after pellet injection, which depends strongly on the injection
velocity. With increasing injection velocity, the atomic density in the SOL decreases evidently and the deposition time is
relatively shortened. Possible effects for triggering of edge localized modes (ELMs) by D and Li pellets are also discussed.
With the same pellet size and injection velocity, the maximum perturbation pressure caused by D pellets is obviously higher.
It is found that the resulting maximum perturbed pressure is remarkably enhanced when the injection velocity is reduced
from 300 m/s to 100 m/s for a pellet with a cross section of 1.6 mm, which indicates that the injection velocity is important
for ELM pacing. This work can provide reasonable guidance for choosing pellet parameters for fueling and ELM triggering.

Keywords: deuterium pellet, fueling, EAST, SOLPS-ITER

PACS: 52.65.—y, 52.55.Dy, 52.55.Fa

1. Introduction

One of the most critical issues for steady-state opera-
tion of magnetic confinement plasma fusion devices is the
large fuel loss from the central region of a tokamak plasma.
Plasma fueling is important and necessary for long-duration
discharges and improving the energy confinement. Cryogenic
deuterium (D) pellet injection!'! is considered to be a promis-
ing technique for plasma core fueling due to its deep penetra-
tion and high fueling efficiency, and has been chosen as a pri-
mary fueling method for ITER.!?! Many investigations on pel-
let fueling have been performed on different tokamaks. >* In
DIII-D, the realization of both L—H transition and a 300 ms H-
mode confinement time was facilitated by D pellet injection.!
In addition, high-density H-mode operation at 1.5 the Green-
wald density limit was realized by repeated D pellet injections
on ASDEX_[%! Pellet injection from the high-field side (HFS)
was reported to increase both the penetration and the fueling
efficiency via VB-induced drift.[’”="! Pellet injection has also
been used successfully for the control of edge localized modes
(ELMs),[19 through which the peak flux of individual burst-
ing of ELMs is reduced by increasing their frequency. Experi-
ments conducted on ASDEX found that with D pellet injection
large ELMs were completely replaced by smaller ELMs. ']
Pellet pacing experiments were then carried out on HL-2A and
JET with many positive results.!!>13]

EAST is a fully superconducting tokamak equipped with
advanced pellet injection systems!'# that can work with dif-
ferent injection positions, speeds and frequencies. Pellet fu-
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eling experiments on EAST found that the electron density
suddenly increased after the injection of D pellets from the
HFS at 250 m/s, and the central electron temperature de-
creased significantly.['>] However, a different result has also
been observed, which showed that there was no significant
change in the edge electron temperature after pellets were in-
jected from the low-field side (LFS) at 100 m/s.['®) The con-
finement of plasma was improved and the stored energy was
enhanced when the pellet particles were mostly deposited near
the pedestal region. However, large pellets introduced a strong
density perturbation and degraded the confinement, as also
demonstrated experimentally.!'”) During the fueling experi-
ments, ELMs were also triggered with the injection of shallow
pellets. A series of experiments!'®! were then carried out to
study the appropriate pellet parameters for ELM pacing, which
can provide data references for ITER. Although many pellet
injection experiments including plasma fueling and ELM pac-
ing have been carried out, there is little quantitative knowl-
edge about atomic evolution at the scrape-off layer (SOL) due
to a shortage of effective diagnostic methods. In addition,
there are also few convincing experimental results on temper-
ature variation after pellet injection due to large uncertainties
in the relevant diagnostics. To the best of our knowledge, the
ELM triggering effects of D and Li pellets have not been com-
pared experimentally or numerically. All of this calls for a
detailed study by numerical simulation to provide theoretical
assistance for experiments.

In this work, a modified dynamic neutral gas shield
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(DNGS) model!"! and edge plasma transport package
SOLPS-ITER[?! were used to study the ablation of D pellets
and the transport of D species in both atomic and ionic states
with reference to the H-mode discharge experiment parame-
ters in EAST. In previous works by Gao et al.?!-??! the model
was used to study the injection of Li pellets for ELM pacing,
and a specific technique was developed to couple the data for
the time-varying spatial distribution of neutral species eval-
uated from DNGS into SOLPS-ITER. The predicted trigger
rates with different radii were in good agreement with those of
the experiments. The present work focuses on the response of
background plasma after D pellet injection and studies the in-
fluence of pellet parameters on fueling and ELM pacing. This
paper is organized as follows. The physical model and simu-
lation setup are described in Section 2. The results and discus-
sion are presented in Section 3 and the conclusions are given
in Section 4.

