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Experiments have been performed in the DIII-D tokamak �J. L. Luxon, Nucl. Fusion 42, 614
�2002�� toward understanding runaway electron formation and amplification during rapid discharge
shutdown, as well as toward achieving complete collisional suppression of these runaway electrons
via massive delivery of impurities. Runaway acceleration and amplification appear to be well
explained using the zero-dimensional �0D� current quench toroidal electric field. 0D or even
one-dimensional modeling using a Dreicer seed term, however, appears to be too small to explain
the initial runaway seed formation. Up to 15% of the line-average electron density required for
complete runaway suppression has been achieved in the middle of the current quench using
optimized massive gas injection with multiple small gas valves firing simultaneously. The novel
rapid shutdown techniques of massive shattered pellet injection and shell pellet injection have been
demonstrated for the first time. Experiments using external magnetic perturbations to deconfine
runaways have shown promising preliminary results. © 2010 American Institute of Physics.
�doi:10.1063/1.3309426�

I. INTRODUCTION

Avoiding wall damage due to disruptions is expected to
be an important issue in future reactor-size tokamaks.1,2 Ide-
ally, disruptions will be largely prevented altogether by real-
time recognition of stability barriers and avoiding control
system failures. In the rare event of an unavoidable disrup-
tion, however, it will be important to implement a rapid shut-
down system which can safely and rapidly terminate the dis-
charge while minimizing wall damage due to the plasma
thermal and magnetic energy. Presently, massive gas injec-
tion �MGI� is envisioned as the rapid shutdown method for
ITER and has been tested successfully in a variety of
present-day tokamaks.3–7 Conducted heat loads to the di-
vertor and halo current forces in the vessel walls are ob-
served to be small when compared with major unmitigated
disruptions, especially beta-limit disruptions and hot vertical
displacement �VDE� disruptions.8 Also, generation of run-
away electrons �REs� is typically found to be very small
during MGI shutdowns. It is generally thought that the heat
load and halo current reduction capabilities of MGI shut-
down will scale well to ITER; however, RE formation is a
concern because of the additional RE seed terms �Compton
scattering and tritium beta decay� and larger RE amplifica-
tion �knock-on avalanche� in ITER when compared with
present devices.9

Because of their importance for ITER, study of REs pro-

duced during discharge startup, during disruptions, and dur-
ing rapid shutdowns is an active area of research in the to-
kamak community. Evidence for RE amplification
�avalanching� has been seen in startup REs,10 disruption
REs,11 and rapid shutdown REs.12 Estimates of disruption
RE seed terms have been made and, in some cases, might be
consistent with the standard Dreicer RE growth rate.12 Dis-
ruptions with strong RE formation showed the formation of
very stable, long-lived �hundreds of milliseconds� RE
beams.13 The RE beams have been imaged during MGI ex-
periments with IR synchrotron emission,12 during startup
with visible emission,14 and during disruptions with soft
x-ray �SXR� tomography.11 Overall, the REs tend to form a
circular �D�10–40 cm� beam which tends to drift verti-
cally during the current quench �CQ�.11 Typically, energies
near the synchrotron limit ���50 MeV� are observed.15 Ex-
periments were performed to try to deconfine REs with ex-
ternally applied magnetic field errors. Evidence for enhanced
RE loss from external magnetic perturbations was seen on
startup REs,16 disruption REs,17 and on rapid shutdown
REs.18

In DIII-D, recent disruption work focused on developing
a massive-delivery rapid shutdown system which can deliver
sufficient mass to the plasma current channel to achieve total
collisional suppression of RE formation. These experiments
focused on three approaches: MGI, shattered cryogenic pel-
lets, and shell pellets. DIII-D MGI experiments found that
impurity assimilation is optimized by firing many small
valves simultaneously in a short ��2 ms pulse�, as opposed
to firing a single large valve. Large shattered cryogenic pellet
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shutdowns were performed using D�1.3 cm frozen D2 pel-
lets shattered by a breaker plate. These first experiments
achieved extremely high local electron densities ne�7
�1015 cm−3 in the injection region during the thermal
quench �TQ�, although line-average electron densities
achieved in the middle of the CQ were comparable to those
achieved by D2 MGI, ne�2�1015 cm−3. Proof-of-principle
shell pellet experiments were performed using small D
=2 mm hollow polystyrene shells to successfully deliver
dispersive payloads �Ar gas or boron powder� to the plasma
core. Larger shell pellet experiments firing D=1 cm hollow
polystyrene shells through discharges were attempted; how-
ever, these larger shell pellets did not break open, so payload
release was not achieved.

