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Abstract

The spatial distribution of runaway electron (RE) strikes to the wall during argon pellet-initiated rapid shutdown of
diverted and limited plasma shapes in DIII-D is studied using a new array of hard x-ray (HXR) scintillators. Two
plasma configurations were investigated: an elongated diverted H-mode and a low-elongation limited L-mode. HXR
emission from MeV level REs generated during the argon pellet injection is observed during the thermal quench
(TQ) in diverted discharges from REs lost into the divertor. In limiter discharges, this prompt TQ loss is reduced,
suggesting improved TQ confinement of REs in this configuration. During the plateau phase when the plasma
current is carried by REs, toroidally symmetric HXR emission from remaining confined REs is seen. Transient
HXR bursts during this RE current plateau suggest the presence of a small level of wall losses due to the presence of
an unidentified instability. Eventually, an abrupt final loss of the remaining RE current occurs. This final loss HXR
emission shows a strong toroidal peaking and a consistent spatiotemporal evolution that suggests the development

of a kink instability.

(Some figures may appear in colour only in the online journal)

1. Introduction

Disruptions remain one of the outstanding problems for
future burning plasma experiments [1], since the larger stored
energy in those machines can be deposited at hazardous rates
on plasma-facing structures through thermal loads [2], halo
current forces and runaway electrons (REs). Fortunately,
rapid-shutdown techniques such as injection of high-Z
material can mitigate some of these effects, but these
techniques have limited success in preventing RE generation
[3] and can even result in enhanced RE generation [4].
By injecting impurities such as argon or neon as gas [,
6] or frozen pellets [7,8], thermal energy is harmlessly
radiated away resulting in a reproducibly brief (a few hundred
microseconds in DIII-D) thermal quench (TQ). Due to the
increased resistivity of the cold plasma, a current quench (CQ)
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b Currently on assignment: Princeton Plasma Physics Laboratory, Princeton,
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occurs on a rapid timescale (a few milliseconds in DIII-D)
which helps reduce electromagnetic forces associated with
halo currents during vertical displacement events (VDEs) [9].
Efforts continue [10] to solve the remaining problem: that
these shutdowns occasionally result in conversion of more than
30% of initial plasma current into high energy (>10MeV) RE
current, which can persist for hundreds of milliseconds in what
is termed the ‘plateau phase’. The final abrupt termination of
this RE current can then damage first wall surfaces [11, 12].
In this paper we discuss experimental results from a new
hard x-ray (HXR) sensing bismuth germanate (Bi;Ge;O,
aka BGO) scintillator array [13] and corresponding analysis
exploring RE in shutdowns using argon killer pellets. A
‘prompt loss’ phase is identified when HXRs from multi-MeV
(1-3MeV) RE:s are first observed in the time between the TQ
and CQ. The prompt HXR emission arrives shortly (<0.5 ms)
after argon pellet injection, so REs are clearly experiencing
large loop voltages even before the global current decay begins,
demonstrating that RE seed formation is not confined to the CQ

© 2012 IAEA, Vienna Printed in the UK & the USA
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Figure 1. Diagnostic and hardware arrangement for the discussed experiments.

phase. In diverted discharges, the prompt loss of REs is found
to be localized to the divertor strike points, consistent with
NIMROD modelling which suggests loss due to magnetically
stochastic regions from post-TQ MHD. In limiter discharges,
the prompt x-ray emission associated with RE deconfinement
is reduced compared with the diverted configuration, also
consistent with NIMROD modelling which indicates reduced
post-TQ MHD in limiter target plasmas. During the RE plateau
after the CQ, a steady toroidally symmetric HXR emission
is observed which continues even after the last closed flux
surface (LCFS) separates from the wall. Also during the
plateau in some shots, intermittent toroidally symmetric HXR
bursts coincident with bursts on magnetic probes suggest an
instability, as yet unidentified. All RE plateaus terminate
abruptly with a clear toroidal peaking of HXR emission. In
some shots the final loss has a clear VDE precursor, while
in other shots there is no clear precursor and the plateau
terminates on the centerpost at the midplane.

The rest of the paper is arranged as follows. Section 2
describes the experimental method, and the two distinct plasma
configurations (limited and diverted) which were used. Direct
experimental findings are described in section 3. In section 4,
these findings are further explored through discussion and
analysis of observations and simulations. Section 4.1 explains
limitations of diagnostics during the TQ phase. Sections 4.2,
4.3 and 4.4 discuss phenomena observed during the prompt
loss, RE plateau and final termination phases respectively.
NIMROD modelling is discussed in section 4.5. Section 4.6
presents a brief discussion of RE energy and loop voltages.
Some simple formulations for bremsstrahlung emission from
REs are described in the appendix.

2. Experimental method

These experiments begin by injecting a 2.7mm x 2.7 mm
cylindrical argon ‘killer pellet’ into a stable plasma, a technique
first reported elsewhere [4] and previously shown [14] to
generate more REs than other rapid-shutdown techniques.

Data discussed in this paper were collected over two years of
experiments on six separate days, and represent results from
one-hundred and twenty-eight successful argon killer pellet
shutdowns.

The layout of diagnostics used for interpreting these
rapid-shutdown experiments is shown in figure 1. Plasma
position and loop voltages are inferred from magnetic probe
measurements. Electron density is measured by a two-colour
heterodyne interferometer system [15]. Electron temperature
is measured by an electron cyclotron band radiometer [16]. A
camera sensitive to visible wavelengths observes synchrotron
emission from runaways [17]. An array of photodiodes
viewing the plasma and divertor through beryllium filters
measures soft x-ray (SXR) emission [18]. HXR emission
is measured by an array of bismuth germanate (BGO)
scintillators [13]. Six scintillators are distributed in a toroidal
array around the vessel midplane, and three scintillators are
distributed in three poloidal arrays which are equally spaced
toroidally.

