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Abstract. High-pressurenoble gas jet injection is a mitigation technique which potentially satis�es
the requirements of fast response time and reliabilit y, without degrading subsequent discharges.
Previously reported gas jet experiments on DI I I-D showed good successat reducing deleterious
disruption e�ects. In this paper, results of recent gasjet disruption mitigation experiments on Alcator
C-Mod and DI I I-D are reported. Jointly , theseexperiments have greatly improved the understanding
of gasjet dynamics and the processesinvolved in mitigating disruption e�ects.

1. In tro duction

Disruptions are a major concern for tokamaks, not just for present-day machines,
but even more so for ITER and future tokamak reactors. Damage can arise from
several di�erent e�ects, including electromagneticloads on conducting structures due
to halo and inducedcurrents, suddenthermal loadson divertor surfaces,and impact of
disruption-generatedrelativistic electrons. Reliable mitigation of theseproblemsusing
benign, robust techniques would be a key improvement in tokamak operation. High
pressurenoble gas jet injection (aka massive gas injection, or MGI) can potentially
mitigate all three of thesee�ects, while also satisfying the operational requirements of
fast responsetime, robustness,and reliabilit y, without impacting subsequent discharges.

Previously reported MGI experiments on the DI I I-D tokamak[1]have shown good
successat reducing the deleteriouse�ects of disruptions. But the physics of the gas
jet penetration and disruption mitigation was not understood well enoughto reliably
extrapolate the e�ectivenessof this approach to ITER-lik e plasmas,which are expected
to have of order 1000� the stored energy of present-day machines. Experiments to
addressthese questionshave continued on DI I I-D, which has � p closeto ITER, and
have begunon Alcator C-Mod, which can reach plasmapressuresand energydensities
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representativ e of ITER. On both machines, gas jet penetration, MHD behavior, and
dependenceon gasspeciesis found to be remarkably similar.

2. Mitigation of Disruption E�ects

Mitigation of both halo currents and divertor thermal deposition ultimately depends
on the abilit y to convert a signi�cant fraction of the total plasma stored energy,
Wtot = Wth + Wmag, into benign radiation on a timescalefaster than an unmitigated
disruption. Motivated by the earlier DI I I-D results, an optimised high-pressuregas
jet systemhasnow beeninstalled on C-Mod and experiments have beencarried out to
study the viabilit y of this mitigation techniqueasparametersarepushedto moreITER-
like plasmaconditions. For the C-Mod plasmasusedin the initial gasjet experiments
described here, Wtot ' 0:75 MJ, and the disruption timescale is � 5 ms. Thus the
impurities introducedby the gasjet have to radiate at a power level of order 0.1-1GW
for 1-2 ms. ThereforeC-Mod provides a very challenging test of the abilit y to convert
stored energyinto radiation, in addition to the gasjet/impurit y penetration issue.

2.1. Mitigation of Halo Currents

It has been found empirically that if a disrupting plasma is terminated quickly
enough, halo currents in the divertor region are reduced[2]. Since the current
quench time is determined by the L=R time of the post-thermal quench plasma,
the current quench can be hastened if the resistivity is signi�cantly increased,
which is accomplishedby decreasingthe temperature of the post-thermal quench
plasma and/or increasing Ze� . Noble gas jet injection on C-Mod and DI I I-D
has been shown to be an e�ective means of reducing the plasma temperature

(a) (b)

Figure 1. Comparison of an unmitigated current quench
(left) with an argon gas jet case (right) in C-Mod. The argon
signi�c antly shortensthe current quench,resulting in much less
vertical displacement and half the halo current. (The dot at the
end of the displacement signal indicates the last time for which
closed 
ux surfaces exist.)

and initiating the disruption
current quench[3, 4]. How-
ever, for successfulhalo cur-
rent mitigation, the plasma
resistivity must be kept high
for the entire duration of the
current quench. Even though
most of the initial plasma
thermal energy, Wth , is elim-
inated from the plasma at
the thermal quench, there
still remains a large reser-
voir of energy stored in the
poloidal magnetic �eld asso-
ciated with the plasma cur-
rent: Wmag = 1

2LI 2
p . Here L

is the plasmainductance,L =
� 0R [` i=2 + ln (8R=a) � 2], and
` i is the dimensionlessinternal
inductance. During the cur-
rent quench this energyis dis-
sipated as Joule heating of the plasma and conducting structures. In C-Mod, Wmag
greatly dominates the energy stored in the pre-disruption plasma. In fact, in un-
mitigated disruptions on C-Mod, the magnetic energy releasedduring the current
quench typically reheats the plasma to several hundred eV, resulting in an over-
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all current quench time of � 4 ms, as shown in Figure 1a. This is enough time
for the vertical displacement to carry the plasma all the way down to the diver-
tor structure, leading to high electromagneticand thermal loads there. In order to