2. Simulation details
2.1. Ablation model

After pellets enter the background plasma they will un-
dergo a series of physical processes including ablation, neutral
atom ionization and plasma transport. The neutral gas shield
(NGS) model,[>¥ which is in qualitative agreement with the
experimental results, has been widely used for the evaluation
of pellet ablation. It is considered that the ablation gas, a
spherically symmetric neutral cloud formed around the solid
pellet, shields most of the incident energy flow. As in the
model, the atomic ablation rate is given as

G(l‘) =1.12 x 1016n2.333Tel.64,.11).333Mi70.333’ (1)

where n. and T; are respectively the electron density and tem-
perature of the background plasma, r, is the pellet radius and
M,; is the atomic mass. However, the motion of pellets through
the plasma is neglected. In the core plasma, the temperature
and density slowly vary radially; however, in the pedestal re-
gion the variation is very rapid. Therefore, the variations in
temperature and density should be taken into account. For this
purpose, a modified NGS model'”! is employed in the present
work. In the model, the pellet is assumed to move across the
plasma with a constant velocity v,. Therefore, its movement
distance d(¢) is approximated by

d(r) = vpt. )

The pellet is injected from the outer boundary of the SOL at
t = 0 at the outer mid-plane (OMP). The electron density and
temperature of the background plasma experienced by the in-
jected pellet (as shown in Fig. 2) can be expressed as a func-
tion of d(t) via the relation R — Ryep = Lo — d (1), Where L
is the width of the SOL. Then by using Eq. (1), the space—time

varying density of the D atomic number can be evaluated by
a method in Ref. [22], which is introduced in the following
section.

2.2. Simulation setup

In this work, background plasma profiles from the H-
mode real discharge data on EAST (shot No. 70601) are re-
constructed with the SOLPS-ITER code package. D, D, D™,
D;r , and electrons are considered. Ions and electrons are sim-
ulated by the multi-fluid transport code B2.5 with a quadrilat-
eral grid and the neutral particles are handled by the Monte
Carlo neutral transport code EIRENE with a triangular grid.
An upper-single null magnetic field equilibrium for EAST is
used in this study, and the simulation mesh is shown in Fig. 1.
As the red arrow shows, the D pellet is injected from the OMP
where an encrypted grid is used to obtain a higher spatial res-
olution of density.

v ‘““Q\
4 ,

njection
ocation

A Lower divertor

Pup,; )
Fig. 1. SOLPS simulation mesh with EAST upper-single null equilibrium.
The locations of pellet injection and the pumps are marked in the sketch.
Here, IT, OT, and MCW represent the inner target, outer target and main
chamber wall, respectively.

According to the experimental data, the input power from
the core boundary to the SOL is set to Py = 2.2 MW, which
is equally split into ions and electrons, and the density of D
at the inner boundary, set at R — Rsep = —15 cm at the OMP,
is fixed to np, = 6.2 x 10! cm™3. The default sheath bound-
ary condition at the target is applied and the leakage boundary
condition is adopted for the SOL/private flux region. To re-
flect the pumping effect, the recycling coefficients at the pump
entrance as shown in Fig. 1 are set to 0.8, while those at the
target plates and the first wall are set to 1.0. Drifts are not
considered in this paper due to the numerical difficulty. To
simulate the H-mode discharge, the background temperature
and density profiles consistent with the experimental data were
reconstructed using the radial particle and thermal diffusivity
coefficients combined with boundary conditions. The plasma
profiles and diffusivities at the OMP are shown in Fig. 2.
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Fig. 2. Experimental and SOLPS reconstructed plasma profiles at the outer mid-plane and radial diffusivity coefficients used in the simulation: (a) electron
density, (b) electron temperature, (c) radial particle and thermal diffusivity coefficients. Five sets of experimental data at five times during the H-mode
discharge (shot No. 70601) were used to obtain the fitting profiles to reduce the background fluctuations.

