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Recent experiments in the DIII-D tokamak have demonstrated real-time control and dissipation
of post-disruption runaway electron (RE) beams. In the event that disruption avoidance, control,
and mitigation schemes fail to avoid or suppress RE generation, active control of the RE beam
may be an important line of defense to prevent the rapid, localized deposition of RE beam energy
onto vulnerable vessel sections. During and immediately after the current quench, excessive
radial compression of the runaway beams is avoided by a combination of techniques, improving
the likelihood of the beams surviving this dynamic period without a fast termination. Once
stabilized, the runaway beams are held in a steady state (out to the ohmic flux limit) with the
application of active plasma current and position controls. Beam interaction with the vessel wall
is minimized by avoiding distinct thresholds for enhanced wall interaction at small and large
radii, corresponding to inner wall and outer limiter interaction, respectively. Staying within the
“safe zone” between those radial thresholds allows for the sustainment of long-lived, quiescent
runaway beams. The total beam energy and runaway electron population are then dissipated
gradually by a controlled ramp-down of the runaway current. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3695000]

I. INTRODUCTION

Recent experiments in the DIII-D' tokamak have dem-
onstrated active control of relativistic “runaway” electron
(RE) beam position and current following a disruption. The
purpose of establishing this control is to maintain the run-
away beam at a safe position within the vacuum vessel while
gradually dissipating its total energy, thereby reducing the
potential threat that the beam poses to the in-vessel compo-
nents of the tokamak.

The rapid change in magnetic flux during a tokamak dis-
ruption” induces large toroidal electric fields that can accel-
erate initially thermal electrons to relativistic energies.’
Those relativistic electrons possess a very small collision
cross-section® and are referred to as “runaway” electrons.
The high energy (on the order of a few tens of MeV) of these
electrons allows them to penetrate far into the first wall of
the tokamak, enabling significant localized power deposition
below the protective outer surface.’

During the current quench portion of a disruption, the
initially small runaway electron population experiences an
avalanche multiplication.® This can result in a significant
portion of the initially thermal plasma current being replaced
by runaway electron current. The avalanche gain is an expo-
nential function of the initial plasma current before the cur-
rent quench, so a high-current tokamak such as ITER,9
operating with up to 15 MA of plasma current, will possess a
gain many orders of magnitude greater than existing devi-
ces.'® This high gain makes ITER particularly susceptible to
producing large runaway current fractions (exceeding 10
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MA'%) during a disruption. Given the high likelihood of sub-
stantial runaway electron current generation in ITER, as well
as the high cost of repairing in-vessel components in an acti-
vated nuclear environment, it is important to develop techni-
ques to benignly dissipate runway beam energy, alleviating
the threat posed to in-vessel components.

The evolution of post-disruption runaway electron
beams has been documented in multiple devices, including
JET,"™" JT-60U,'"*'® TEXTOR,'" and Tore Supra.'®*?
This paper expands upon those reports, describing in detail
the integrated methodology used to catch, hold, and safely
dissipate runaway electron beams in DIII-D. Section II
describes the production and diagnosis of these beams in
DIII-D. This is followed by the techniques developed to sta-
bilize the position of a runaway beam during and immedi-
ately after the current quench in Sec. III. Section IV
describes slow timescale control of runaway beams during
the “plateau” phase. Section V presents the radial thresholds
that determine a “safe” position for holding the runaway
beam with minimal wall interaction. Finally, Sec. VI details
the gradual, controlled dissipation of the runaway beam cur-
rent and energy.

Il. RUNAWAY ELECTRON PRODUCTION AND
DIAGNOSTICS

Runaway electron beams are very rarely observed dur-
ing naturally occurring disruptions in DIII-D. This may be
due to a combination of low [, (~1.5 MA) leading to low
runaway electron avalanche gain (~50-100), a marginal to-
roidal field strength (2.1T) for runaway electron produc-
tion,'*** and seed runaway loss along stochastic field lines
following the thermal quench.?* The most reliable means for
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producing runaway electron beams in DIII-D is to inject a
small cryogenic argon pellet (8 Torr-L) into the plasma, forc-
ing the onset of the thermal and current quenches.>> All run-
away beams described in this paper were produced in this
manner.

