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The first visible light images of synchrotron emission from disruption runaway electrons are
presented. The forward-detected continuum radiation from runaways is identified as synchrotron
emission by comparing two survey spectrometers and two visible fast cameras viewing in opposite
toroidal directions. Analysis of the elongation of 2D synchrotron images of oval-shaped runaway
beams indicates that the velocity pitch angle v, /v ranges from 0.1 to 0.2 for the detected electrons,
with energies above 25 MeV. Analysis of synchrotron intensity from a camera indicates that the tail
of the runaway energy distribution reaches energies up to 60 MeV, which agrees with 0D modeling
of electron acceleration in the toroidal electric field generated during the current quench. A visible
spectrometer provides an independent estimate of the upper limit of runaway electron energy which
is roughly consistent with energy determined from camera data. Synchrotron spectra reveal that
approximately 1% of the total post-thermal quench plasma current is carried by the detected
high-energy runaway population with energies in the range of 25-60 MeV; the bulk of the plasma
current thus appears to be carried by relativistic electrons with energy less than 25 MeV. In addition
to stable oval shapes, runaway beams with other shapes and internal structure are sometimes
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Visible imaging and spectroscopy of disruption runaway electrons in DIlI-D

observed. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801738]

I. INTRODUCTION

Electrons are effectively collisionless beyond a critical
energy; and thus, any finite toroidal electric field in a toka-
mak can accelerate these “runaway electrons” (REs) to rela-
tivistic energies. Studying REs is important because in ITER
the runaway energy may be on the order of hundreds of MeV
with mega amps of current, leading to serious concerns
regarding possible damage to first wall components when
runaways strike the vessel.! Runaways generated during dis-
ruptions are of particular concern because of the large elec-
tric fields that can be generated that can lead to significant
runaway current. Thus, efforts are being made to develop
methods to reduce the energy and current carried by run-
aways during disruptions in future tokamaks.

In addition to the potentially negative consequences of
runaways interacting and damaging material surfaces, run-
aways can be used as a tool to study magnetic turbulence in
the core of a tokamak plasma.z_4 REs are also interesting in
terms of fundamental physics including electron-positron
pair production,’ electron acceleration in solar flares,® and
electrical breakdown of lightning in thunderstorms.’

REs have been studied previously on a number of toka-
maks.® Imaging in particular was a key diagnostic in the
following cases: during massive gas injection (MGI) experi-
ments using IR synchrotron emission at TEXTOR,”'* during
plasma startup using visible synchrotron emission at EAST,"!
and during disruptions using soft x-ray (SXR) tomography at
JET'? and using visible emission at HL-2A."> Here, we
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present the first visible light images of synchrotron emission
from REs generated during Ar pellet-induced disruptions in
DIII-D,'* and we show visible spectra during the RE current
plateau. Following previous IR imaging work on REs, we use
the 2D profile and intensity of the measured synchrotron emis-
sion to infer RE properties. These include electron velocity
pitch angle and the upper energy of the detected runaways, as
the signal is dominated by the fastest electrons.

The paper is organized as follows: in Sec. I, the experi-
mental setup and diagnostics are presented; in Sec. III, the
generation and evolution of pellet-induced disruption REs
are described; in Sec. IV, the camera spectral response and
RE synchrotron spectra are shown; in Sec. V, the energy of
the detected REs is obtained using spectrometer and camera
data that is compared to a simple acceleration model using
the OD toroidal electric field; in Sec. VI, fast camera images
are presented, which show a variety of RE beam shapes and
which show forward and backward views during a shot with
D, pellet injection; and in Sec. VII, the pitch angle is
inferred from the elongation of oval shaped RE beams. We
conclude with a discussion in Sec. VIIL

Il. EXPERIMENTAL SETUP

REs are studied in DIII-D'* in high confinement mode
(H-mode) plasmas with both Lower Single Null (LSN) and
Inner Wall Limited (IWL) configurations, with the following
parameters: plasma current [, = 1.5 MA, central electron
temperature 7, =3 keV, central electron density n, =
8 x 10"3 cm 3, 2-6 MW of neutral beam heating, and toroi-
dal magnetic field Br = 2.1 T. The plasma is rapidly shut
down by injecting a 2.7mm diameter cryogenic Ar pellet
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from the outboard midplane of the vessel aimed roughly at
the magnetic axis with velocity approximately 500 m/s.
More detailed discussion of rapid shutdown experiments in
DIII-D can be found in Refs. 15 and 16. We find Ar pellet
shutdown of IWL plasmas with nearly circular cross section
produces significant RE current 4 x more reliably than LSN
target plasmas (approximately 80% success rate for IWL vs.
20% for LSN).'”'® This suggests that seed REs are decon-
fined in LSN plasmas more readily than in IWL plasmas pos-
sibly due to strong MHD activity during the thermal quench.
In addition to plasma shape, the method of plasma shutdown
is an important factor in determining the peak RE current in
DIII-D. This is consistent with previous work showing cryo-
genic pellet injection'® generates larger RE current com-
pared to gas injection.