To consider the effects of pellet injection on the back-
ground plasma, the ablation atomic density n(z) introduced
into the continuity equation in SOLPS as the source term is
calculated from G(z) in Eq. (1)

n(r) ~ G(t)Ar  G(t)

L.L,L, L.y’
here L, and L, represent the unit length of the radial and

3)

poloidal grids (slightly larger than the pellet radius), respec-
tively. The scale of the toroidal grid L, can be expressed by
the product of the average toroidal velocity of ablation parti-
cles v, and the residence time of the pellet in the unit cell Az.
The ablation particles diffuse outwards in the neutral cloud,
and are then ionized and expand at the sonic velocity. In or-
der to calculate the source term more accurately, v; should be
the velocity of the particles in the neutral cloud just ablated, as
discussed in Ref. [22].

3. Results and discussion

In EAST experiments,**! D, gas is frozen and cut into
cylindrical solid pellets with diameter of 1.5 mm and length
of 1.2/1.5/1.8 mm and then injected at a speed of 100 m/s—
300 m/s. In the DNGS model, the pellet is assumed to be
spherical, so a cylindrical pellet in experiments can be approx-
imated by a spherical pellet with a radius of 0.8/0.86/0.91 mm
based on particle number conservation. In the simulation, the
parameters of the pellet are selected with reference to the ex-
periments. The pellet is injected from the OMP; its radius is
in the range of 0.8 mm—1.2 mm and its injection speed in the
range of 100 m/s—300 m/s.

3.1. Effects of D pellet injection

As shown in Fig. 3, the ablation rate is at first relatively
low in the SOL, but after entering into the separatrix ablation
is then intensified remarkably due to the rapid enhancements
in both background plasma density and temperature. As the
pellet radius reduces gradually with ablation, the ablation rate
begins to decrease after reaching a peak.

The evolution of the electron density and electron and ion
temperatures in the OMP is shown in Fig. 4. From Fig. 4 we

can see that the electron density increases noticeably 0.5 ms
after the pellet is injected, and the electron density perturba-
tion moves inward as the pellet moves, indicating that the ion-
ization of ablated atoms densifies the plasma locally. The elec-
tron temperature falls first due to inelastic collisions but then
recovers quickly, which is not noticeable in Fig. 4(b). In con-
trast, the ion temperature decreases evidently and takes about
1 ms to reach its initial state, as can be seen clearly in Fig. 4(c).
Compared with the ion temperature, the electron temperature
quickly recovers from the perturbation.

3.5

3.0F

251

20r

1.5

G (10 571

1.0

R—R

sep (Cm)

Fig. 3. The ablation rate of a D pellet at the outer mid-plane. The pellet
moves inward from the SOL (i.e., the colored region where R — Ry, is posi-
tive) with a radius of 0.8 mm and injection velocity of 100 m/s.

The distribution of the atomic density of D at different ab-
lation times (0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 ms after injection)
is presented in Fig. 5. In the first three snapshots of Fig. 5 we
can see there are considerable numbers of neutrals in the SOL.
After the pellet moves further inside the seperatrix, the distri-
bution of the neutrals looks distinctively different: there is an
atomic layer around the pellet. The distribution of the neutrals
in the radial direction is presented in Fig. 6(a). It can be seen
that the atomic density in the SOL does not rise significantly
at 0.1 ms (at the time the pellet is still in the SOL), while it
increases rapidly at 0.2 ms and 0.3 ms (the pellet is already
1 cm-2 cm inside the separatrix).
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Fig. 4. Evolution of (a) electron density, (b) electron temperature and (c) ion temperature in the outer mid-plane, with density in units of m > and temperatures
in eV. The pellet is injected at 0.5 ms with a radius of 0.8 mm and injection velocity of 100 m/s.
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Fig. 5. Distribution of the atomic density of D at different ablation times. The black lines represent the location of the separatrix (r, = 0.8 mm, v, = 100 m/s).