The shape of the target plasma into which the pellet is
fired has a significant impact upon the reliability of runaway
electron production from discharge to discharge. Low elon-
gation (x = 1.2 — 1.5) inner wall limited (IWL) targets are
observed to yield runaway electron plateaus much more reg-
ularly than more elongated, diverted target configurations.
This phenomenon has also been reported in JET.'? 3D resis-
tive MHD simulations suggest that this shape dependence is
a function of the degree of magnetic island overlap and the
resulting field stochasticity during the thermal quench.** In
DIII-D, lower single null targets typically yield observable
runaway electron plateaus in less than 15% of discharges,
whereas inner wall limited targets can produce runaway pla-
teaus with greater than 50% reliability on a given run day.
All runaway beams described in this paper originated from
low elongation IWL targets. This magnetic configuration is
vertically stable, so minimal active stabilization of the run-
away beam vertical position during and immediately after
the current quench is necessary.

The target plasmas are in L-mode, heated by 1-3 MW
of electron cyclotron heating (ECH) power. Typical
parameters immediately preceding the arrival of the argon
pellet are [, =12-15MA, line averaged density
n.=2-3x 10" m=3, and central electron temperature
T,=1.5—-3keV.

Several diagnostics are available to observe the evolu-
tion of runaway beams on DIII-D. A fast framing camera,
equipped with a narrow band-pass filter to eliminate line
radiation, provides a wide-view, 2D image of the visible syn-
chrotron emission from the runaway beam.?® Plastic and ZnS
scintillation detectors?’ provide single-point measurements
of the hard x-rays (HXRs) and photo-neutrons emitted by
runaway electron collisions with the vessel wall or plasma
ions. In addition, a toroidally and poloidally distributed array
of 12 barium germanium oxide (BGO) HXR/gamma scintil-
lators allows spatial resolution of the runaway beam
emission.”®

The timeline for a typical DIII-D runaway electron
beam is shown in Fig. 1. The argon pellet is fired at 2.0s.
The pellet ablates as it crosses the plasma boundary, produc-
ing a flash of visible light, shown in Fig. 1(a). The argon im-
mediately causes rapid thermal quench, as evidenced by the
sudden drop in electron temperature shown in Fig. 1(b).
Within a few milliseconds, the now-cold plasma undergoes a
current quench, as noted in Fig. 1(c). The high loop voltage
induced by the rapid drop in current results in the thermal
plasma current [indicated by the dashed line in Fig. 1(c)],
being replaced by a rapidly increasing runaway electron cur-
rent, creating a runaway electron “plateau.” The HXR signal
[Fig. 1(d)] exhibits an early “prompt loss” spike during the
current quench, indicating fast deconfinement of the initial
seed runaway electrons to the wall. As the runaway electron
current matures into a plateau, the HXR signal grows and
eventually plateaus as well. A final large HXR spike coinci-
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FIG. 1. Typical evolution of an uncontrolled runaway electron beam in
DIII-D. Argon pellet is launched at 2.0s. The dashed line in (c) indicates an
exponential fit to the initial L/R decay of the thermal plasma, extrapolated
into the runaway plateau.

dent with a rapid termination in the runaway current (Ig)
indicates the complete deconfinement of the remaining run-
away electrons to the wall.

lll. CONTROL DURING THE CURRENT QUENCH

During and immediately following the current quench,
the changes in force balance work to radially compress of
the original target plasma shape onto the inner wall. This
results in a much smaller runaway beam at the end of the
current quench, as illustrated by the light and dark plasma
boundaries in Fig. 2.

There are two primary contributors to this compression.
First, the outer poloidal field (PF) coils (noted in Fig. 2) that
provide the bulk of the vertical field (B,) required for main-
taining radial equilibrium cannot slew fast enough to com-
pensate fully for either the drop in plasma pressure during
the thermal quench or the subsequent rapid drop in /, experi-
enced during the current quench. The mismatched B, results
in the plasma being pushed into the inner wall. During DIII-
D shots producing runaway electron beams, an 80% drop in
I, (1.5 t0 0.3 MA) over a 5ms current quench is typical. For-
tunately, the large voltages that the current quench induces
in the outer poloidal field coils drive those coils’ currents to-
ward zero, partially compensating for the inadequate power
supply voltage and reducing the degree of radial compres-
sion. However, the current quench also induces attractive
currents in the inner PF coils, annotated in Fig. 2, as well as
the inboard vessel wall. Those currents are the second
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FIG. 2. Compression of runaway beam boundary occurring during the cur-
rent quench. The light “target boundary” indicates the target plasma shape
prior to the arrival of the argon pellet. The black “RE beam boundary” is the
runaway beam boundary after the current quench.

contributing factor to the radial compression of the runaway
beam, as they serve to pull the beam into the inner wall.

