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ABSTRACT

Data on the discharge behavior, thermal loads, halo currents, and runaway electrons have
been obtzined in disruptions on the DIII-D tokamak [J.L. Luxon and L.G. Davis, Fusion Tech-
nology 8, 2A 441 (1985)]. These experiments have also evaluated techniques to mitigate the dis-
ruptions while minimizing runaway electron production. Experiments injecting cryogenic
impurity “killer” pellets of neon and argon and massive amounts of helium gas have successfully -
reduced these disruption effects. The halo current generation, scaling, and mitigation are under-
stood and are in good agreement with predictions of a semianalytic model. Results from “killer”
pellet injection have been used to benchmark theoretical models of the pellet ablation and energy
loss. Runaway electrons are often generated by the pellets and new runaway generation mecha-
nisms, modifications of the standard Preicer process, have been found to explain the runaways.
Experiments with the massive helium gas puff have also effectively mitigated disruptions with-
out the formation of runaway electrons that can occur with “killer” pellets.
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l. INTRODUCTION

During a tokamak disruption, the rapid and complete loss of the thermal and magnetic energy
result in high thermal and electromagnetic loads on the vessel and internal components and
sometimes generate intense high energy runaway electron beams.!-4 Critical to the tokamak
concept along with the operation of future devices, is the development of technigues to terminate
the discharge safely and mitigate the destructive effects of disruptions. A disruption in the Inter-
national Thermonuclear Experimental Reactor (ITER)S could result in the rapid loss of 1 GJ of
energy leading to damage and reduced lifetime of the first wall of the vessel.> Research on the
DINI-DS tokamak and elsewhere has shown that some of these disruption phenomena are highly
nonaxisymrmetric, giving rise to local thexmal and electromagnetic loads that are much higher
than the average.l.7-14 In a series of dedicated disruption experiments described here, further
data have been obtained on the thermal loads to the first wall, the structure and amplitude of the
hale currents, and runaway electrons. Major disruptions and vertical displacement evenis
(VDESs) have been investigated and techniques to mitigate the disruptions while minimizing ran-
away electron production have also been evaluated. B

The results presented here extend the work previously reported.”-19.15-16 The paper is
organized as follows: the disruption phenomenology is discussed in Section II, the halo current
data and modeling results are reported in Section 111, the results of mitigation experiments on

DIli-D are reported in Section IV, and the summary and conclusions are presented in Section V.
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II. DISRUPTION PHENOMENOLOGY

Disruption experiments on DIII-D were performed in deuterium discharges, typically lower
single-null divertors with plasma current I, = 1-1.5 MA, toroidal field B = 1.8-2.1 T, major
radius R = 1.7 m, minor radius 0.6 m, and elongation 1.2-1.8. Deuterium neutral beam heating
was generally used.

Disruptions, including the experiments performéd here, can generally be divided into one of
two basic categories: major disruptions and VDEs that lead to a disruption. These two types dif-
fer in the sequence of disruption events. In a major disruption, the plasma first becomes unstable
due to reaching an operational limit, such as a density limit or beta limit, that leads to the growth
of a large magnetohydrodynamic (MHD) mode. The large MHD causes a loss of nested con-
finement surfaces. The thermal energy is rapidly lost {thermal quench) and the current profile
flattens causing a drop in the plasma inductance and a corresponding spike up in the current.
Finally, the high resistivity of the cold plasma results in a rapid decay of the plasma current
(current quench). Frequently, as a consequence of the change in the current profile, the plasma
energy, and the plasma radial position, the vertical position in a major disraption is lost after the
thermal quench. In a VDE, the results are similar but the sequence is different. The first event is
a loss of the vertical position, and the plasma moves vertically with the cross section and edge
safety factor, q, decreasing as the plasma scrapes off against the first wall. The plasma then dis-
rupts: the thermal quench occurs {typically, there is no current spike) followed by the current
quench. Most of the experiments reported here were performed using VDEs because of the abil-
ity to reproducibly trigger the disruption to occur at a time where the diagnostics are optimized.
Disruption effects evaluated include the current decay rate, the halo current, the halo current
toroidal asymmetry, the power radiated, and the heat flux to the first wall. The two major effects
investigated and mitigated in these experiments are the halo currents and the heat flux.

