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Abstract: One of the major challenges that the ITER tokamak will have to face during its
operations are disruptions. During the last few years, it has been proven that the global
consequences of a disruption can be mitigated by the injection of large quantities of
impurities. But one aspect that has been difficult to study was the possibility of local effects
inside the torus during such injection that could damage a portion of the device despite the
global heat losses and generated currents remaining below design parameter. 3D MHD
simulations show that there is a potential for large toroidal asymmetries of the radiated power
during impurity injection due to the interaction between the particle injection plume and a
large n=1 mode. Another aspect of 3D effects is the potential occurrence of Vertical
Displacement Events (VDE), which could induce large poloidal heat load asymmetries. This
potential deleterious effect of 3D phenomena has been studied on the DIII-D tokamak thanks
to the implementation of a multi-location massive gas injection (MGI) system as well as new
diagnostic capabilities. This study showed the existence of a correlation between the location
of the n=1 mode and the local heat load on the plasma facing components but shows also that
this effect is much smaller than anticipated (peaking factor of ~1.1 vs 3-4 according to the
simulations). There seems to be no observable heat load on the first wall of DIII-D at the
location of the impurity injection port as well as no significant radiation asymmetries whether
one or 2 valves are fired. This study enabled the first attempt of mitigation of a VDE using
impurity injection at different poloidal locations. The results showed a more favorable heat
deposition when the VDE is mitigated early (right at the onset) by impurity injection. No
significant improvement of the heat load mitigation efficiency has been observed for late
particle injection whether the injection is done “in the way” of the VDE (upward VDE
mitigated by injection from the upper part of the vessel vs the lower part) or not.

1. INTRODUCTION

Disruptions are a major concern for reliable operations of the ITER tokamak. The large
radiated and conducted heat loads plus the high mechanical stress on the device due to eddy
and halo currents could induce serious damage [1]. Over the past ten years, disruption
mitigation experiments have shown that the preemptive injection of large quantities of
impurities can mitigate the deleterious effects of disruptions significantly [2] Simple 0D
metrics like radiated power fraction or halo current fraction can be increased to acceptable
levels for the ITER device. But even with those criteria met, there is still the possibility that
local, non-symmetric effects could reach critical limits and damage components in specific
locations of the vacuum vessel. One of main concerns is the radiated power during the
disruption. If 100% of the plasma thermal energy is radiated without any significant
conduction, there will be no significant wall damage assuming that the radiation is
homogeneous. Unfortunately, it may be possible that non-axisymmetric effects like MHD
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activity or localized impurity injections could generate inhomogeneities in the radiation
pattern. If the radiation toroidal peaking factor (peak value normalized to the average radiated
power) in ITER is higher than 2 during a disruption, local radiated power will push the surface
temperature of some Be first wall tiles beyond their melting point. Thus, understanding how
to optimize radiation asymmetries during mitigated disruptions is critical in order to ensure
minimal damage to the ITER device during the disruption mitigation process.

A possible source of radiation asymmetry is the MGI impurity plume itself. The local
injection of large quantities (several 10s of Pa.m’ in DIII-D) of highly radiative impurities
such as neon may produce a large local radiated power in the vicinity of the injection port.
Transport simulations combined with spectroscopic modeling and ray tracing analysis [3]
predicted that such effect could induce a localized heating of the wall on ITER and DIII-D of
~100 °C above the average temperature during a rapid shutdown.

Another effect that could generate radiation asymmetries is the occurrence of large MHD
instabilities during the MGI shutdown process. Recent simulations [4] using the 3D MHD
code NIMROD [5] showed that MHD activity during rapid shutdown induced by an impurity
injection can play a major role in the occurrence of radiation asymmetries. These simulations
predict that the largest radiated power will be associated with the location where the large n=1
MHD instability mode commonly observed during disruptions stops rotating because the core
heat loss due to this mode occurs at this location. This occurs systematically 180° toroidally
from the impurity injection location. These predict also that due to this heat load increase
opposite to the injection port, adding a second simultaneous injection to try and “spread” the
heat load toroidally may worsen the peaking factor because the heat load at the location of the
n=1 mode may interact with the impurities injected by the second MGI and increase locally
the radiated power thus the heat load.