Excessive radial compression leads to rapid termination
of the runaway beam. This phenomenon is illustrated in
Fig. 3. Fig. 3(a) displays the I, traces of two discharges tran-
sitioning from the current quench into the runaway plateau
phase. One runaway beam (solid line) terminates rapidly less
than 15 ms after the end of the current quench, whereas the
other beam (dashed line) survives for a much longer time.
The short-lived runaway electron beam possesses lower ini-
tial runaway current, so it compresses faster and farther than
the long-lived case, as shown by the trace of minor radius
(@) in Fig. 3(b). Once the minor radius reaches approxi-
mately 0.3m, the HXR emission of the short-lived beam
quickly rises far above that of the long-lived beam [Fig.
3(c)]. This rapid rise in HXR signal is indicative of increas-
ing runaway electron deconfinement to the wall. At the same
time, the carbon light also peaks, indicating enhanced run-
away electron interaction with the carbon tiles of the first
wall [Fig. 3(d)]. The increasing impurity content further
increases the drag on the runaway beam, increasing the cur-
rent damping rate. This activity is soon followed by a termi-
nation of the short-lived runaway beam at 2.02s.

A basic control scheme has been developed in DIII-D to
reduce the degree of runaway electron beam radial compres-
sion following the current quench. This method cannot guar-
antee the survival of every runaway beam (particularly those
with excessively low initial runaway current), but it does sig-
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FIG. 3. Effects of excessive radial compression during and after the current
quench. Solid line indicates a highly compressed, short lived runaway beam.
Dotted line indicates a long-lived runaway beam for comparison.

nificantly improve the likelihood of a long-lived runaway
plateau.

The first step is to apply an open-loop, saturated voltage
command to the inner poloidal field coils during and imme-
diately following the current quench. While this applied volt-
age cannot prevent the current quench inducing attractive
currents in the coils, it does remove those currents on a much
faster time-scale (20-30ms) than the uncompensated L/R
decay of the coils (80 ms), as shown in Fig. 4(a).

At the same time, a positive loop voltage is applied with
the ohmic solenoid in order to promote increased runaway
current, also reducing radial compression. This loop voltage
causes little change during the current quench, but it can pro-
vide aid in the less dynamic period immediately after.

The final step is to switch from a real-time EFIT-based
boundary control®” to simple linear position estimators dur-
ing the current quench.’® The large vessel currents and rap-
idly evolving plasma equilibrium during the current quench
can lead to inaccurate equilibrium reconstructions during
that time, which in turn cause erroneous commands to be
sent to the poloidal field coils. Linear combinations of a
small number of magnetic diagnostic signals can provide
estimates of the runaway beam centroid R & Z position even
during very dynamic periods, avoiding gross control errors at
the cost of losing fine boundary control.

The application of this simple control scheme proved
effective in significantly increasing the lifetime of runaway
electron beams in DIII-D [Fig. 4(b)] and reducing the
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FIG. 4. Effects of control scenario on early runaway beam survival. Solid
line indicates an uncontrolled case and dashed line indicates a case with
enhanced controls implemented.

likelihood of fast runaway beam terminations near the cur-
rent quench. However, it is important to note that stabiliza-
tion of the runaway beam radial position becomes more
difficult as the initial runaway current at the end of the cur-
rent quench decreases. There is very little control over the
dynamics of the initial runaway beam formation, so any con-
trol scheme can only improve the chances of avoiding exces-
sive radial compression during the current quench, not
guarantee that outcome. In this particular case, it is fortuitous
for a high-current tokamak such as ITER that it will possess
a very high runaway avalanche gain,'® as that high gain will
ensure the reliable production of large runaway electron frac-
tions, without the large variation seen in DIII-D.

