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Abstract
To avoid or mitigate runaway electron (RE) beams in ITER, RE-driven instabilities are actively
studied as a complimentary technique to massive material injection. In this work we report
experimental dependencies of Alfvénic instabilities driven by REs during the current quench in
DIII-D on plasma and material injection parameters. These instabilities, observed in the
frequency range of 0.1–3MHz, correlate with increased RE loss and thus may play a role in
non-sustained RE beams. It was found that as the toroidal magnetic field (BT) decreases, the RE
population becomes more energetic, the energy of instabilities increases, and no RE beam is
observed when the maximum energy of REs exceeds 15MeV (or when BT is below 1.8 T).
Analysis of disruptions at plasma core temperature (Te) of 1 keV and 8 keV shows that the RE
population is much less energetic (with the maximum energy of only about 3MeV) when Te is
high, and no instabilities are observed in this case. Besides disruptions above caused by Ar
injection, cases with Ne and D2 injections were also studied. Both Ne and D2 injections cause
no sustained RE beams, however, for different reasons. Measurements of the instability
polarization indicate that it is of predominantly compressional nature at the edge, which is
consistent with modeling suggesting excitation of compressional Alfvén eigenmodes. However,
drive of global Alfvén eigenmodes is also possible at low frequencies.
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1. Introduction

Avoidance or dissipation of runaway electron (RE) beams in
ITER and future high current tokamaks is of urgent and crit-
ical importance [1, 2]. Despite the fact that shattered pellet
injection has been adopted as the baseline disruption mitig-
ation scheme for ITER [3], alternative or complimentary tech-
niques focused on RE dissipation are also being actively stud-
ied. Among them are RE beam safe loss via MHD instability
[4–6], RE deconfinement via disruption-excited passive 3D
coil [7, 8], and RE dissipation via launching of external waves
[9]. The latter search is motivated by the discovery of kinetic
instabilities driven by REs during the current quench (CQ)
in DIII-D [10] and similar instabilities in ASDEX Upgrade
[11]. It was also predicted that alpha particles can drive kin-
etic instabilities during the CQ in ITER scattering REs off the
plasma [12].Mitigation techniques expelling REs from plasma
during the CQ are very appealing since unlike an impurity
injection they can help to reduce high avalanche gain in high
current tokamaks.

On DIII-D, it was observed that kinetic instabilities cor-
relate with increased RE loss, and when their energy exceeds
some threshold no sustainable RE beam can be gener-
ated. It was also measured that the power of instabilities
increases as the RE population becomes more energetic,
and such actuators as increasing pre-disruption plasma cur-
rent and decreasing amount of injected argon (used to delib-
erately trigger the disruption) both increase the energy of
REs. The frequency of instabilities (magnetic fluctuations)
was found to be within 0.1–3MHz, which corresponds to
f/fci ≈ 0.1–3.6, where fci is ion cyclotron frequency. Based
on the frequency analysis, compressional Alfvén eigenmodes
(CAEs) were proposed as the candidate instability, which was
later supported by modeling [13]. According to this mod-
eling, CAEs can be driven by barely passing and trapped
REs, formed via collisions with plasma impurities enhan-
cing the pitch angle scattering. Resonant REs excite CAEs
through the gradient of the distribution function in the
momentum space and radial direction. Interaction with CAEs
increases the radial transport of REs. As shown in more
recent simulations [14], strong instabilities can produce large-
amplitude perpendicular magnetic fluctuations (δB⊥), and
the overlap of multiple modes can lead to diffusion of both
resonant and non-resonant REs on the timescale of a few
milliseconds.

In this paper we report observation of Alfvénic instabilit-
ies driven by REs during the CQ in DIII-D depending on the
plasma, material injection and RE parameters. In section 3 we
document the dependence on the toroidal magnetic field, in
section 4 we present the effect of the pre-disruption plasma
electron temperature, in section 5 we report massive gas injec-
tions (MGIs) of species other than argon (such as neon and
deuterium, but do not study mixture of gases to ease execution
and interpretation of experiments), and in section 6 we present
measurements of the polarization and toroidalmode number of
instabilities.