A final kind of inherently non symmetric disruption effect is the vertical displacement
event (VDE) [6]. This kind of disruption occurs in elongated plasmas when the vertical
position control of the plasma is lost (due to a hardware failure or a large transient in the
plasma such has a major ELM, an H/L transition or a disruption) and the plasma hits the top
or the bottom of the vessel. This kind of disruption can potentially induce large non-poloidally
symmetric heat loads that could prove to be a challenge for ITER.

In this paper, results from the study of radiation asymmetries carried out on DIII-D are
presented. The next section describes the experimental setup that was used in order to study
asymmetries. The third section focuses on the effect that the impurity plume from MGI can
have on radiated power. The potential effect of large MHD modes on the radiated power
asymmetries is studied in the fourth section. Section V deals with potential radiation
asymmetries generated during VDEs. To conclude, the results described in this paper as well
as their potential consequences on ITER are discussed.

2. EXPERIMENTAL SETUP

These studies were achieved using two massive gas puff systems. These were located 120°
apart toroidally and poloidally at 135° (MGI135D) and at 15° (MGI15U) (See Fig. 1).
MGI15U consists of an array of six fast solenoid valves [7] The MGI135D system consists of
an array of three fast solenoid valves [8]. These arrays were used to inject 15-50 Pa.m’ of
neon in ~2ms pulses into the DIII-D plasma. Neon was chosen because it is the prime
candidate as the radiative impurity to be injected by the disruption mitigation system of ITER
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[9]. The target plasma for the DIII-D MGI15U
radiation asymmetry experiments was an
ITER-like lower single null H mode
plasma. The scenario parameters were a
toroidal field of 2.05T, plasma current of
1.5MA, neutral beam power of 2MW and
ECH power of 3.2MW. This resulted in a
plasma discharge with an edge safety factor
95 of 3.9, central electron temperature and
gensity of 2.5 keV and 6.5x10” m” Bolo. 210
repectively, a pedestal electron temperature Fig. 1. DII-D disruption mgssive gas puff systems
and density of 700 eV and 6e10""m> (MGI15U and MGI135D) and diagnostics layout.

repectively, a thermal and magnetic energy content of 820 kJ and 750 kJ res.pectively.

MGI135D

The radiated power during a neon shutdown is dominated by neon line emission without
the sputtered lower Z wall material playing a significant role in the radiative heat dissipation
unlike natural disruptions. This fact has already been observed on metal wall devices such as
JET that switched recently from carbon plasma facing components to ITER-like metal plasma
facing components [10]. This helps extrapolate the results of these experiments on DIII-D
(carbon wall) to ITER (metal wall). This change affected the radiated power and time scales
during natural disruptions but had no significant effect on the characteristics of high Z MGI
mitigated disruptions [10].

The main diagnostics that were used for these experiments were 2 fast bolometer poloidal
arrays (at 90° and 210°) used to determine the radiated power at different poloidal and toroidal
locations and a new infrared periscope [11] The locations of these diagnostics with respect to
MGI15U and MGI135D are shown on Fig. 1. This setup enables for the first time a full
infrared coverage of an MGI port (MGI135D) which was useful to study potential local heat
loads at the injection port compared to other plasma facing components (PFC) surfaces further
from the injection location.

3. INFLUENCE OF THE MGI IMPURITY PLUME ON RADIATION
ASYMMETRIES

One of the major concerns with MGI is the possibility of localized radiation related to the
location of the gas injection. For example there is a possibility of a potential localized heat
load generated in the vicinity of the injection port by the highly radiative impurity plume
created by the MGI system during the injection [12]. Simulations predict that this localized
heat load could account to a local elevation of the temperature of the first wall of ~100 °C
above the background [3] which in some cases on ITER could “push” the temperature of the
tiles surrounding the injection port above their melting point. If such localized heat loads
exist, there is a possibility that using more than one injection location may “smear” the heat
loads and generate a more homogeneous power deposition around the torus. In order to assess
the existence of localized heat loads related to the injection location and how to mitigate them,
an experiment using both MGI arrays (MGI15U and MGI135D) was executed on DIII-D.
This experiment consisted of firing MGI15U and MGI135D alone on the plasma target
described in Section II and then fire them both with a set delay between the 2 injections and
varying that delay from shot to shot. The goal of this experiment was to determine how the
radiated power pattern (measured by fast bolometers) evolved between single injection and
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dual injection and also as a function of the delay in the dual injection cases during all three
phases of the shutdown. These are the pre-thermal quench (pre-TQ) which is the phase

