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ABSTRACT

Dispersive shell pellet injection for disruption mitigation on the DIII-D tokamak is modeled with the 3D MHD code NIMROD. The simula-
tions attempt to reproduce as closely as possible a pellet velocity scan that was performed on the DIII-D tokamak [Hollmann, et al., Phys.
Rev. Lett. 122, 65001 (2019)]. This scan involved injecting a hollow diamond shell filled with boron dust that is released in the core of the
plasma. Trends that are reproduced in the simulation include improved mitigation, reduced plasma current spike amplitude, and increased
likelihood of hot-tail runaway electron production with increased pellet speed. The simulations provide additional physics insight into these
findings. Limitations of the present model and requirements for a predictive model are discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054099

I. INTRODUCTION AND BACKGROUND

It is a truth universally acknowledged that success of the ITER
mission depends on a reliable system to mitigate those disruptions
that cannot be avoided.1 Shattered pellet injection (SPI), first demon-
strated on the DIII-D tokamak,2 and since deployed on other devi-
ces,3–6 is the basis for the design of the ITER Disruption Mitigation
System (DMS). However, SPI is not certain to solve every disruption
challenge, and the conversion of current carried by thermal electrons
to a high energy beam of relativistic runaway electrons (REs) remains
particularly worrisome, so alternate methods of disruption mitigation
continue to be pursued. Among these, dispersive shell pellet (DSP)
injection has been demonstrated on DIII-D7 by injecting hollow
spherical diamond shells filled with boron dust into the tokamak at
sufficient velocity to ablate the carbon shell gradually in the edge and
release the boron payload near the center. The goal of this method is
to cool the plasma from the inside out, thus radiating the lion’s share
of the core thermal energy while conducting minimal heat to the
divertor. The intact flux surfaces in the unperturbed edge might also
permit a slower rate of radiation cooling in the core—with lower Z
impurities—avoiding the production of RE seeds by the hot-tail
mechanism.

In the DIII-D DSP experiments,7 pellets were injected with veloc-
ities ranging from �100–230 m/s. Several clear trends were observed
as pellet velocity was increased, including decreased amplitude of the
plasma current spike, shorter current quench duration, reduced heat
fluence at the outer-divertor strike-point, and increased hard-x-ray

(HXR) signal, indicating a “prompt-loss” of REs generated during the
TQ. The goal of the work described here is to determine which of these
trends can be reproduced by 3D MHD modeling of DSP into DIII-D,
both to gain physics insight into these trends—and DSP in general—
and to understand what deficiencies exist in the model that need to be
addressed in order to enable predictive modeling of DSP into ITER or
other future tokamaks.

3D MHD modeling of disruption mitigation, incorporating a
radiating impurity species, was first performed with NIMROD to
model massive gas injection (MGI) on Alcator C-Mod8,9 and subse-
quently on DIII-D.10 Among the key physics insights gained from this
modeling was the role of the n¼ 1 modes in determining the asymme-
try of radiated power,10,11 with experiments subsequently showing
similar effects.12 NIMROD also includes a model for RE test-particle
drift-orbits, which was used to predict a very pessimistic R3 machine-
size scaling for the confinement of runaway electron seeds.13 A
radiating impurity model for disruption mitigation has also been
incorporated into two other 3D MHD codes: M3D-C1,14,15 which has
been carefully benchmarked with NIMROD and also allows for a two-
temperature model for the thermal quench, and JOREK,16 which has
also included a RE test-particle model.17 Considerable effort has been
made recently to model SPI16,18–20 as the primary strategy for ITER.

Modeling of DSP with NIMROD has previously focused on the
dynamics of an inside-out thermal quench, with a model for the shell
either neglected21 or considerably simplified.22 Here, we present a
more detailed effort to reproduce DIII-D experimental trends. The
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model itself is improved, with the addition of a non-constant shell
ablation model, calibrated to experiments, and boron atomic data for
more accurate modeling of the payload (both described in Sec. II).
Some of the physics parameters are pushed closer to realistic values,
including the use of realistic Spitzer resistivity with no cutoff at high
temperature, and sensitivities to viscosity and source localization are
studied (Sec. III E). The main thrust of the simulations (Secs.
IIIA–IIID) is a scan over pellet velocity for three otherwise identical
simulations and a comparison with the experimental pellet velocity
scan performed by Hollmann.7 In Sec. IV, we provide a summary of
where the model succeeds and fails. Three experimental trends vs pel-
let speed are reproduced by the simulations. First, the TQ mitigation
efficiency, indicated by the radiated power fraction and evidenced
experimentally by the divertor heat fluence, increases with pellet speed.
Second, the appearance of RE seeds only for fast pellets in DIII-D is
consistent with the variation in core temperature evolution in the sim-
ulations. Third, the decrease in the plasma current spike amplitude
with faster pellets is reproduced and explained in terms of the evolu-
tion of poloidal flux. We finally discuss what insight into the experi-
mental trends is gained from the modeling and consider the
requirements for predictive DSP model in light of the results.

II. COMPUTATIONAL MODEL
A. Code description

The 3D extended-MHD simulations described herein are per-
formed with the NIMROD code,23 including extensions for impurity
radiation11 and runaway electron (RE) test-particles.13 These models
have been described extensively in the references given, but briefly, the
model is single-fluid MHD, having a single temperature and single
fluid velocity. The densities of each impurity charge state, and the
main deuterium ion density, are evolved by separate continuity equa-
tions (six additional continuity equations for boron, plus seven for car-
bon), with ionization and recombination rates calculated for
transitions between charge state populations. The energy equation
includes cooling due to ionization, and recombination, bremsstrah-
lung, and line radiation. The “pellet” in the simulation is simply a vol-
umetric source of neutral impurity density having a specified temporal
and spatial distribution whose total rate (atoms/s) is given by the pellet
ablation rate (discussed in Sec. II B). The (moving) region in which the
neutral atoms are deposited is governed by the same equations as the
rest of the plasma, and the solid pellet itself is essentially a phantom—
only the ablated material from the pellet enters the simulation. With a
single temperature model, energy conservation dictates that the
plasma also cools instantaneously by dilution as the density rises due
to the added neutrals and due to ionization. As the MHD equations
are advanced, drift orbits are calculated for runaway electron test-
particles, with equations for parallel and total momentum in addition
to three spatial evolution equations. The momentum evolution
includes acceleration due to the electric field and drag due to small-
angle collisions, and synchrotron and bremsstrahlung radiation. Pitch-
angle scattering by large-angle collisions is not included. The test-
particles have no effect on the MHD fields and are initialized at relativ-
istic energies—no RE generation model is included.