2. Experimental setup

These experiments have been performed on the DIII-D
tokamak [15] using an inner wall limited, electron cyclotron
heated ohmic plasma deliberately disrupted viamassivemater-
ial injection. Plasma current, toroidal magnetic field, electron
temperature and parameters of a material injection specific
to every experiment are listed in the separate sections below.
Since plasma diagnosis during disruptions, when its paramet-
ers change by many orders of magnitude on a millisecond
time scale, is very challenging, we relied only on a limited set
of diagnostics. The magnetic fluctuations caused by Alfvénic
instabilities were measured using a recently upgraded radio
frequency (RF) magnetic diagnostic [16], with three toroidal
magnetic loops (separated by 13.1◦ and 17.6◦) located at the
outer mid-plane providing a toroidal mode number and two
orthogonal loops located at the outer wall providing polar-
ization. The RF diagnostic is not absolutely calibrated, has
a cut-off below 0.1MHz, and can measure without aliasing
up to 100MHz. The hard x-ray (HXR) bremsstrahlung radi-
ation from confined REs was measured using a collimated
tangential single central sight-line of the gamma ray imager
(GRI) [17–22] equipped with a LYSO:Ce gamma-ray detector
[23] (the noise floor was taken at 0.5MeV). The volumetric
HXR signal was measured by a distant scintillating detector
(BC-400) sensitive to HXRs with energy above 5MeV [24];
when this signal becomes spiky, we interpret this change as
RE loss to the wall. Edge plasma cooling was measured using
an edge channel of the electron cyclotron emission (ECE)
radiometer (87.5GHz, second harmonic, X-mode) [25]. Core
plasma cooling free of the density cut-off was measured using
the third harmonic broadband ECE diagnostic [26]. The line-
integrated electron density ⟨nel⟩ was measured using a mid-
plane radial chord of the CO2-interferometer [27].

3. Dependence of Alfvénic instabilities and RE
generation on BT

3.1. Motivation

There is a well-known threshold on toroidal magnetic field
BT > 2–2.2 T for RE beam generation [28]. This is not a
hard limit (for example KSTAR and J-TEXT reported occa-
sional generation of RE beams at BT being as low as 1.3 T
[29] and 1.2 T [30], respectively), but rather an operational
guidance to reliably achieve a sustainable RE beam. Though
later it was suggested that the ratio of magnetic fluctuations to
toroidal magnetic field δB/BT > 10−4–10−3 is likely a more
relevant metric for a non-sustained RE beam than a low BT

itself [31, 32].
Since the dispersion relation of Alfvénic instabilities scales

with the toroidal magnetic field as ω ∝ BT, it is possible
that the BT threshold can relate to these instabilities. For
example, decreasing BT may lead to their frequency shift-
ing to lower values which can change the resonant condi-
tion between instabilities and REs and affect the RE loss.
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Figure 1. (a)–(c) Spectrograms of magnetic fluctuations during the CQ for plasma with different BT, (d) power spectral density of magnetic
fluctuations along the vertical dash line (time average window is 50µs) shown in panels (a)–(c), (e) power of magnetic fluctuations
calculated in the range of 0.1–3MHz, ( f ) dependence of the RE current, measured in 10ms after tDisr, on BT (the dash line is to guide the
eye only) and the maximum amplitude of n= 1 mode of poloidal magnetic fluctuations measured at the LFS midplane and normalized to BT

at the wall. Disruptions were caused by 160 Torr·L of Ar MGI. The smooth increase of the HXR bremsstrahlung signal after the CQ can be
explained by the continuing influx of argon and, though to lesser extent than during the CQ, by increasing RE current replacing the thermal
current. The avalanche gain during the CQ is expected to be about a factor of 5 [34]; the RE current reaches a plateau when the collisional
damping balances acceleration by the electric field.

Moreover, Alfvénic instabilities typically become stronger
with increasing Alfvénic Mach number (v/vA, where v is a
characteristic velocity of REs driving the instability and vA is
Alfvénic velocity), which is inversely proportional to BT. For
example, increasing growth rate of RE-driven toroidal Alfvén
eigenmodes (TAEs) as BT decreases was found in [33]. In this
section we report how BT affects the Alfvénic instabilities and
RE generation.

3.2. Experiment

To study the BT effect, a typical scenario of the RE experi-
ment on DIII-D was employed: plasma current Ip = 0.8MA,
plasma core temperature Te = 1–2 keV, Ar MGI in the amount
of 160 Torr·L. The only varied parameter was BT changing
from 2.2 T to 1.6 T (this corresponds to a pre-disruption edge
safety factor changing from 5 to 3.9). No sustainable RE beam
was observed for BT < 1.8 T.

