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F1-CN-64/AP1-20
DISRUPTION STUDIES IN DHI-D

ABSTRACT

Characteristics of disruptions in the DIII-D tokamak including the current decay
rate, halo current magnitude and toroidal asymmetry, and heat pulse to the divertor are
described. Neon and argon pellet injection is shown to be an effective method for miti-
gating the halo currents and the heat pulse with a 50% reduction in both quantities
achieved. The injection of these impurity pellets frequently gives rise to runaway
electrons. '

1. INTRODUCTION

Disruptions represent a serious obstacle to the successful realization of a commer-
cially viable tokamak power plant. In addition to the high thermal and electromagnetic
loads resulting from the rapid loss of both thermal and magnetic energy, disruptions
can generate large, toroidally asymmetric poloidal “halo” currents in the scrapeoff
layer. These currents strongly influence tokamak design because they can give rise to
large forces on the vessel and internal components. This paper describes work on the
DIII-D tokamak on the characterization of these different disruption phenomena, suc-
cessful reduction of the heat pulse and halo currents using neon and argon pellets, and
the development of a real time disruption avoidance system for high beta discharges
using a neural network.

2. DISRUPTION CHARACTERIZATION

Disruptions in DIII-D fall into two basic classes, major disruptions and vertical
displacement events (VDEs). In a major disruption, an MHD mode grows, leading to a
loss of thermal energy (thermal quench) and the resulting cold plasma suffers a rapid
decay of the plasma current (current quench). In single null divertor discharges, a loss
of vertical position in the direction of the X—point typically follows the thermal
quench. In a VDE, the loss of vertical position precedes the thermal quench. As the
plasma moves vertically against the first wall, the cross section and edge g decrease
until the shrinking plasma disrupts, losing its thermal energy, typically when the edge
q approaches two.

For both disruption types, a rapid decay in the plasma current is observed follow-
ing the thermal quench. Although there is a large variation in the current decay rate for
a given plasma current, for full aperture discharges (volume>19m3) the fastest current
decays have a characteristic decay time, Ipo/(dl/dt) ~ 4 ms, where Ip, is the pre-disrup-
tion current and dI/dt is the average decay rate from 90% to 10% of the current. VDEs
have the shortest decay times because the dual effects of the reduced cross section and
the high resistivity of the cold plasma increase the plasma resistance. Discharges with
low plasma current, small volumes (<15 m3) and large distances to the conducting
wall exhibit even shorter decay times, approaching 2 ms. The post-thermal quench
equilibria for these discharges are so vertically unstable, that they exhibit extremely
rapid loss of vertical position and have shorter decay times than full-aperture VDEs.
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Heat flux measurements during disruptions show that the relative importance of
two energy loss mechanisms, conduction to the divertor floor and radiation, depend on
the type and phase of the disruption. In three different disruptions, the fraction of the
total energy lost during the thermal quench (primarily the thermal energy) that was
conducted to the floor varied considerably: 85% for a VDE, 50% for a major disrup-
tion at high beta and 22% for a discharge terminated by a large argon puff. During the
thermal quench, radiation plays a very small role in a VDE while it dominates the
energy loss in the argon puff disruption. In all cases, the role of radiation increases in
the current quench phase and is the major energy loss mechanism. In the VDE and the
argon puff disruptions, radiation accounts for 85%—-90% of the energy lost during the
current quench with a value of 65% for the high beta disruption. Detailed heat flux
measurements and a complete energy balance during DIII-D disruptions have been
reported earlier by Lee [1] and Hyatt [2].