The radiation and ionization rates originally incorporated into
NIMROD are ADPACK rates taken from the KPRAD code,24 includ-
ing atomic data for He, Be, C, N, Ne, and Ar. These rates are non-
equilibrium Corona rates, meaning (as stated above) radiation from

each impurity charge state is calculated separately, and a low-density
regime is assumed. The total line radiation in the energy equation is
then given as a sum over radiation from every impurity charge state Z:
Prad ¼

P
znenzLz , where nz is the density of a particular charge state,

and the coefficient Lz from KPRAD is dependent only on Te. Since
boron is the payload species for the DIII-D DSP experiments modeled
here, and no boron data were previously included in the code, we have
added atomic data for both line emission from excitation and electron
impact ionization25,26 taken from OPEN-ADAS.27 The ADAS rates
are calculated using the collisional-radiative model, which should
approach the Corona model at low density. In principle, the coeffi-
cients Lz from this model are dependent on both Te and ne, and the
coefficients in the file Ref. 25 are presented in a 2D table. However, in
reality, this particular data file contains no variation with density over
the five orders of magnitude range given, so that it can also be repre-
sented simply as an Lz (T) function for each charge state without any
reduction of the data and used in the code in an identical manner to
the KPRAD data. It is desirable to perform basic checks of these new
data and compare with existing data in the code, so a set of three short
simulations was run in which a toroidally symmetric source of neutral
impurities, centered on-axis, is deposited in a DIII-D equilibrium dur-
ing a time window of 0.1ms, after which the impurity source is
turned off. We compare simulations with an identical number of
atoms added at an identical rate for Be, B, and C impurities, where
the Be and C simulations use the existing ADPACK data in
NIMROD and the B simulation uses the newly added B OPEN-
ADAS data. Figure 1 shows the number of added impurities and
electrons and the total line radiation for each simulation. Each case
radiates strongly as new neutral impurities are added then falls off
sharply when the injection ceases. The impurities become highly
ionized but not fully stripped in every case, as indicated by the ratio
of added electrons to impurity ions. That the B results remain
bounded by the Be and C results at all times indicates that this
OPEN-ADAS data falls very reasonably in line with ADPACK data
already included in the code.

FIG. 1. Test simulation to compare new B atomic data to Be and C data already in
the code. (Upper) added impurity atoms, which is the same for all three simulations
(dashed) and added electrons for each species vs time. (Lower) total impurity line
radiation for each species vs time.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 28, 082502 (2021); doi: 10.1063/5.0054099 28, 082502-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/php


B. Ablation model

Each simulation presented here models the injection of a carbon
shell containing a boron payload, in accord with DIII-D DSP experi-
ments. The impurity deposition model consists of a source of neutral
impurities traveling at a constant rate along the outer midplane of the
equilibrium from the edge to the core. The poloidal distribution of the
impurity source is a circular Gaussian distribution and the toroidal
distribution is a von Mises distribution (circular normal distribution)
as described in Ref. 22. In every simulation, the total quantity of shell
carbon deposited is 3.01 � 1020 atoms, and the boron payload com-
prises 1.17 � 1021 atoms, the nominal shell and payload quantities
from the DIII-D experiments. As the source travels from the edge at
the prescribed velocity, the carbon shell material is first deposited at a
rate governed by the local plasma temperature and density (due to the
thin shell, the radial dependence of the ablation rate is ignored and
absorbed into the coefficient). The ablation rate used here is

G atoms=sð Þ ¼ 1:44� 1011T5=3n1=3: (1)

The temperature and electron density are in eV and m�3, respectively.
The exponents for this model are based on the ablation model for
hydrogenic pellets of Parks.28 Because that model gives much too high
ablation rates for the diamond shell, the value of the coefficient is cho-
sen (by some trial and error) so that a 230 m/s pellet ablates the entire
shell and releases its payload at r/a¼ 0.25 in the simulation. This target
release location is based on the results reported for a 230 m/s pellet in
Ref. 7 for which the payload is released at r/a¼ 0.25 and disappears at
r/a¼ 0.15. Having calibrated the model to this pellet velocity, the
velocity scan is then carried out with the same ablation coefficient for
every case. Ideally, a theoretical model would eventually replace this
ad hoc ablation model, but we will see in Sec. III that it is sufficient to
reproduce several experimental trends.

Once the total shell mass has been deposited, the source species
switches to the boron payload material, which is deposited with the
same spatial dependence at a constant rate determined by the total
payload quantity, the specified distance over which to release the pay-
load, and the pellet speed. The source velocity remains constant, so
that the effect of payload slowing after the shell breaks open is not
accounted for, but the distance over which the payload is released is
matched to the experiment (r/a¼ 0.1). An example of the total depos-
ited impurity quantity vs time for a simulation with a 230 m/s pellet is
seen in Fig. 2. The nonlinear behavior of the shell ablation reflects
both the temperature and density profiles of the target equilibrium,
and (as will be discussed further in Sec. III) the evolution of those pro-
files in direct response to ablated impurities and to the onset of unsta-
ble MHD modes, which causes the slowing of the ablation rate just
prior to payload release.

C. Simulation parameters

Each of the simulations described here begins with a 1.46 MA
lower-single-null diverted DIII-D equilibrium, having 1.05MJ of
stored thermal energy, an edge safety factor q95¼ 3.1, and a safety fac-
tor on axis q0 ¼ qmin ¼ 1.05. The poloidal plane is discretized with a
resolution of 40 (radial)� 56 (poloidal) finite elements, with fifth-
order polynomial basis functions within each element. The toroidal
direction is represented by Fourier components n¼ 0–10. In every
simulation, realistic temperature- and Zeff-dependent Spitzer resistivity

values are used, with no cutoff at high temperature, with an expression
given as g Xm½ � ¼ 3:393� 10�4Zeff T�3=2e . Viscosity values given in