Two different plasma configurations were studied: a
diverted, elongated (¢« = 1.7), neutral beam heated, H-mode
discharge; and a limited, lower elongation (x = 1.3), electron
cyclotron heated, L-mode discharge. Low-elongation shapes
were used because they were previously observed [19] to
result in greater and more frequent RE currents. Substantial
RE current plateaus occurred more frequently in the limiter
configuration, as shown in figure 2.

The average pre-shutdown core temperature 7, ~ 2.3 keV
was similar in both cases, but ranged from 1 to 3.5keV. In
the diverted configuration, the pre-shutdown line-averaged
density tends to be larger at n, ~ 1.7 x 10'*cm™ compared
with 7, ~ 6 x 103 cm™3 for the limiter configuration. The
edge safety factor ggs ~ 3.3 was similar in both cases, but
ranged from 3.1 to 5. In most of the diverted shutdowns,
beam heating continued roughly 10ms into the shutdown,
while in all limiter shutdowns, gyrotron heating was turned
off a few ms before the shutdown. Also similar in both cases
are the apparent TQ timescale tpq ~ 200-300 us found by
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Figure 2. A histogram of plateau phase runaway current plotted for
the two different experimental shapes showing increased frequency
of runaway plateau for the limiter shape.

fitting an error function T (t) = Ty[erf(—t/vrq) + 1]/2 to the
broadband electron cyclotron emission (ECE) signal during
TQ, and the CQ timescale 7cq ~ 3—4ms found by fitting
an exponential decay I(t) = Ipexp(—t/tcq) to the current
measured during CQ. Also in both cases, RE signatures appear
only after inducing a rapid shutdown and not after occasional
unintentional disruptions, indicating that REs are generated as
a consequence of the shutdown and are not remnant startup
runaways.

3. Experimental findings

Figure 3 shows an example diverted discharge exhibiting a
runaway plateau broken down chronologically from left to
right into phases referenced throughout this paper: TQ and
prompt generation, prompt loss, CQ and avalanche, runaway
plateau and final termination. Figures 3(a)—(d) illustrate
long timescale quantities of the plateau while figures 3(e)—
(g) highlight observations of fast phenomena before the CQ,
all of which are described below. Similarities and differences
between shutdowns of the diverted and limiter configurations
will be discussed.

Once the CQ begins, the total measured plasma region
current I, decays, producing a loop voltage that induces wall
currents /,, and accelerates RE current I, examples of which
are shown in figure 3(a). When a runaway plateau does
not occur, the thermal plasma current follows an exponential
decay I; /g = lpexp(—t/tcq) from the point of fastest current
decay, where tcqg = L/R corresponds to the plasma inductive
timescale. Following prior calculations [4], RE current I
is calculated by subtracting this model for decaying thermal
current from the total measured current. Previous work [20]
suggests that this RE plateau current is formed by an avalanche
phenomena that amplifies a small pre-existing RE seed current.

Figure 3(b) shows the average RE energy inferred from a
set of scintillators equipped with incrementally thicker lead
shielding, sensitive to RE energies in the range 0.5MeV<
W; < 20MeV [13], and the RE energy inferred from visible
synchrotron emission observed on a fast camera, sensitive
only to runaways with energy sufficient to generate visible
synchrotron emission W; 2 30MeV [21]. These two energy

~
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Figure 3. Overview data of typical observations during the TQ, CQ
and runaway plateau phases including (a) total measured plasma
region current /, (thin line), wall current /, (dashed), inductive
decay model current /; / (dotted), and plateau phase runaway
current /; (solid), (b) runaway energy measured with scintillators
(dots), visible synchrotron emission [17,21] (solid), and a
theoretical maximum (dotted), (¢) HXR emission measured by a
midplane detector at 90° toroidal, and (d) the edge safety factor [22]
calculated by JFIT. An expansion of the TQ is shown to detail fast
response of the following: (e) broadband cyclotron emission,

(f) SXR emission with inner and outer divertor strike points
labelled (ISP and OSP, respectively), (g) visible line radiation from
the pellet (dashed) and HXR emission (solid), and () signals on a
neutron counting plastic scintillator which is also sensitive to HXRs.
Features of interest are highlighted from two separate shots for the
entire disruption and TQ phase, respectively, with temporal phases
indicated along the top of each section.

runaway energy spectrum, and neither covers the entire range
of possible energies. The two inferred energies are both
below the theoretical maximum runaway energy which will
be discussed in section 4.6.

Figure 3(c) shows a time history of the HXR (W, 2
0.5MeV) intensity recorded in a scintillator shielded with
4mm of lead foil located near the midplane. The detector
shows brief HXR emission before and during the CQ (referred
to as the ‘prompt loss’), followed by a lower intensity
continuous emission with intermittent bursts (referred to as the
‘RE plateau’), and ends with another brief intense emission
during the plateau termination (referred to as ‘final loss’).
These three phases will be described further in the discussion.

Figure 3(d) shows the edge safety factor, which features
a drop that occurs over the last few milliseconds before final
termination. The edge safety factor is calculated from the
integral ¢, = f dor Br/RB, [22] along the boundary from
JFIT reconstructions [23].

High time resolution observations of RE generation
and deconfinement between the TQ and CQ are shown in
figures 3(e)—(g). During this period, total plasma current
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remains roughly constant (i.e. d//df = d/dt[f jHdy] ~ 0)
while it re-organizes (i.e. d/d¢[j(¥)] # 0) for a duration of
about 1 ms from the beginning of the TQ.

Initial signals until 2.001s on a broadband microwave
radiometer shown in figure 3(e) correspond to thermal electron
cyclotron radiation which decays during 2.001-2.0016 s as the
pellet radiates away thermal energy. Bursts of microwave
emission during 2.0017-2.0021 s occur after the TQ which
could be either associated with broadband emission from
non-thermal electrons [24], from x-band emission associated
with filamentation of relativistic electron beams propagating
in dense plasmas [25], or some other emission process.
The broadband radiometer is used because it includes third
harmonic thermal ECE which is robust against cutoff due
to re-absorption by the plasma, a topic discussed further in
section 4.1.