In addition to these high-mass rapid shutdown experi-
ments, experiments have been pursued toward understanding
the physics of RE production, transport, and amplification
during rapid shutdowns. These experiments typically use
small cryogenic argon pellet injection to create a rapid shut-
down with a significant RE population. Evidence for RE ava-
lanching has been seen, with a growth rate ��2 ms, consis-
tent with theory. RE energies of order of 30–40 MeV have
been measured, consistent with simple zero-dimensional
�0D� models. The RE seed formation in these experiments is
not well understood at present: the seed amplitude appears to
vary by several orders of magnitude in similar shots and can
be much larger than expected from simple 0D Dreicer mod-
els.

This paper is organized as follows: Section II gives a
description of the experimental setup, Sec. III describes ex-
periments on rapid shutdown REs, Sec. IV describes
massive-delivery rapid shutdown experiments, Sec. V de-
scribes experiments to deconfine REs with external magnetic
fields, and Sec. VI contains a brief discussion and conclu-
sions.

II. EXPERIMENTAL SETUP

The experiments described here are typically performed
with lower single null H-mode discharges in the DIII-D
tokamak.19 About 2–6 MW of heating is supplied from one
to three neutral beam sources. Typical initial �preshutdown�
experimental parameters are toroidal magnetic field B�

=2.1 T, toroidal plasma current Ip=1.5 MA, central elec-
tron temperature Te,0=2.5 keV, and central electron density
ne,0=8�1013 cm−3.

Figure 1�a� shows a top view of the tokamak and some
of the hardware used in these experiments. Rapid shutdown
is initiated by either MGI, shattered pellet injection, small
cryogenic pellet injection, or shell pellet injection; these
methods typically have vacuum trajectories aimed roughly at
the plasma magnetic axis. Injected impurities are �except for
the small cryogenic pellets� viewed directly by a fast-
framing visible camera. SXR/bolometer arrays close to the
injection region can be used to obtain fast radiated power or
SXR data. Extreme/vacuum ultraviolet �EUV/VUV� survey
spectra are obtained with a fast single-chord UV spectrom-
eter. The main electron density measurement is a four-chord
CO2 interferometer. The main RE diagnostic is a hard x-ray

�HXR�/gamma scintillator array consisting of 12 barium ger-
manium oxide �BGO� scintillators placed around the ma-
chine outside the vacuum vessel at six toroidal locations and
three poloidal locations. At two locations, multiple colocated
BGO scintillators with varying lead thickness are used to
provide HXR energy information. A single high-gain photo-
multiplier tube �PMT�-coupled plastic scintillator �not shown
in Fig. 1� is used to estimate RE currents in cases where the
BGO scintillator signal levels are too low. Both BGO and
plastic scintillators measure HXRs with energies �
�0.5 MeV which are created when REs strike the vessel
wall.

III. RAPID SHUTDOWN RUNAWAY ELECTRON
EXPERIMENTS

Figure 2 gives an overview of RE currents generated
during various types of rapid shutdowns in DIII-D. Shots
above the upper dashed line are “large RE shots,” where the
RE current IRE can be estimated by fitting the observed
plasma current trace to separate Ohmic �exponentially decay-
ing� and runaway �the remainder� components. For shots be-
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low this upper dashed line �“small RE shots”�, IRE is esti-
mated from the integrated intensity of the BGO or �for very
weak RE cases� plastic scintillator flash seen at the end of the
CQ �with an approximate cross calibration obtained from
large RE shots�. Points lying on the lower dashed line are in
the noise level of the plastic scintillator, so only a rough
upper bound �perhaps 1 A� can be placed on IRE. Overall, it
can be seen that the largest RE currents are created by small
Ar pellet injection, so this technique is most typically used
for RE studies in DIII-D. The scatter in RE production shot-
shot can be seen to be quite large: for nominally similar
initial conditions, for example, neon pellet injection appears
to generate more than four orders of magnitude variation in
RE current. Massive injection of low-Z materials �He, H2, or
D2� typically does not generate measurable REs; this is also
the case for natural disruptions in DIII-D.