between the first MGI firing time and the onset of

the thermal quench, the thermal quench (TQ) oo I I I ' l I
which is the phase during which the plasma loses
its thermal energy and the current quench (CQ) 0.3k f § L] { g f-
which is the phase during which the plasma & § { { {
current decays to 0. Figure 2 shows the radiated g 3
power asymmetry factor between the 2 bolometer % Y| P S : % %
arrays at 90° and 210° as a function of the delay £ ‘ﬂ i ﬂ i ii i i
between the MGI15U and MGI135D firing times &
during all 3 phases of the fast shutdown. The cases = 03l / i
for which only one valve fired are indicated by +/- " IMGI15U alone [® PreTQ| MGI135D alone
oo, This asymmetry factor is the ratio between the : 'é%
difference of radiated energy measured by the 2 060 , . , , . .
arrays and the total radiated energy measured by <0 -4 -2 0 2 4 o
W,, - W. . . Delta t (ms)
the 2 arrays: —2—21% where Wy is the radiated
Woo + Waro Fig. 2. Asymmetry factor M a

energy measured at 90° and Wy is the radiated
energy measured at 210°. This figure shows
clearly that a significant asymmetry occurs during
the pre-TQ but largely disappears during the TQ

Woo + Wy

function of the delay between MGI15U firing time
and MGI135D firing time during 3 phases of the
disruption: circles for pre-TQ, triangles for TQ and

and CQ. The pre-TQ radiated energy accounts Sduares for CQ.

only for 10-20% of the total radiated power during the shutdown process. Most of the energy
is radiated away during the TQ and CQ, which appear according to the bolometer data to be
very symmetric. The data shows no significant correlation between the asymmetry factor and
the location of the injection in the single injection cases and the delay between MGI15U and
MGI135D when both systems were fired in the same shot. In the hypothesis of a significant
heat load in the vicinity of the MGI system firing first, one could expect to measure more
radiated energy on the 90° bolometer array when MGI15U is firing first (since it is only 75°
toroidally away from that array versus 165° for the 210° array). With MGI135D firing first
one would expect a more symmetric measurement between the 2 bolometers since it is 45°
away from the 90° array and 75° away from the 210° array. Instead, no significant variation is
observed regardless of when MGI15U or MGII35D is firing. Of course this localized
radiation could be highly peaked around the injection port. This could make it difficult to
detect by the bolometer system of DIII-D due to its limited Toroidal coverage.
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But the most important fact showing this is the 20— ' ' '

direct \measurements of the wall temperature using < = Tooidown
the IR periscope. The peak wall temperature s00l- iR N '{'Qz A
resulting from the rapid shutdown was determined PN
using data from the IR periscope to calculate the :
surface temperature of the PFC tiles through a
black body model. The IR periscope having too
slow a frame rate to capture the details of the :
shutdown, the peak temperatures during shutdown 100 N
were determined by extrapolating backward the
PFC temperatures while the wall was cooling down N
after the end of the shot over a period of 40ms T ! ! !
(temperature decay is quasi-linear during such a 2010 2020 2030 2040
short period of time). An example of such an Time (me) ,

. . . . . . Fig. 3. Example of extrapolation of the
extrapolation is prowded in Flg. 3. The resulting temperatures in Regionl (see Fig. 4) during the
temperature data is shown in Fig. 4 as well as the .o51down following a disruption (Teoordonn)
location of different regions of interests used to providing the temperature of the wall at the
compare wall temperatures in this paper. Of course moment of the CQ (Tcq) through a simple linear
what really matters to assess the heat flux during a fit.
disruption is the temperature elevation during the disruption but the temperature of the main
chamber (divertor excluded) during those experiments is too low to be measured using the IR
periscope when in disruption setup. Thermocouple data show that it was ~30 °C (divertor
excluded). Thus the peak temperature measured during these