Halo currents are currents generated during the disruption that flow along open field lines
surrounding the plasma, in what is known as the “halo” region, and return poloidally through the
vessel 1.9-10 Large forces on the vessel components can result when these poloidal halo currents
interact with the toroidal ficld. Note that the toroidal halo currents do not contribute to forces on
the vessel since they do not flow in the vessel wall. A number of experiments have also
observed significant toroidal asymmetries?>11-12 in the halo currents that can result in concen-
trated local forces larger than the average. The halo current measured on DII-D for a typical
triggered VDE [Fig. 1(b)] reaches ~20% of the predisruption plasma current.” The halo current
is toroidally asymmetric and the degree of asymmetry is quantified in terms of the toroidal
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Fig. 1. Comparison of a VDE discharge mitigated with a

neon pellet {{a) discharge 88826} versus an unmitigated VDE
[{b} discharge 88819]. Time evolution of plasma current,
pellet light, stored thermal energy calculated from eguilibrium
fitting code, the total poloidal halo current and TPF of the
halo current measured by divertor floor toroidal arrays at
major radius R = 1.08 m, 1.20 m (dotted).
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Fig. 2. Energy balance accounting of the energy input to the
disruption (IN3, which includes initial stored thermal energy,
initial magnetic energy, and energy input during the
disrupticn from auxiliary heating, versus the energy iost
during the disruption (OUT) which includes radiation and
conduction losses and the residual magnetic energy at the
final analysis time. Results for three types of disruptions:
VDE, high beta, and argon gas puff.
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peaking factor (TPF) which is defined as the
ratic of the peak of the toroidal current
distribution to the toroidally averaged value.
The time dependence of the TPF is also shown
in Fig. 1 for two halo current monitoring arrays
in the diverior floor at different major radii.
Note that at the time of peak halo current, the
TPF is reduced. Resuits from a number of
DIII-D experiments show that at the time of
peak halo current, TPFs approaching 3 are seen
and halo currents range up to 35% of the initial
plasma current.

The second disruption effect of interest is
the heat flux. Detailed measurements of the
heat flux to the divertor floor in DIII-D and the
energy flow across a closed surface surround-
ing the plasma have been previously re-
ported.8:15-16  The stored thermal energy is
lost during the thermal quench via radiation
and conduction while the stored magnetic en-
ergy is lost during the current quench largely
by radiation. For three disruptions, a VDE, a
high beta disruption, and a disruption due to a
Iarge injection of argon gas an energy balance
can account for the total energy loss during the
disruption to within 15%. The energy input to
the disruption (Fig.2) includes the initial
stored thermal energy and magnetic energy
along with the energy added during the disrup-
tion by auxiliary neutral beam heating. The
energy out includes the energy lost via radia-
tion and conduction during the disruption and
the residual magnetic energy at the final anal-
ysis time. Note that the initial energy stored in
the magnetic field flows into the plasma during
the current quench and is lost as radiation.




P.L. Tavior et al. DISRUPTION MITIGATION STUDIES IN DITT-D

ltl. DISRUPTION MODELING

The phenomenology of the axisymmetric component of the halo current, both its origin and
evolution, is now well understood. The halo current time evolution in DIHI-D disruptions have
been accurately modeled with the DINA code,!7 a time-dependent, 1.5-dimensional (1.5-D),
axisymrmetric, resistive MHD and transport plasma simulation code. A simple analytic model,
however, can be used to describe and explain the halo currents.!® This model simuiates the
plasma and halo interaction via a simple circuit equation:

1or d ICOI’G

1 do
+ Ry I = =My, —2— - —=Fh
hh Be g qp, dt

core
P
{current contained within the last closed flux surface}; ¢y, the toroidal flux linked by the halo cur-

rent; Ly, Ry, and gy, are the effective inductance, resistance, and safety factor of the halo region;
and Myp the mutual inductance between the core and halo plasmas. The toroidal currents in the

where Iilor is the toroidal halo current (current on open field lines); I15°™ the core plasma current

halo are induced by the decay of the toroidal core plasma current and by changes in the enclosed
toroidal flux (i.e., changes in the plasfna geomeltry). The model shows that the transfer of
toroidal current from the core to the halo depends on the characteristics of the halo and core
plasmas during the disruption, The toroidal halo current is approximately proportional to the
ratio of the core current decay rate to the halo current decay rate which is, in turn, proportional to
the ratio of the core-to-halo resistivities (lower temperature halos have lower halo currents). The
model also shows that in VDEs, the vertical instability is a factor with the halo current propor-
tional to the ratio of the vertical instability growth rate to the core current decay rate (Yz/).
While the current decay drives toroidal halo current, a poloidal current is also produced since in
the halo region the plasma is force free (V p =J X B ~ () and the current flows along the open
field lines. From the force-free constraint, a simple relation between the polotdal and toroidal
halo currents can be derived showing they are proportional and related by the q of the field lines
(Iﬁd =" /q).lg An experimental scan of the vertical instability growth rate ¥, was performed
by varying the plasma beta and elongation. The poloidal halo current increases with ¥, and the
model predictions are in good agreement with both the experimental measurements of the peak
halo current (Fig. 3) and with the time history measurement of the halo current in DIII-D
VDEs.848 The relation (I =1Ij"
edge q is low. To understand this evolution of the poloidal halo current, we examine VDE dis-

/ q] shows that high poloidal halo currents can arise when the

charges in two regimes, Y,/¥p < 1 and Y/\p > 1 (Fig. 4). When 7, is large [Fig. 4(b)], the cross
section decreases faster than the core current decay causing the edge safety factor q (q ~ aszp, a




P.L, Taylor et al.

current is reduced.
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the plasma minor radius) to decrease and thus the poloidal halo current to be larger. As we shall
see, reduction of the poloidal halo currents results from keeping q large so that the poloidal halo
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Fig. 3. Halo current versus vertical instability growth
rate with fixed current decay rate as experimentally
measured and predicted by a model.
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Fig. 4. Compariscn of two VDE discharges with a ratio of
Y2/Tp < 1 [{a) discharge 90204] and Y4V > 1 [(b) discharge
90219]. Time evolution of vertica! position, total toroidal
current, core toroidal current (dashed), halo toroidal current
(dotted), edge safety factor q, and fotal poloidai halo current.
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IV. DISRUPTION MITIGATION RESULTS

The deleterious effects of disruptions, i.e., large halo currents and heat fluxes along with
large toroidal asymmetries, require methods to reduce these effects. Experiments on DIII-D that
have successfully mitigated disruptions include injection of impurity “killer” pellets of neon and
argon and injection of a massive gas puff of helium. Solid pellets of neon and argon with sizes
of 1.7, 2.8, and 4 mm were injected with a typical velocity of 500 m/s using a pneumatic injec-
tor!? and penetrated to a normalized radius p = r/a (r the minor radius) between 0.2 < p < 0.5.
The massive gas puff of helium was accomplished using a fast acting valve developed for the
DII-D pellet injector propellant.20 The valve mounted 0.5 m from the plasma edge somewhat
above the midplane connects a 300 ml