Two CMOS fast cameras (a 12-bit Phantom v7.1 and a
14-bit Phantom v7.3) sensitive to wavelengths in the range
of ~450-950 nm and framing at ~24,000 frames per second
(fps), are used to study the RE evolution. More information
on these cameras can be found in Ref. 20. One camera
detects RE synchrotron radiation by looking toward the
direction of electron approach (forward-viewing) with one of
the following optical filters: a long-pass (>700nm) filter; a
narrowband filter (bandwidth 15nm) with central wave-
length at 747 nm which is in a line-free region of the spec-
trum; a narrowband filter (bandwidth 10 nm) at 912 nm; and
no filter. As shown by the shaded camera regions in Fig. 1, a
second camera is used to view in the opposite direction as
electron approach (backward direction) with one of the fol-
lowing filters: a D, filter at 656 nm; an Ar I filter at 697 nm;
an Ar II filter at 611 nm; and no filter. The lines of sight for
the forward and backward viewing spectrometers are also
shown in Fig. 1, along with the Ar pellet trajectory and the
directions of the toroidal magnetic field, RE motion, plasma
current, and plasma rotation.

In addition to fast visible cameras, a suite of diagnostics
is used during the rapid plasma shutdown and RE evolution,

including single-chord visible and ultraviolet survey
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FIG. 1. Top view of the DIII-D tokamak showing the Ar pellet trajectory.
The shaded regions show the FOV for the two opposite viewing cameras,
and the dashed lines show the spectrometer views. The runaway motion and
magnetic field are in the clockwise direction.
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spectrometers, soft x-ray poloidal arrays for fast radiated
power, a four-chord CO, interferometer for electron density
measurements, and magnetic loops. A hard x-ray (HXR)/
gamma scintillator array, consisting of 12 barium-germa-
nium-oxide (BGO) scintillators placed around the machine
outside the vacuum vessel at 6 toroidal locations and 3 poloi-
dal locations, is used to detected the time and approximate
spatial location of REs hitting the wall.*!

lll. GENERATION AND EVOLUTION OF REs DURING
PELLET-INDUCED PLASMA SHUTDOWN

A sufficiently large Ar pellet (2.7 mm diameter used for
the present study) injected into a stable plasma initiates the
plasma shutdown. A radiative cooling front is created by the
pellet ablation, and when this pressure perturbation reaches
the ¢ = 2 surface, unstable MHD activity is triggered and
the plasma temperature suddenly drops on a timescale of a
few tens of microseconds, known as the thermal quench
(TQ). In pellet-induced disruptions that have appreciable RE
current (>50kA), a non-thermal electron cyclotron emission
(ECE) spike is seen immediately following the TQ. After the
loss of plasma thermal energy, the increased resistivity in the
cold plasma causes the plasma current to decrease (known as
the current quench CQ) on a timescale set by the plasma in-
ductance. During the CQ, this non-thermal ECE signal is
believed to indicate the presence of confined fast electrons,
suggesting prompt RE formation during the TQ. The HXR
detector also detects a prompt loss of RE to the wall; this
prompt loss is thought to be REs that are generated during
the TQ and born on stochastic field lines and thus lost rap-
idly, as predicted by NIMROD simulations®* of diverted
plasmas. NIMROD simulations of limited plasmas not only
had minimal stochasticity but also showed early runaway
loss (although less than diverted plasmas). The shot-to-shot
variation in detected peak RE current at later times is possi-
bly due to subtle variations in the magnitude and confine-
ment of the RE seed population. At these early times in the
plasma shutdown (within a few ms of the Ar pellet injec-
tion), the light detected in unfiltered camera images is domi-
nated by Ar line radiation.

The confined, on-axis, REs are accelerated by the loop
voltage® generated during the CQ, converting up to 50% of
pre-disruption plasma current into RE current. Figure 2(a)
shows time traces of the plasma current, a soft x-ray signal
from a sightline viewing near tangential to the center of the
vessel, and the spatially integrated camera signal from the
forward viewing camera.