Temperature (°C)
o
o
I
cQ
/
1

experiments was a good measurement of the temperature elevation. The specific issue of
potential localized heat loads in the vicinity of the injection location could be addressed
thanks to the IR coverage of the MGI135D port. The wall temperatures were averaged in the
region surrounding MGII35D and in region 1 (see Fig. 4). Region 1 was selected as
representative of the general behavior of the first wall away from the MGI port. Any
significant heat load in the vicinity of MGI135D when it is firing could be detected by a
resulting higher temperature compared to region 1, which is further from MGI135D. The

700 Periscope view 100 Temperature in C outer wall
a
s00| @ 520 (b) 320
. | 260 280
500 \ 240 240
400 200 1 200
300 160 0 ‘i‘ Region2  Region 1 160
\ 120 7 _ 12
200 i [ ] 0
. 80 -50 80
100 I 40 Y 40
0 0 -100 0
0 100 200 300 400 500 600 60 80 100 120 140 160 180 200 220

¢

Fig. 4. Extrapolated peak temperatures (in °C) for the field of view of the IR periscope (a)
and the resulting mapping of the outer wall (b). The location of different regions of interests
and of the MGI 2 are shown.

General Atomics Report GA-A27717 5



N. Commaux et al RADIATION ASYMMETRIES DURING DISRUPTIONS ON DIII-D CAUSED
BY MASSIVE GAS INJECTION

result of this comparison is shown in Fig. 5. This shows clearly that the region surrounding
MGI135D is always cooler by almost 100°C compared to region 1. This difference could be

due to differences in the characteristics of the tiles 300 —
surrounding the MGII35D port. There is an

observable trend showing that the region 250 L o o s *-
surrounding MGI135D gets hotter when MGI135D b4 " NP R

is firing first or alone but that same trend is also 200§ AR " -
followed in region 1. The fact that the vacuum b n" algs

vessel as a whole seems hotter when MGI135D is & 150 1 - " . "
firing first could be explained by intrinsic — : L

differences of the injection characteristics of the
MGI135D valve array compared to MGII5SU. It 00, n
appears that a slightly stronger gas flow is
generated by MGI135D which apparently induces
a slightly higher radiative fraction during the fast
shutdown thus, a higher heat flux to the main 0 % A '2 6 '2 :l é
chamber compared to MGIlﬁU. But this global Delta t (ms)
difference shows that no localized heat load in the . s , .. all temperatures around  th
. g 5. erage w emperatures arou e
vicinity of the injection port can be observed. This \G1135D (squares) port and in Region 1
contradicts the simulations that predict a local (diamonds) (see Fig. 4) as a function of the delay
temperature increase of ~100 °C solely due to the between MGIISU firing time and MGI135D firing
impurity plume distribution since no MHD effect "M®:
was taken into account in simulations of the radiating plume. The fact that this effect appears
much weaker is probably due to the fact that the radiation process is dominated by other
effects than the simple distribution of impurities in the plasma. A similar experiment was
carried out in 2012 on Alcator C-mod [13] with a different MGI configuration: The two MGI
valves on C-mod were localized ~180° apart toroidally both at the outer midplane. There was
a discrepancy with the DIII-D results for the case of simultaneous injection. On C-mod
relatively large toroidal peaking factors (up to 2) were measured when both valves were fired
simultaneously, whereas, their results were similar for single valve injection or with large
delays between injections (peaking factor close to 1). This difference might be due to the
difference in implementation of the valve systems around the torus (n/m=2=1/2 for C-mod vs
1/1 for DIII-D) that may in the case of C-mod enhance the interaction between the injected
impurities and inherent MHD activity in the plasma. If the mode structure interacts with the
impurity plume, it could increase locally the radiated power, which could increase the risk of
localized damage to the wall.