Observations from SXR sensing photodiode arrays which
view chords through the plasma core and divertor are shown
in figure 3(f). These arrays observe emission associated
with bremsstrahlung from the hot core thermal emission until
2.001 s, followed by line radiation as the pellet streaks through
and cools the plasma during 2.001-2.0016s. Brief emission
from isolated chords occurs later at 2.00165 and 2.00215s,
and is associated with bremsstrahlung from RE impact at the
divertor inner and outer strike points, referred to as ‘prompt
loss’. A previous publication suggested that the earlier brief
emission may occur instead as a result of argon line radiation
excited by runaways in the core [3]. The SXR data are
ambiguous about where emission originates along the chord
view, but the prompt-loss emission always occurs brightest in
chords viewing the divertor strike points. Also, the observed
HXR intensity at 2.00215s coincident with the outer strike
point SXR emission could only occur from RE striking a thick
target, as discussed in the appendix.

In figure 3(g), a photodiode sensitive to visible
wavelengths of light from the plasma observes strong emission
from argon pellet interaction with the cool boundary plasma
beginning at 2.0005 s, before the pellet reaches the core and
line radiation is first seen by the SXR array. Also shown in
figure 3(g) is a signal from a HXR scintillator located outside
the vessel near the divertor which observes emission coincident
with the peak in outer strike point SXR emission at roughly
2.00215ss, as noted above. No HXR burst occurs coincident
with the inner strike point SXR emission. The time of the peak
HXR intensity measured by detectors below the divertor and
peak outer strike point SXR intensity are shown to coincide in
figure 4, which is consistent with the broad energy spectrum
of bremsstrahlung emission from RE striking the divertor [13].
Of the 30 successful shutdowns of the diverted configuration,
this transiently peaked HXR emission coincides with outer
strike point SXR emission in 23 shots (including all shots
with RE plateaus), while no HXR emission occurred in the
remaining seven shutdowns. The energy sensing scintillators
located at the midplane on opposite sides of the vessel infer
an average RE kinetic energy of Wy = 1-3 MeV during these
prompt-loss events, which occur prior to the onset of the CQ
phase.

Figure 3(h) shows signals from a neutron counting
scintillator, which is also sensitive to HXRs. Observed HXRs
must have an energy in the range = 0.5MeV to penetrate
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Figure 4. Correlation of times recorded for prompt HXR bursts in
detectors on the bottom of the machine and SXR bursts in chords
viewing the outer strike point. The inlay shows HXR and SXR time
traces during prompt loss for one example shot.

the vacuum vessel. During the TQ, the neutron production
rate drops on the TQ timescale, roughly following the
broadband ECE. Compared with the lower gain photodiodes
used on the BGO scintillators, the high gain photomultiplier
on this scintillator can also see much lower intensity HXR
emission. As a result of this higher sensitivity, this signal
rises beginning at 2.0014 s before the TQ has completed,
suggesting that some small amount of high energy RE may
already exist even before the plasma has cooled completely,
though this is not seen on any other diagnostics. In some
shots, the signal abruptly drops after the prompt burst is
completed and an exponential increase in the signal is observed
for a few milliseconds until the detector saturates again.
This suggests an exponential increase of RE-induced HXR
emission consistent with avalanche multiplication of the RE
population.

4. Discussion and analysis

4.1. Limitations of TQ measurements

Extreme conditions during the TQ phase require additional
considerations for appropriate interpretation of many
diagnostic measurements. In particular, electron density
measurements using the interferometer system and electron
temperature measurement using ECE are discussed in this
section.

ECE can be reflected by the plasma and effectively cutoff
when the right handed x-mode nth harmonic cutoff frequency
[26] exceeds the cyclotron frequency of interest: f; = [ fee +

(f2+4 pze)l/ 21/2 > nf.. where the electron plasma frequency

is fpe = v/ne€?/mego/2mw = 28 GHz /n./10'3 cm~3 and the
electron cyclotron frequency is f.e = eB/2am. = 56 GHz
(B/2T). This cutoff condition can be re-arranged to express
a density limit for cutoff of the nth harmonic ECE: n, <
(n*—n)egB?/me = (0> —n)3.9 x 10'3 cm—3(B/2 T)?, which
is indicated in figures 5(b) and (e). To avoid this cutoff, ECE
systems are typically designed to use the second harmonic
ECE which is more robust against such cutoff, but even
the second harmonic 110 GHz ECE can be cutoff where the
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Figure 5. Broadband ECE, total line-averaged density, and second
harmonic ECE shown for (a)—(c) diverted and (d)—(f) limiter
configurations. The ECE cutoff density and time is indicated for
both shapes with dashed lines.

density increases beyond 7.8 x 103 cm™3. A density of over
2.3 x 10" cm™3 is necessary for cutoff of the third harmonic
ECE viewed by the broadband ECE diagnostic data shown in
figure 5; as discussed below such densities typically occur late
compared with the TQ.

The line-averaged electron density can be measured by
a two colour interferometer, but there are some complications
during disruptions which must be corrected including variation
of the effective path length as the plasma moves, and correction
of fringe skips when the lasers refract too much in the
strong density gradients. Dividing the sum of line-integrated
density along the four interferometer paths by the total path
length inside the LCFS then provides a density measurement
that is more nearly a volume-averaged quantity: na, =
> [nedl/" [dl, where the summation is over the four
paths. In the diverted configuration, the line-averaged density
measured this way is near the ECE cutoff value before
shutdown, and crosses the cutoff value roughly 400 us after
the TQ begins. In the limiter configuration, the initial line-
averaged density is lower, and crosses the cutoff value roughly
1 ms after the TQ begins.