One of the more significant disruption-related problems for future machines is the
development of large poloidal currents that flow on the open field lines surrounding
the plasma and return poloidally through the vessel. These poloidal “halo” currents
interact with the toroidal field resulting in large, poloidally localized forces on the ves-
sel and internal components [3]. In order to better understand the driving mechanism
and dependence of the halo current on plasma properties, we have conducted a series
of experiments in which a VDE is initiated by disabling the vertical feedback system.
The poloidal and toroidal structures of the poloidal halo currents are measured with an
extensive array of detectors in the lower divertor region referred to as the tile current
array (TCA) [4].
he basic phenomenology of the VDE is shown in Fig. 1. As the plasma drifts
vertically downward [Fig. 1(a)], its cross section shrinks, the edge safety factor
decreases, and the plasma disrupts, losing its thermal energy [Fig. 1(b)]. During the
VDE, two mechanisms drive the halo current. Following the thermal quench, the core
plasma current (that contained within the last closed flux surface) begins to decay,
inducing toroidal current in the cold “halo” plasma on the open field lines surrounding
the last closed flux surface [Fig. 1(c)]. Flux contours and toroidal halo current are
determined using an array of distributed current elements to represent the plasma and
calculating the best distribution of currents in the plasma region and vessel to fit mag-
netic diagnostics. Because the halo region is essentially force free (jxB=Vp~0), the
current flows along the field lines. Thus by driving a toroidal halo current, a poloidal
current is also driven that is related to the toroidal component by Ihao(pol) =
Thato(tor)/gedge [Fig. 1(d)]. A second mechanism that directly drives poloidal halo cur-
rent is the reduction in the toroidal flux linked by the plasma as the cross section
shrinks. Comparison of the two driving terms shows that at the time of maximum
poloidal halo current, the driving voltage from the current decay, Vdr/dy, is consider-
ably larger than that from toroidal flux compression, Vdq/dt, although the terms are
comparable earlier in the buildup of the poloidal current [Fig. 1(¢)]. The halo width
increases as the plasma moves downward and at the time of the peak poloidal halo cur-
rent the halo width is typically 10-15 cm, measured on the plasma midplane. During
the final stage of the current decay, there are no closed flux surfaces and all the
toroidal current is carried on open field lines. Despite the finite toroidal halo current
(Tnalo(toroidal)=420 KA at 1.7275 s), the poloidal halo current is very small during this
stage because the edge ¢ is very high.

Poloidal halo currents of up to 30% of the pre-disruption current, I, have been
measured during VDE’s when the data is averaged over £ 0.5 ms (Fig. 2). Values up to
40% have been observed with shorter averaging (= 0.1 ms). The scaling proposed by
Granetz [5], Ihato/Ino~1/g950, (9950 is the pre-disruption g at the 95% flux surface) does
not explain the DIII-D data in which large variations in halo current are observed at

2 GENERAL ATOMICS REPORT GA-A22476




DISRUPTION STUDIES IN DIII-D A.G. Kellman, et al.

N

Vertical position (m) :

os |- Polodal Balo current W) ___ & S N |

...

Time (s)

Fig. 1. Time evolution of a VDE (B,=1.1, shot 90219). Poloidal halo current reaches
370 kA (23% of the pre-disruption I;). The peak poloidal halo current determined by a
magnetic fitting code (FIT) agrees well with that measured by the tile current array (TCA).

fixed Ipo/q9s0 and the highest halo current is observed at high ggs. Examination of two
discharges with the same I, and ggsg but a factor of two difference in Thato/Tpo (23%
vs. 10%) is useful to understand the underlying physics determining the magnitude of
the halo current.

I,=1.48MA,q950=3.4 Thalo/Ipo dIp/dt(core) Ihalo(tor) 9edge-min
low Bn=1.1 0.23 150 MA/s 0.46 MA 1.00
high Bn=3.2 0.10 670 MA/s 0.62 MA 2.05

Because Ip,10(pol)=Ihalo(tor)/gedge, if 2 sufficiently high edge g is maintained dur-
ing the VDE evolution, a low poloidal halo current will result even if a large toroidal
halo current is driven by the current decay in the plasma core. An analytic model
shows that a key parameter determining the evolution of the edge ¢ and thus the halo
current evolution is the quantity yp, /Y, where ¥, is the initial plasma current decay rate
and 1; is the vertical instability growth rate. Since gedge~a“/Ip (a is the minor radius), a
rapid current decay relative to the instability growth rate (y, /¥, >1) results in a high
edge g because the current decays while the plasma cross section is still large (geqge-
min=2.05) This is the case for the high beta discharge shown in the table. In the oppo-
site regime, Yp/Y; <1, a slow current decay relative to the vertical motion allows the
edge g to get small (gedge-min=1.0) and thus even for lower toroidal halo current, the
poloidal halo current is larger. This is the case for the low beta discharge. This implies
that a successful technique to reduce poloidal halo currents is to induce a rapid current
decay while the plasma is still far from the floor and large enough to have a high edge
g. The impurity pellet injection described in the next section follows this approach.

The critical consequence of the poloidal halo currents is the resulting vertical force
on the vessel. On DIII-D, the force is inferred from direct measurement of the vertical
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vessel displacement. This is shown to scale linearly with poloidal halo current
magnitude as expected since the duration of the halo current is short compared to the
characteristic mechanical times of the vessel.

In addition to the large amplitude of the halo currents, large toroidal asymmetries
are observed in the halo current. Toroidal peaking factors (peak-to-average value) as
high as 3 are observed at the time of peak halo current with values as high as 5 for
shorter averaging times, +0.1 ms (Fig. 2). As shown in the figure, a value of Ipao/Ipo
of 30% with a 2:1 toroidal peaking factor represents the highest combination obtained
simultaneously at the time of the peak halo current. Typically, the maximum halo cur-
rent occurs near the minimum peaking factor for a given discharge. Often however, at
only slightly reduced halo current, the peaking factor is considerably higher. This is
shown by the curve in Fig. 2 (labeled no pellet) which represents the trajectory of one
discharge (Inalo/Ipo vs. peaking factor). The shaded region represents the boundary of
the trajectories for all discharges studied.