An interesting scenario unfolds during the RE plateau
phase in which the REs carry nearly all the current and sus-
tain a cold background plasma that has ~100x the RE den-
sity. Approximately 6 ms after the pellet is injected into the
plasma, the camera detects a roughly circular profile of syn-
chrotron emission from REs near the center of the vessel.
REs are actually formed before this time, as early as the TQ,
but the visible camera is sensitive to REs with energy greater
than ~25 MeV due to the sharp cutoff of synchrotron emis-
sion at short wavelengths. It takes time for both the number
and energy of the runaways to increase to a detectable visible
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FIG. 2. (a) Time traces of plasma current (blue), a soft x-ray channel (red),
and the spatially integrated camera signal (green). (b) Synchrotron emission
from REs detected in broad-band visible light (no filter) from the forward
viewing camera, with reconstructed flux surfaces overlaid. The thick red
curve shows the last closed flux surface.

signal. Figure 2(b) shows an image of synchrotron emission
from the forward viewing camera during the runaway current
plateau; overlaid on the figure are JFIT** contours of normal-
ized minor radius p mapped to the point of tangency for each
pixel’s sightline, with the last closed flux surface shown in
red. The RE beam location agrees with the reconstructed flux
surface contours.

For the shot shown in Fig. 2, the visible emission profile
of the RE beam is initially ~25cm in radius and narrows
with time. Just before the RE beam hits the wall the RE
beam radius is ~10cm, which occurs in this shot about
50ms after the pellet injection. The narrowing of the
detected emission profile could be due to loss of edge REs
due to loss to the wall. The narrowing of the RE visible emis-
sion could also indicate that the RE energy profile becomes
more peaked, as emission from only the highest energy elec-
trons are detected in the visible spectral range. Interestingly,
early wgrsz predicts a decrease in runaway beam radius due
to E x B drifts of runaway electrons.

Confinement of the RE beam has been accomplished
using the plasma control system (PCS) to prevent the vertical
instabilities. The runaway lifetime up to the volt-second limit
of the ohmic coil (>600ms) has been achieved (prior to
using the PCS system, most of the RE beams were lost due
to vertical drift with a maximum lifetime of ~50 ms). Robust
linear position estimators allow vertical control of the RE
beam, and the RE beam current is controlled using ohmic
coil feedback. Using the PCS control, the RE current has
been ramped down to zero in a controlled fashion.”® At the
end of the runaway control phase, the RE beam typically
drifts radially inward toward the vessel centerpost. When the
runaway beams make contact with the wall a “dust shower”
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consisting of hundreds of small pieces of eroded wall mate-
rial is often observed.

IV. SYNCHROTRON SPECTRA OF RUNAWAYS

Here, we briefly overview the spectral characteristics of
synchrotron radiation. The synchrotron spectral power den-
sity dP/d/ emitted by a relativistic electron was derived in
Ref. 27 using the Schwinger approach.”® For relativistic elec-
tron motion in a tokamak including toroidal motion, gyromo-
tion, and vertical centrifugal drift, dP/d. takes the
approximate form,”

dP oCre [24/1412
—(},,H,y)%lO’gnmc’ 3—!—17
di h y/l*RO
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where the effect of gyromotion on the curvature of the RE
trajectory is in the term #n = eBOR,/m,cy, I,, and I, are
modified Bessel functions, r, is the classical electron radius,
h is Planck’s constant, ¢ is the speed of light, and
{=4nR,n/3/°(1 + 112)3/2. All input quantities are
expressed in SI units, and dP/d A has units of photons/s/nm.
Equation (1) is valid for wavelengths smaller than the peak
wavelength of the synchrotron emission, which is in the IR
for RE energies in present day tokamaks. dP/d/ depends on
the RE energy ¢ (characterized by y) and on the radius of cur-
vature, which in turn depends on the average major radius R,
of the electron trajectory and velocity pitch angle 0 = v /v
The electron kinetic energy ¢ is related to the relativistic fac-
torviay =1+ s/mocz, where m,c* = 0.511 MeV is the rest
mass of an electron.