Figure 3 gives an overview of time traces from a large
RE shot, where a small Ar pellet is fired into the tokamak.
The pellet hits the plasma at t�2000 ms, as seen by the
pellet visible light emission, Fig. 3�a�. The pellet quickly
causes the plasma TQ, shown by the sudden drop in electron
cyclotron emission �ECE� Fig. 3�b�. The nonthermal ECE
spike seen in Fig. 3�b� immediately after the TQ drop is

believed to be due to confined �on axis� REs with energies of
order of 0.1–2 MeV; this suggests a very prompt �during the
TQ� formation of REs.

Figure 3�c� shows the total measured plasma current Ip

�thin curve� as well as the estimated RE current �thick curve�
obtained by subtracting off an exponential fit to the initial
current decay. The dashed curve in Fig. 3�c� is the result of
an avalanche model in which the RE seed term is varied and
allowed to amplify due to the 0D electric field E� according
to the standard knock-on avalanche growth rate.20 It can be
seen that the predicted avalanche growth rate of about 2 ms
is consistent with the measured runaway current growth rate.
To obtain the good fit shown here, a seed term of 8 kA was
used, suggesting an avalanche gain of about 50 in this shot.

Figure 3�d� shows the average �0D� toroidal electric field
E� estimated from magnetic pickup loops. This is done by
using magnetic loop signals to calculate an approximate
plasma current density distribution. Changes in this current
density can then be used to estimate an average �0D� toroidal
electric field E� experienced by the plasma using a simple
circuit equation which includes the plasma self-inductance as
well as mutual inductances between the plasma current and
fixed external conductors �wall and coils�. Figure 3�e� shows
raw data from two BGO scintillators—an upper scintillator
�thick curve� mounted above the machine and a lower scin-
tillator �thin curve� mounted below the machine. It can be
seen that there is an early loss of REs at the end of the TQ
�t�2000 ms� which is stronger in the bottom of the ma-
chine; this “prompt loss” flash is thought to be REs which
are born on stochastic field lines and are thus lost rapidly, as
predicted by NIMROD modeling.21 REs born near the mag-
netic axis on good flux surfaces are better confined, but
scrape off against the wall as the RE current channel drifts
up, giving a larger signal on the upper HXR detector later in
the shot t�2020–2050 ms. This upward drift of the RE
beam is seen consistently in strong RE shots but is not fully
understood at present, although control system forces �as op-
posed to inherent drifts� are suspected to be responsible. Fig-
ure 3�f� shows RE energy �RE as a function of time. The
diamonds are �RE estimated from visible synchrotron bright-
ness, while the circles are a lower bound on �RE obtained
from HXR intensities measured at the outer midplane. The
solid curve is �RE estimated from a simple 0D model which
assumes that REs gain energy from the toroidal field E� and
lose energy due to synchrotron radiation. It can be seen that
the model and the data are reasonably consistent, within
50%.

IV. MASSIVE-DELIVERY RAPID SHUTDOWN
EXPERIMENTS

As shown in Fig. 2, massive injection of low-Z gas into
DIII-D does not generate any measurable RE current. How-
ever, the long CQ time ��50 ms� and corresponding large
RE avalanche gain G�1010 predicted for ITER means that
even tiny RE seeds IRE�1 A not detectable here could am-
plify to dangerous �megampere� levels.20 Because of this,
experiments in DIII-D are investigating the feasibility of de-
livering sufficient mass into the current channel to com-
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pletely suppress any RE production; this is predicted to occur
at very high total electron densities ntot=ne+0.5nbound�ncrit,
where ncrit�8�1014 cm−3�E�, with E� in �V/m�.20 Due to
the rapid TQ onset and loss of stored thermal energy when
impurities are introduced into the plasma edge, delivering
and maintaining this large density in the current channel dur-
ing the CQ is extremely challenging. Three different
massive-delivery methods are being investigated: MGI, shat-
tered pellet injection, and shell pellet injection.

A. Massive gas injection

Progress has been made at improving ion assimilation
with MGI in DIII-D mainly by using faster gas delivery to
the plasma edge. Using multiple �up to six� small MGI
valves firing simultaneously was found to give a cleaner,
faster-rising gas pulse than using a single large valve. Any
obstructions in the gas delivery drift tube were found to ad-
versely affect assimilation efficiency.