Table I are coefficients of both the parallel (P
$
¼ �3q�k=

2 b̂ �W
$
� b̂

� �
b̂b̂ � I

$
=3

h i
) and isotropic (P

$
¼ �q�isoW

$
) viscosity

(with W
$

strain-rate tensor). The large values chosen may produce
strong viscous damping of MHD activity and are chosen by necessity
for reasons of numerical stability. With realistic resistivity, the highest
viscosity gives values of the Prandtl number of 6� 105 in the initially
hot core or 10 in the coldest regions of the post-TQ plasma. These are
not atypical values in comparable NIMROD simulations. For instance,
the SPI simulations reported in Ref. 19 quote a Prandtl number on-
axis of 105 but with resistivity enhanced by two orders of magnitude,
so that we may infer viscosity values roughly an order of magnitude
higher than used in the present work. The effects of viscosity will be
revisited in the discussion section. The toroidal peaking of the neutral
source can be most intuitively characterized by the source toroidal
peaking factor (STPF) which is the toroidal maximum of the neutral
source divided by the toroidal average (also used to characterize radia-
tion peaking) and for these simulations has a moderate value of
STPF¼ 1.7. The values of parallel and perpendicular thermal conduc-
tion are constant and given as jjj ¼ 108 m2/s and j? ¼ 2.0 m2/s,
respectively. A non-constant rate of parallel thermal conduction,

FIG. 2. Example neutral deposition vs time result for a single simulation (230 m/s
pellet), with the C shell ablation governed by Eq. (1) and a constant payload deposi-
tion rate.

TABLE I. Varied parameters for seven simulations. Cases 1.0, 2.0, and 3.0, scan-
ning only over pellet velocity, are the primary cases discussed in Sec. III.

Case label Pellet velocity Viscosity
Poloidal source

localization (HWHM)

Case 1.0 230 m/s 520 m2/s 0.083 m
Case 2.0 175 m/s 520 m2/s 0.083 m
Case 3.0 115 m/s 520 m2/s 0.083 m
Case 1.1 230 m/s 260 m2/s 0.083 m
Case 1.2 230 m/s 130 m2/s 0.083 m
Case 3.1 115 m/s 260 m2/s 0.083 m
Case 3.2 115 m/s 520 m2/s 0.042 m
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which should vary as T5/2, can make the temperature advance numeri-
cally intractable when steep gradients occur in regions of stochastic
fields. The primary consequence of the constant value chosen will be
to overestimate parallel transport in cold regions of the plasma.
Because the plasma stochasticizes from the inside out, this approxima-
tion should have less effect on the fraction of energy conducted to the
wall than in the case of SPI simulations, for instance, but could affect
the rate at which the local cooling in the center spreads outward. For
numerical stability purposes, an artificial particle diffusion of 0.5 m2/s
is included for all species. The payload is dispersed over a width of
r/a¼ 0.1 in every case, based on the single experimental case to which
the ablation model is calibrated, with the constant payload delivery
rate determined by the total payload quantity and the interval over
which it is delivered. This model for the payload delivery does not
account for differences as the pellet speed is varied or slowing down of
the payload after release. The primary parameter that is scanned for
this study is the pellet velocity, with values of 230, 175, and 115 m/s
modeled with otherwise identical parameters, and this comparison
will be the focus of parts A–D of Sec. III. For specific cases, additional
simulations are run to examine the effects of other parameters,
namely, viscosity and poloidal source localization. Results of these sim-
ulations will be considered in Sec. IIIE. The table below lists all param-
eters that are varied over the total set of cases discussed.

III. SIMULATIONS RESULTS
A. Overview

For cases 1.0, 2.0, and 3.0, we compare the time histories of the
impurity source rate, total plasma current, total stored thermal energy,
and n¼ 1 mode amplitudes in Fig. 3 (for clarity, n¼ 2–10 mode
amplitudes are plotted only for case 1.0; n¼ 1 is the dominant mode
at all times in every simulation). Each case is characterized by a loss of
just under 20% of the stored thermal energy prior to payload release
(pre-TQ phase) and a TQ time between 1.5 and 2.0ms from payload
release until the plasma current spike, which occurs once nearly all the
stored thermal energy is lost. The n¼ 1 mode is perturbed directly by
the pellet source beginning in the pre-TQ and has multiple peaks but
reaches its largest amplitude just before the Ip spike. We note that the
timing of the 175 m/s case is much closer to that of the 230 m/s case
than that of the 115 m/s case. On the other hand, if we plot the loca-
tions of the payload release (Fig. 4), we find that the 115 and 175 m/s
pellets release their payloads at nearly identical locations (r/a¼ 0.39),
and only the 230 m/s pellet penetrates further to the core (r/a¼ 0.25).
The deposition vs r/a for the three primary cases is also compared
with the other four simulations in Fig. 4, which will be discussed more
in Sec. III E. In each simulation of the primary pellet velocity scan, the
payload is released inside of the q¼ 1.5 surface. The strong tempera-
ture dependence of the ablation rate produces the highly nonlinear
dependence of the payload release location on pellet velocity. The pel-
let ablation is very weak in the edge then begins to increase, only to
slow down again in every case before payload release [Fig. 3(a)]. This
slowing of the ablation rate results from the growth of the n¼ 1 mode
in the core, which distorts and shifts the hot core away from the
incoming pellet. This can be seen in the field line Poincare plot and
temperature contours at the pellet toroidal location before payload
release for case 1.0 shown in Fig. 5. In MGI simulations of DIII-D, it
was previously observed that the phase of the m/n¼ 1/1 mode in the
core aligns such that the heat flux associated with the mode is away

from the incoming impurity source,10 which is consistent with the pre-
sent finding. We also note from Fig. 5 that, while the shell material
itself is sufficient to trigger some pre-TQ unstable mode growth and
produce a stochastic region near the core, this remains surrounded by
a large mantle of good flux surfaces.