Figure 3 shows the spectral power of synchrotron emis-
sion from a single relativistic electron for relevant DIII-D pa-
rameters over a range of energies and for two pitch angles,
shown as the solid and dashed lines. Synchrotron emission
peaks in the IR for tokamak runaways, and higher RE energy
shifts the peak synchrotron emission toward the visible region
of the spectrum. The strong dependence of dP/d/ on y makes
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FIG. 3. Synchrotron spectral curves for three chosen RE energies of 15MeV
(blue), 30 MeV (red), and 45 MeV (orange). At each energy, the synchrotron
spectrum is shown for electron velocity pitch angle 0 = 0.10 (solid) and
0.15 (dashed). The unfiltered camera system response is shown as the black
solid line.
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synchrotron radiation an excellent diagnostic of electron
energy; however, the strong dependence also means that the
highest energy electrons dominate the visible signal, so only
the tail of the distribution is detected. The black line in Fig. 3
shows the camera system’s response, which is obtained from
a Gaussian fit to calibrated intensity measurements using nar-
rowband interference filters spanning the visible spectral
region. The steep cutoff of synchrotron emission at short
wavelengths makes the visible camera insensitive to run-
aways with energy less than approximately 25 MeV.

The brightness of the measured synchrotron radiation
depends on the number of observed REs N, electron pitch
angle 0, and RE energy ¢. In Sec. V, runaway parameters are
determined by comparing the brightness expected from a RE
beam to intensity-calibrated spectrometer and camera meas-
urements. The brightness of a runaway beam is given by

_dP N,
Al ApeQ,’

where Ag,,; is the area of the detector element projected onto
the RE beam, and Q,; = A, /s2 is the solid angle subtended
by the detector optics with collection area A, located a dis-
tance s away from the detected RE beam. Due to the
forward-beaming nature of runaways, only a toroidal fraction
~20/2x of the runaways contribute to the measured signal at
any given time. In addition, the finite size of collection optics
limits the number of photons detected. Taking these effects
into consideration leads to a brightness that can be expressed
as (units of photons/s/mz/nm/ster),

, dP 2R,
B(A,G,s)—dl1 vl 2)
where n is the density of observed REs. Equation (2) allows
us to relate the theoretical spectral emission dP/dA from a
single RE to the expected brightness in a tokamak, which
can then be compared to measured brightness. The estimate
in Eq. (2) is for highly relativistic electrons with 1/y < 0. In
addition, the visible signal from bremsstrahlung emission
due to runaways scattering off cold background ions has
been estimated and is negligible for the conditions studied
here. The analysis based on Eq. (2) allows the runaway elec-
tron energy and density to be determined from the measured
spectrum if the pitch angle is known. Here, the pitch angle 0
is obtained from the shape of the runaway beams as
measured by the forward viewing camera and is described in
Sec. VII, with typical values for 0 ranging from 0.1 to 0.2 for
all oval-shaped runaway beams. We have analyzed the statis-
tical uncertainty in the fitting procedure used in determining
0 for individual shots and find that the typical standard devia-
tion is AO==*0.02. Since the synchrotron brightness
depends on pitch angle, A0 produces an uncertainty in the
runaway energy of +4 MeV and —2 MeV. However, the
error in our determination of the runaway energy is domi-
nated by the uncertainty in the intensity calibration of the
spectrometers and camera. Using a calibration uncertainty of
a factor of 2, the uncertainty in the runaway energy is
approximately 415 MeV and —10 MeV.
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Note that comparing spectroscopic and imaging data to
Eq. (2) provides no detailed information on the energy distri-
bution of runaways, which is modeled in this paper as mono-
energetic. The analysis is not very sensitive to the exact
shape of the modeled energy distribution function, because
the highest energy electrons dominate the synchrotron signal
due to the sharp cutoff of the synchrotron spectrum at short
wavelengths. Previous work has shown that the inferred
energy changes by <15% when the assumed distribution is
changed from monoenergetic to flat.*

V. ENERGY OF RUNAWAYS
A. Visible spectra during the RE plateau

Two intensity-calibrated visible survey spectrometers
view the plasma in opposite toroidal directions and are used
to identify the spectrum of emission detected by the cameras.
We find that the forward detected visible spectrum during
the RE current plateau is dominated by synchrotron emission
from runaways. The spectrometers view the plasma through
the same ports as the forward and backward viewing cam-
eras, with an integration time of 15ms and with a viewing
spot size of approximately 1 cm diameter aimed at the center
of the vessel. Figure 4 shows the backward and forward
detected spectra (respectively) during the runaway current
plateau. Both spectra contain multiple lines including D,,
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FIG. 4. (a) Backward and (b) forward detected survey spectra during the
runaway plateau at ¢+ =2080ms in shot 145524. (b) Solid curves show
the calculated synchrotron brightness for RE energies of 35 MeV (blue),
45 MeV (red), and 55 MeV (orange), with detected REs carrying 1% of the
total measured current. The dashed green curve shows the synchrotron spec-
trum with detected REs carrying 100% of the measured current and with
energy of 30 MeV. The red curve gives the best fit to the shape and magni-
tude of the measured continuum spectrum.