Figure 2. Gas jet injection is e�ective
at reducing halo currents in Alcator C-Mod
when compared to unmitigated disruptions.
Mitigation improveswith the Z of the gas.

successfully speed up the current quench,
the gas jet impurities have to be capable
of continuing to radiate away the magnetic
energyasit is dissipatedthroughout the entire
current quench so that the plasma stays cold
(i.e. short L=R time). Figure 1b shows
the samesignals for a disruption with argon
gas jet mitigation. The argon signi�cantly
increasesthe radiative loss of the magnetic
energy, resulting in a colderquenching plasma.
This, in addition to the higher Ze� , gives a
higher resistivity, and thereforea fastercurrent
quench (< 2 ms). Less time is available for
the plasma to move vertically (10 vs 30 cm),
and the total halo current is reducedby about
50%. This reduction in halocurrent is alsoseen
for the other noble gasesthat have beenused,
as shown in Fig. 2. It can be seenthat the
mitigation of halo currents generally improves
with the Z of the noble gas,a trend which is

alsoconsistent with experiments and modeling doneon DI I I-D[5]. Measurements of the
toroidal distribution of halo currents in DI I I-D have alsoshown a 50%reduction in the
toroidal asymmetry, so the mitigation of peakJ � B loadsdue to halo currents may be
even more.

2.2. Mitigation of Thermal Deposition to Divertor Surfaces

In addition to reducinghalo currents, another goalof gasjet injection is to decreasethe
suddenthermal deposition on divertor strike surfacesthat occursduring disruptions. In

Figure 3. The higher-Z gas jets convert most of
the plasmaenergy in C-Mod into benign radiation.

ITER and future reactors,this conducted
heat 
ux is high enough to melt or
vaporize signi�cant quantities of divertor
material. In common with halo current
mitigation, the basic concept is to
convert a large fraction of the total
plasmaenergy, Wth + Wmag, into UV and
visible radiation, which is isotropically
emitted. This e�ectively disperses
much of the plasma energy benignly
over the relatively large surface area
of the chamber walls, rather than
having it conduct down the scrape-o� to
concentrate onto a relatively small strike
area on the divertor. The greater the
fraction of plasma energy that can be
radiated away, the lesswill be available
to heat the divertor strike surfaces.

As described in the previoussection,
it is clear that the higher-Z gasesradiate su�cien tly well to a�ect the energybalance
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on the timescaleof the disruption. The total radiated power in C-Mod is measured
with a foil bolometer having a wide-angleview of the plasma. This radiated energy,
divided by the total initial plasma energy, gives the fraction radiated. The results
for the di�erent noble gasesare shown in Figure 3. Not surprisingly, the radiated

Figure 4. IR-derived temperature of the divertor
surface during several di�er ent gasjet disruptions
in C-Mod. Gas jet injection reduces the surface
temperature compared to unmitigated disruptions.
Higher Z gasesdo better than low Z .

energyfraction increasesto very high lev-
elswith the higher-Z gases.For compari-
son,unmitigated disruptions with similar
plasmaparametershave radiated energy
fractions of 20-30%.Fig. 3 alsofurther il-
lustratesthe relatively good reproducibil-
it y of the gasjet shots.

Given that the higher-Z gas jets
convert most of the plasma energy into
benign radiation, the remaining thermal
energy that does conduct down to the
divertor should be reduced, resulting
in less heating of the divertor strike
surfaces. This has been explicitly
con�rmed with infrared imaging of the
outboard divertor surface. The IR-
derived temperature as a function of
time is shown in Figure 4 for three
di�erent gases,aswell asan unmitigated
disruption. It is seen that the helium
gas jet reduces the divertor surface
temperature compared to an unmitigated disruption, and the higher-Z gas jet cases
areeven better at mitigating the thermal deposition and heating of the divertor surface.
TheseIR data con�rm that the plasmastoredenergyis e�ectively converted into benign
radiation by the gasjet impurities.

3. Gas jet deliv ery and penetration

Figure 5. Estimates of jet pressure, plasma
pressure, ablation pressure on jet, and magnetic
pressure in DIII-D, all at the thermal quenchtime
at the radius of the jet stopping for di�er ent target
plasma thermal energies, W0.