In diverted shutdowns (figures 5(a)-(c)), the second
harmonic ECE is abruptly cutoff at 2.0007 s (figure 5(c)),
which occurs roughly 300us before the line-average density
exceeds the right handed cutoff, suggesting that a localized
peaking of the density occurs during the TQ. No cutoff
is apparent in limiter shutdowns (figures 5(d)—(f)), where
a cooling wave is seen advancing on the TQ timescale
(figure 5(f)), though similar localized peaking of density is
likely. Again, in both plasma configurations, the plasma
appears to remain mostly transparent to third harmonic
ECE which is viewed by the broadband ECE diagnostic.
The neutron production rate is also roughly proportional to

temperature in a hot plasma, and the TQ timescale inferred
from the drop in neutron production roughly matches that
inferred from the broadband ECE diagnostic.

It is important to remember that if the local density
anywhere exceeds the cutoff threshold, partial cutoff will
occur, resulting in an apparent local cooling rate which is
faster than reality. For example, a plasma with a high density
annulus surrounding a hot core could emit much less cyclotron
radiation than an equivalently hot plasma with no high density
annulus. Our fast interferometer based density measurements
are not spatially resolved so such a scenario cannot be ruled
out. Despite these considerations, the ECE and neutron
production data are consistent with a rapid (<500 ps) collapse
of the plasma electron temperature due to the injected argon
impurities.

4.2. Prompt-loss phenomena

The evidence shown in figure 3 of RE generation occurring
before the CQ (hence referred to as ‘prompt’ runaway
generation) implies that some voltage source must exist before
the CQ which then accelerates REs up to the apparent MeV
energies. We conjecture thateven though the CQ begins around
1 ms after completion of the volume-averaged TQ (as seen by
the broadband ECE diagnostic in figure 3(e)), a substantial
loop voltage must still exist before CQ due to the resistivity
spike associated with TQ. Due to the likely presence of large
magnetically stochastic regions during and after TQ, hyper-
resistivity [27] may enhance the resistivity beyond the classical
Spitzer resistivity. Further discussion of the range of possible
accelerating voltages is deferred to section 4.6.

When RE seed current is deconfined and strikes the vessel
walls during the prompt loss, it generates bremsstrahlung
x-rays, as shown previously in figures 3(f) and (g). Since
the deconfined runaway seed current is linearly proportional
to x-ray emission [28] as discussed in the appendix, the x-ray
emission integrated over the prompt-loss phase can be used as a
qualitative proxy for the amount of deconfined REs during the
prompt-loss phase. In figure 6(a), a histogram of the integrated
prompt HXR burst from REs as observed by the lower detectors
is shown for both the diverted and limiter configurations
separately. This x-ray emission is nearly an order of magnitude
larger on average in the diverted configuration than in the
limiter configuration, suggesting that a greater quantity of
REs are lost during prompt loss in diverted shutdowns than in
limiter shutdowns. In the diverted configuration, substantial
prompt-loss bursts are seen even when no RE plateau occurs,
as shown in figure 6(b); for diverted discharges where a
RE plateau does occur, the prompt-loss intensity is roughly
proportional to the plateau RE current. In the limiter discharge
configuration by comparison, the prompt-loss burst is often
small even when a large RE plateau occurs, consistent with
improved RE confinement during the prompt-loss phase. It is
important to note that the present experiments do not separate
the effects of elongation and the location or existence of a
divertor x-point or limiter contact point on these transport
phenomena, any of which on their own might cause the
observed changes in confinement. Differences in confinement
between the two configurations are further discussed in
section 4.5.
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Figure 6. (a) A histogram illustrating that the average intensity of
the time-integrated prompt-loss HXR burst is greater in diverted
experiments compared with limiter experiments. An inlay shows the
respective time histories of (1) current and (11) HXR emission in
lower detectors in two example discharges. Also shown are (b) the
time-integrated prompt bursts plotted against the RE plateau current
magnitude.

4.3. Plateau phenomena

Beginning with the RE plateau, there is a steady x-ray emission
which is observed on both the external HXR scintillators shown
in figure 3(c), and all SXR arrays. This emission is believed
to result from a combination of bremsstrahlung from RE
scattering off of in-plasma impurities and a small number of RE
steadily striking the wall due to a scrape-off on the limiter or a
slow diffusive transport of RE out to the wall. Bremsstrahlung
from both in-plasma impurities and wall losses appear to have
comparable intensity, as discussed in the appendix. This long
duration steady HXR emission is toroidally symmetric and
illuminates only the midplane detectors, as shown in figure 7(b)
att = 2.0081s and r = 2.0272s. The illumination of only
midplane detectors is consistent with forward beaming of x-ray
emission at a narrow angle of 1/y ~ 10° for W; = 10 MeV
RE moving primarily in the toroidal direction, since midplane
detectors lie at roughly zero angle with respect to the toroidal
direction but upper and lower detectors would lie at an angle
of roughly 90°.

Efforts in some limiter configuration shots to move the RE
current away from the inboard wall limiting point resulted in no
abrupt decrease of HXR emission when the LCFS separated
from the limiter as shown in figure 8. After the Shafranov
shift vanishes following the TQ, the current channel of every
RE plateau contracts in major radius as seen during the time
period 2-2.015 s and becomes limited on the inboard wall near
the midplane. Efforts to move RE away from the inboard wall
actually begin moving the current centroid out again around
2.03 s, and the inner gap between the LCFS and inboard wall
becomes finite at around 2.1 s. The absence of a drop in HXR
emission when the LCFS separates from the wall suggests that

scrape-off of REs does not substantially occur at the limiting
point. As discussed in section 4.4, there are indications that
REs exist outside of the LCFS. Observed HXRs are believed
to result from a combination of bremsstrahlung from gradual
loss (i.e. diffusion or other transport) of RE to the outboard wall
and RE scattering off of argon impurities within the plasma,
as discussed in the appendix.