042113-5 Yu et al.

Dy, CIII, and Xe lines due to weak Xe gas injection during
the runaway current plateau. What is striking in these spectra
is the difference between the continuum signals in the for-
ward and backward detected data. The forward detected con-
tinuum signal is much larger than the backward signal, and
the forward continuum signal increases with wavelength as
expected for synchrotron radiation.

The predicted synchrotron brightness from Eq. (2) for
monoenergetic electron distributions is shown in Fig. 4(b)
using a pitch angle of 6 = 0.15, which is determined from
the shape of the oval synchrotron emission detected by the
camera. An excellent match to the forward data is obtained
using a runaway energy of 45 MeV with the detected run-
aways carrying approximately 1% of the total measured cur-
rent. This small fraction of the total current is determined
from the spectral shape of the measured continuum radiation.
That is, the predicted brightness matches the data using a
density that is only 1% of the total inferred runaway density
e = I,/ (ecAr.) ~ 10" — 10" cm™3, where 1, is the plasma
current measured with Rogowski loops and A, is the cross-
sectional area of the runaway beam. If all the current is
assumed to be contributing to the measured visible signal,
the shape of the calculated synchrotron signal cannot be
matched to the data for any runaway energy, as shown by the
dashed line in Fig. 4(b). Thus, analysis of the forward
detected visible spectrum reveals that the majority of the
runaways have a smaller energy than the cutoff energy for
visible synchrotron detection, which is ~25 MeV.

The forward viewing spectrometer typically detects a
decrease in the brightness of the impurity lines and an
increase in the continuum radiation toward the end of the
runaway plateau. This is consistent with an increase in
brightness toward the end of the shot measured with the for-
ward viewing camera, and supports our contention that the
forward viewing camera images are dominated by synchro-
tron emission (rather than line radiation) during the runaway
plateau.

B. Camera synchrotron imaging and simple model
of runaway acceleration

Similar to the analysis of the spectral data, we also infer
the upper energy of the RE population using the synchrotron
brightness detected by a calibrated camera. The measured
signal S from the RE beam can be expressed as

S = JB(;L, 0, 6)F (1), 3)

where the camera spectral response F(4) includes the effects
of interference filters if used, and B(/,0,¢) is calculated
from Eq. (2). This forward-modeled signal is compared with
the intensity of the actual camera signal S, for a range of
RE energies, assuming a monoenergetic distribution. The
inferred RE energy is the modeled signal that matches the
measured signal, i.e., the energy that satisfies the condition
S =Scam-

Figure 5(a) shows the evolution of the plasma current /,
following the disruption induced by Ar pellet injection at
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FIG. 5. The evolution of (a) plasma current, (b) toroidal electric field, and
(c) RE energy obtained from a 0D model with synchrotron loss (solid) and
no synchrotron loss (dashed) for shot 137611. The energy data points (black
dots) are obtained from the synchrotron emission detected by the forward
viewing camera with no filter.

t = 2000 ms, and the electric field is shown in Fig. 5(b). The
results of camera synchrotron analysis are shown in Fig.
5(c). The energy data points are calculated assuming 1% of
the current is carried by the high-energy electrons, revealing
that the fastest runaways reach energy of approximately
60 MeV in this shot (137611). The error bars are determined
by allowing a factor of two in the uncertainty of the camera
calibration.

The inferred energy of the fastest runaways is compared
to a simple model of electron acceleration in the toroidal
electric field created during plasma shutdown. The loop volt-
age V) is calculated at each time step and the toroidal electric
field E is obtained. The rate of change of electron energy is
given by the power imparted to the electron from the electric
field, with power loss due to synchrotron emission. The pre-
dicted electron energy ¢ is found by integrating
(de/dt) = P — Pg, where the electric field power is given
by Pg = ecE = (ecV;/2nR,) and the synchrotron loss is
Py = (2m,c3royt/ BRE). The electron cyclotron radius R, is
approximated in Ref. 31 as (1/R.)~ (1—0%/R,)
+(eBO/ym,c), where the first term describes the toroidal
motion of the guiding center, and the second term is due to
gyromotion. The loop voltage is given by V; = [(M?/L,)
—Ly) (dl,/dt) + IR, (M/L,,), where the current /,, through
the vessel wall is determined from the difference between
the current measured with Rogowski loops outside the vessel
and the current measured with magnetic probes inside the
vessel, and R, is the wall resistivity. The mutual inductance
M between the plasma and the vessel wall, the plasma in-
ductance L,, and the wall inductance L,, are calculated dur-
ing the runaway channel using a finite element eigenmode
representation in the TokSys code.>* The model of electron
acceleration with and without the synchrotron loss term is
shown in Fig. 5(c) as the solid and dashed lines, respectively.
With no synchrotron loss term, the model predicts the
unphysical result of RE energy increasing indefinitely with
any finite electric field. However, it is seen that the data
matches the OD model reasonably well when synchrotron
loss is included, indicating that the seed population of
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electrons is accelerated in a toroidal electric field on the
order of a few tens of V/m during the current quench, and
that maximum RE energy reaches approximately 60 MeV in
this case.