Figure 4 illustrates the improvement in DIII-D MGI as-
similation efficiency over the last few years. In Fig. 4�a�,
2005 data used a small �D=0.4 cm� fast valve to deliver of
order of 1000 Torr-liter of argon to the plasma in a pulse of
order of 15 ms long. 2006 data used a single large �D
=2 cm� fast valve to deliver of order of 10 000 Torr-liter of
argon to the plasma in a pulse of order of 10 ms long. Plot-

ting the total amount of atoms injected versus the amount
assimilated into the plasma in the middle of the CQ, �Ncore

��n̄eVp / �Z	�t= tmid,CQ�, shows a very low �of order of 1% or
worse� overall assimilation efficiency. The increase in line-
average electron density n̄e is estimated from a central inter-
ferometer view chord and the mean charge state �Z	 is esti-
mated by assuming ionization/recombination equilibrium at
the measured CQ electron temperature Te. The average elec-
tron temperature during the CQ is measured by a combina-
tion of techniques—UV carbon line ratios, He free-bound
continuum slope, and Langmuir probe sweeps.22

Figure 4�b� shows 2007 MGI data which used a variable
number �1–6� of small �D=0.4 cm� fast valves fired simul-
taneously in a short ��1–2 ms� long pulse. The amount
assimilated �Ncore is plotted as a function of the number of
atoms injected in the first millisecond, demonstrating rela-
tively good assimilation of particles delivered in the first 1
ms. Overall, we find that MGI impurity assimilation can be
predicted reasonably well by assuming that gas injected be-
fore or during the TQ is assimilated with 10%–20% effi-
ciency and gas arriving after this �during the CQ� is not
assimilated.

B. Shattered pellet injection

Experiments were begun in 2009 to investigate rapid
shutdown with large shattered pellets.23 In these experiments,
a single large �D�1.3 cm� frozen deuterium pellet is fired
into the vacuum chamber. At the first wall, the pellet is shat-
tered by a v-groove which directs the resulting mixture of
deuterium ice shards and liquid toward the plasma core. The
ice shards are observed by camera imaging and fast bolom-
etry to penetrate into the plasma core rapidly, resulting in a
very rapid ��1 ms duration� TQ �as compared with �2 ms
more typical for deuterium MGI�. An example of fast camera
images taken during shattered pellet experiments is shown in
Fig. 5. Figure 5�a� shows a mid-TQ image and Fig. 5�b�
shows an image at the end of the TQ. Unfiltered light images
are shown here. Localized bright spots believed to be ice
shards of D2 can be seen traversing the plasma cross section
in the images �see Fig. 1�a� for the camera field of view�.
Very high toroidally localized electron densities up to ne
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�7�1015 cm−3 are observed near the injection location �
=0.5° during the TQ. Various electron density diagnostics
then show this density perturbation rapidly equilibrating to-
roidally, Fig. 6�a�. By the middle of the CQ, lower values are
measured, similar to D2 or H2 MGI, Fig. 6�b�. The present
shattered pellet experiments are far from optimized—
microwave cavity signals indicate that the initial �preshatter-
ing� ice pellets break off in two or more pieces, with a sig-
nificant fraction of the resulting ice shards arriving after the
TQ is over. Future experiments will attempt to form a single
ice pellet, rather than several, in the launch tube. Shutdown
with higher-Z �e.g., neon� shattered pellets will also be stud-
ied.

C. Shell pellet injection

The third massive-injection rapid shutdown scheme be-
ing investigated at DIII-D is shell pellet injection. The basic
idea is to fire a pellet consisting of a hard shell and disper-
sive payload at the plasma. The hard shell ablates away as
the pellet transits through the plasma edge. Upon reaching
the plasma core, the shell breaks open, releasing the disper-
sive payload throughout the core region. Two different types
of dispersive payloads have been proposed: dust grains24 or
high-pressure gas.25

Proof-of-principle shell pellet experiments were con-
ducted in DIII-D using small �o.d.�2 mm, t�0.4 mm�
polystyrene shells filled with either pressurized �10 atm� ar-
gon gas or with boron powder.26 The pellets were fired at an
initial velocity v=350 m /s at the plasma core. These small
shell pellets did not disrupt the plasma, but penetrated in to
normalized minor radius r /a�0.5 before burning through
and releasing their payload. The payload release, ionization,
and rapid �within about 10 ms� dispersion through the core
was observed in visible camera imaging, with charge-

exchange recombination and with UV spectroscopy. Figure 7
shows UV spectrometer data showing flashes of highly
stripped argon and boron line emission from �a� an argon-
filled pellet and �b� a boron-filled pellet.