{(a) Argon pellet (b} Nonpellet VDE
reservoir filled to 1000 psi with helium di- 20 Pellgt fight
rectly to the tokamak. A 10-ms wide gas == —% -—_/\
burst is produced with an average flow rate _ 8Ol LA . e
of 4 x 105 T-I/s compared to a typical dis- g 00
charge gas fueling rate of ~70 T-I/s; a total % c ﬁr ,../-/f/‘\fx
of ~3400 T-1 of helium is injected. I L —
20
The peliet injection phenomenology B |w +£\ P, - H 0]
. . S e 2= [ Y - W e
was described previously along with initial ] B[S /[ RrR— |
o P Y ong WE Y N S IE—— WYY
mitigation results.8 Experiments with neon
0.2
pellets, argon pellets, or massive helium oz
£E= F -
as puff reduce the force on the vessel b - = __/\
£ p . . y 0.0 /\ — 1l
up to 50%.21 The mitigation of a VDE by
. e . . . 4.0
injecticn of a neon impurity pellet is com- Lt !
pared in Fig. 1 to a similar discharge with- = -/‘/'\M
. 1.0 1 i m":\\ =]
out a pellet. The pellet ablates in ~0.7 ms 1718 1721 17241731 1734 1737
and most of the stored thermal energy is Time (s)
lost during the pellet ablation time. There Fig. 5. Comparison of a VDE discharge mitigated with an
g ] g argon pellet [{a} discharge 90206] versus an unmitigated
is a reduction of the poloidal halo current VDE [{b) discharge 90205]. Time evolution of plasma
and TPF. Similar behavior is seen in current, peflet light, poloidal magnetic fluctuation, stored
. . ) thermal energy (W) calculated from equilibrium fitiing code,
experiments with argon pellets (Fig. 5). energy radiated(R) in the time interval represented by each

step, the integrated heat to the divertor floor {H), the total

Argon, because of its higher Z, is a better paloidal halo current, and the TPF. Note the increased

radiator and as expecied, this results in a scale for the radiated energy (R) for the unmitigated VDE.
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faster cooling with lower halo currents. The MHD for both the pelleted and nonpelleted shot
locks and a large n = 1 mode appears (8B/Bt ~ 1%). However, the mode growth with the pellet
is much more rapid and occurs early in the pellet ablation. Almost all the stored energy is again
lost during the pellet ablation time. The pellet reduces the heat flux to the divertor by ~40% and
increases the power radiated. The halo current is reduced but for this disruption case, the halo
current asymmetry at the time of peak halo current is already relatively low and there is little
reduction in the TPF. The experiments with neon and argon pellets have successfully reduced
both the halo currents and TPFs and examination of the time history of the signals shows both
have been reduced throughout the entire disruption phase.

The mitigation of the axisymmetric

poloidal halo current by the pellet is ,__\0_1(?)"25":'?!1_???_"'_?_‘;_"_91 (b)VDE
explained by applying the model presented E § | i

previously to the time evolution of the ™ %_1 4:

plasma as shown in Fig. 6 (same neon 2:0

discharges as in Fig. 1). The pellet gg e N N ? 6&'5
injection at 1.718 s occurs before the = “0.0 Halp -
plasma has moved far off axis, when the

cross section is still large, and it triggers o

the thermal quench within 1 ms followed T ‘_/kj
by the current quench. Although the total 0,0 e E—
current decay with the pellet is slower, the E ?0'5 !

core current decay is faster (1.719 to _'TELE i /,\ ]
1.722 s) than the nonpellet VDE (1.730 to M;. ?0”'15 - 1725 1?2 . “;.73 oy

1.735). The larger minor radius a and the Time (s)

smaller core plasma current both combine o , : » _
Fig. 8. Comparison of a VDE discharge mitigated with a
to keep the edge safety factor q (q ~ azflp) neon pelflet [(a) discharge 88826] versus an unmitigated

. . . VDE [{b) discharge 88810]. Time evolution of vertical
higher. Thus in the pellet case, although its pasition, soft x-ray, total torcidal current, core toroidal

toroidal halo current i1s similar to the non- current (daShed). halp toroidal current (dot{ed). edge

] ] safety factor g, and iotal poloidal halo current measured
pellet case, the poloidal halo current is (solid) and calculated (dotted). The dotted vertical line in
el (IEOI — Ihor /q) {a) marks the pellet injection fime.