VI. RUNAWAY IMAGES IN THE VISIBLE SPECTRAL
REGION

Runaways have been imaged using a variety of diagnos-
tic imaging configurations with two cameras sometimes run-
ning simultaneously, with and without interference filters,
and with both cameras forward-viewing as well as viewing in
opposite toroidal directions. The 2D synchrotron images
show that the RE beam usually forms in a roughly circular
shape. However, a number of other interesting shapes and
structures are sometimes observed. Note that the actual shape
of the RE beam may not be the same as the shape of the for-
ward detected emission, because the forward beaming nature
of synchrotron radiation from relativistic electrons means that
the electron trajectory (and not just the volumetric toroidal
“tube” of runaways) is an important factor in determining the
detected shape of the beam. For example, a circular RE beam
appears as a tilted ellipse when viewed in the direction of
electron approach due to the finite angle of emitted radiation
and due to field line helicity (more details are in Sec. VII).

Figure 6 shows an example of a forward detected syn-
chrotron image that has a crescent shape, with the visible syn-
chrotron intensity much higher on the high field side (inner
wall located at R=1m) compared to the low field side of the
plasma. Other shots have a thinner crescent shape with a
nearly annular radiation pattern. This shape can persist for
hundreds of milliseconds and requires more investigation to
understand its origin. A similar shape was observed in visible
light for startup runaways in EAST."" In shot 146704 shown
in Fig. 6, an unknown instability (which occurs after the time
shown in the figure) causes the crescent to suddenly change
to an oval shape on a timescale of approximately 100 us.
This sudden change in the synchrotron radiation is accompa-
nied by a transient high flux of gamma rays, presumably due
to some fraction of the runaways hitting the wall. The cause
of the crescent emission is unknown at present but could be
due to runaways scattering off cold background plasma or

10 12 14 16 18 20 22
R (m)

FIG. 6. Crescent-shaped RE beam observed in shot 146704 at t = 2175 ms
with a 747 nm filter. Inner wall radius is located at R = 1.0m.
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neutrals at large minor radius, leading to runaways with a
large pitch angle (0 ~ 1) and strong emission.

In other shots, there appears to be two runaway beams
shortly following the Ar pellet injection (within 5 ms) with
spatial dimension of a few centimeters as shown in Fig. 7.
The pair of beams typically drifts radially outward on a time-
scale of a few milliseconds. In this shot and in others with a
small pair of beams, no RE plateau forms. It is possible that
the drift of these small beams and subsequent contact with
the wall are responsible for the loss of the seed runaway pop-
ulation. However, these small beams are only occasionally
observed when there is no current plateau.

In some long-lived runaway beams, 2D structure can be
seen in the synchrotron emission pattern, and this pattern is
sometimes observed to suddenly rotate (less than one poloi-
dal revolution) possibly due to changes in magnetic island
topology. Following this partial rotation or shift, the radia-
tion pattern becomes stationary again. In other shots, peri-
odic rotation of internal structure in the RE beam is
observed, similar to RE snakes reported in Refs. 3 and 33.

We next focus on a shot with D, pellet injection during
the RE plateau in which two fast cameras view in opposite
toroidal directions. The images in Fig. 8 are from the two
cameras at three times during the RE current plateau,
with Figs. 8(a)-8(c) showing the backward view and
Figs. 8(d)-8(f) showing the forward view. The images show
a striking difference in emission patterns in the opposing to-
roidal views. The backward viewing camera is unfiltered and
detects radiation from 450 to 950 nm with radiation sources
mainly consisting of D, Ar, and C. The intensity in Fig. 8(a)
has been increased by a factor of 2.5 for visibility. The for-
ward viewing camera has a 912 nm filter with bandwidth of
10nm and detects synchrotron radiation from high energy
runaways. A cryogenic D, pellet is injected into the RE
beam at + = 2028 ms in order to study collisional suppression
of runaways. The synchrotron emission is not affected by the
D, pellet injection as shown in Fig. 8(e), either because the
pellet is ablated by runaways with energy lower than the cut-
off for visible synchrotron detection, or because the highly
relativistic electrons are simply not affected by deuterium