Gamma spectroscopy was performed after these experi-
ments on the three outer midplane graphite limiters at toroidal
locations of 95°, 230° and 310° [29]. This analysis identified
the presence of beryllium-7 in the limiter tiles, similar to anal-
ysis performed at the C-Mod tokamak [30]. Beryllium-7 can
be produced through photoactivation of carbon-12 by photons
with energy of at least 26 MeV, which would be generated by
bremsstrahlung from RE impacting the limiters. The finding
that beryllium-7 is only found near the outer midplane limiters
(circled in blue in figure 8), and not at other locations, sug-
gests that REs primarily impact the outer midplane limiters,
consistent with drift orbit losses [31].

At least one substantial HXR burst occurs during most
runaway plateaus; sometimes several are observed, as shown
in figure 9(b). These x-ray bursts are toroidally symmetric
as shown in unsaturated upper detectors in figure 7 at t =
2.0272, and are believed to result from a small amount of
RE being deconfined and striking the wall. Since no drop
in I, is observed coincident with the bursts, the amount of
lost RE current must be below the ~1kA noise level of the
current measurement. Poloidally localized spikes of change
in the poloidal magnetic field occur simultaneous with the
larger HXR bursts, as shown in figure 9(d, 1). Similar x-ray
and magnetic bursts were seen in prior JT-60U experiments
[32,33]. The bursts likely occur as a result of some yet
unidentified instability of the RE equilibrium; brief analysis is
shown below which rules out several possible non-terminating
instability mechanisms which could result in rapid loss of RE.

These runaway plateau discharges appear to be stable
against filamentation. In a relativistic (8 = v/c ~ 1) electron
beam with small return current /.y, and hence incomplete
current neutralization fy; = Ilewm/I; < 1, and low density
n; propagating in plasma of relatively high density such that
ne > n;, filamentation instability occurs when [34]

2 2
‘Lg" [1+2Z§"(1 —fM):| > 1, (1)

A cb

where the beam plasma frequency is wyp, = (€*ny/egmey)'/?
and the beam cyclotron frequency is o, = eBy/mc.y. The
return current can be any neutralizing current flowing against
the main RE current channel. For a top-hat profile runaway
beam, the runaway density n, or runaway current density j;
as a function of runaway current /. and minor radius a is
ne = jijec = IJecma® = 3.3 x 10" cm™ (I,/500kA)
(10cma~")2. Theratio of the beam plasma and beam cyclotron
frequency then becomes

@pb _ LW
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Figure 7. (a) Total current I, (thin black) and runaway current (thick red), (b) spatial HXR emission profiles with detector locations circled,
and (c¢) plasma position from JFIT magnetic reconstructions. Panels are shown for the prompt-loss phase (1 = 2.0017 s), the steady

(t = 2.0081 s) and bursty (+ = 2.0272 s) emission during the plateau phase, and the kink-like termination phase with apparent toroidal mode
numbers labelled (1 = 2.004 83 s and ¢ = 2.004 97 s). Amplifiers are saturated at 10 V. The same discharge as figure 3 is shown.

AU A A Shot 142666
S0/ @
< 1 ) J;Midplane HXR >0.5 MeV______ ]
= oL =ray intensity drops )
=02 D : 1
£ .
~ 0.0 - (c)
2.
E
N

/ Inner gap,

Figure 8. Plasma motion in a shot where RE current was moved off
of the limiter, showing (a) total plasma current /,, (thin black) and
runaway current /; (thick red), (b) HXR emission, (c) the current
centroid major radius R, (thick red) and the inner gap size between
the LCFS and limiter (thin black). In the cross-section plots, the
current centroid is marked by an ‘X’. The blue circle in the bottom
right panel marks the location of peak limiter activation.

where typical runaway plateau phase values have been
substituted as shown above. Hence even a current neutralized
top-hat runaway beam should be marginally stable against
filamentation. While peaking of the current profile (i.e.
increase of ¢;) associated with ramp-down [35] or runaway
energies higher than assumed could slightly destabilize
filamentation, the low degree of current neutralization fy in
real RE beams strongly stabilizes filamentation.
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Figure 9. (a) Plasma current (thin black) and runaway current
(thick red) shown with (b) HXR emission and (c) signals on
differential magnetic probes which occur coincident with HXR
bursts. Expanded time plots of HXR and magnetic probe data are
shown during the (1) prompt phase, (1) plateau phase, and (i) final
termination. The contour plots represent d B, /dt versus time and
poloidal angle.

RE plateaus are stable against growth of magneto-sonic
whistler waves [36] as long as n;/n. < ZZBT/ZOTSV/Z. In the
post-TQ RE plateau where Z.is ~ 1, B = 2T, T ~ 1.5eV
and ne ~ 5 x 10 cm™3, these waves are then stable because
ne/ne ~ 0.0007 < Z2Br/20Ta/* = 0.05. The above
stability criterion describes collisional stability of magneto-
sonic whistler waves, which are additionally stabilized by
convection as described elsewhere [37].

RE plateaus are also stable against the fan instability [38]
whenever Ep/E is large, as during RE plateaus. The low
temperature during RE plateau makes the condition for the fan
instability: Ep/4E + /(Zegr + 1) Ep/E < InA unsatisfiable.
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Figure 10. (a) Total measured current (thin black) and runaway
current (thick red), (b) HXR signals on midplane scintillators at
three toroidal locations: 30 (solid blue), 210 (dashed green) and 330
(dotted red), (c) the TPF for these scintillators and (d) a histogram
of the plateau phase TPF for all plateaus.

Further investigation of MHD stability of the RE
equilibrium [39] is necessary to identify the causative
instability associated with the burst of HXR emission.