Time traces of radiated power and Ohmic heating are compared
in Fig. 6 for the fastest and slowest pellet cases (various metrics for all
three will be compared in Sec. IIIB). In addition to impurity line radia-
tion, which is the dominant radiation term, recombination radiation
becomes significant for a short interval after the initial ionization of
the payload and subsequent local cooling of the plasma. Although
included in the calculation, bremsstrahlung radiation is negligible and
not plotted. In each case, we see a narrow spike in radiation when the
payload is first released—which is much higher for the 230 m/s
pellet—and eventually a more steady-state level of radiation that is

FIG. 3. Overview of thermal and current quenches for three simulations with differ-
ent pellet velocities: case 1.0 (230 m/s), case 2.0 (175 m/s) and case 3.0 (115 m/s);
(a) total deposited impurities (CþB), (b) stored thermal energy, (c) plasma current,
and (d) n¼ 1 mode amplitudes (n¼ 2–10 plotted only for case 1.0).
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around �0.7GW in both cases. Between the spike and the eventual
steady state, only the slow pellet case has a short interval of lower radi-
ation �0.4GW. Both the smaller initial spike and the low radiation
interval for case 3.0 stem from the fact that the core plasma begins at a
higher temperature and cools initially to a higher temperature than
case 1.0, which will be further discussed in the section on runaway
electrons (Sec. IIIC). As the thermal quench proceeds, Ohmic heating
grows to eventually match radiated power (with the peak closely corre-
sponding to the time of the Ip spike) and the two curves fall off
together as the CQ proceeds. The total electron quantity added by
the impurities is also plotted in Fig. 6 and compared to the impurity
quantity. In each case, the payload becomes highly ionized at first
then the electron number falls off, with the Bþ1 eventually becom-
ing the dominant charge state. The payload released closer to the
core becomes less ionized and recombines more quickly than the
payload released at larger r/a. This is also explained by the counter-
intuitive fact that the initial temperature at the payload is lower and
drops more quickly for the deeper penetrating pellet, as discussed
in more detail in Sec. III C.

B. Thermal quench mitigation metrics

A successful thermal quench mitigation scheme should radiate
the largest possible fraction of the stored thermal energy to reduce the
fraction that is conducted to the divertor. In the DIII-D velocity scan
experiment in Ref. 7, the mitigation efficacy was assessed by compar-
ing the heat fluence measured at the divertor inner-strike-point, and it
was found that this was reduced at higher pellet velocities, indicating
better mitigation. In the simulations, the most straightforward metric
for comparison is the radiated energy fraction. The energy accounting
for case 1.0 shown in Fig. 7 illustrates the definition of this metric. As
the impurities are deposited, stored thermal energy goes both into
radiation, which is lost from the system, and ionization of the

FIG. 4. (Upper) variation of time and location for payload release with different pel-
let velocities for cases 1.0, 2.0, and 3.0. (Lower) a comparison of the cumulative
spatial deposition of impurity atoms vs r/a for all seven cases with broken lines indi-
cating carbon deposition and solid indicating boron deposition. Cases 1.1 and 1.2
with varying viscosity lie almost on top of each other and very near to case 1.0.
Likewise, case 3.1 with lower viscosity lies almost on top of case 3.0 (both have a
different shell deposition profile but nearly the same payload deposition as case
2.0). Case 3.2 with more localized deposition has an earlier payload release as will
be discussed in Sec. III E.

FIG. 5. Distortion of core due to n¼ 1 for case 1.0 at 1.6 ms (slightly prior to pay-
load release). Magenta pentagon shows pellet location at this time. (left)
Temperature contours (eV), (right) magnetic field line Poincare plot. The dashed
line is the simulation boundary, but the actual DIII-D limiter shape is also plotted as
a solid line.

FIG. 6. A comparison of thermal quench radiation and ionization/recombination
characteristics for a fast and slow pellet; (upper) radiated power (line and recombi-
nation radiation) and Ohmic heating power for cases 1.0 and 3.0 and (lower) total
added electrons and impurities for the same two cases.
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impurities. The latter energy can later be lost in the form of recombi-
nation radiation. Therefore, we can sum just the radiation terms,
including recombination radiation, to produce total radiated power, or
we can sum all radiation terms except recombination, plus ionization
energy. The latter sum will be higher, while some impurities remain
ionized and give the fullest accounting of energy that is not conducted
to the divertor, so we use the sum of radiation and ionization to calcu-
late the radiated energy fraction. The upper part of Fig. 7 compares the
total of energy into ionization and radiation with the loss of just ther-
mal energy and of thermal plus magnetic energy from the system.
After the thermal quench, when radiation and Ohmic heating balance,
all the energy being radiated is magnetic energy. The lower part of
Fig. 7 is the calculation of the radiated energy fraction frad as the ratio
of the radiation and ionization energy to the total change in energy.
This reaches a plateau value in the CQ, which is considered the value
of frad for the simulation. Also plotted is the slightly lower curve
obtained by summing all radiation terms, including recombination,
but excluding ionization.

A comparison of radiated energy fraction for three pellet veloci-
ties in Fig. 8 shows a trend of improved mitigation with increasing
velocity. We note that the radiation fraction is quite high in every case,
with the lowest value exceeding 85%, but only the fastest pellet exceeds
the 90% target threshold established for the ITER DMS.1 The radiation
fraction, along with the other trends plotted in Fig. 7, shows a surpris-
ingly linear trend with pellet velocity, given that the shell ablation is so
nonlinear and that the 115 and 175 m/s pellets have identical payload
release locations. A less favorable trend is the approximately linear
increase in maximum radiated power with pellet velocity although we
saw from the comparison of two cases in Fig. 6 that this maximum

corresponds to a narrow spike at the time of payload release, whereas
most of the stored thermal energy is lost in the more steady-state
phase of the radiation, at a comparable level in each case. Figure 8(c)
compares the toroidal radiation peaking factors (TPF ¼ maximum/
average) at three times: the time of the maximum radiated power, and
0.5 and 1.0ms after the maximum. Recall that the neutral source itself
has a TPF of only 1.7, and this is likely the dominant factor in deter-
mining the radiation TPF values around 1.5 observed in the simulation
(a DSP simulation in Ref. 22 with a source TPF of 3.7 had a radiation
TPF of 3.3 at the time of maximum radiated power), such that this
finding cannot be considered predictive for a more localized pellet.
The TPF values during the initial radiation peak and after 1ms are all
quite similar, but we do observe an opposing trend in the intermediate
time when the TPF temporarily drops for the slowest pellet and rises
for the fastest pellet. This occurs during the intermediate low radiation
phase for case 3.0 that does not occur in case 1.0 (Fig. 6), which will be
further discussed in the runaway electron section (Sec. III C).

C. Runaway electrons

The primary observation concerning runaway electrons in the
DIII-D experiments was that only the fastest pellet (230 m/s) had a

FIG. 7. An illustration of the calculation of radiated energy fraction for case 1.0;
(upper) a comparison of energy into ionization, radiation (excluding recombination),
and the total of the two, with thermal energy lost and total energy lost from the sys-
tem; (lower) the ratio of total radiated energy (including recombination), and of
energy into ionization plus radiation (w/o recombination), to the total thermal plus
magnetic energy lost.