Spectrograms of toroidal magnetic field fluctuations meas-
ured during the CQ for three cases when BT equals 2.2 T, 2.0 T,
and 1.7 T are shown in figures 1(a)–(c), respectively. It can be
seen that the separate modes of instabilities shift as a whole
to lower frequencies and the spacing between them decreases

while the RE loss becomes more intermittent. The maximum
measured frequency of modes decreases from about 2MHz to
1MHz. The longest and brightest modes are observed for the
case with lowest BT and without sustainable RE beam. The
time of disruption tDisr here and later is defined as the moment
of an Ip spike.

Single vertical slices of these spectrograms taken in 4ms
after the disruption, when the frequency of the modes changes
slower than in the beginning of the CQ, are shown in
figure 1(d). The lowest frequency mode (denoted by ‘1’) is
located at 0.1MHz, 0.21MHz, 0.29MHz and the spacing
between modes equals to 0.19MHz, 0.22MHz, 0.31MHz for
BT equal 1.7 T, 2.0 T, and 2.2 T, respectively. The power of
modes over time, calculated in the range of 0.1–3MHz, is
shown in figure 1(e). It can be seen there that decreasing
magnetic field not only reduces the frequency and spacing of
modes, but also increases their power. The post-CQ RE cur-
rent IRE0, measured in 10ms after the disruptions, is shown in
figure 1( f ). Its magnitude increases from 0.28MA to 0.36MA
as BT increases from 1.8 T to 2.2 T. We consider IRE0 as pre-
dominately runaway current since cold post-disruption bulk
plasma (Te ≈ 1 eV, measured by Thomson scattering in 15ms
after the disruption) implies much higher resistance (about
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Figure 2. (a) HXR bremsstrahlung spectra from REs obtained over the CQ (integration window is 10ms after disruptions) at different BT,
(b) dependence of the energy of kinetic instabilities on the maximum energy of REs, (c) dependence of the maximum energy of REs on BT.
The disruptions were caused by 160 Torr·L of Ar MGI except for the Ne MGI cases (section 5) overplotted in panel (b). The same
integration time window is used for all HXR spectra to ease their comparison since reducing counting statistics for discharges with
sustained RE beam does not qualitatively change the observed dependence (the same spectra, but with poorer counting statistics, are
obtained with a 5ms integration window).

1mΩ, assuming Spitzer resistivity) than the resistance cal-
culated from the measured current (about 300 kA) and loop
voltage (about 10V) and equal to 30µΩ. The plasma power
balance in this case is dominantly set between collisional heat-
ing and argon line radiation [35, 36].

The observed change of the power of kinetic instabilities
could be solely associated with the magnetic field as it modi-
fies the dispersion relation, growth rate, and resonance condi-
tion. However, as it was shown in [10], their power can also
depend on the energy of REs. To compare the energy of REs,
the energy spectra of the HXR bremsstrahlung radiation from
REs obtained during 10ms after the disruptions are shown in
figure 2(a). There is clear difference between them for dis-
charges taken at different BT: as BT increases, the HXR spec-
tra soften and the maximum energy of HXRs decreases from
15MeV to 5MeV. Since deconvolution of HXR energy spectra
to RE energy spectra is complicated during the CQ with con-
tinuously changing magnetic equilibrium, we take the max-
imum HXR energy as a convenient 0D metrics to compare
how energetic the total RE population during the CQ. Simple
idea that the HXR energy does not exceed the energy of REs
allows us to use max EHXR as max ERE. The energy of the
modes, calculated over the duration of instabilities, is plot-
ted as a function of max ERE in figure 2(b). It non-linearly
increases as maxERE increases. No RE beam is observedwhen
max ERE exceeds 15MeV. Notably, max ERE inversely correl-
ates with BT: as shown in figure 2(c), decreasing BT leads to a
more energetic RE population.

3.3. Discussion and conclusions

The results of the RE beam generation at different BT clearly
show that Alfvénic instabilities play a role here and they
can at least partially explain the empirical observations that
probability of a sustained RE beam increases with increas-
ing BT. It is found that the frequency of separate modes
decreases (which changes the resonance condition), their spa-
cing decreases (which may ease mode overlap), and the power
of modes increases as BT decreases. All of these changes can
affect the instability drive as well as the scattering of REs from
the plasma. Since it is complicated to isolate and weigh their
individual effects on the RE loss experimentally, this will need
to be addressed in future simulations. Notably, the simultan-
eous decrease in BT and increase in max ERE would both act
to increase v/vA, which Alfvénic instabilities typically favor.