The rapid and almost complete loss of the stored thermal energy during the pellet ablation
occurs even though the pellet is fully ablated before penetrating to the core of the plasma. For
the argon pellet injection (Fig. 5), 0. 6 ms after the pellet injection when the ablation of the pellet

is complete, the pellet has only penetrated to p ~ 0.4 and the stored energy is reduced by 93%.
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We hypothesize that this energy quench of the plasma inside p = 0.4 results from an anomalous
rapid transport of the pellet material into the plasma core ahead of the peliet which then causes
sufficient impurity radiation to dissipate the plasma’s thermal energy.22 This increased dissipa-
tion reduces the heat flux to the divertor. Figure 5 shows a 40% reduction of the integrated heat
flux to the divertor.

The results of the impurity pellet injection
F T T PRI v T Tom T Iy . . A
E ____~Nodelatp=03 mitigation experiments have been modeled by

= 1000£ é a time-dependent 1-D code (KPRAD) that in-
? 2 E cludes pellet ablation and impurity radiation.23
g 100é- _;I The code calculates the radiation and energy
é‘ F 3 balance during the pellet ablation on each flux
= 10% L ] surface assuming no radial conduction. The
C 0.5 3 time evolution of the electron and ion tem-
1] I perature and the electron density are among
1 10. 1001000 the output results of the code. Figure 7 shows

Time {um)

the calculated temperature for a neon pellet

Fig. 7. Time evolution of the electron temperature (solid}

and ion temperature (detted) during a neon pellet shisbenyzs. Jilla e fom armi o SEime (g -

ablation as calculated from the KPRAD code at ture decrease in less than 0.1 ms, at p = 0.5.
normalized radii of rfa = 0.5 (for discharge 88306) and . . s

rfa = 0.3 (dash-dot). Experimental measurements of the This very rapid cooling is due to the large
stectron temperature {from Thomson scattering) before amount of deposited neon impurity ions (~half

and after the pellet injection at /a = 0.3 {circle w cross) )
and ra = 0.5 (square), Also shown is a KPRAD code the initial electron density). They radiate suf-
calculation of the electron temperature evolution if the

peliot material was argon instead of neon {dashed). ficiently in the lower charge states (Zneon <

+8) that the electron temperature drops fast

enough to halt further ionization of the neon to the less radiative higher charge states.?3 A
simulation of the cooling due to this neon pellet with the TSC code,?4 a 2-D time-dependent
axisymmetric MHD code, agreed with the KPRAD result when TSC assumed no change in the
thermal diffusivity and no radial redistribution of the ablated pellet material. The experimentaily
measured electron temperatures at p = 0.5 agree with the KPRAD code prediction, but the code
does not predict the measured collapse of the central temperature (p < 0.4) (Fig. 7).

However, the central temperature collapse can be explained by anomalous penetration of the
pellet impurity material into the core. Evidence of this anomalous transport includes an increase
in the core density within 1 ms of the pellet injection and spectroscopic measurements of pellet
material impurity radiation originating in the core. Both the level of the magnetic fluctuations
(6B/Bt ~ 1% in Fig. 5) and their early appearance in the pellet ablation indicate that MHD may
be the cause of this anomalous radial transport.22
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Although the impurity pellet successfully mitigates the halo current, TPF, and heat flux it
frequently has the undesirable effect of generating runaway electrons. Runaway electrons are
evident in bursts or continuous hard x-rays, nonthermal electron cyclotron emission (ECE), and a
plateau in the current decay due to current carried by the runaway electrons (Fig. 8). Signatures
from ronaway electrons have been observed on all the argon pellet discharges, many of the neon
pellet discharges, but none of the nonpellet comparison discharges. The production of runaway

electrons cannot be explained by the classical

Dreicer runaway mechanism where electrons 2

Pellet light

with energies above a critical energy runaway
due to lack of collisions.25-27 Calculations
using the KPRAD code show that the ratio of
the critical energy (Ecpig) for runaway genera-

P e S

tion to the thermal energy {(Te) of the bulk

plasma drops from ~2000 to ~100 during the
pellet injection. This results in an insignifi-
cant runaway current («1 A/m?2). The failure

of the classical Dreicer runaway electron gen-
eration mechanism was also confirmed in a