50

® Tavg(C) MGI135D|
¢ Tavg(C) Region 1

o0

4. INFLUENCE OF MHD ACTIVITY DURING THE MGI SHUTDOWN ON
RADIATION ASYMMETRIES

The occurrence of large low-n MHD modes during an MGI shutdown has been commonly
observed on multiple devices [14,15]. These modes can generate large localized particle and
energy exchanges between the core and the edge. A concern is that these may induce large
radiation asymmetries by interacting with the MGI impurities. In order to evaluate if this
effect could be significant, 3D MHD simulations of DIII-D plasmas subjected to an MGI were
carried out using the NIMROD MHD code [4]. The MGI was simulated by an instantaneous
toroidally and poloidally localized deposition of impurities. The results of these simulations
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showed that strong toroidal radiation asymmetries
can be induced by a large n=1 MHD mode due to
the large non-axisymmetric radial particle flows
that expel a large amount of particles to the edge.
Depending on the impurity transport coefficients,
these simulations predicted a toroidal radiated
power peaking factor (peak power normalized to
average) that can vary from 1 up to 4.

In order to test this predicted effect of MHD
on radiated power asymmetries, an experiment
was carried out on DIII-D. It consisted of using
the non-axisymmetric in-vessel coils of DIII-D
(I coils) to generate an artificial n=1 error field in
order to force the toroidal phase of the n=1 MHD
mode by forcing it to stop rotating at a certain
location (normally these modes tend to always
lock on DIII-D at the same location: ~260°
probably due to intrinsic error fields). The
toroidal phase of this artificial error field was
then varied by 90° steps from shot to shot in order
to scan the toroidal phase of the n=1 mode
generated during the MGI shutdown.

Only one valve (MGI15U) was used in this
experiment. By using the fast bolometer arrays
and the IR periscope, it was then possible to
evaluate the effect of the toroidal phase of the
mode on the radiated power pattern during the
shutdown. This method to scan the phase of the
n=1 mode proved efficient as shown in Fig. 6.
This figure shows that the mode’s phase is clearly
influenced by the phase of the applied error field
though with a ~60° offset that may be related to
the plasma rotation. The radiated power
asymmetry factor is shown in Fig. 7. This figure
shows a significant variation of the radiated
energy measured by the 90° and 210° arrays
during the TQ with the phase of the applied error
field. This could indicate a toroidal radiating
pattern that changes location with the applied
error field, which is consistent with the hypothesis

N. Commaux et al

500 T T T T
400
300 g A -
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>

Ol- —]

1 MHD mode toroidal phase
.
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-100 - N

-200 | | 1 I
0 100 200 300 400

External n=1 error field toroidal phase
Fig. 6. Toroidal phase of the n=1 MHD mode
triggered during the MGI shutdown as a function of
the toroidal phase of the applied n=1 error field
using the L.

500

0.4 T T T T T
¢ [ I i
e PreTQ

02H -2-TQ -
5 = CQ
©
&
>
-oqE-s 0-0 niuiuiiui iiuietuie It aee ity -
= .
<< -’

02F == - -

_0.4 i L L 1

0 100 200 300

External n=1 Error Field Toroidal Phase

Fig. 7. Evolution of the radiated power asymmetry
factor (see Fig. 2) as a function of the toroidal phase
of the applied n=1 error field during 3 phases of the
disruption: circles for pre-TQ, triangles for TQ and
squares for CQ.

of an influence of the MHD activity on the radiated power. However, due to the limited
toroidal coverage of the bolometer system, these measurements could underestimate the real
toroidal peaking factor. The consequences of this effect on the wall temperature were also
studied. The average wall temperature in region 1 and 2 (see Fig. 4) are shown in Fig. 8. This
figure shows that the average wall temperature may vary slightly when the toroidal phase of
the n=1 field is changed. The phase of this variation with respect to the error field toroidal
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phase is not the same for the two regions, suggesting a toroidally and/or poloidally localized
MHD effect although the exact toroidal and poloidal structure of this radiative pattern is
difficult to resolve on DIII-D due to a limited diagnostic coverage.