IV. CONTROL DURING PLATEAU PHASE

Once the initial survival of a runaway beam is assured,
it can be sustained for arbitrary lengths of time through the
application of /, and position feedback control. An example
of this control is provided in Fig. 5. A steady runaway elec-
tron current of 300kA is held with I, feedback control for
over 0.6 s [Fig. 5(a)], terminating only when the ohmic sole-
noid reaches its flux limit and shuts down. This current con-
trol requires a loop voltage of over 4 V [Fig. 5(b)], providing
an electric field of ~0.45 V/m. The large electric field is nec-
essary because relativistic effects ensure that runaway elec-
trons experience a finite drag from the surrounding plasma,®
which in this case includes the background deuterium, car-
bon from the current quench, as well as residual argon from
the injected argon pellet.>' In addition, large angle scattering
of the runaway electrons results in electron loss to the vessel
wall, enhancing the effective resistance of the runaway
current.?'!32

During the current plateau, the HXR signal falls linearly
by approximately 15% from its peak value [Fig. 5(c)]. This
decrease in signal may be due to a dependence of the HXR
detector sensitivity on the plasma position and geometry, or
it may indicating a decline in the runaway population, de-
spite the steady total current. Such a reduction in population
can be explained by the relativistic nature of the runaway
beam. For a relativistic electron beam, the velocity (vgg) of
each electron can be assumed to be approximately the speed
of light, ¢, as at the energies in question (10’s of MeV) a
large fraction of the electron kinetic energy must be removed
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FIG. 5. Example of well controlled runaway beam position and current, sus-
tained to the flux limit of the ohmic solenoid. Current quench (obscured)
occurs at 2.0s.

before vgp drops appreciably below c. Therefore, using the
high aspect ratio approximation, the total runaway beam cur-
rent is given by

VRE C
= = eNRE_
27'ER()

)

Irp = eNgE

where e is the electron charge, Ngg is the total number of
runaway electrons, and Ry is the runaway beam major radius.
From Eq. (1), it is clear that

As shown in Fig. 5(d), Ry also declines gradually during
the runaway current plateau by 13%. In order for Igg to be
held constant during this slow radial compression, it is neces-
sary for Ngg to decline by a similar amount. This is consist-
ent with the drop in HXR signal shown in Fig. 5(c).

The slow radial compression observed in Fig. 5(d)
results from the inability of the DIII-D poloidal field coils to
provide arbitrarily small vertical field for radial equilibrium.
During the runaway plateau, the internal inductance (¢;) of
the runaway beam decreases steadily [Fig. 5(e)], similar to
observations in Tore Supra.”? This reduces the necessary B,
required to maintain a steady radial equilibrium. However,
the poloidal field coil power supplies are unable to approach
arbitrarily close to zero current, as they are single quadrant
and operate at a finite duty factor. The power supplies typi-
cally reach a minimum current level early in the runaway
plateau. Thus, B, remains constant while ¢; decreases,
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causing the runaway beam to be pushed slowly inward. For-
tunately, this hardware-driven radial motion is slow enough
that it does not pose a significant impediment to detailed run-
away beam studies.

The empirical vertical stability properties of elongated,
diverted runaway beams are consistent with standard vertical
stability calculations. Although it is not a normal mode of
operation, inner wall limited runaway beams have been elon-
gated into a double null diverted (DND) shape. This configu-
ration is vertically unstable, and requires active vertical
stabilization from the DIII-D vertical control system. As
shown in Fig. 6, vertical control is maintained until the run-
away beam exceeds the pre-calculated controllability bound-
ary of the vertical control system. The elongation and
internal inductance of the DND runaway beam [Fig. 6(a)]
rise gradually, causing the calculated vertical instability
growth rate of the beam to increase as well [Fig. 6(b)]. The
increasing growth rate reduces the maximum controllable
vertical excursion (AZy.x) for the beam until the AZ,y
capability falls below the pre-calculated minimum required
AZ.x capability for the vertical control system [Fig. 6(c),
minimum indicated by solid horizontal line].** The mini-
mum required AZ,x is a function of power supply charac-
teristics and system noise. The loss of vertical control is
predicted to occur at that point (indicated by a dashed verti-
cal line), and as expected, a vertical disruption event initiates
soon thereafter [Fig. 6(d)]. This consistency between the pre-
dicted and empirical vertical stability boundaries indicates
that position control of the runaway beam equilibrium does
not differ substantially from that of more typical thermal
plasmas.