FIG. 8. Major trends as a function of pellet velocity. (a) Radiated power fraction, (b)
maximum radiated power, and (c) radiation toroidal peaking at three times, and (d)
Ip spike amplitude, compared for cases 1.0, 2.0, and 3.0.
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measurable “prompt loss” of runaway electron seeds at the end of the
TQ,7 indicated by hard-x-rays (HXR) produced when �1MeV or
greater REs strike the DIII-D wall. To understand this result, we wish
to examine both how RE generation and RE loss may differ for differ-
ent pellet velocities. The NIMROD RE test-particle model contains no
model for RE generation; it merely seeds test-particles above the run-
away threshold to study their confinement. We can nonetheless exam-
ine the evolution of the temperature profiles in the simulations to gain
some insight into how runaway electron generation may vary over the
set of simulations. In DIII-D, the Dreicer mechanism29 of RE seed
generation has been estimated to be insufficient, while the hot-tail
mechanism30 predicts much larger seeds.31 Thus, it seems that the
conditions for RE generation during a DIII-D TQ are as follows: con-
dition 1) a drop in temperature that is fast enough compared to the
temperature equilibration time to produce a non-Maxwellian electron
distribution (i.e., a hot-tail), and condition 2) a final state at the end of
that temperature drop in which E > Ec, where Ec is the critical electric
field,29 below which no runaways are possible.

Examining temperature profiles over a range of 0.3ms beginning
just prior to payload release for cases 1.0 and 3.0 (Fig. 9), we see that
rapid cooling occurs in the early phase of this time interval and has
slowed considerably by the end. The cooling rates are comparable, but

at the end of this interval, the temperature on axis [Fig. 9(c)] for case
1.0 is �1 eV, whereas it remains >200 eV for case 3.0. This is due in
part to the lower starting temperature in case 1.0, where the core is
pre-cooled by dilution due to shell electrons in the core. The concen-
tration of the more centered payload within a smaller volume of flux
surfaces is also important in determining the lower final temperature.
We calculate the ratio of the electric field to the critical field [Fig. 9(d)],
using the approximation Ec ¼ 0.12 ne(m

�3)/1020. While E/Ec in case
3.0 remains just below unity after 0.3ms, it exceeds 600 in case 1.0.
The temperature on axis does eventually drop to the �1 eV range for
case 3.0, such that E eventually exceeds Ec but this occurs over an addi-
tional time interval exceeding 0.5ms, and the hot-tail mechanism
depends on the fast cooling rate.

Very similar time scales were considered in a careful comparison
of DIII-D RE seed levels with analytic seed generation estimates by
Hollmann,31 in which a temperature decay time of 0.3ms for DIII-D
experiments with Ar pellet injection was observed. It was noted that
this was comparable to the initial electron temperature equilibration
time of 0.1–0.3ms so that the steady-state Dreicer assumption is not
valid, but the hot-tail assumption of cooling faster than the equilibra-
tion time is only marginally applicable, perhaps explaining overesti-
mates of the observed seed by the analytic hot-tail model of Smith.30

Thus, we can suppose that the initial cooling rate in the simulations is
“fast-enough” (condition 1) in that it matches the rate that is actually
seen to produce seeds in DIII-D experiments. Clearly condition 2
(E > Ec) is only met in case 1.0, with plenty of time for the population
to return to a Maxwellian before E eventually exceeds Ec in case 3.0.
Therefore, the temperature profile evolution in the simulations is
quite consistent with the production of RE seeds for a pellet speed of
230 m/s, but not for a pellet speed of 115 m/s, as was observed in the
experiments.

Losses of runaway electron seeds (assuming they are generated in
each case) are found to increase somewhat with increasing pellet veloc-
ity (Fig. 10). Each simulation begins with 7020 RE test-particles seeded
randomly over the closed flux region, having an average energy of
1MeV with a narrow Gaussian spread (0.1MeV half-width) about the
average. Note that since we only expect RE generation in the core (in
one case), the initialization of REs over the whole cross section will not
give us an estimate of the true percentage that would be lost experi-
mentally, only the fraction of the poloidal cross section in which REs
that are generated would remain confined. The initial average pitch
angle is 0.4 with a Gaussian half-width of 0.1 about the average. Since
no pitch-angle scattering term is included, pitch decreases as the REs
are accelerated to higher energy. In case 1.0, 100% of the RE test par-
ticles are lost to the outer divertor strike point due to field stochasticity
by 4.0ms, just at the start of CQ, before any significant avalanching
would occur. By contrast, cases 2.0 and 3.0 each have a small popula-
tion of test particles in the core (5 and 8, respectively), comprising
�0.1% of the initial seeds, that survive into the CQ and are eventually
lost to the outer-midplane due to curvature drift as their energies
become large and the current decays. Under real conditions, these sur-
viving test particles could continuously produce new low energy REs
by knock-on, and the exponentially growing RE population could sus-
tain the plasma current, but these effects are not incorporated into the
test particle model.

We will see in Sec. IIID that the final peak in the n¼ 1 mode
amplitude has a radial mode structure that is largest in the outer region

FIG. 9. Comparison of cooling in the core after payload release for a slow and fast
pellet, illustrated by temperature profiles at the outboard midplane beginning at the
time of the payload release for (a) case 1.0 and (b) case 3.0. (c) Comparison of T
on axis over the 0.3 ms interval after payload release for the two cases, and (d)
comparison of E/Ec.
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of the plasma and small in the core [Figs. 12(c) and 12(d)]. At the time
of the n¼ 1 mode peak, when the edge of the plasma is most strongly
stochastic (indicated by the sparsity of points and short connection
lengths on the Poincare plot in Fig. 11), all cases have some small
regions of good flux surfaces near the magnetic axis. However, we note
that the large majority of REs are lost prior to the final n¼ 1 peak. We
compare the RE distribution at two times for cases 1.0 and 3.0, where
the first time slice is chosen to have as close as possible to 100 REs
remaining confined, and the second is the time of the n¼ 1 peak
amplitude (Fig. 11). These times fall closer together for case 3.0, the
first being 0.1ms prior to the n¼ 1 peak, whereas the time of �100
remaining REs is 0.15ms prior to the peak in case 1.0. This occurs
because, preceding the n¼ 1 mode peak, case 3.0 confines REs better
in the core due to a persistent closed flux region. By the time of the
n¼ 1 mode peak, the residual population of confined REs is very clus-
tered in the core. On the other hand, REs are lost across the entire
cross section before the n¼ 1 mode peak in case 1.0 due to greater
core stochasticity. When a core of good flux surfaces re-forms as the
large n¼ 1 appears in the edge, no significant RE population remains
in the core. REs near the axis are also accelerated to higher energy in
case 3.0, which can improve confinement with respect to magnetic
perturbations.32