It is also important to note that the dependence of RE
energy on BT is not understood. Presumably, the magnetic
field magnitude affects the conversion of plasma current to
RE current (during both seed and avalanche phases), and as
it decreases, smaller population of REs needs to be accel-
erated to higher energy in attempt to replace the decaying
plasma current (besides the observed decreasing IRE0 as BT

decreases, this is also supported by the maximum loop voltage
linearly decreasing from 39V to 29V as BT increases from
1.8 T to 2.2 T). As a result, the more energetic RE popu-
lation may drive more powerful instabilities and effectively
‘kill’ itself in a vicious cycle via increased radial transport
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due to scattering on magnetic perturbations produced by these
instabilities. These observations are consistent with results
reported on JET, where decreasing BT correlated with decreas-
ing runaway current and increasing accelerating electric field
[37]. Also increasing magnetic fluctuations as BT decreases
were measured there during the CQ.

The reduced current conversion could hypothetically hap-
pen due to Alfvénic instabilities themselves. However, as
reported in literature, it may also happen due to increased
growth rate of whistler instabilities [38–40] (leading to
increased pitch-angle scattering mitigating RE generation
[41–43]) as well as decreased on-axis current density (lead-
ing to lower post-thermal electric field and weaker primary
RE generation) [40]. Though we should note that no whist-
ler instabilities were observed in this experiment. And despite
they could be overlooked due to excitation at very high fre-
quency, no direct RE loss driven by whistlers was documented
in the past dedicated experiments [44, 45] or shown theoretic-
ally to explain the observed intermittent RE loss to the wall
during the CQ.

Finally, we would like to mention the effect of MHD
instabilities on the current conversion. It is expected that the
MHD activity during the TQ may affect seed RE generation.
In these experiments, the peak amplitude of n= 1 mode of
poloidal magnetic fluctuations (δBP,n=1), measured at the low
field side (LFS) midplane during the TQ, was about 100–
120G. Its value, normalized to BT at the measurement loca-
tion, is shown in figure 1( f ) as a function of BT. Since it is
difficult to see any clear dependence of δBP,n=1 on BT without
collecting more statistics, presently we assume that decreasing
BT does not increaseMHD instabilities during the TQ and thus
it does not affect seed RE generation via increased RE loss.

4. Alfvénic instabilities at reactor-relevant
temperature

4.1. Motivation

Previously, no effect of the pre-disruption electron temper-
ature Te on the RE generation and kinetic instabilities has
been found [10]. However, that study was limited by max-
imum Te = 4 keV. To access the reactor-relevant temperature
Te ≈ 10 keV, a new scenario, based on formation of the internal
transport barrier, has been developed [34] following theoret-
ical works on so-called hot tail generation [46–48]. At such
temperature, the conversion of thermal to runaway current
increases from typical DIII-D value of 20%–40% to nearly
100%. In this respect, it is interesting to study how this changes
the RE distribution and drive of kinetic instabilities.

4.2. Experiment

In this experiment the pre-disruption core Te was varied from
1 keV to 8 keV, while all other parameters (Ip = 0.6MA, BT =
2.2 T, argon ‘killer’ pellet injection of 14 Torr·L to trigger the
disruption) were kept constant.

Two extreme cases are shown in figures 3(a) and (b): a
disruption at Te = 1 keV leading to the RE beam with con-
version of 20% and a disruption at Te = 8 keV resulting into
80% conversion of thermal to RE current. It can be also seen
that besides remarkably different post-disruption RE currents,
these cases show almost opposite magnetic activities. The
disruption at Te = 1 keV is accompanied by moderate mag-
netic activity with a weak single mode, while the disruption
at Te = 8 keV does not show any noticeable rise of magnetic
fluctuations: magnetic signatures before and after the disrup-
tion look very similar to each other. Relatively weak magnetic
activity without many clear modes observed even in the ‘cold’
case is often documented after Ar killer pellet compared to Ar
MGI, as discussed in [10].

The HXR spectra for ‘cold’ and ‘hot’ disruptions are shown
in figure 3(c). Lower pre-disruption Te leads to clearly harder
HXR spectra with maximum HXR (RE) energy about 5MeV,
while higher pre-disruption Te corresponds to much softer
HXR spectra with twice less maximum HXR (RE) energy. We
should note that even discharges with the hardest HXR spectra
have the maximum energy barely reaching the lowest energy
observed in the BT experiment with Ar MGI, where low and
mid-energetic RE populations correlated with sustained RE
beams (section 3).