From these results we know that strong ablation takes
place inside the separatrix, and that many ablated atoms re-
turn to the SOL when they are near the separatrix, as shown in
Fig. 6(b). Since both the electron density and temperature are
low, weak ionization has much less effect on the neutral den-
sity in the SOL. There is another reason for this: the movement
of neutrals is determined by collisions and is not confined by
the magnetic field. They move much more slowly than charged
particles. Thus, a high atomic density occurs in the SOL. As
the pellet goes deeper, the outflow of neutral particles weak-
ens and the atomic density in the SOL falls. When the pellet
is deeper inside the separatrix, the nearby ablated neutrals are

more likely to be ionized in a shorter time period and then
confined inside the separatrix by the magnetic field. In fact,
atomic deposition in the SOL is closely related to the injection
velocity and will be discussed in detail in the next section.
The profiles of electron density at different times after
injection of a pellet from the OMP are shown in Fig. 7(a). As
can be seen, the electron density becomes higher with time
before it peaks at the top of the pedestal, at a maximum of
7.5 % 10" m~3. The electron density then drops as the ablation
rate decreases, with the deepest distance within the separatrix
being approximately 6 cm. In Fig. 7(b), a local drop in the ion
temperature occurs since the ionization of the ablated neutrals
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Fig. 6. Profiles of (a) atomic density and (b) radial atomic flux (the outflow is positive) at the outer mid-plane at different times during pellet injection

(rp = 0.8 mm, v, = 100 m/s).
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Fig. 7. Profiles of (a) electron density and (b) ion temperature at the outer mid-plane at different times during pellet injection (r, = 0.8 mm, v, = 100 m/s).
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Fig. 8. Electron density and ion temperature profiles at the outer mid-plane
without pellet injection. It takes about 1 ms to recover from the perturbation
after pellet injection (rp, = 0.8 mm, v, = 100 m/s).

consumes energy. However, the ion temperature in the SOL
rises as some ions with higher energy diffuse into the SOL
from the region near the separatrix.

After the background plasma has recovered from the per-
turbation, the electron density rises and the fuel particles are
almost all deposited within the separatrix at 2 cm—6 cm, as
shown in Fig. 8. Due to inward particle transport, the core den-
sity also increases slightly, while the ion temperature is only

reduced in the main ionization region.

3.2. Pellet size and injection velocity

The pellet size and injection velocity are two main pa-
rameters that affect the fueling performance. We can adjust

the pellet size and injection velocity to control the amount and

location of deposition. Figure 9 compares the ablation atomic
density with different pellet radii and injection velocities. With
the same injection velocity, a larger pellet size leads to deeper
penetration and a higher ablation atomic density, while with
the same pellet size an increase in injection velocity leads to a
decrease in ablation atomic density.

The experiments on DIII-D?>) show that a pellet injected
with high velocity can increase the penetration and fueling ef-
ficiency (defined as an increased number of plasma electrons
divided by the number of fuel atoms). The atomic deposition
in the SOL found in Subsection 3.1 is very sensitive to the
pellet velocity. Figure 10(a) shows the evolution of atomic
density in the SOL (R — Rsep = 1 cm). With the increase in
pellet velocity, the atomic density in the SOL decreases evi-
dently due to the reduction of out-diffusion of D atoms from
the separatrix, and the deposition time is also shortened. Fig-
ure 10(b) shows the evolution of radial atomic flux at the sep-
aratrix during pellet injection. In this figure, the negative flux
means that the net particle flux goes into the separatrix; the
negative flux occurring in the initial stage is mainly due to the
particle influx resulting from the pellet moving in the SOL but
near the separatrix, and the time of the influx is short. As
time advances, the radial atomic flux builds up quickly as the

pellet moves across the seperatrix. When the pellet velocity
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is higher, the deposited atomic profile broadens, and its peak
drops and stays further away from the separatrix. As a result,
the atomic outflux into the SOL becomes weaker. The higher
injection velocity reduces the ablation in the pedestal region
and effectively decreases the outflow of particles, so a higher
injection velocity is preferred to reduce the expulsion of fuel-
ing particles from the discharge and improve the fueling effi-
ciency. However, the loss of neutrals due to this mechanism
accounts for only a small percentage. A much large percent-
age of fueling loss observed in experiments must have been
caused by other channels.?®!

Figure 11 shows the evolution of electron density after
the injection of pellets with different radii. As pellet size in-
creases, the peak electron density grows significantly. It can
be seen that the amplitude of the perturbation density peak can
reach six times that of the initial density with a pellet of ra-
dius 1.2 mm, while the peak density is no more than twice
the initial density with a pellet of radius 0.8 mm. The higher
injection velocity makes the pellet deposit fewer neutrals per
unit length, i.e. the perturbation density is lower, and the pel-
let moves further into the plasma core, as shown in Fig. 12.
The strong density perturbation will cause instability and af-
fect the steady-state operation of the plasma. The profiles in
this work can be used as input for advanced MHD models such
as BOUT++ to analyze the plasma response in detail.[?’]