0.00

-0.10 ‘

(m)

l 106 ph/s/cm?/ster

4.6 5.6 6.6

-0.20

1.60 1.70 1.80
R (m)

FIG. 7. A pair of small RE beams detected by the forward viewing camera
in shot 142729 at t = 2005 ms using a filter that passes long wavelengths
(>700nm). The color scale has been adjusted to maximize visibility, with
black corresponding to finite radiance rather than zero radiance.
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Backward View (line radiation)

(d)

Z (m)

2029 ms
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Forward View (synchrotron emission)

2025 ms

FIG. 8. Backward (a)-(c) and forward (d)—(f)
viewing camera images during the RE current
plateau in shot 142725. The backward viewing
camera detects broadband light and the forward
detected camera has a narrowband filter with
central wavelength at 912nm and bandwidth of
10nm. A fragmented deuterium pellet was
injected into the runaway beam at time
t = 2028 ms, just before the time corresponding to
images (b) and (e).

2029 ms

il (10'6 ph/sicm?/ster) (107 ph/sicm?/ster)
T 2040 ms | — 2040 ms
20 18 16 14 12 14 16 18 20
R (m) R (m)

ions which reach the core of the RE beam. In contrast, the
backward viewing camera images reveal a rapidly evolving,
complex filamentary spatial pattern of line emission due to
turbulence following the pellet injection, presumably due to
runaways interacting with impurity and D, gas near the edge
of the runaway beam. For this case of D, pellet injection
(and for a separate case of He gas injection), no significant
decrease of RE current is observed. However, there is a
decrease of runaway current due to high-Z impurity injec-
tion, and these results will be presented elsewhere.

A difference is seen in the shapes of the emission pat-
terns from opposing camera views, with an ellipse seen in the
forward images and a circle seen in the backward detected
images. The circular backward detected image in Fig. 8(c)
shows brightness extending to larger minor radii than the syn-
chrotron image in Fig. 8(f). The circular emission pattern
seen in the backward detected image is due to runaways
exciting D and impurity gas and indicates the actual 2D ra-
dius of the runaway beam, while the smaller pattern detected
by the forward viewing camera is due to the fact that the syn-
chrotron radiation at 912nm is due only to the high-energy
tail of the runaway population. Rough reconstructions of the
RE beam radial profile using soft x-ray and interferometer
measurements indicate that the RE beam current is domi-
nantly concentrated in a narrow beam but is surrounded by a
larger diffuse RE halo. This can also be seen in the backward
detected images. The forward detected images have an ellipti-
cal shape due to the forward-beaming nature of relativistic
synchrotron radiation in combination with the finite velocity
pitch angle of the electrons, as discussed in Sec. VIL

VIl. PITCH ANGLE

Here, we infer the RE trajectory based on the elongation
of the 2D synchrotron emission, with the analysis restricted

to oval-shaped runaway beams. Some elongation of the RE
beam can be due to the drift orbit shift of different energy
electrons within the beam,34 but because the visible camera
signal is dominated by the fastest electrons and thus re-
stricted to a relatively narrow energy range, the observed
elongation is attributed to the pitch angle 6.2~

For relativistic electrons, the radiation from each electron
is emitted into a cone where the angle of emission depends on
the electron energy and perpendicular momentum, with full
opening angle o = 20+ 1/y ~ 20, where 0 = v, /v|. The
term 1/y can be neglected because it is approximately an
order of magnitude smaller than the experimentally inferred
value of 0. Thus, for highly relativistic electrons the opening
angle of the forward-directed synchrotron radiation is strongly
determined by the cyclotron motion. We follow previous anal-
to infer the divergence of the radiation and thus 6.
Due to toroidal curvature of the electron orbit and finite open-
ing angle o for the cone of forward radiation, the camera’s
tangential view of a circular RE beam detects a larger hori-
zontal extent of radiation compared to the vertical extent by
the amount Ar = R, (1 — cos 0) ~ R,0%, as shown in Fig. 9.
This results in an elliptical shape of the detected radiation.
Helical field lines create a tilted ellipse because on the high
field side of the magnetic axis REs travel upward toward the
forward viewing camera, while on the low field side REs
travel slightly downward. For a circular cross section runaway
beam, this field line effect in combination with finite 0 results
in a forward-measured 2D radiation spatial profile that is a
tilted ellipse with respect to the equatorial plane.