4.3. Discussion and conclusions

The experiment on RE generation in discharges with high and
low pre-disruption Te shows that the high Te discharges have
greater conversion of plasma to RE current than the low Te
discharges and also lead to less energetic RE population and
no signs of kinetic instabilities during the CQ. These observa-
tions are consistent with the model [48] predicting increasing
current conversion and decreasing electron acceleration as the
temperature increases. This result also does not contradict the
hypothesis proposed in section 3 to explain the dependence
of RE energy on BT. Namely, that decreasing magnetic field
presumably decreases the conversion of thermal to RE cur-
rent, which leads to increased RE energy and increased power
of kinetic instabilities further increasing the RE loss. In this
paper we do not calculate the wave damping and kinetic drive
at high Te to explain theoretically the lack of instabilities at
reactor-relevant temperature. Such task is out of the scope of
this work, and we leave it for future. However, we would like
to note that modeling at low Te [13] points out the necessity
of higher energy REs to observe the excitation of instabilities.
This is required to satisfy the resonant condition between REs
and plasma waves, since the precession frequency of trapped
REs, driving the instabilities, depends on their energy.

5. Ne MGI and D2 MGI quantity scan

5.1. Motivation

Historically, injections of impurities other than Ar have not
led to generation of a sustained deliberate post-disruption
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Figure 3. (a) and (b) spectrograms of toroidal magnetic field fluctuations in the discharge with pre-disruption core Te = 1 keV and
Te = 8 keV, respectively, (c) HXR bremsstrahlung spectra from REs obtained over the CQ (integration window is 10ms after disruptions) in
discharges with different pre-disruption Te.

RE beam in DIII-D (recently it was discovered that C influx
from the wall into a high-temperature target plasma with Te >
10 keV can also produce a lower energy RE beam [34]). Con-
sequently, such scenarios were abandoned in favor of the Ar
pellet injection and Ar MGI. In order to investigate whether
the instabilities driven by REs during the CQ and scattering
REs off the plasma may play a role after injections of Ne or
D2, we revisited these cases owing the improved diagnostic
coverage with the upgraded GRI and RF diagnostic.

5.2. Experiment

Parameters of the target plasma were the same as in the exper-
iment with ArMGI described in section 3. The only difference
was the injected species, D2 MGI and Ne MGI. The amounts
injected were varied from 100Torr·L to 800 Torr·L.

5.2.1. Disruptions caused by NeMGI. As in the past, no sus-
tained RE beam was observed after Ne MGI. However, both
RE population and Alfvénic instabilities were diagnosed dur-
ing the CQ. The Alfvénic instabilities seen in magnetic spec-
trograms as separate modes in the range from 0.1–3MHzwere
the most clear and longest-duration of all cases studied before.
The energy of instabilities after Ne MGI is by factor of 10
greater than for similar Ar MGI cases (with the same BT and
amount injected).

Two disruptions, with injections of 110 Torr·L and
740Torr·L of Ne are shown in figures 4(a) and (b), respect-
ively. It can be seen, that the greater injection leads to
instabilities shifted to lower frequencies. This is expected
since the frequency of Alfvénic instabilities decreases as
the ion density increases (or the electron density, assuming

plasma quasineutrality). The same dependence should explain
gradually decreasing frequency of modes during the CQ
after impurity injection. Though verification of the scaling
f∝ n−1/2

i is not possible during the CQ due to unknown dens-
ity distribution as well as the lack of assurance that the other
plasma parameters stay the same. As the amount injected
increases, the RE population becomes less energetic as shown
in figure 4(c). This effect is similar to cases with increasing
amount of Ar MGI [10] and may be explained by increased
collisional damping of REs. However, compared to Ar MGI,
Ne MGI does not reduce the energy of the RE population to
the same extent; even at the maximum injected amount of Ne,
the maximum energy of REs is still about 13MeV (which for
a similar Ar MGI case would typically cause no sustained RE
beam). This weak and not understood effect of the injected
Ne amount on the energy of REs or poor statistics may be
a reason of the vague dependence of maximum RE energy
on the energy of instabilities observed in the experiment and
shown in figure 2(b).