D. Plasma current spike

Defined as the difference in current between the local maximum
and the preceding local minimum, the amplitude of the plasma

current spike also shows an almost linear trend with pellet velocity
[Fig. 8(d)]. The increase in Ip spike amplitude as pellet velocity
decreases is consistent with what was observed on DIII-D7 although
the trend appears more step-like than linear in the experiments, with
the intermediate velocity pellet having comparable amplitude to the
higher velocity pellets. The lowest simulated value is very similar to the
experimentally measured amplitude for the 230 m/s pellet, while the
highest is a bit lower than the largest measured values of �120 kA.
The observed stepwise behavior raises the question of whether some
qualitatively different physics is in play to produce the larger current
spikes seen for the slower pellets. We will compare here in detail the
current density evolution and related MHD activity for the 49 kA
plasma current spike in case 1.0 and the considerably larger 87 kA Ip
spike in case 3.0.

Contours of the n¼ 0 toroidal current density at the time of cur-
rent minimum and current maximum, as well as the n¼ 1 current
density at the time of the n¼ 1 mode peak (occurring between the
other two times), are compared for cases 1.0 and 3.0 (Fig. 12). The
n¼ 0 current density distribution changes significantly as the plasma
current increases. At the time of the local minimum, the core of the
plasma has very little current density, and the forward (positive) cur-
rent density is peaked in an annular ring surrounding the core and
extends outward to the separatrix. The region of forward current is
surrounded by a ring of reversed current at the edge. The radial paral-
lel current density profiles are also compared for all three cases at the
Ip minima and maxima in Fig. 13. The current density profiles near
the center at both times are less peaked and extend more toward the
core for the pellets releasing their payloads further out. We might
expect the current density to extend further inward when the payload
is more concentrated in the core but recall that when the payload is
released further out—over a larger volume of flux—the payload region
does not initially cool to �1 eV, and only gradually does a very cold
region appear in the center that strongly excludes current density. This
region is narrower than the strongly cooled region with the more con-
centrated payload.

The reversed current ring was also seen in Ref. 22 and was inter-
preted in terms of the “flux-trapping” model proposed by Wesson,33

in which poloidal flux is pushed outward and then trapped in the still-
warm edge during the initial current redistribution, producing the
reversed current region that disappears only when the edge cools and
the trapped poloidal flux is released, leading to a plasma current spike.
However, in the scenario considered by Wesson, the plasma is also
warm in the core, and so poloidal flux dissipation at the o-point is not
considered. During the plasma current spike in these simulations, the
core is already cooled to just a few eV, but a warm edge region of hun-
dreds of eV persists up to the time of the current local minimum, and
the temperature in that region subsequently drops to only a few eV as
the Ip-spike commences. As the negative current ring disappears, the
forward current region expands outward and extends down to the
divertor strike points, producing a halo current region. The halo cur-
rent level is similar in each case. A surface integral of the current com-
ing out of the wall at the outer strike point yields 120 kA, but about
50 kA flows back into the wall over a region around the outer-
midplane, so that the current flowing into the wall near the inner
strike-point is just 70 kA. Thus, a corresponding experimental halo
current measurement of the return current flowing through the diver-
tor would be 70 kA. However, these simulations are not expected to

FIG. 10. (a) Number of confined RE test particles (on a log scale) vs time for cases
1.0, 2.0, and 3.0. (b) RE loss rate (NRE[dNRE/dt]

�1), and (c) average RE energy.
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produce accurate halo-current predictions, both because these are ideal
wall simulations (dBn=dt ¼ 0Þ and also because no additional bound-
ary conditions are imposed on the current into the wall, such as sheath
boundary conditions that may be needed for accurate halo-current
predictions.34

The n¼ 1 mode associated with this event has a radially broad
mode structure extending from the inner forward current ring to the
outer reversed ring. Poloidally, the dominant mode numbers are
m¼ 4 (peaked near the inner current ring) and m¼ 3 (with a broad
radial extent). Although the evolution is well into the phase of nonlin-
ear dynamics by the time that the final n¼ 1 mode growth begins, we
can obtain some insight into this mode by examining the safety factor
profile evolution beginning before the last local minimum in the n¼ 1
mode amplitude and continuing through the final growth phase and
the Ip spike [Figs. 12(g) and 12(h)]. Both while the n¼ 1 amplitude is
still decaying and when it begins to grow again, a pair of q¼ 3 surfaces
exists, with one near the equilibrium q¼ 3 surface, and one closer to
the core. Just inside the inner q¼ 3 surface is a q¼ 4 surface. Prior to
the start of the final n¼ 1 growth, a pair of q¼ 2 surfaces is also pre-
sent between the q¼ 3 surfaces. The mode begins to grow at approxi-
mately the time that the q¼ 2 surfaces disappear as the inner q¼ 3
surface moves outward, establishing a region of low magnetic shear
between the q¼ 3 surfaces. The flat profile near q¼ 3 becomes more
pronounced as the Ip local minimum is approached. Between the min-
imum and maximum Ip, the edge q rises quickly to around 4.
Regarding the current spike, these simulations differ only in the details,
with the qualitative phenomena virtually identical.

The q-profile taken together with the non-local radial structure
of the mode is very suggestive of an m¼ 3/n¼ 1 double tearing
mode.35 Unlike a standard tearing mode, this non-local structure can
facilitate flattening of the current profile over a wide region of the
edge. Notably, the double tearing mode has the same non-localized
radial displacement nr(r) as the m¼ 1 tearing mode,35 which is
involved in flattening the central current density for outside-in thermal
quench scenarios. In the DIII-D experiments, no analysis of the MHD
fluctuation spectrum has been reported. We do note an experimentally
similar scenario involving both a comparable q-profile with reversed
magnetic shear and a hollow pressure profile that was reported on
Alcator C-Mod during current ramp up.36 In that case, linear stability
analysis found both an m¼ 3 double tearing mode and an m¼ 4 resis-
tive interchange localized to the inner q¼ 4 surface, which was unsta-
ble not due to high bN but due to the hollow pressure profile.