V. INTERACTION WITH VESSEL WALL DURING
PLATEAU PHASE

The runaway beam interaction with the inner wall dis-
plays a distinct threshold with respect to the minor radius of

the runaway beam. This behavior is illustrated in Fig. 7. Dur-
ing the runaway current plateau [Fig. 7(a)], the runaway
beam compresses slowly from a maximum minor radius of
0.45m to approximately 0.3 m [Fig. 7(b)]. The indicators of
the beam interaction with the vessel wall, including the
required loop voltage to maintain the runaway current, the
HXR emission, and carbon line emission remain fairly
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FIG. 7. Appearance of enhanced wall interaction during a slow radial com-
pression. The dashed vertical line indicates the time at which the threshold
is crossed. EFIT fails at that point, so no further minor radius data is avail-
able in (b).
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constant [Figures 7(c)-7(e)] during this time. However, once
the runaway beam compresses to a minor radius of 0.3 m
(indicated by the dashed vertical line in Fig. 7), a threshold
is crossed and the nature of the beam interaction with the
wall changes distinctly. At this that time, , falls and the
loop voltage (Vioep) jumps rapidly in an unsuccessful attempt
to maintain /,. This jump in the loop voltage required to sus-
tain the runaway current is indicative of either increased run-
away deconfinement to the wall, increased drag from wall
impurities, or both. The increased level of deconfinement is
supported by the onset of short HXR spikes, indicating run-
away losses to the wall, in Fig. 7(d). Likewise, a bloom of
carbon from the graphite wall tiles is evident in Fig. 7(e),
indicating increased impurity levels in the runaway beam.
This period of enhanced inner wall interaction is quickly fol-
lowed by the termination of the runaway beam.

The onset of this enhanced inner wall interaction corre-
sponds to the core of the runaway beam’s synchrotron emis-
sion impacting the vessel wall. Figure 8 displays the /, and
minor radius traces from Fig. 7, as well as images of the visi-
ble synchrotron emission at various times (2.05, 2.10, and
2.190s) during the runaway plateau. The synchrotron emis-
sion images are overlaid on an outline of the DIII-D first
wall and the EFIT boundary for clarity. During the quiescent
period of the runaway plateau (images at 2.05 and 2.10s),
the bright core of the runaway beam’s synchrotron emission
maintains a gap of a few 10s of cm from the inner wall, even
though the flux boundary is limited on the wall. The synchro-
tron core continues to move toward the inner wall as the
beams minor radius decreases, until it finally impacts the
wall at 2.190s, coincident with the onset of the enhanced
wall interaction.
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FIG. 8. Correspondence of synchrotron core impacting inner wall and onset
of enhanced wall interaction. The images depict the EFIT boundary (solid
line) and a 2D image of runaway beam’s visible synchrotron emission super-
imposed over an outline of DIII-D limiter structure (black background). The
shaded zones in plots (a) and (b) indicate when the enhanced wall interaction
is occurring.
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It is not clear if the bright core of the synchrotron emis-
sion corresponds to a peak in runaway current density,
energy, or both. Peaking of the runaway current density
would increase the amplitude of the entire visible synchro-
tron continuum near the location of the peak, creating a
high-intensity core like that observed in the images. How-
ever, peaking of the runaway electron energy at the same
location would shift the visible synchrotron distribution to-
ward lower wavelengths, producing the same result. The
camera images alone cannot separate these effects.

The enhanced inner wall interaction threshold occurs
within a narrow range of radii over a wide range of runaway
current trajectories. Figure 9 displays the trajectories of run-
away electron discharges in a phase space of /, and minor ra-
dius, starting from the end of the current quench (denoted by
filled triangles) and ending at the Viop inflection (filled
circles), which is typically the first and most reliable indica-
tion of enhanced wall interaction. The dataset is comprised
of those controlled, limited runaway plateaus that terminated
early, before the ohmic flux limit was reached. Figure 9
shows that regardless of whether /, was ramped down (e.g.,
solid red line) or the runaway beam compressed at a constant
I, (dashed red line), the V,p inflection occurs within a nar-
row range of minor radii, approximately 0.30-0.35 m. This
range holds over an almost 3x variation in runaway current
at the time of the Vo inflection. The edge safety factor
Geage €xceeds 4 in all cases, and is much higher in the ramp-
down cases. The consistency of the minor radius threshold
over a wide range of current trajectories and gegge values sup-
ports the evidence from the synchrotron emission images
that the onset of the enhanced inner wall interaction is deter-
mined by the proximity of the runaway synchrotron core to
the inner wall rather than MHD considerations.