Despite relatively energetic RE population after Ne MGI
may lead to somewhat elevated energy of instabilities dur-
ing the CQ, which could increase the RE loss and prevent
formation of a sustained RE beam, the role of these instabil-
ities is assumed to be minor here. This can be seen from the
comparison of disruptions caused by Ne MGI and Ar MGI
which are very different. For the ArMGI case, the HXR signal
from REs is observed from the beginning of CQ and it quickly
increases within 1ms (see figure 5(d)). For the Ne MGI case,
the increase of the HXR signal is muchmore delayed, closer to
themid-CQ, and less steep (see figure 5(d)). This indicates that
fewer seed REs enter into the CQ after Ne MGI and as a result
they are accelerated to higher energy. This poorer seeding of
REs is not understood yet, because Ne MGI causes faster TQ
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Figure 4. (a) and (b) spectrograms of toroidal magnetic field fluctuations after 110 Torr·L and 740 Torr·L of Ne MGI, respectively.
Overplotted are plasma current Ip and line-integrated electron density ⟨nel⟩; (c) dependence of the HXR bremsstrahlung spectra from REs
obtained over the CQ (integration window is 10ms after the disruptions) on the Ne MGI amount.

Figure 5. Comparison of plasma signals during disruptions after Ne
MGI and Ar MGI. (a) Plasma current, (b) electron temperature by
an edge ECE channel, (c) core plasma cooling by the 3rd harmonic
broadband ECE, (d) HXR flux by the GRI.

than Ar MGI (0.3ms vs 0.5ms, as seen in figure 5(c)), which
is expected to be favorable for the primary RE generation [34].
Besides possible poor initial seeding during the TQ, worse
post-TQ survival of seed REs caused by MHD instabilities
during the flattening of the current profile may be another

reason. This worse survival would explain no effect of shorter
TQ as well as more peaked ECE and HXR signals at t= 0 in
figures 5(b) and (d), potentially associated with stronger RE
seeding after Ne MGI. The seed REs are presently not well
diagnosed at DIII-D due to the lack of measurements in the
energy range from tens to hundreds keV, thus it is difficult
to draw a conclusion whether Ne MGI indeed supplies fewer
seed REs into the CQ.

In short, the role of Alfvénic instabilities is assumed to be
less important than a small number of seed REs entering into
the CQ after Ne MGI. But this reduced inventory of seed REs
has no clear explanation yet.

5.2.2. Disruptions caused by D2 MGI. D2 MGI is another
injection known to produce no sustained RE beams in DIII-
D. Its study on the presence of Alfvénic instabilities is also
important since a low-Z injection is considered to be the
primary mean to suppress the RE generation in ITER. The
experiment shows that the lack of the RE beam cannot be
explained by instabilities increasing the RE loss during the
CQ. As seen in figure 6(a), no instabilities and no RE loss
are observed after D2 MGI. No signals from confined REs can
be measured too. We explain this phenomenon by too slow
plasma cooling during the TQ which causes slow increase
in resistivity, small induced electric field and suppressed RE
generation. Measurements of the plasma cooling after Ar
MGI and D2 MGI shown in figure 6(b) support this hypo-
thesis. D2 MGI causes a TQ by factor of 3 longer than Ar
MGI (1.5ms compared to 0.5ms, respectively). An unusually
wide Ip spike of about 2ms can be also seen in figure 6(a).
The duration of the CQ after D2 MGI is also longer than
for other injections: about 8ms compared to typical 5ms.
A survey of disruptions caused by D2 MGI shows that such
an injection often does not ultimately disrupt the usual RE
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Figure 6. (a) Magnetic spectrogram during the CQ after D2 MGI, (b) core plasma cooling by 3rd harmonic broadband ECE diagnostic.

target plasma in DIII-D: there are numerous observations
of a staggered loss of the plasma thermal energy and very
long CQ up to tens of ms with many small Ip spikes along
the way.

6. Polarization and toroidal mode number of
instabilities

6.1. Motivation

A recent upgrade of the RF diagnostic on DIII-D [16] provided
previously missing measurements of the polarization and tor-
oidal mode number of instabilities. The polarization data is
useful to analyze whether the Alfvénic instabilities are of a
shear (such as TAEs, global Alfvén eigenmodes (GAEs), etc)
or compressional (such as CAEs) nature. The toroidal mode
number is important to verify the validity of models such as
the one developed in [13]. However, we should note that these
are measurements at the edge, thus the information about the
internal mode structure can be lacking.

6.2. Experiment

Plasma and injection parameters in this experiment are the
same as in the BT experiment presented in section 3.