The toroidal structure of the halo current can be highly localized with a non-sinu-
soidal perturbation that is less than 100° in toroidal extent. However, asymmetries are
also observed that more closely resemble an n=1 sinusoidal structure. Rotation of the
asymmetry is always observed during the initial phase of the VDE when the discharge
is drifting vertically prior to the thermal quench. Typical rotation frequencies are 200-
400 Hz and the structure generally rotates opposite to the bulk plasma rotation. The
asymmetry typically continues to rotate following the thermal quench, however, lock-
ing has been observed. When the asymmetry locks, there is no preferred toroidal loca-
tion for the locking. The implication of the locking is that toroidally discrete compo-
nents in the vessel effectively see higher poloidal currents than if the asymmetry
rotated and the force was averaged over a large toroidal extent.
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Fig. 2. Toroidal peaking factor and halo current normalized to the pre-disruption plasma
current for VDEs. Points show the values at the time of peak halo current. The two solid lines
show the trajectory of a pellet and non-pellet discharge with identical pre-disruption
equilibria. The shaded region is the boundary of the trajectories of all discharges.
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3. DISRUPTION MITIGATION AND AVOIDANCE

The combined effects of high halo currents, toroidal asymmetries in the halo cur-
rents, and the intense heat pulse during the disruption make mitigation of disruptions
imperative. In DIII-D we have explored the use of both neon and argon pellet
injection and have shown that both are effective at significantly reducing these effects.
In our experiments, these pellets were injected both into VDEs and into centered, well
controlled discharges in order to test pre-emptive termination of discharges. The pellet
injector uses high pressure He gas as a propellant and two different size pellets
(1.7 mm and 2.8 mm) were tested in these experiments. The 2.8 mm Ne pellets con-
tained 3 x 10°° Ne atoms which represented approximately 35% of the electron con-
tent of the discharges. Depending on the vertical position of the plasma at the time of
injection and the pellet size and speed, penetration varied from p/a of 0.55 to 0.25,
where p/a is the normalized flux coordinate.

The basic phenomenology of pellet injection into a VDE is shown in Fig. 3. In this
discharge, a 2.8 mm argon pellet is injected after the beginning of the vertical instabil-
ity when the discharge is 15 cm below its nominal equilibrium position [Fig. 3(a)].
The duration of the ablation is 600 ts and the current decay begins within 200 ps of
the end of the ablation. The stored energy loss begins promptly with the pellet
injection and is complete within 100-200 ps of the end of the ablation [Fig. 3(b)].
During the 600 s ablation, the internal inductance of the current profile increases
from 0.75 to 1.0. The pellet causes the growth of large n = 1 and n = 2 modes
[Fig. 3(d)] which may play a role in the loss of the remaining thermal energy and the
subsequent profile flattening indicated by the drop in 4;.

Pellet Light (a.u.)

2.0 Plasma Current (MA) “_(a\)

0_0 [ [T . Mnn
Stored Energy (MJ), Internal Inductance 1,

2.0-++++++++++++++++++ (b)
—AAAAAAA}‘AAAAAAAAAAAAAAA Aaa

0.041#41_1+++_++
Heat to Divertor Floor (MJ)

W5 ©)
. no pellet —#."

0.0

300.0
0_0 i P s ALV
1.718 1.719 1.720 1.721
Time (s)

Fig. 3. Argon pellet injection into a VDE (B,=3.2, g=3.4, shot 90206) causes an immediate
loss of stored energy and rapidly initiates the current quench. The heat conducted to the floor is
reduced by 50% with the injection of a pellet. Large MHD activity develops within 250 us of
pellet injection.
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Both the Ne and Ar pellets were successful at significantly reducing the halo cur-
rent magnitude and toroidal asymmetry during a VDE (Fig. 2). Typical reduction of
the halo current was 30%-50% with the largest percentage reductions for the highest
halo currents. The peaking factors were reduced to below 1.4 on all pellet discharges
with typical values of 1.1-1.2. Moreover, the reductions in both magnitude and peak-
ing factor are observed throughout the entire disruption, not just at the time of peak
halo currents, as shown by the trajectory curves for the pellet and the non-pellet dis-
charges in Fig. 2. Mitigation was successful over the full range of ggs values tested,
2.7 to 4.0, and with both small and large pellets. For both Ne and Ar pellets, injecting
pellets into a well centered discharge led to the lowest halo currents and lowest vessel
displacement with 65% lower halo current than a comparable VDE. There are two
primary reasons for the effective halo current reduction with pellet injection. The
higher current decay rate due to the higher resistivity with the pellet injection and the
early injection of the pellet combine to make the current decay while the plasma has a
larger cross section. This keeps the g high and, as described earlier, results in a low
poloidal halo current.