T T T
20 .
200 et s-
- " ................ ‘, ............
Q 200 .
(4 Fig. 8. Evolution of the average wall temperature
2 180 A -measured by the IR periscope in Region 1
g-‘_ A [ (diamond) and 2 (triangle) (see Fig. 3) as a
E 160 T A - function of the toroidal phase of the applied n=1
2 A A A
S 140 .
S
< 120 | ¢ Region1 | 4
A Region 2
100 . L . L . L
0 100 200 300

External n=1 error field toroidal phase

These results confirm that radiated power asymmetries are influenced by the large n=1
mode generated during an MGI shutdown as predicted by the NIMROD simulations since the
toroidal phase where the mode locks as an effect on the local radiated energy and resulting
wall temperature. But these asymmetries seem much smaller than predicted by the simulations
which were anywhere from 2 to 4 although again the limited toroidal coverage makes this
assessment difficult.

5. ASYMMETRIES INDUCED BY VERTICAL DISPLACEMENT EVENTS

VDE are a major concern for large tokamak such as ITER. These events consist of a loss
of vertical position control of the plasma resulting in the plasma moving rapidly to the top or
bottom of the vessel. The vertical position control can be lost due to large plasma transients
(H/L transition, large ELM etc.) that can suddenly change the normalized inductance of the
plasma or a hardware failure (position control coil power supply failing etc.) [16]. These
events can induce very large poloidally asymmetric heat loads (poloidal peaking factor in
excess of 2 observed on DIII-D). Most of the heat is typically conducted to the wall at the
location where the plasma touches the plasma facing components. Thus understanding how
these heat loads can be mitigated is critical to the reliable operation of ITER.

In order to test VDE mitigation on DIII-D, a method to reliably trigger VDE was
designed. It consists of simultaneously kicking the plasma upward or downward using the
poloidal coils while shutting down the vertical control. By picking which coil to ramp up, the
direction of the VDE can be controlled (lower coil for an upward VDE and upper coil for a
downward VDE). This method enabled reliable VDE triggering with excellent reproducibility
(all VDE timings are within 1-2 ms). Using this VDE triggering scenario, one of the MGIs
was fired in order to mitigate the heat loads. The DIII-D configuration enabled for the first
time to test the effect of the position of the MGI valve with respect to the direction of the
VDE (upward or downward) since the two MGI systems are at different poloidal locations:
MGI15U is firing from the upper part of the vacuum vessel and MGI135D from the lower part
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of the vessel (see Fig. 1). The hypothesis would be that an MGI valve located in the “way” of
the VDE (for example a valve in the upper part of the vessel for an upward VDE) would
introduce impurities faster into the plasma, thus mitigating heat loads more efficiently by
radiating away the plasma energy before it hits the wall.

For this experiment the delay time was varied between the MGI firing time and the
moment the plasma hits the wall (characterized by the CQ onset time for the unmitigated
case). Also, the direction of the VDE and the location of the firing MGI valve were scanned
from shot to shot. The results for downward VDE mitigation using either MGI135D or
MGI15U are shown in Fig. 9. This figure shows the variation of the radiated energy and the
lower divertor peak heat flux as a function of the delay between the MGI firing time and the
TQ onset time for the unmitigated case. This delay was varied from 15ms before the TQ
(onset of the VDE movement) to Oms with the TQ (simultaneous with the plasma hitting the
wall). These figures show that the delay time between the MGI firing time and the moment
the plasma touches the wall is critical for an efficient mitigation of the heat loads. Figure 9a
shows that the radiated power measured by the fast bolometer arrays increases by a factor of
~3 for an early mitigation (15ms before the plasma would hit the wall without mitigation)
compared to the unmitigated case (1.1MJ vs 0.4MJ). A larger radiated power is very favorable
to protect the wall because the radiated power will be deposited homogeneously while
conducted heat load would be deposited on a much smaller area. This measurement is
confirmed by the peak heat flux measured using the fast IR camera. Figure 9b shows that this
peak heat load on the lower divertor drops by a factor of 3 compared to the unmitigated case.
When the MGI firing time is much later, the mitigation becomes much less efficient. For
example in the case the MGI is fired exactly at the time the plasma hits the wall (tmgr-tcg = 0
in Fig. 9), the heat load to the divertor is equivalent (within experimental uncertainties) to the
one observed during an unmitigated VDE. Thus timing is critical for an efficient mitigation of
VDE.
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Fig. 9. Evolution of the radiated energy measured by the 90° bolometer array (a) and the peak
heat flux (b) measured by the IR periscope in the lower divertor as a function of the delay
between the MGI firing time and the TQ onset time for an unmitigated VDE using MGI135D
(squares) and MGI15U (circles).