Dissipation of poloidal flux at the o-point can be observed in the
time traces of total poloidal flux in Fig. 14. Each simulation undergoes
a brief period of rapid dissipation of poloidal flux after the payload
release, but this is considerably delayed in case 3.0 because the core
temperature initially plateaus at a couple hundred eV and only later
drops to the few eV range. During this interval, current density in the
core is diffusing outward but not being dissipated at the o-point. By
the start of the Ip spike, more poloidal flux has been dissipated for case
1.0, which is in competition with poloidal flux that is pushed outward
and “trapped” at the edge. A reconnection event occurs at the time of
the Ip spike to release the trapped poloidal flux. This can be observed
by the drop in separatrix flux without a corresponding drop in total

FIG. 11. Before the n¼ 1 mode peak, case 3.0 retains a concentration of REs in the core on a small closed-flux region. Comparison of magnetic field topology and RE confine-
ment for cases 1.0 (left) and 3.0 (right). (Upper) magnetic field line Poincare plots at times of �100 REs, and n¼ 1 peak. Field lines are color coded by number of toroidal tran-
sits before striking the wall, with 10 000 being the maximum integration length. (Lower) stacked histogram of RE distribution vs normalized poloidal flux (red: 2–10 MeV, yellow:
>10MeV, no REs <2MeV are present at these times).
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flux, implying an increase in open flux surrounding the equilibrium—
seen to occur at approximately the same time as the increase in plasma
current. The effect of the reconnection event is also seen in plots of the
separatrix shapes [Figs. 14(a) and 14(b)] at the times of the current
local minimum and local maximum, clearly showing the downward

movement of the x-point and the reduction of the closed flux volume.
In every case, the current density in the outer half of the plasma
becomes much flatter following the reconnection, with the negative
current region near the boundary becoming positive and the current
density just inside of that decreasing (Fig. 13). However, flattening of
the current density profile does not extend to the magnetic axis. The
exclusion of current density from the cold center inhibits the flattening
of the profile in the core, especially in case 1.0 with the most concen-
trated payload. So for the fastest pellet scenario, two factors explain the
smaller plasma current spike. First, the faster central cooling and
greater dissipation of poloidal flux, wpol , (without a significant change
in plasma current) reduces the internal inductance before the spike
ðwpol / liIpÞ; and second, further drop in internal inductance due to
profile flattening is partially inhibited by a larger impurity density in
the center.

The destruction of flux surfaces associated with the n¼ 1 mode
peak was already plotted in Fig. 11. Poincare plots for additional times
as late as 1ms after the Ip spike appear in Fig. 15 to show to the grad-
ual reformation of flux surfaces beginning from the core. Although the
field-line length before exiting the domain (indicated by field-line
color) does increase over this 1ms interval, stochasticity over much of
the domain persists for a longer time.

E. Variation of parameters

For both the 230 m/s pellet and the 115 m/s pellet, scans of vis-
cosity were carried out ranging over a factor of four in the former case,

FIG. 12. A 3/1 double tearing mode redistributes the current density at the time of the Ip-spike. (a)–(f) Contours of toroidal current density (MA/m
2). Case 1.0 (upper row):

n¼ 0 current density at (a) current local minimum and (b) current local maximum, and (c) n¼ 1 current density at n¼ 1 peak (between the other two times). Case 3.0 (lower
row): (d) n¼ 0 current density at (d) current local minimum and (e) current local maximum, and (f) n¼ 1 current density at n¼ 1 peak. (g) and (h) Safety factor profiles before
and after the 3/1 mode begins to grow and at the current minima and maxima, as well as the equilibrium profile for case 1.0 (g) and case 3.0 (h).

FIG. 13. The parallel current density profile at the outer-midplane at the times of the
current local minima and the peak of the plasma current spike for all three cases.
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and two in the latter. Over this range of viscosity values, the simula-
tions are remarkably unchanged. In fact, for the early phase of the sim-
ulation, plots of n¼ 1 mode amplitude and total radiated power
overlay almost identically (Fig. 16). Later in the simulation, as the
n¼ 1 mode grows large, some difference can be seen as viscosity is
varied, but the quantitative similarity, even to the level of small fluctua-
tions, is still quite pronounced. One difference that must be noted con-
cerns the confinement of the last 0.1% of RE test particles. When
viscosity is reduced to 260 m2/s with the 230 m/s pellet, a small resid-
ual RE population is retained in the CQ, similar to the slower pellets,
due to small changes to stochasticity in the core. However, when vis-
cosity is further reduced to 130 m2/s, the last of the RE test-particles is
lost earlier than in the highest viscosity simulation. With test-particle
counts in the single digits, clearly, assessing RE confinement in this

phase suffers from a problem of statistics. The lower viscosity case at
115 m/s retains a slightly larger number of REs than at higher viscos-
ity. It is nevertheless noted that the range of viscosity values considered
does not extend down to physically realistic values, with the large val-
ues required for reasons of numerical stability. Even with no signifi-
cant changes in the mode growth observed over a factor of four in
viscosity, a further reduction by two orders of magnitude could reveal
additional MHD activity that is strongly damped in the present
simulations.

Reduction of the Gaussian width of the source in the poloidal
plane had a more dramatic effect on the simulation results. An addi-
tional simulation at 115 m/s pellet speed was carried out with a poloi-
dal source width reduced by a factor of two (a factor of four reduction

FIG. 14. The plasma current spike is associated with a reconnection event at the x-
point. Comparison of separatrix shapes at current local minima and maxima for
cases (a) 1.0 and (b) 3.0. (c) Time traces of maximum poloidal flux at the boundary,
poloidal flux at the separatrix, open flux (the difference of previous two), and plasma
current for cases 1.0 and 3.0, shifted by the time when the current spike begins
(current local minimum). Time of payload release is indicated by the dashed vertical
lines.

FIG. 15. Flux surfaces begin to re-heal slowly after the plasma current spike.
Magnetic field Poincare plots are shown for case 1.0 at the time of the Ip spike as
well as 0.5 and 1.0 ms later. Field lines are color coded by the number or toroidal
transits before exiting the simulation domain, where 10 000 is the maximum integra-
tion length.