DINA simulation of a discharge with a clear

runaway current plateauw (Fig. 8). No runaway

current was generated in the DINA simulation :
which included a runaway current model of Ol i

“Dreicer” acceleration along with a collisional

avalanche mechanism?8-29 term to amplify 4
any Dreicer ranaway seed current. I.IOJ =
] o © E
Two modifications of the standard Dreicer e _——l :
process can provide the observed runaways. O
Large temperature and pressure gradients 1.715 . 1.730
. . Time (8)
across the peliet ablation region can lead to
instabilitics and, as part of that mixing pro- Fig. 8. Time evolution of plasma current, argon
pellet ablation light, central soft x-ray radiation, hard
cess, hot electrons from the core can be x-ray scintillator outside vessel, and RF ECE

emission (suffers from density cutoff later in time)
for discharge 85180. Evidence of runaway
plasma. These electrons will have a ratio of glectrons seen after pellet at 1.719 to 1.726 s (times
marked by vertical dotted lines}.

dumped into the cold, thermally collapsed

Eqiv'Te ~ 1 and will run away. The second

modified runaway mechanism is due to the
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rapid cooling caused by the pellet. KPRAD calculations of the cooling rates (for the discharge in
Fig. 7), as a function of the electron energy, indicate that the cooling time of ~0.03 ms for the
bulk electrons is too rapid for the electrons in the tail of the energy distribution function to
participate due to the finite collisional coupling times. Test particle calculations with KPRAD
show that electrons with energies of 12 times the initial thermal temperature of the bulk plasma
or larger will raunaway to relativistic energies while electrons with energies of 11 times or less
will be cooled.2223 A Fokker-Planck code, CQL3D,30-3! simulation of the discharge in Fig. 7
has also verified this runaway generation mechanism. For the neon pellet, the calculated
funaway current density is ~1.1 X 105 A/m? (compared to the initial current density of
~108 A/m?2). This runaway production mechanism is very sensitive to the cooling time of the
bulk electrons. Using a KPRAD simulation for argon instead of neon results in a more rapid
cooling (Fig. 7) and thus a runaway current

density nine times higher (-9 x 105 A/m2). Plasma Current (MA}, Line Density (102! m™2), SXR (arb.)

This increase in runways with the faster . L1

cooling argon impurity pellets explains the (SXR

1] P, A - [

. Density on Ditferent Chords (102! m9)
runaways are observed in all the argon pel- 2 T

experimental observation stated above that

let experiments but only some of the neon

experiments. These runaway generation

. . o 1.718
mechanisms provide an initial seed of run-

Time V1 Vava
away electrons that can then be amplified by 1 &\ %IH
the collisional avalanche mechanism2$—29 o )

produce the observed runaway current lev-
els (~0.3 MA in Fig. 8).32

lw— RO

Results similar to the impurity pellet 1.4 b

! el ] * Prunie
88 g g 1.7 24 1.0 17 24 1.0 17 24 1.0 1.7 24
mitigation, but without the generation of R(m) R{m) R{m) R{m)

SRR GLESITIS, £ GUERi im ) ©36 o Fig. 9. Massive helium gas puff phenomenciogy. Plasma

preliminary experiments where a massive  current, line density, and average density caiculated from the line
£ hel; C. d The oh density along three vertical chords V1, V2, V3 at major radii R =
puff of helium gas is injected. The phe- 456 1942, 2,099 m and 1 horizontal chord at z = 0 m for dis-

nomenology of the massive gas puff is  charge 96764. Fiuxpiots for four times 1.707 1o 1.710 s are also
Lo Lo . shown with the density chord positions marked. The time the

shown in Fig. 9. In this discharge, there isa  puff valve opens is marked by the arrow.

large density increase, a thermal quench,

and then the beginning of the current quench following ~2, 2.2, and 3 ms, respectively, after the

opening of the fast puff valve. The increase in the average density to ~1 X 1021 m~3 measured

along two vertical chords and one horizontal chord initially track (until 1.709 s) indicating that




P.L. Taylor et al. DIISRUPTION MITIGATION STUDIES (x DITI-D

the gas has rapidly penetrated to the center and that the density is uniform across the plasma.
One vertical chord (V1), passing through the divertor region, is initially larger than the others in-
dicating a large density in the divertor region until the plasma has limited on the floor after which
all the chords give the same density (1.7085 to 1.709 ). Only 10% to 20% of the ~1023 helium
atoms injected are ionized. Later in time, the average density along the chords, which is
calculated assuming all the density is in the plasma core, start to diverge due to significant
density in the halo region.