High-speedimaging of the gasjet plumes
on both DI I I-D and C-Mod clearly show
that the jet does not penetrate deeply
into the plasma. On DI I I-D this is true
even when the ram pressure is greater
than the plasma pressureand ablation
pressure(Fig. 5). Thesedata are consis-
tent with a theoretical picture that the
toroidal �eld pressure(B 2=2� 0), which
greatly surpassesthe jet ram pressure,
provides the stopping mechanism for the
neutral jet[6]. Yet, despite only shal-
low penetration into the plasmaedge,gas
jet mitigation is seen to be very e�ec-
tive in both devices. This bodes well
for ITER, since deep gas jet penetra-
tion will not be feasibleon that machine.
Theseresults imply that the gasjet noz-
zle designand preciseaiming are not ac-
tually important. This was con�rmed
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Figure 6. Measurements of (a) delivered
Ar neutrals, (b) edge electron temperature,
(c) central electron temperature, (d) local
q at the cold front, (e) m = 2 amplitude
of poloidal magnetic �eld perturbations, (f )
m = 1 amplitude, and (g) plasma current
as a function of time for an argon gas jet
shot in DIII-D.

by trying two di�erent jet geometrieson DI I I-
D: an `open' jet with a 15cm diameteraperture
aimedat the top of the plasma,anda `directed'
jet with a 1.5 cm diameter aperture aimed at
the magnetic axis, both with similar neutral
gas delivery rates. The resulting shutdown
time scaleswere found to be quite comparable
for similar target discharges. The onset times
of the thermal and current quenches, and the
duration of the current quench were quite
similar.

Another important result is that with
present high-pressuregas jet systems,only a
small fraction of the suppliedgasactually gets
into the vacuum chamber on the timescale
of the disruption. For example, using a 15
ms long valve opening injecting a total of
5 � 1022 argon atoms, measurements of the
jet outlet pressurein DI I I-D indicate that only
� 10%of the injected argonatomsarrive in the
vesselprior to the start of the current quench
(Fig. 6a), and only half of the argon actually
arrives before the current quench is over.
These �ndings have important implications
on the e�cacy of collisional suppressionof
runaway avalanching (seesection4).

3.1. Role of MHD

In order to understand how the shallow gas jet penetration observed in DI I I-D and
C-Mod can still result in e�ective disruption mitigation, detailed measurements of
gas 
o w, impurit y concentrations, Te and ne pro�le evolution, MHD activit y, etcetera
have been made in both machines, and extensive modeling of C-Mod equilibria with
the NIMROD[7] 3-D MHD code has been carried out[8]. Sinceboth the C-Mod and

Figure 7. Modeling of C-Mod equilibrium with NIMR OD predicts fast growing 2/1 and 1/1 MHD
tearing modes which result in ergodic �eld lines over much of the plasma cross-section and loss of
con�nement. The NIMR OD timescale shownis a factor of � 20 faster than in the actual experiment
due to the lower Lundquist number used in the modeling.
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DI I I-D equilibria had very similar q-pro�les in thesegasjet experiments (q95 = 3:3� 3:6,
q0 � 1:0, monotonic), the MHD behavior should be similar on the two machines, and
probably on ITER as well, at least in its baselinescenario(q95 = 3:1). And indeed,
the experimental sequenceof events, shown in Fig. 6 for DI I I-D, qualitativ ely agrees
with the NIMROD results from C-Mod. The edgetemperature collapseswhen the gas
jet contacts the plasma surface. This cold edgeis used as the starting condition for
the NIMROD simulations. A cooling front begins to propagate into the plasma, and
when it reaches the q = 2 radius, the growth of an m = 2=n = 1 is triggered. This
is observed experimentally (Fig. 6d,e) and seenin the NIMROD evolution (Fig. 7a).
(For the modeling work described here, the NIMROD code did not yet have impurit y
transport or radiation included. The cooling front in the NIMROD result is due to the
growth of MHD instabilities and destruction of closed
ux surfaces,and its calculated
e�ect on plasma energy transport.) Te continues to rapidly collapsein to the q = 1
radius, leading to a large m = 1=n = 1 mode (Figs. 6f and 7b). This results in large
ergodic regions and destruction of 
ux surfaces(Fig. 7c,d), loss of core con�nement,
mixing of impurities, and eventually triggering the current quench (Fig. 6g).

Additional evidencefor the role of MHD on the impurit y transport comesfrom
DI I I-D experiments where the radial depth of the q = 2 surfacewas varied[9]. The
delay time until the start of the core thermal quench was found to increasewith the
distanceof the q = 2 surfacefrom the plasmaedge,consistent with the picture that the
cold front must propagateto the q = 2 surfaceto destabilizethe 2/1 mode.