Analysis of IR camera data from the Ne and Ar killer pellet experiments has
clearly shown at least a 50% reduction of the disruption heat pulse to the divertor
floor. Using an Ar pellet injected into a VDE, the total energy conducted to the
divertor region during the thermal quench was only 30% of the thermal energy
compared to 62% for the comparable VDE [Fig. 3(c)]. Similarly, when the combined
thermal and current quench phases are considered, only 16% of the total energy
available (thermal and magnetic energy) was conducted to the divertor compared with
38% for the comparable VDE. Heat flux mitigation has also been observed with neon
injection where less than 20% of the energy lost during the thermal quench was
conducted to the divertor region.

Although the heat flux mitigation to the divertor is not complete, the discharge
shown in Fig. 3 (B;=3.2, g95=3.4) demonstrates that the use of pellet injection is a
viable method for high beta discharges near the stability limit. In this discharge, both
the n=1 and n=2 modes grow to ~200 G within 250 ps after the start of pellet injection.
Despite this, the energy loss due to radiation from the pellet is so large and rapid that
the plasma stored energy has decreased by ~50% before the MHD grows. In lower 3
discharges, the impurity radiation decreases the stored energy by more than 75% of its
initial value before any MHD activity grows. Although we have no measurements of
the energy conducted to the divertor on these discharges, the prompt loss of the
thermal energy before the rise of MHD activity indicates that the heat flux mitigation
due to radiation is more complete at lower 3 when the plasma is farther from the sta-
bility boundary.

The rapid and effective loss of thermal energy with the pellet injection is con-
firmed by a 1-D model of the plasma including pellet ablation and impurity radiation
(conduction is not included). The model predicts that at p/a =0.7, the peak radiated
power occurs within 20 ps after the Ne pellet is ablated and within 150 ps, both the
electron and ion temperatures at that radius are at 10 eV (Tipjtial ~ 2 keV). The high
. electron density following the pellet injection accounts for the effective coupling of
the ion and electron temperature (T¢). Measurements of Te using a multi-pulse
Thomson scattering system confirm model predictions of 5-10 eV for 0.5 < p/a < 0.9
with slightly higher temperatures near the plasma edge because the neon is deposited
predominantly inside p/a=0.9. Both the model and measurements of the Ne spectrum
show that the plasma cools so rapidly that no charge states above Ne*8 are produced.
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Despite the successful mitigation of halo current and heat flux, a critical problem
created by the pellet injection is the formation of runaway electrons. Evidence of run-
away electrons was observed as single or repeated bursts of hard X-rays and by non-
thermal ECE emission following the pellet ablation and often throughout the current
decay phase. Runaways were observed on every discharge with Ar pellets and many
Ne pellets. No runaway electron signatures were observed on any of the non-pellet
VDEs.

A critical part of the DITI-D program is identification of the disruption boundary
so that either the disruption can be avoided or a mitigation technique can be imple-
mented. To accomplish this, an artificial neural network, combining a large set of
plasma diagnostic signals has been implemented on DIII-D to estimate the high B
disruption boundary [6]. A sensitivity analysis was used to reduce the set to 33 signals
of importance, including poloidal field and flux, diamagnetic flux, magnetic fluctu-
ations, Dy, soft X-ray, visible bremsstrahlung, and neutron emission, and line aver-
aged density. The system has been implemented in real-time on the DIII-D control
system and is operated routinely. The network more accurately predicts the disruption
boundary than the usual formulation (Bmax~I/aB) and can correctly predict the disrup-
tion boundary more than 100 ms in advance of the disruption.

4. SUMMARY

The current decay rate, heat flux to the divertor, and halo current magnitude and
structure have been measured during disruptions in DIII-D. Halo currents up to 30%
of the pre-disruption plasma current with a toroidal peaking factor of 2:1 have been
observed during VDEs and the magnitude depends on the current decay rate relative to
the vertical instability growth rate. Neon and argon pellet injection into these VDEs
has been effective at reducing the halo currents by 50%, almost eliminating the
toroidal asymmetry, and reducing the heat flux conducted to the divertor by at least
50% in reactor relevant discharges (¢=3.4, f=3.2). A serious consequence of this
impurity pellet injection technique is the formation of runaway electrons. A real-time
neural network technique has been developed that predicts the high B disruption
boundary sufficiently in advance of the disruption to make mitigation or avoidance
schemes feasible.
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