A fast camera primarily observes visible wavelength
synchrotron emission [40] during RE plateau, but also sees
signatures of these bursty instabilities. HXR bursts are seen
on the camera image due to scintillations which occur in the
fibre bundle. The camera also observes internal instabilities
appearing as rapid rearrangement of RE synchrotron emission
inside the LCFS; however, these internal dynamics do not
appear to coincide with scintillations. Taken together, these
observations suggest that these plateau phase HXR bursts may
result from instabilities localized to the edge region where the
camera cannot see the small quantities of RE.

An important parameter for future machines is the
degree of localization for energy deposited by REs onto
vessel surfaces. We have quantified this issue by defining
a toroidal peaking factor (TPF) for the midplane toroidal
array of scintillators, which is defined as the ratio of the
maximum HXR signal Py, to the mean value Puyw: TPF =
max(Puxr)/ Piyr. Due to high intensity HXR emission during
the plateau phase, only a reduced set of three scintillators in
the midplane toroidal array equipped with attenuating neutral
density filters was unsaturated in most discharges. This
reduced set of detectors reveals that HXR emission during the
plateau phase is typically quite toroidally symmetric during the
brief bursts discussed above and during continuous emission,
except for some oscillations, as shown in figures 7(c) and 10.
Occasionally, out of phase fluctuations are observed, as seen
in figure 10(c) until 2.015 s, which suggest the presence of a
slowly rotating toroidally asymmetric mode during the growth
of the RE current, consistent with the early n = 1 mode
discussed previously [41]. In-phase fluctuations sometimes
occur up to 20 ms before termination, suggesting the presence
of a toroidally symmetric mode, as shown beginning around
2.1s in figure 10(b). These observations of HXR toroidal
symmetry and asymmetry during the plateau phase are shown
in figure 10(c). The TPF averaged throughout the plateau phase
for all plateaus is typically below 1.5, as shown in figure 10(d).
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Figure 11. Final termination mode for RE plateaus.

In several shots, the suppression of existing RE current by
additional impurity injection was studied [42]. This impurity
injection resulted in an increase of plateau phase toroidal
peaking to roughly two for a brief period after the impurity
injection, which caused the six anomalously high plateau TPFs
in figure 10(d). After this brief transient increase, HXR
emission decreased by more than a factor of ten and toroidal
symmetry resumed.

4.4. Termination phenomena

All RE plateaus terminate abruptly after remaining confined
for up to several hundred milliseconds, as shown in figure 3
just after + = 2.05s, due to either vertical instability or
another instability, similar to reported termination behaviour
in JT-60U [33,43]. A histogram of the apparent final plateau
instability types in limiter configuration discharges is shown
in figure 11, with columns for each of four termination modes:
downward VDE, centred radial termination, upward VDE, and
control system error which resulted in slow vertical drift. The
RE plateau VDE motion occurs on a timescale similar to that
predicted previously [44]: Typg = TcQTw/(TcQ+Tw) ~ 2.1 ms
where in DIII-D tcq ~ 3.7 ms and the wall time for the up—
down antisymmetric mode (m = 1, n = 0) is 7, ~ Sms.

All diverted configuration experiments and some early
limiter configuration experiments drifted slowly upwards
due to issues with the control system which were solved
before the majority of limiter configuration experiments
were performed [45], so figure 11 reflects only limiter
configuration experiments where the control system was
functioning properly.

Many plateaus terminate immediately following a
considerable drop in the edge safety factor, as shown in
figure 3(d), suggesting that the corresponding destabilization
of a kink instability may ultimately cause the termination.
The edge safety factor is calculated from reconstructions
constrained only by external magnetic diagnostics, which other
authors have reported [46] to be a valid inference. Sufficient
REs are present up to 16 cm outside of the LCFES to disintegrate
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Figure 12. Integrated final HXR bursts in lower detectors plotted
against final measured RE current for terminations at the top of the
vessel, as discussed in the text.

injected probe pellets [47]; however, the RE density there is
unknown. This observation suggests that while the LCFS
remains a well-defined magnetic surface, it may not define a
good boundary for RE confinement as assumed for thermal
plasmas and the edge safety factor may lose meaning in
this case.

Toroidally asymmetric HXR emission occurs during the
final termination as shown in figures 7(d) and (e). These
toroidal asymmetries are consistent with the occurrence of
kink modes being destabilized as g drops. With the poloidal
arrangement of only three scintillation detectors, poloidal
mode numbers are not resolvable, while the midplane toroidal
arrangement of five detectors cannot resolve modes higher
than n = 2.

The time-integrated HXR emission during the final
termination is used to verify that HXR intensity is proportional
to the deconfined RE current. For this check, only shots
which terminated at the top of the machine and only HXR
emission measured by the lower detectors are used to avoid
detector saturation from the strong forward beaming of emitted
x-rays. HXR signals selected and integrated in this way
correlate roughly with I, measured just before termination in
shutdowns of both divertor and limiter configurations as shown
in figure 12, with correlation coefficients of R = 0.87 and
R = 0.83, respectively.

For discharges with only a small amount of RE generated,
arepeatable temporal sequence of HXR signals during the final
loss occurs in the midplane toroidal array of detectors. This
sequence was observed in 17 of 25 shutdowns before neutral
density filters were installed to reduce detector saturation.
In such shutdowns, a low intensity signal slowly increases
for roughly 1ms on opposite sides of the machine (always
detectors at 90° and 270°), followed by 2—10ms of abrupt
increase to intense HXR emission which saturates the entire
toroidal array, after which x-ray emission decays in all
detectors over roughly 1ms and is peaked at 210°. One
example shot exhibiting this sequence is shown in figure 13.