3.2. Gas species, mixed gases

There is a several millisecond delay between�ring the fast high-pressurevalve[10] and
the appearanceof the gas at the plasma surface. This transit time is limited by the
sound speedof the gas through the delivery system. As mentioned previously, low-Z

Figure 8. Comparison of shutdowntimescalesfor
100% Ar vs 98% H2/ 2% Ar gas jet injection in
DIII-D, showing (a) central soft x-ray (proxy for
Te(0), (b) radiated power, (c) electron line density,
and (d) plasma current as a function of time.

gases such as helium, which has a
fast thermal speed, are not particularly
good at disruption mitigation in C-
Mod. Higher-Z gases,on the other hand,
mitigate well, but have slower thermal
speeds.However, experiments have been
doneon both machinesusinga mixture of
a light gas(He on C-Mod, H2 on DI I I-D)
with small amounts of argon. Since the
high-pressuregas in the delivery system
is in the viscous
o w regime, the lighter
gas carries the entrained argon along
at its faster thermal velocity, thereby
reducing the time delay between the
�ring of the jet and cooling of the plasma
edge.This improvement in responsetime
canbe important whenthe gasjet is used
to mitigate real, unplanned disruptions,
particularly if the disruption timescaleis

short. An exampleof the improved responsetime is shown in Fig. 8 for a 98%H2/ 2%
Ar casein DI I I-D. In this case,the improvement is seento be about 2 ms, which is a
25%reduction in the delay time.
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4. Runa way electron suppression

Runaway electronsarenot observed in the gasjet experiments on C-Mod, and only small
runaway currents (< 5% of I p) are seenoccasionallyon DI I I-D gasjet shots. However,
the number of electrons (free + bound) injected by the gas jet prior to the current
quench is estimatedto be insu�cien t to collisionally suppressrunaway avalanching[11].
Figure 9 shows ideal (0-D) estimatesof the deliverednumber of Ar atoms,NAr (obtained
by integrating the jet pressuremeasuredas a function of time and normalizing to the
known steady-state
o w rate), and number of free electrons,� Ne (measuredwith CO2

Figure 9. Measured free electron increase, � Ne,
and number of delivered argon atoms, NAr , at
the current quench onset, and estimated electron
number, Ncrit , necessary for runaway electron
suppression; all as a function of initial plasma
thermal energy, W0, in DIII-D.

interferometers)createdin the plasmaby
the start of the current quench. Also
shown is the estimated total (free +
bound) electronnumber, Ncrit , necessary
for avalanche suppressionat the start
of the current quench; this is estimated
from the plasma inductance and current
decay rate. While the total electron
number (free + bound) in the plasma is
not measureddirectly, an estimateof this
quantit y can be madefrom the available
data. A `best case' value is given by
18NAr , i.e. we assumethat every argon
injected by the gas jet is assimilated
into the plasma. A more realistic value,
however, is probably obtained if we take
into account that the current quench
plasma decay time, � CQ � 3 � 6 ms,
implies an electrontemperature Te � 2�
5 eV, and meanchargestate Ze� � 1� 2.
Assuming Ze� = 1, the total electron
number in the plasma is approximately
18� Ne, shown in Fig. 9 by the dashed
magenta line. It can be seenthat the delivered electron number is, at best, 3 � 10�
(more realistically, 10 � 100� ) too low to collisionally suppressthe runaway electron
avalanche, even in this ideal 0-D approximation.

Therefore the present experiments do not necessarilyimply successfulavoidance
of runaway avalanching via collisional suppression in ITER. The lack of signi�cant
runaways in current C-Mod and DI I I-D gasjet experiments may insteadbe due to some
other physics, such as MHD destruction of magnetic 
ux surfaces[12]. This would be
consistent with the large ergodic regionsseenin the NIMROD modeling (Fig. 7c,d).

5. Summary

High-pressurenoblegasinjection hasbeenshown to bea reliable,safemethod for rapidly
shutting down dischargesin Alcator C-Mod and DI I I-D tokamaks. In both machines,
the sequenceof events following gas injection is observed to be quite similar: the jet
neutrals stop near the plasma edge, the edgetemperature collapses,and large MHD
modes are quickly destabilized, mixing the hot plasma core with the edge impurit y
ions and radiating away the plasma thermal energy. The details of jet aiming are
not found to be important; rather, jet speciesand the neutral delivery rate to the
plasma edgeare found to be the crucial jet parametersfor determining the resulting
shutdown timescales. During the core thermal quench, high radiated power fractions
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are achieved, indicating a reduction of localized,conductedheat loads to the chamber
walls and divertor when comparedwith normal, unmitigated disruptions. The strong
thermal quench radiation results in a cold (Te � several eV) plasmain which the plasma
current quickly decays resistively. During the current quench, a signi�cant (2� or more)
reduction in halocurrent forcesis observedrelative to normal disruptions. Also, runaway
electron generationappears to be small or absent. Present data and MHD modeling
suggestthat this could be due to the large MHD modes observed, not the result of
collisional (impurit y) suppressionof runaway avalanching. These similar results in
two quite di�erent tokamaks are encouragingfor the applicability of this technique
to ITER for avoidance of wall damageduring disruptions. Additional experimental
and theoretical work is underway at both Alcator C-MOD and DI I I-D to help further
understandthe physical processesoccurring during high-pressurenoble gasinjection.
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