The polarization of magnetic fluctuations is shown in
figure 7(a). It is calculated as a dimensionless ratio of tor-
oidal to poloidal fluctuations δBT/δBP using two orthogonal
loops of the RF diagnostic. The corresponding magnetic spec-
trogram can be found in figure 1(b). It can be seen that the
polarization is predominantly toroidal (compressional) over
the area with instabilities. Insufficient resolution of separate
modes can be likely explained by closely-spaced and relatively
short modes. The mean polarization is presented in figure 7(b).
It is obtained using a masking technique by separation of
modes from the background in the magnetic spectrograms (by
choosing regions with cross-power above 65% of the max-
imum cross-power) and calculating an average polarization
over the same time–frequency region in polarization plots.
The mean polarization linearly increases as BT decreases,
suggesting that the Alfvénic instabilities become more
compressional.

The toroidally separated RF loops allow us to calculate the
toroidal mode numbers of Alfvénic instabilities as shown in
figure 7(c). Fast dynamics of the CQ and closely-spacedmodes
complicate this analysis too, though modes from n=−1 to
n= 1 can be still seen. Analysis of available discharges shows
that n=−1 is often the lowest frequency mode, n= 0 seems
to be the most dominant mode (more on that in the discussion),
and higher modes are often seen at higher frequencies (up to
n= 2 in one discharge with Ar MGI and two discharges with
high amounts of Ne MGI.)

6.3. Discussion and conclusions

The polarization measurements are consistent with previous
estimates and modeling suggesting that the kinetic instabil-
ities observed during the CQ are CAEs [10, 13]. However,
we should note once again that these are measurements at
the edge, thus they are not necessarily representative of the
polarization deeper in the plasma, where the modes may be
localized. Experimental and theoretical studies of CAEs and
GAEs driven by fast ions show what both have large compres-
sional component at the edge even though dominant polariz-
ations in the core are very different (δBT/δBP ≫ 1 for CAEs
and δBT/δBP ≪ 1 for GAEs) [49–52].

In the measured frequency range GAEs as the candidate
instability can be excluded for modes observed above and near
fci, since shear waves would be evanescent at such frequencies.
However, both CAEs and GAEs can be driven at frequencies
below fci.

Excitation of GAEs at low frequencies can actually explain
a few exceptional cases where spectrograms do not exhibit
modes tracking in the same direction. For example, figure 8(a)
shows two lowest modes changing their frequency in the
opposite directions during t≈ 5–7ms. This behavior cannot be
explained by evolving CAEs since the dispersion relation for
CAEs states ω(t)≈ kvA(t) (where k is a wave number), i.e. all
spectral lines must evolve parallel to one another, since the
time dependence does not depend on the mode numbers. Con-
versely, shear modes such as GAEs are known to exhibit spec-
tral lines evolving differently since their dispersion relation
ω(t)≈ k∥(t)vA(t) (where k∥ is a parallel wave number) can
have different time evolution for different m numbers, since
k∥(t) = (n−m/q(t))/R, where n, m are toroidal and poloidal
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Figure 7. (a) Polarization of magnetic instabilities. fci is calculated assuming that Ar+ is the dominant species across the RE beam;
(b) mean polarization calculated over the presence of modes (the dash line is to guide the eye only); (c) toroidal mode number of magnetic
instabilities.

Figure 8. (a) Spectrogram of magnetic fluctuations showing an example of two lowest frequency modes evolving in different directions
during t≈ 5–7ms, (b) polarization of magnetic fluctuations δBT/δBP. fci is calculated assuming that Ne+ is the dominant species over the
RE beam.

mode numbers, respectively, q is a safety factor, and R is a
major radius. Excitation of GAEs at lower frequencies would
be also consistent with the transition from compressional to
shear polarization seen at lower frequencies in figure 8(b).

Regarding the measurements of the toroidal mode number
of kinetic instabilities, observation of n= 0 mode seems to be
doubtful. At first, excitation of this mode is not predicted by
the existing model of CAEs driven by REs in DIII-D [13].
Secondly, n= 0 mode prevents change in the toroidal angu-
lar momentum of runaways [53] which would suppress their
radial transport. Since there are only three toroidal RF loops
available for mode fitting, and the loops are closely spaced,
it is possible that close modes are not robustly distinguished.

This is particularly true for modes quickly evolving during
disruptions; also a small circular quenching plasma displaced
to the centerpost provides relatively weak magnetic signals,
which increases chances to pick up noise.