Following the successful demonstration of the shell pel-
let concept with small shell pellets, large shell pellet experi-
ments were attempted in 2009. In these experiments, large
�o.d.�1 cm, t�0.4 mm� polystyrene shells filled with bo-
ron powder were fired at velocity v�200 m /s through the
plasma core. These large shell pellets did shut down the dis-
charge and initiate the TQ but did not break open in the
plasma. Figures 8 and 9 compare pellet radial trajectories
and shell wall burn through for a small shell pellet and a
large shell pellet. Pellet trajectory and burn through are both
estimated from fast camera data—the trajectory by assuming
the out-of-plane position is close to the vacuum trajectory
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�confirmed by center stack strike marks in the case of the
large shell pellets�; and the burn through by assuming that
pellet ablation rate is proportional to ablation plume bright-
ness, with a normalization of mass ablated obtained using
total observed electron density rise from interferometers.
Figure 8�a� shows the small shell pellet trajectory—the pellet
can be seen to reach about half way into the core r /a�0.5
before burning up. Figure 8�b� shows the large shell pellet
trajectory—the pellet can be seen to initiate the TQ upon
crossing the q=2 surface. The curve in Fig. 8�b� is due to the
pellet trajectory missing the plasma magnetic axis.

Solid curves in Fig. 9 show burn through of the pellet
walls as a function of time for �a� a small shell pellet and �b�
a large shell pellet. From Fig. 9�b�, it is apparent that the
large shell pellet wall is estimated to have ablated about one-
fourth of the way through. After t�2013 ms �end of the
TQ�, ablation effectively turns off and the large shell pellet
passes through the rest of the plasma unperturbed. These data
suggest that the pellet walls need to be made about 100 	m
thick for large shell pellets to work in DIII-D. The dashed
curves give estimates of the polystyrene shell ablation pre-
dicted from ablation models. The models shown here are
“med-NGS”—a neutral gas shielding ablation model which
does not include electrostatic shielding27 and “strong NGS” a
similar model including electrostatic shielding.28 Overall, the
models do a reasonably good job of predicting the small
shell pellet ablation, but are somewhat optimistic at predict-
ing large shell pellet ablation—this discrepancy could arise
from precooling �anomalous heat transport at the strongly
perturbing large pellet cold front�.

D. Overview of massive-delivery experiments

Figure 10 plots the normalized collisional RE suppres-
sion density ntot /ncrit achieved during rapid shutdown experi-
ments as a function of Ninj, the total number of atoms in-
jected. The ratio ntot /ncrit is evaluated in the middle of the
CQ, with the electric field E� estimated in a 0D approxima-
tion from the measured plasma current decay rate. Only op-

timized “short pulse” multivalve MGI data are shown, with
increased Ninj achieved for each species by increasing the
number of MGI valves fired simultaneously. Overall, it can
be seen that greater values of ntot /ncrit are achieved by inject-
ing more gas, with a highest value ntot /ncrit�0.15 achieved
using five valve helium MGI. Presently, the shattered pellet
experiments �squares in Fig. 10� do not appear to give better
0D mid-CQ ntot /ncrit than comparable MGI �D2 or H2�. The
ntot /ncrit for the large shell pellets �diamonds� can be seen to
be quite low; however, we anticipate that a large improve-
ment can be achieved once the shell is made thin enough to
allow the dispersive payload to be released. Also, we antici-
pate that improvements can be made in MGI performance
�with more valves mounted closer to the plasma� and in shat-
tered pellet performance �with a single pulse of shards rather
than several�.