Concerning the test of the MGI injection geometry with respect to the direction of the
VDE, unfortunately, a direct comparison between MGI135D and MGI15U was made difficult
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by inherent differences in the resulting flow rates the systems can deliver. It appears that
because of differences in the implementation of the 2 systems, MGI135D is capable of
delivering larger flows and ram pressures than MGI15U (as observed also in section III). In
order to test the influence of the injection geometry, the mitigation efficiency was compared
between downward VDE vs upward VDE while always using only the upper system MGI15U
for mitigation. The results of this comparison are shown in Fig. 10. This figure shows that
there is a slight increase in radiated power (5-10%) for upward VDEs. This could mean that
the upper MGI is slightly more efficient for the mitigation of VDEs going toward the MGI
array vs VDE going away from the MGI system. But this difference is small especially
considering the ~10% scatter observed in measured radiated power for similar VDE cases.
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These results show clearly that an efficient mitigation of VDEs heat loads is possible
using impurity injection and that the timing of this injection with respect to the moment the
plasma strikes the wall for an efficient mitigation. The location of the mitigation system with
respect to the direction of the VDE doesn’t seem to have a significant effect.

6. CONCLUSION AND PROSPECTS FOR ITER

The radiation asymmetries observed during massive gas injection on DIII-D during the
thermal quench were significantly lower than expected. Radiation induced directly by the
impurity plume appears quite small on DIII-D with no observable heat load detected around
the injection port and no significant radiation asymmetries observed during the main phase of
the shutdown: the thermal quench and the current quench. This indicates that there may be no
disadvantage to injecting impurities in ITER from a single location from a heat load
mitigation point of view. Experiments indicate that TQ MHD does affect TQ radiation
symmetry as predicted by NIMROD 3D MHD simulations. However, the effect is smaller
than expected (observed asymmetries of 10% vs factor of 2 or more according to NIMROD)
although more detailed experiments will be required to determine the real peaking factor due
to the limited toroidal coverage of the bolometric diagnostics on DIII-D. This could be a
concern for ITER in the future since this interaction between the MHD mode and the radiating
impurities if the MHD mode toroidal phase corresponds to the location of the MGI injection
could increase locally the radiation (because of the energy expelled locally by the MHD mode
interacting with the impurities from the MGI) and generate radiation toroidal peaking factor
larger than acceptable on the ITER device. The factors influencing the toroidal phase of the
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n=1 mode will have to be studied in more detail in order to prevent such interaction between
the MHD mode and the MGI impurity plume.

VDE:s are a major concern in terms or radiation asymmetries on ITER. These experiments
on DIII-D have demonstrated that the massive injection of impurities early enough (15 ms on
DIII-D) is very efficient at reducing dramatically the asymmetric conducted heat loads (heat
flux reduced by a factor of 3). This timing is essential for a good mitigation. No real benefits
were observed whether the injection was in the path of the VDE or not. On DIII-D the best
mitigation was observed for MGI fired right at the onset of the VDE (vertical movement of a
few cm). This would be rather easy to achieve on ITER, since the onset of a VDE can be
easily detected by the magnetic probes and the whole timescale of a VDE on ITER is much
slower than on DIII-D (hundreds of ms vs 10-20 ms). Thus, an early mitigation on ITER
should be achieved.

One of the topics that remain to be explored concerning the understanding and mitigation
of 3D heat loads during disruptions is the effect that a deeper impurity injection technique
such as pellet injection techniques [17] (which are favored on ITER) would have since the
transport of impurities and local plasma conditions where the bulk of the impurities are could
change radically.
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