The onset of enhanced wall interaction is a common pre-
cursor to, but not immediate cause of, the final runaway elec-
tron beam termination. For the discharges of Fig. 9, the
timespan between the loop voltage jump and the final fast
termination varies by more than a factor of four (30-125 ms).
Typically, the MHD activity that terminates the runaway
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FIG. 9. Runaway beam trajectories in /, and minor radius from current
quench (solid triangles) until Vo0 inflection (solid circles).
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beam manifests as a non-rotating n» = 1 mode, as detected by
magnetic saddle loops and the BGO scintillator array.>*

Unlike the inner wall interaction, the runaway beam
interaction with the outer limiter exhibits a threshold when
the core of the runaway synchrotron emission is still far from
the outer limiter. An example is shown in Fig. 10. In this
case, the plasma is allowed to drift outward, switching from
limiting on the inner wall to limiting on the outer graphite
bumper limiters' around 2.140s. The runaway current is
held at a steady level (280kA) until an enhanced wall inter-
action event causes it to drop suddenly at 2.183s [Fig.
10(a)]. This event is also evident in the sudden change in
HXR signal at the same time [Fig. 10(b)]. However, at this
time the synchrotron emission core is still tens of centimeters
from the outer limiters [Fig. 10(c)], in stark contrast to the
inner wall threshold.

A possible explanation for the longer distance interac-
tion with the outboard limiter compared to the inner wall is
the outward shift of the runaway electron drift orbits from
the magnetic flux surfaces. The magnitude of this drift is
given by’

_4q Wke
ecB ’

ARgg 3)

#146704
2.1835s

FIG. 10. Example of long-distance runaway beam interaction with outer
limiter.
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where ARgp is the outward shift, ¢ is the drift-averaged
safety factor, Wy is the electron energy, and B is the applied
toroidal field. The outward shift for case shown in Fig. 10
can be estimated using a few reasonable assumptions.
Assuming ¢ = 8 (mean value of the EFIT calculated ¢ pro-
file), Wgg =20 MeV (peak runaway electron energies as
high as 35-40 MeV have been observed), and B =2T gives
ARgg ~ 0.25 m. Note that the most energetic electrons (e.g.,
those exceeding 20 MeV) will possess proportionally larger
outward shifts. The calculated shift is of the same scale
length as the gap observed between the synchrotron emission
core and the outer limiter at the time of the observed interac-
tion event, making runaway electron drift orbits a viable ex-
planation for this long-distance interaction.

Collecting together the data from the enhanced wall
interaction threshold events discussed above, a region for
safely positioning the runaway beam with minimal wall
interaction emerges. At the bottom of Fig. 11, the radial dis-
tribution of the inner wall threshold, collected from ten sepa-
rate events, is plotted and shaded, indicating the minimum
safe radius for the runaway beam. Likewise, a region is
shaded at the top to denote the outer limiter threshold from
three observed events. Between these inner and outer limits
exists a zone (no shading) of minimal wall interaction. Plot-
ted within that zone is the full extent of the radial motion of
the five controlled runaway beams that survived to the ohmic
flux limit without any observed enhanced wall interaction.
The existence of these quiescent runaway beams provides
positive evidence that a safe position exists to hold runaway
beams for long time-scales with minimal wall interaction.

VI. CONTROLLED DISSIPATION OF RUNAWAY
ELECTRON BEAM

Once a runaway electron beam has been moved to a safe
position, its total energy can be gradually dissipated to miti-
gate the threat it poses to the vessel. This is accomplished by
a controlled ramp-down of the runaway current, as shown in
Fig. 12. The runaway electron current [Fig. 12(a), solid line]
closely follows the prescribed target (dashed line). Well-
controlled ramp-downs from 300kA down to 65kA have
been demonstrated. The HXR signal [Fig. 12(b)] falls with

1.8
Outer
1.7 3events| Limiter
Threshold
1.6
E Minimal
o Wall
15 Flux-limited RE ] Interaction
Range of R motion | (Safe Zone)
14 (5 shots)
Inner
‘ 10 events Wall
13 Threshold

FIG. 11. “Safe Zone” for radial positioning of runaway beam with minimal
wall interaction. The solid circles indicate the mean of each dataset, and the
vertical lines the full radial extent. Shaded regions indicate “danger zones”
for positioning the runaway beam that result in an enhanced wall interaction
threshold being crossed.
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FIG. 12. Example of controlled runaway beam ramp-down. Dashed line in
(a) indicates control target. EFIT minor radius data is not available in (d) af-
ter the enhanced wall interaction threshold is crossed at 2.6 s.