The massive helium gas puff mitigates a
VDE (Fig. 10) with a reduction of both the
halo current and TPF but shows no evidence

of runaway electrons [soft x-ray signal
(Fig. 9)]. The heat flux in these ohmic dis-
charges is also significantly reduced by the

helinm puff but has to be inferred since the di-
rect measurement by the IR camera during the
helium puff is precluded by line radiation
from the helium in the same region of IR used

by the camera. The helium puff results in the
radiated power increasing by 45% and the 4.0

fraction coming from the core plasma as op-

TPF

posed to the divertor region increases from il
0.64 to 0.82 (Fig. 11). The total energy radi- ] Lo

1-0 L LELLLEL]L] Illli‘l“!:llll'll‘lll

1.700 1.715 1.730
Time (s)

ated in the helium puff discharge is equal
(within 5%) to the sum of the energy radiated
and the energy deposited as heat flux to the

divertor in the unmitigated VDE (Fig. 12). Fig. 10. Gomparison of VDE discharge miigated by

a massive helium gas puif (solid, discharge 96764}

Assuming there is no energy conducted to the with an unmitigated VDE (dotted, discharge 96759).
. . . . Time evelution of plasma current, total poloidal halo
divertor in the helinm puff discharge, the total current, and TPF of the halo cument.

energy accounting shows the radiation and

residual magnetic energy balance to within 5% with the initial thermal and magnetic energy
(Fig. 12). Thus since essentially all the energy is appearing as radiation, there is none remaining
to be deposited as heat flux on the divertor. Several factors combine to leave unresolved whether
the thermal energy is dissipated via radiation or via conduction to the floor. These factors
include: a thermal energy in these ohmic discharges that is well below the dominant magnetic
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Fig. 12. Energy balance accounting of the energy input fo the
Fig. 11. Comparison of VDE discharge mitigated by a  distuption {IN), which includes inilial stored thermal energy and
massive helium gas puff [(a) discharge 96762] with an  Initial magnetic energy (there is no auxifiary heating in this dis-
unmitigated VDE [(b) discharge 96757). Time evolution of  charge), versus the energy lost during the disruption (OUT)
the plasma current, total power radiated (solid), core power ~ Which includes radiation and conduction losses and the

radiated {dotted), and divertor power radiated (dashed). residual magnetic energy at the final analysis time. Results for
the helium gas puff mitigation and unmitigaied VDE discharges
in Fig. 11. The conduction for the helium puff is not measured.

energy, the slow time resolution of the bolometer, and the lack of a reliable IR measurement of
the conduction to the floor.

A KPRAD simulation provides an understanding for the heat flux mitigation. The tempera-
ture dilution from the increasing density, along with energy losses from ionization and radiation
decrease the electron temperature to ~6 ¢V in 2 ms. The plasma becomes dominated by volume
recombination (recombination time for Het2 ~2 ms for these conditions) and by radiation losses
from the hydrogenic (He*!) charge state which has a radiative cooling rate of ~3 x 10~35 W-m3
at 6 eV. This results in ~30 MW/m? (or 0.6 GW total) radiated power loss density, in good
agreement with experimental radiation measurements (maximum measured 35 MW/m?3). The
measured UV continuum radiation from the recombination of Het? confirms that the plasma
temperature is ~6 eV at the beginning of the current quench in agreement with the modeling.
This low electron temperature effectively halts any further ionization of the helium (ionization

potential 24.6 ¢V) and explains why only 10% to 20% of the injected helinm is ionized.