To determine the pitch angle, the RE beam is fit with an
ellipse using an intensity contour that is chosen to be 50%
of the maximum intensity. The result of such a fit is shown
in Fig. 10 as the dashed oval with major axis @ = 16cm
and minor axis b =11 cm. The pitch is calculated as

0 =+/(a—Db)/R, yielding a pitch angle for this case of
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Camera detects radiation

Plan view o only along bold arc

Electron
orbit

FIG. 9. Top-view schematic showing the horizontal extension of detected
radiation from a relativistic electron with angle of emission «. The electron
guiding center moves in a circular orbit with major radius R,. For a circular
beam, the horizontal dimension of detected radiation exceeds the vertical
dimension by the amount Ar =R, —d =R, — R, cos(2/2). Adapted from
Ref. 30.

approximately 0.17. We find values for 0 for oval shaped
runaway beams typically range from 0.10 to 0.20, which are
similar in magnitude with those inferred for startup REs in
TEXTOR.”

VIil. DISCUSSION AND SUMMARY

The fastest REs have energy that is roughly consistent
with acceleration due to the OD toroidal electric field induced
during the current quench, although the source of the RE
seed term is currently unknown. While the energy deter-
mined from the synchrotron intensity matches the 0D model
quite well, it is uncertain whether the synchrotron loss is the
only mechanism limiting the runaway energy. Other loss
mechanisms may be important such as resonance between
the electron gyromotion and magnetic error fields in DIII-D.

The difference in size, shape, and intensity of the images
from the forward and backward viewing cameras indicate
several things: (i) there is an energy profile to the RE beam,
(i) the shape of the forward emission is affected by the radi-
ation cone angle, and (iii) different physical mechanisms
generate the radiation detected in the opposing views. The
runaways detected by the forward viewing camera in visible
synchrotron light are limited to highly relativistic electrons

z(m)

FIG. 10. Forward detected camera image from shot 142726 at r = 2030 ms
using a narrowband filter with central wavelength 912nm. The black dashed
oval is the result of fitting an ellipse to the 50% intensity contour; the major
and minor axes of the ellipse-fit are used to determine the runaway pitch angle.

Phys. Plasmas 20, 042113 (2013)

with energy greater than 25 MeV. The emission detected at
larger radii in the backward data is attributed to a diffuse
halo of lower energy runaways that excite background
plasma. The radial variation in energy could be due to a
stronger resonance between runaways and the magnetic field
ripple at the edge of the beam, which would result in a larger
pitch angle and thus a stronger radiative loss.*®

The relatively large values of 6 are consistent with theo-
retical predications of avalanche creation of relativistic elec-
trons, because during avalanching the transverse momentum
is predicted to be significant.*”*® Avalanching is also sup-
ported by our determination that the fastest electrons
detected in the visible spectrum do not carry much of the
current, since avalanching would result in a broad distribu-
tion function. However, it is not known yet if avalanching
occurs in DIII-D and the physics behind the formation of the
runaway seed population is still being investigated. In addi-
tion to understanding the generation mechanism of the RE
beam during disruptions, future work includes studying the
variety of instabilities and detected shapes of the RE beam,
and possibly inferring details of the magnetic topology based
on runaway images.

In conclusion, we present the first visible-light images of
disruption-generated runaway electrons, and show that the
forward viewing camera detects synchrotron radiation from
high energy electrons that have energy up to 60 MeV.
Synchrotron emission measured by both the visible spectrom-
eter and the visible camera is dominated by the high-energy
electron population because of the sharp cutoff of synchro-
tron emission at short wavelengths. Fitting the magnitude and
shape of the forward detected spectroscopic data to synchro-
tron spectra reveals that approximately 1% of the measured
current is carried by high energy runaways with approximate
energy of 45 MeV. The camera-measured oval shape of the
synchrotron runaway beam is used to determine the pitch
angle 0 = v, /v of runaways, which ranges from 0.1 to 0.2.
The analysis presented here is done on RE beams with oval
shapes, however, other shapes are sometimes observed. As
expected for relativistic electrons emitting synchrotron emis-
sion, a striking difference in the shape and intensity of the
emission is seen in the forward versus backward viewing
cameras. The high energy RE population is unaffected by
deuterium pellet injection and by low-Z gas injection. High-Z
impurity injection may be a possible means to collisionally
suppress runaways in order to avoid wall damage in future
fusion devices, and this will be addressed in a future paper.
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