The TPF and variability of location, duration and
intensity of HXR emission during the final loss are all
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Figure 13. Midplane toroidal array of HXR scintillators showing a
consistent final loss sequence of toroidal asymmetry, with detector
toroidal locations marked in degrees.
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Figure 14. A histogram of (a) the TPF averaged during late loss
HXR emission, (b) the phase of the peak, (c) the duration of final
loss and (d) the integrated intensity of final loss.

presented in histograms in figure 14, again only for limiter
configuration experiments where the control system was
functioning properly.

To establish a TPF without saturated detectors during the
final loss phase of plateau discharges, the TPF is calculated
as described earlier, and then is averaged during periods of
the termination phase HXR emission when no detector in the
array is saturated. The resulting TPF most often has a value of
roughly two, though in some shots it can reach values of four,
larger in either case than in the TPF during the plateau phase
shown earlier in figure 10. While this HXR TPF is the best
measure available on DIII-D of localization of deposited RE
energy, it is again important to recall that any x-ray scattering
in the vessel walls can broaden the x-ray footprint so that
even a point impact of runaways might produce a spatially
broad excitation of x-ray detectors, and also that the toroidal
arrangement of only five scintillators could entirely miss a
narrow x-ray footprint. Thus, the peaking factor shown here
represents a lower limit due to these effects, and RE energy
deposition in DIII-D may actually be localized to several small
strike points as occurs in other experiments [48—50].
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The toroidal angle of the maximum observed x-ray
intensity during the same period the TPF is calculated is
roughly 120°, with a small spread. This apparent existence of a
persistent toroidal peaking location is consistent with infrared
camera observations at JET [48], which reveal persistent
localized RE strike points from shot to shot. The persistent
peaking location may result from intrinsic non-axisymmetric
error fields or possibly non-axisymmetry of the limiting
surfaces with respect to the toroidal field which could cause a
repeatable mode locking location in the machine.

The time duration of final loss HXR emission (shown in
figure 14(c)) varied from 2—14 ms for VDEs, which is a much
longer time period than the VDE timescale typg ~ 2.1 ms
discussed earlier. This suggests that even though the VDE
occurs rapidly, HXR emission persists because REs do not
all immediately strike the vessel wall, or new REs may be
generated by the rapid current drop at the end of plateau.
By comparison, the duration of final loss x-ray emission in
centred radial terminations and discharges with poor vertical
control was shorter than the duration for emission in VDE
terminations, though still longer than the VDE timescale.

Considered in only arbirtrary units, the time-integrated
final loss HXR intensity (shown in figure 14(d)) varied by only
a factor of two for most discharges with either centred radial
instability or poor vertical control, while it varies by up to a
factor of six for VDE terminations. The increased variation of
intensity for VDE terminations could result from RE avalanche
during the final rapid current drop, consistent with the longer
duration x-ray emission in these discharges as discussed above.

4.5. NIMROD modelling

Recent results [41,51] from the MHD code NIMROD are
consistent with several of the experimental findings discussed
above. While timing of MHD events during shutdowns with
NIMROD is difficult to interpret because impurity deposition is
assumed uniform, the peak of magnetically stochastic activity
is believed to correspond with the prompt loss observed
experimentally. In these simulations, an increased overlap
of magnetic islands occurs following the TQ in the diverted
case compared with the limiter case, with isolated islands in
each case. This results in an increased cross-sectional area of
stochastic magnetic fields in the diverted case, as compared
with the limiter case and as shown in figure 15. Confinement
of RE in these islands is consistent with the twisted RE snakes
observed in TEXTOR [52]. Runaways generated in stochastic
regions are rapidly transported outside of the plasma boundary
to impact the divertor or limiting surface, hence this results
in decreased RE confinement in the diverted case during the
prompt-loss phase.

The strike points obtained by following test particle drift
orbits in the NIMROD simulations, shown as a green ‘X’
in figure 15, are consistent with the localized SXR emission
observed after the TQ along the floor for diverted shutdowns
(figure 3(f)), and the observed absence of SXR emission along
the floor for limiter shutdowns. The prompt strike is predicted
by NIMROD to be toroidally symmetric for the diverted
configuration; however, there appears to be some asymmetry
in experimental HXR emissions, as shown in figure 7(a). Loop
voltages predicted by NIMROD would accelerate negatively
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Figure 15. Experimental shapes with Poincaré plots generated by
NIMROD showing closed surfaces (red and blue) and stochastic
field regions (black dots) at the peak of stochasticity during a
disruption. Green X’s on the limiting boundary mark strike points
for RE deconfined through stochastic regions.

charged particles (i.e. electrons) to the outer strike point in
diverted configurations, and no REs are predicted to impact
the inner strike point. However, there is often a SXR burst
seen localized to the inner strike point as shown in figure 3( f).
For the limiter configuration, NIMROD predicts that a rotating
n = 1 mode causes most prompt losses [41] at the limiting
point, consistent with the apparent rotating mode seen in
figure 10 until 2.015s.

4.6. RE energy and loop voltages

As described elsewhere [53], RE kinetic energy is limited
primarily by synchrotron radiation except when high density
high-Z impurity content results in bremsstrahlung emission
limiting the power balance. In the analysis below,
bremsstrahlung and RE perpendicular energy are therefore
neglected to calculate the synchrotron energy limit, since
only a small amount of high-Z impurities are injected for
the shutdown. This limit is the solution to an ordinary
differential equation balancing radiated synchrotron power
with kinetic energy gain from the loop voltage: dW, /d¢
e(Vioop/2n R)Bc — Py, with the initial kinetic energy
defined by Dreicer’s critical energy for runaway Wp, =
nee’InA /4m el E, which has the value of a few hundred eV
before the CQ begins. The radiated synchrotron power is
Py, = 2/3apa’y*(1 — 1/y2)%m.c’/R?, where qq is the
classical electron radius, « is the fine structure constant, y and
B are the relativistic parameters, and R is the gyro-averaged
radius of curvature. To calculate an upper bound for the energy
limit, gyromotion is neglected and the radius of curvature
is here assumed the largest it could be: the tokamak major
radius. Once generated, runaways rapidly accelerate towards
this energy limit Wy, shown in figure 3(b), calculated with
the loop voltage Vieop = —LdI/dt where the inductance
L 2nH is assumed constant. While the RE energy
distribution is limited from above by synchrotron emission,
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the most probable RE energy is determined by collisions, as
described elsewhere [54].