In previous work!??) on ELM triggering by Li pellets we

found that the triggering rate depends strongly on the pellet
size; the aim was to provide a density perturbation in the gra-
dient region of the background plasma. The use of pellets
for fueling requires efficient fueling deep inside the separatrix
without causing unacceptable perturbation. Thereby, effective
optimization of fueling is benefited by a higher injection ve-

locity.
1.2
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Fig. 9. Ablation atomic densities of D pellets at the outer mid-plane with
different (a) pellet radii and (b) injection velocities.
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3.3. Ablation rates of D and Li pellets for ELM triggering

It has been demonstrated experimentally that both D and
Li pellets injected into the pedestal can trigger ELMs. How-
ever, the difference between fuel and impurity pellets for ELM
triggering remains unclear. The ablation rates of D and Li
pellets in the pedestal are plotted in Fig. 13 for the same in-
jection conditions. As can be seen, the D pellets ablate more
intensively with a higher ablation rate, which can be under-
stood easily from the big difference in the sublimation energy
(0.005 eV per D atom compared with 1.6 eV per Li atom). In
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G (10%s71)
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0.5

0
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Fig. 13. Ablation rates of D (red line) and Li (blue line) pellets injected
from the outer mid-plane with the same size (r, = 0.8 mm) and velocity
(vp = 100 m/s).
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Fig. 14. Plasma pressures at the moment of maximum ablation caused by
different-sized pellets (v, = 100 m/s).
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Fig. 15. Plasma pressures at the moment of maximum ablation caused by
different injection velocities (r, = 0.8 mm).

the pedestal the ablated particles are ionized and radially con-
fined there. Figure 14 presents the plasma pressures at the mo-
ment of maximum ablation caused by different sized D pellets.
Compared with the previous study of Li pellets*?! the maxi-
mum perturbed pressure resulting from D pellets of the same
size is obviously higher, although a D atom only contributes
one electron whereas one Li atom contributes three electrons
after it has been completely ionized. In Subsection 3.2 we
found that increasing the injection velocity would reduce the
strength of the density perturbation. When the injection ve-
locity is reduced from 300 m/s to 100 m/s, the maximum per-
turbation pressure is enhanced and the peak pressure moves
back a little closer to the SOL, as shown in Fig. 15. For ELM
pacing, the injection velocity should not be too large in case
the pellet does not deposit its neutrals in the pedestal region.
Moreover, the ELM triggering efficiency is also related to the
deposition position of pellet particles. Pellet particles deposit-
ing in the steep pedestal region are more favorable for ELM
triggering than those depositing on the pedestal top.[*8! We
can adjust the injection velocity to control the location of de-
position in the pedestal region.

4. Conclusion

The dynamic neutral gas shield model combined with the
edge plasma code SOLPS-ITER has been employed to study
the ablation and transport of D pellets with reference to EAST
experiments. The present work found that the background
plasma was locally much affected by an injected pellet with the
parameters used in EAST experiments: the electron density
was raised while the electron and ion temperatures dropped lo-
cally, but the disturbance to the electron temperature was not
so noticeable as that to the ion temperature. Deuterium atoms
distributed circularly around the moving pellet, and some of
them deposited evidently in the SOL due to the transiently en-
hanced particle out-diffusion after the pellet moves across the
separatrix. Increasing the pellet velocity could effectively re-
duce atomic deposition in the SOL and thus improve the fu-
eling efficiency. Compared with Li pellets, D pellets ablated
faster and more intensively, and the pressure perturbation to
the background plasma was significantly higher than for Li
pellets of the same size. The maximum perturbed pressure
was sensitive to the injection velocity but the position of the
maximum perturbed pressure depended only weakly on injec-
tion velocity. This conclusion was important for ELM trig-
gering experiments. In future work, the influence of classi-
cal drifts on the ionized particles in the HFS/LFS will be an-
alyzed. Meanwhile, due to the difficulty of injecting pellets
from the inner mid-plane in practice, as an alternative integrat-
ing Zhang’s areal deposition model®®! with the SOLPS code
will be undertaken to carry out injection from the HFS with an
arbitrary angle.
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