Experiments were also performed to see if results similar to the mitigation of disruptions fol-
lowing VDEs occurred for major disruptions. The massive helium gas puff and argon pellet
were used to preemptively terminate a discharge near a density limit major disruption (Fig. 13).
This figure shows that the results of a heliumn puff and an argon peliet have a very similar miti-
gation of the halo current and TPF. The force on the vessel was also reduced in the helium puff

case, similar to the pellet mitigation results.
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(a) He puff; Ar pellet (b) Density limit
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Fig. 13, Comparison of 2 massive helium gas puff injection
{{a) solid, discharge 96767] and an argon pellet injection {{a)
dotted, discharge 96768] into repeat of a discharge with a
major density Jimit disruption [(b} discharge 96766]). Time
evolution of plasma current, total poloidal halo current, and
TPF of the halo current. The injection times of the helium putf
and argon pellet are as marked.

DISRUPTION MITIGA.TION STUDIES v DII-D

The mitigation using the massive helium
gas puff injection is encouraging for liquid jet
mitigation of disruptions in future large de-
vices such as ITER. In such devices, with
large currents (>10 MA) a small initial “seed”
of runaway electron current is expected to be
amplified by the collisional avalanche mech-
anism?8-29 to the point that the dominant part
of the many mega-ampere plasma current is
carried by multi-MeV runaway electrons. To
prevent such a generation of runaways, it is
necessary to increase the density sufficiently
that the increased electric field during the dis-
ruption remains below the critical field for the
avalanche process.2%:33 In ITER, a 50 to 100
fold density increase would be required and a
single pellet or multiple pellets would not be

sufficient. Calculations indicate a pulsed liquid jet can meet the mass injection requirement.33

A fast liguid jet of hydrogen or helium also has a number of advantages for disruption mitigation.

During jet injection, there will be isobaric dilution cooling, allowing deep penetration and

possibly avoiding MHD driven instabilities due to an unchanged pressure profile. Liquid jets

will rapidly cool the plasma (dilution cooling, bremsstrahlung, and recombination radiation

cooling) which induces the rapid current decay; thus mitigating the halo current and heat flux

load. The high density will aiso inhibit the formation of runaway electrons.
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V. SUMMARY AND CONCLUSIONS

We have reported on the progress of understanding the mitigation of both major disruptions
and vertical displacement events (VDESs) on the DIII-D tokamak. Halo currents with up to 35%
of the predisruption plasma current, toroidal peaking factors approaching 3, and heat fluxes of up
to 100% of the predisruption thermal energy have been observed in unmitigated discharges. The
halo current origin and scaling is well understood and well predicted by a simple analytical
model and simulation codes such as DINA and TSC.

DIII-D experiments achieved a similar level of mitigation of both major disruptions and the
disruptions following VDEs by preemptively terminating the discharge by injection of impurity
pellets of neon and argon and a massive helium gas puff. Injection of impurity pellets into
DIII-D plasmas after the initial loss of vertical position have effectively reduced the halo cur-
rents, toroidal asymmetry of the halo current, and the heat flux conducted to the divertor that
occurred during the disruption at the end of the VDE. Production of runaway electrons, how-
ever, have been observed in many of the pellet injection experiments — particularly those using
argon. The rapid cooling of the plasma can be explained by a modeling code (KPRAD) and the
dissipation of the stored energy inside of the pellet burnup radius can be explained by the
observed anomalous rapid transport of the pcllet' material into the plasma core. The runaway
generation can be understood 1n terms of a modified Dreicer mechanism occurring during the
pellet penetration. The first experiments with the injection of a massive amount of helium gas
have been explored as an alternative to the impurity pellets in order to eliminate the undesirable
runaway electrons. These experiments have shown effective mitigation of the halo currents, halo
current asymmetry, and heat flux and have avoided the generation of runaway electrons. Both
the impurity pellets and the massive helium gas puff have also been shown to preemptively miti-
gate a major disruption. Calculations for liquid jet mitigation of future large machines show the
promise of the liquid jet idea.
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