V. RUNAWAY ELECTRON DECONFINEMENT
USING EXTERNAL MAGNETIC PERTURBATIONS

Because of the high electron velocity, electron confine-
ment is known to be especially sensitive to magnetic field
errors. Using external magnetic field perturbations to decon-
fine RE seeds, sending them into the wall before they have
time to avalanche and accelerate to high energies during the
CQ, was proposed previously29 and promising preliminary
results were obtained in various tokamaks.17,18 Magneto-
hydrodynamic �MHD� simulations have been performed on
this effect and indicate that RE confinement can be destroyed
by relatively small stochastic field amplitudes

B /B�10−3.30,31 However, simulations also indicate that
maintaining a stochastic region across the entire plasma pro-
file throughout the CQ might be challenging due to flux sur-
face healing.21

Experiments have been performed on DIII-D to study
the deconfinement of RE seeds by applying nonaxisymmetric
magnetic fields. Promising results have been obtained for
weak RE seed shots with an applied n=3 perturbation �where
n is the toroidal mode number�. Figure 11 shows a sequence
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of five repeat shots where a weak RE seed is created with
single valve neon MGI and various amplitudes of n=3 per-
turbations applied. The n=3 field perturbation in these ex-
periments is turned on long �0.5 s� before the shutdown. The
field strengths shown in Fig. 11 are the radial vacuum mag-
netic field n=3 amplitude at the outer separatrix midplane;
the applied fields thus correspond to fairly large relative per-
turbations 
Br /B��4�10−3. The poloidal �m� spectrum of
the applied perturbation is broad, covering m�1–15 as the
coils are localized near the outer midplane. For the target
plasmas used here, the strongest resonance in the plasma is
thought to be around m�12. Plastic scintillator counts as a
function of time are shown �as discussed above, this is be-
lieved to provide a reasonable estimate of RE current hitting
the wall�. A clear trend of decreasing RE current with in-
creased n=3 field can be seen, suggesting that REs are being
deconfined and lost to the wall earlier as a result of the ap-
plied field. Similar experiments using n=1 did not show as a
clear trend, nor did experiments on shots with large RE cur-
rents. However, the large RE seed term variability makes
these experiments challenging to interpret, so future experi-
ments are planned to add more data points to help interpret
this effect.

VI. DISCUSSION AND CONCLUSIONS

In summary, a variety of experiments have been per-
formed on the DIII-D tokamak to study formation and am-
plification of REs during fast shutdowns. RE amplification
during the CQ is found to be consistent with avalanche
theory using 0D electric fields, giving a growth time of order
of 2 ms and total amplification during the CQ of order of 50.
RE acceleration up to of order of 30–40 MeV is measured,
also consistent with expected 0D electric fields. A large scat-
ter of several orders of magnitude is observed in the final RE
current; presently, this scatter is suspected to be a result
dominantly of large scatter in the initial RE seed. RE seed
currents of order of 10 kA are estimated for large RE shots.
These seeds appear too large to be explained with prelimi-

nary estimates using the 0D electric field and the Dreicer RE
seed model,32 which gives an approximate RE seed IRE

�10−20 A for our experiments. Preliminary efforts have
been made to model the large RE shots with a one-
dimensional current diffusion model; in this case a signifi-
cantly larger Dreicer seed IRE�10 A is estimated; however,
this is still three orders of magnitude smaller than the experi-
ment. This contrasts with MGI experiments on TEXTOR,
where it was concluded that the measured REs could be ex-
plained by a 0D Dreicer seed plus a small approximately
five-fold avalanche amplification.12 Because of the exponen-
tial dependence of the Dreicer seed on plasma parameters
and the difficulty of accurately measuring plasma parameters
during the TQ, it is possible that this discrepancy arises from
measurements uncertainties. It is also possible that the RE
seeds in these experiments come from very localized electric
fields requiring a two-dimensional or even three-dimensional
model; from time-dependent effects such as hot-tail
formation31,33 or from magnetic reconnection during the TQ
MHD.34

Experiments are being performed to investigate the fea-
sibility of collisionally suppressing REs with massive impu-
rity injection. Massive gas injection has been optimized by
using multiple small valves firing simultaneously. This
method has enabled achievement of 15% of the critical den-
sity with He MGI. First-of-a-kind experiments on rapid shut-
down using large shattered deuterium pellets have been per-
formed. These experiments resulted in record localized
electron densities during the TQ in DIII-D. Also, first-of-a-
kind experiments on rapid shutdown using shell pellets have
been performed. The small shell pellets successfully demon-
strated the shell pellet principle, depositing dispersive pay-
loads into the plasma core. The large shell pellets were made
too thick and did not release their payload, demonstrating the
need for thinner-than-expected pellet walls when using large
shell pellets.

Finally, first DIII-D experiments on deconfining rapid
shutdown REs using external magnetic perturbations have
been performed. Preliminary, encouraging results have been
obtained with an n=3 perturbation acting on a small RE
current generated by neon MGI.
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