Conversely, the average RE energy of ~3 MeV measured
roughly 1 ms after the first x-ray line emission from the pellet
can be used to calculate a minimum bound for the accelerating
voltage between the beginning of TQ and this measurement
1 ms later. Neglecting synchrotron emission and assuming
a stationary position at the machine centre R = 1.67m
and a constant rate of energy gain dWy/dt = 3MeV/1 ms
= eVigopc/2m R, the effective loop voltage must be at least
Vioop = 2w R(dWy/dt)/ec ~ 100V. The actual voltage
must be larger since REs start at a velocity v <« ¢ and
synchrotron emission and other drag forces will reduce the
energy gain. If any REs have energies larger than the measured
average, as would occur from the broad RE energy distribution
predicted by avalanche theory [55]), then again the actual
voltage must be even larger. The possible existence of transient
loop voltage spikes in the range of 1000V which last for
roughly 1 ms following the TQ is inferred by taking the time
derivative of poloidal flux at the magnetic axis using either
EFIT or JFIT reconstructions constrained only by fast magnetic
diagnostics, though the validity of such techniques has not been
verified. Modelling done by other groups [56, 57] predicted
loop voltages of V. ~ 500V which resulted in substantial
RE generation via the Dreicer mechanism [58], though more
recent work [59] also includes the hot-tail mechanism [60] with
similar results. The origins of the seed REs formed during the
TQ phase are important since they may form the precursor to
the large amplitude RE current in the plateau phase. Additional
work is necessary to reduce uncertainties and narrow the range
of possible loop voltage magnitudes described above.

5. Conclusions

Hard x-ray measurements of RE and related analysis during
the various phases of argon pellet induced rapid shutdowns
of DIII-D were reported. Energetic (MeV level) seed REs
were observed between the TQ and CQ phases indicating the
existence of a RE forming mechanism between the TQ and
CQ phases. Predictions of loop voltages during this phase
were shown to range over a factor of ten. Seed REs were
seen to be at least partially deconfined during the TQ into the
divertor strike points in diverted discharges. Deconfinement
was found to be reduced in low-elongation limited L-mode
shapes, suggesting improved confinement of REs following
TQ in these discharges, consistent with NIMROD simulations.
Limiter discharges also showed a higher probability of forming
aplateau current than diverted discharges. During RE plateaus,
asteady hard x-ray emission was shown, believed to result from
RE scattering with heavy impurities in the plasma. Later in RE
plateaus, several brief hard x-ray bursts were often observed
coincident with spikes on magnetic probes which suggest a
small level of RE wall losses due to the action of an unidentified
instability during this phase of the discharge. RE plateaus
remained confined for up to several hundred milliseconds but
always terminated in an abrupt final loss. Hard x-ray bursts
during this final loss often show a strong toroidal peaking which
occurs following a drop in the edge safety factor, suggesting
that a kink type instability terminates the plateau discharge.
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Figure A.1. A comparison of electron stopping powers (i.e. drag
forces Fy = dW/dz) normalized by mass density for carbon and
argon as tabulated in the NIST ESTAR database [67]. The integral
in equation (A.2) versus W, is also shown for reference.
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Appendix. Bremsstrahlung from runaways

REs are diagnosed in part by the x-ray continuum emitted
when they impact plasma ions and impurities, and first wall
materials. This bremsstrahlung emission from scattering of
high energy electrons off of atomic nuclei and electrons has
been thoroughly investigated by several authors [61-65], and
is the topic of at least one textbook [66].

For a simple comparison of the total x-ray energy radiated
by a single electron with kinetic energy W, through collisions
with a target thin compared with the stopping distance Az <
W /(dW /dz) such as the background plasma, and an electron-
opaque thick target Az > W/(dW/dz) such as the solid vessel
walls, use of the following suffices

Euin = (W /d2)paa Az, (A1)
We (dw/d
Egiex = / (AW/de)ua gy (A2)
0 (dW/dZ)tot

The radiative and total stopping powers normalized to mass
density are shown for argon and carbon in figure A.1 for
reference.

Since the number of RE in a current I, is Ny = 2w R, /ec,
the corresponding power emitted by a confined RE current
of I. = 100kA with assumed mono-energetic energy Wy =

10 MeV in an argon background of density 7, = 10'*cm™3,
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and by a RE current of A, = 1KkA lost in a time interval
Tioss = 10us to the graphite wall tiles are, respectively,

Pthin = (dW/dZ)radC/sNr

NAr Ir
~250 kW ——"——— s
104 cm—3 100 kA
Prnick :/
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Such x-ray radiation is not emitted isotropically, but is
preferentially beamed along the direction of the RE momentum
with a characteristic angle of 1/y = m.c?/(m.c* + Wy) ~
1/5 ~ 10°.

While these analyses are a bit oversimplified, they can still
be used for several simple interpretations of x-ray observations.
A slow RE loss to vessel surfaces of the order seen during
RE plateau decay dI,/dt ~ 1 kA ms~! will produce roughly
13 kW, substantially less x-ray power than I, = 100kA of
confined RE current in a thin argon plasma, hence HXR
emission during the RE plateau is likely dominated by plasma
emission as opposed to wall emission. Also, deconfinement of
only A, = 1KkA can easily overwhelm thin target emission if
itis lost on short enough timescales. Since emitted x-ray power
is a linear function of RE current, it may also be possible to
infer the amount of RE current from x-ray emissions if the
other quantities are known.

(A4)
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