FIG. 16. A comparison of n¼ 1 mode amplitude (upper row) and radiated power
(lower row) for simulations with different values of viscosity (m2/s). (Left) cases 1.0,
1.1, and 1.2; (right) cases 3.0 and 3.1.
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in area and increase in peak density). The ablation curve for this simu-
lation (case 3.2) was plotted in Fig. 4. The effect that the more concen-
trated impurity source has on the local ablation rate is extremely slight
early in the shell ablation phase, up to r/a of 0.65. However, the pre-
TQ MHD has a different character in this case. In the other cases, the
destabilized 1/1 mode shifts the hot core away from the pellet and
reduces the ablation prior to payload release. In case 3.2, a 2/1 mode
grows, and then a stochastic region at mid-radius develops that enhan-
ces heat flux to the pellet by parallel transport and increases the abla-
tion rate. This results in payload release at r/a¼ 0.54 instead of
r/a¼ 0.39 (a difference of more than the payload delivery width).
After this, a qualitatively different simulation unfolds. The localized
deposition produces overall similar global radiation levels to the
broader deposition, so the two effects that most likely to contribute to
the destabilization of the 2/1 mode are the steeper temperature and
current gradients produced by the narrower radial deposition and the
more localized helical perturbation at the rational surfaces produced
by the narrower poloidal deposition. Without presenting all the further
details of this additional simulation, we can take away some important
points from this result. First, the well-matched ablation rates in the
early phase suggests that a theoretical ablation model, or one calibrated
to experimental results, should be a decent predictive model regardless
of the details of the source localization provided the quantity of shell
material deposited is low enough to avoid triggering pre-TQ MHD.
Every case modeled here has some pre-TQ MHD, but the goal of DSP
is to use an almost non-perturbative shell. This may be easier to
achieve in larger tokamaks using larger pellets at higher speeds where
the payload-to-shell mass ratio could decrease roughly with the sur-
face-to-volume ratio. Thus, for high shell quantities, such as the actual
DIII-D quantities modeled here, the presence of unstable MHD in the
pre-TQ makes the shell ablation difficult to predict, but as we extrapo-
late to larger devices, a predictive model may become more feasible.

IV. SUMMARY AND CONCLUSIONS

The set of simulations presented here were carried out with the
primary aim of reproducing and offering additional insight into vari-
ous trends observed in the DIII-D DSP velocity scan described by
Hollmann.7 Three observed trends were broadly reproduced. First,
mitigation improved with increasing pellet speed. The experiment saw
decreased divertor heat fluence, while the simulations show a trend of
increasing radiated power fraction, with the fastest pellet achieving the
ITER target of >90%.1 This trend can be understood simply in terms
of more direct radiation of core thermal energy coupled with less per-
turbation of the edge from shell material as the pellet travels faster and
penetrates deeper. The second reproduced experimental trend is the
decrease in plasma-current-spike amplitude as pellet speed increases.
Whereas the experiment produced a more step-like trend, an essen-
tially linear relationship was found in the simulations (despite the
quite step-like trend in payload release location). As we have observed,
the growth of unstable MHDmodes in the pre-TQ can make the exact
payload delivery location hard to predict as a function of velocity and
may subsequently impact how other parameters vary. The Ip-spike
results from flattening of the parallel current density profile in the
edge by a 3/1 double tearing mode, which becomes unstable once the
local minimum in q exceeds 2 and produces a large stochastic region
across the edge. The smaller Ip-spike for faster pellets is explained in
terms of the dissipation of more poloidal flux at the magnetic axis

prior to the reconnection that expels poloidal flux at the x-point and
due to less reduction of the current density peaking in the core where
the plasma is strongly cooled by the payload. Third, the evolution of
the core temperature profiles in the simulations is shown to be wholly
consistent with the appearance of RE seeds only in the case of the fast-
est pellet, as was observed in the HXR prompt-loss signal. RE seed
losses in these simulations, under the assumption that seeds occur
over the whole closed flux region, range between �99.9% and 100%,
which would not itself be expected to produce a noticeable variation in
the measurement.

We note one trend reported in Ref. 7 that is definitely not repro-
duced: shorter CQ times with increasing pellet velocity. On the con-
trary, in Fig. 3, the 230 m/s pellet appears to produce the slowest
current decay. The slow current decay for a slow pellet that is plotted
in the experimental reference is clearly not a simple exponential decay;
rather it has a series of bumps possibly indicative of additional MHD
events during the CQ. If the slow pellet payload is released even fur-
ther from the center radially, leaving a warm remnant region in the
center, this could be one explanation for such behavior, but this is
merely speculation. This discrepancy will be left to future study.

Some additional trends seen in the simulations that are not favor-
able to the DSP concept are higher peak radiation and higher radiation
asymmetry for the fastest pellet. On the latter point, it is noted that the
simulations are not considered to be predictive of the true asymmetry,
rather it is largely governed by the choice of the neutral source asym-
metry. However, both of these problems might be addressed in DSP
experiments by choosing a payload designed to radiate more slowly,
for instance with large sized grains that take some time to ablate as
they disperse; as noted in Ref. 7, considerable optimization of the con-
cept is still possible.

Although the RE confinement results show a monotonic trend of
increasing loss with increasing pellet speeds, the statistics in the range
of difference between the cases were poor, and the results were modi-
fied by varying viscosity. A very high loss fraction is seen in every case,
but for a high current machine with a large avalanche multiplication, a
loss fraction of 99.9% may still be too low. Total loss of RE seeds
appears to rely both on destruction of core flux surfaces by a payload
centered near the o-point, and destruction of edge flux surfaces by a
reconnection event at the x-point. We conclude that statistics need to
be improved with more test particles to understand trends in the simu-
lations, and that scenarios that increase flux-surface destruction in the
core should be devised if possible. Whether similar levels of loss could
be achieved in ITER is very much an open question in light of previous
modeling.13

Parameter scans indicate that the simulations are not particularly
sensitive to viscosity over the range considered, and that the direct
effect of a more localized source on the nearby plasma does not
strongly affect the ablation rate. Changes in unstable MHD mode
growth produced by changes in source localization, however, can sig-
nificantly impact ablation. Since the aim of DSP is to use a non-
perturbative shell and avoid pre-TQ MHD, a predictive model should
be possible in a better optimized scenario. In addition to the variation
of viscosity and poloidal source localization, some initial attempts
were made to reduce toroidal localization and the payload deposition
width (for the slower pellets), and to include temperature dependent
thermal conduction. All these attempts resulted in numerically unsta-
ble simulations at the resolutions attempted. Prior DSP simulations
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with a more toroidally peaked source22 were performed with a cutoff
value for the minimum resistivity, and some trade-off in parameter
space seems to be necessary for a given resolution. Larger simulations
with increased poloidal and toroidal resolution will be required to
push all parameters toward more realistic values.
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