the runaway current, indicating a declining runaway electron
population, as desired. The rate of change of the HXR signal
is faster than that of the plasma current because the runaway
beam is slowly compressing during the ramp-down, as dis-
cussed in Sec. IV. The runaway current is still being sus-
tained by a positive loop voltage [Fig. 12(c)], as the
controlled ramp-down is slower than the natural dissipation
caused by large-angle scattering losses to the wall and drag
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with the background plasma. The applied electric field is
replacing runaway electron at a slower rate than they are
lost, resulting in a gradual decline in runaway population.
For the present case, the runaway beam eventually suffers a
fast termination after hitting the 0.3 m minor radius inner
wall interaction threshold [Fig. 12(d)]. As noted in Sec. IV,
this is due to the inability of the poloidal field power supplies
to approach arbitrarily close to O A in order to maintain a
consistent equilibrium during the ramp-down. With appro-
priate power supplies, there is no intrinsic barrier to accom-
plishing a full controlled runaway current ramp-down.

An illustrative example of a full ramp-down under less
carefully controlled conditions is presented in Fig. 13. After
a brief runaway plateau period, a large negative loop voltage
is applied with no /, control [Fig. 13(a)]. This drives down
the runaway electron current at a rapid rate of —3 MA/s [Fig.
13(b)]. In contrast to the ramp-down case of Fig. 12, no
replacement of lost runaway electrons is occurring. A unique
feature of this ramp-down is that it does not experience a
clear inner wall interaction threshold at a=0.3m
[Fig. 13(c), left dashed vertical line], and is able to compress
to a = 0.24 m before a clear inflection in /, is observed. This
new behavior is likely due to the synchrotron emission core
being positioned near the outer edge of the beams magnetic
boundary at the a = 0.3 m point, as shown in Fig. 13(f). The
outward shift may be a result of either the fast ramp-down or
a coil configuration that had a pair of inner poloidal field coils
pushing outward on the runaway beam, both of which were
unique to this discharge. By the time the beam does experi-
ence clear signs of enhanced wall interaction (right dashed
vertical line), the effects are small, resulting in neither a com-
plete loss of runaway current signal nor neutron signal [Fig.
13(d)]. Instead, the beam recovers and proceeds to ramp down
fully. There are fast deconfinement events evident in the neu-
tron signal near the very end of the ramp-down, but the fast

2

146130
2132s
a=0.3m

FIG. 13. Example of full runaway beam
ramp-down. Large negative loop voltage
(a) produces a rapid ramp-down in I,
(b), and corresponding reduction in
minor radius (c). Left dashed vertical
line indicates where ¢ =0.3 m, which is
the time slice shown in (f). Right dashed
vertical line indicates the clear onset of
enhanced wall interaction at @ =0.24 m.
(d) Photo-neutron signal and (e) EFIT /;.
Arrows in (f) indicate the direction in
which the coils are pushing the runaway
beam.
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spikes change the baseline of the declining neutron signal
very little, indicating that there is only a small portion of the
runaway electron population (and energy) lost in those events.
Although it provides an example of a complete runaway
current ramp-down, this particular scenario is not appropriate
for elongated, vertically unstable runaway beams. The strong
negative loop voltage causes ; to rise rapidly [Fig. 13(e)], so
that vertical stabilization would likely fail and result in an
undesirable vertical displacement event. Slower runaway
current ramp rates, as illustrated in Fig. 12, provide condi-
tions more conducive for maintaining active vertical control.

Vil. CONCLUSIONS

Control techniques have been developed in the DIII-D
tokamak to stabilize and maintain both the vertical and radial
positions of post-disruption runaway electron beams and then
dissipate their energy in a gradual, controlled manner. During
and immediately after the current quench, excessive radial
compression is avoided by a combination of techniques,
improving the likelihood of runaway beams surviving this
dynamic period without a fast termination. Once stabilized,
the runaway beams are held in a steady state (out to the ohmic
flux limit) with the application of active plasma current and
position controls. Beam interaction with the vessel wall can
be minimized by avoiding distinct thresholds for enhanced
wall interaction at small and large radii, corresponding to
inner wall and outer limiter interaction. Staying within the
“safe zone” between those radial thresholds allows for the sus-
tainment of long-lived, quiescent runaway beams. The total
beam energy and runaway electron population can then be dis-
sipated slowly by a ramp-down of the runaway current.
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