Additional analysis of lower frequency modes using an
array of regular DIII-D magnetic probes (with the maximum
cut-off at about 100–200 kHz), shows good fit for n=−1 and
n= 1 modes, but much less plausible result for n= 0. A data-
base study using the same probes finds that n= 0mode is often
detected during the CQ, even in disruptions without any signs
of kinetic instabilities or REs. This does not allow us to com-
pletely rule out the observation of instability n= 0 mode, but
indicates high probability that this signal can be seen by other
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Table 1. List of all analyzed disruptions on presence of Alfvénic instabilities during the CQ on DIII-D. PI = ‘killer’ pellet injection, MGI =
massive gas injection, SPI = shattered pellet injection.

Primary injection RE beam Instabilities Comment

Ar PI mostly ✓ mostly × Instabilities are rare, but no RE beam in such cases
Favorable for RE beam: high BT (⩾ 2.2 T),
low IP (< 1.2MA), high Te (⩾ 8 keV)

Ar MGI ✓/× ✓ Typically instabilities always present
For RE beam: same as for Ar PI, qty ⩾ 150 Torr·L

Ne MGI × ✓ No RE beam even for qty> 1100 Torr·L
Ne SPI × ✓ Elongated IWL and Super-H targets surveyed
D2 MGI × × Plasma cooling is too slow to generate REs
D2 SPI × ✓ Instabilities only for Super H-mode target
Ne + D2 SPI × ✓ Instabilities only for Super H-mode target
C influx ×/✓ ✓/× No instabilities at high Te (⩾8 keV)
solid plastic pellet × ✓ Only Super H- and Hybrid mode surveyed
C +W shell pellet × ✓ Only Super H- and Hybrid mode surveyed
C + B shell pellet × ✓ Only Super H- and Hybrid mode surveyed

reasons, for example, due to correlated noise (e.g. from chop-
pers of poloidal field coils) or changing plasma equilibrium.

7. Summary and conclusions

In this work we documented the generation of sustained RE
beams and parameters of RE-drivenAlfvénic instabilities (pre-
sumably increasing RE loss from the plasma) during the CQ
depending on the toroidal magnetic field, core plasma tem-
perature, and species of material injection used to deliberately
trigger the disruptions. It was observed that these instabilities
almost always play a role in non-sustained RE beams, but this
effect depends on parameters of the disruption.

It was found that lower magnetic field leads to increased RE
energy, increased power and energy of Alfvénic instabilities
and no sustained RE beam if the maximumRE energy is above
15MeV (corresponds to BT below 1.8 T). This is presumably
caused by decreasing conversion of thermal to RE current as
BT decreases and acceleration of fewer REs to higher energy
which is favorable for the excitation and greater energy of
instabilities. As discussed in section 3, this decreased con-
version can be explained by different reasons, including the
presence of Alfvénic and high-frequency whistler instabilit-
ies, both favoring low BT, or by on-axis current decreasing
with BT.

The increased core plasma temperature leads to an opposite
and more pronounced effect: at Te = 8 keV the RE population
is low energetic (max ERE < 3MeV) and no instabilities can
be observed, which can also be explained by increased current
conversion.

Analysis of disruptions caused by Ne MGI and D2 MGI,
typically producing no sustained RE beams and abandoned
in favor of the Ar injection in the RE experiments on DIII-
D, shows that Ne MGI leads to highly energetic RE popula-
tion (>13–23MeV) and the most clear and longest-duration
(though moderately-energetic) instabilities of all cases stud-
ied. The increasing amount of Ne decreases the energy of REs,
but they can still drive significant Alfvénic instabilities. How-
ever, poor RE seeding or poor survival of seed REs after Ne

MGI may also be responsible for non-sustained RE beams.
The injection of D2 MGI, also leading to no sustained RE
beams, was not found to be related to Alfvénic instabilities:
no signs of instabilities and no REs are measured during the
CQ, which can be explained by too slow plasma cooling dur-
ing the thermal quench.

The frequency dependence of instabilities on the toroidal
magnetic field is as expected for Alfvénic instabilities. The
dependence on the ion (electron) density is consistent with
Alfvénic instabilities, but it is not possible to fully verify this
due to diagnostic constraints. The measured edge polarization
and toroidal mode numbers are compatible with the model-
ing predicting excitation of CAEs, but the measurements can
not rule out shear GAEs in the range of f< fci either, since
similar modeling and measurements of fast-ion-driven modes
find compressional polarization at the edge for both CAEs
and GAEs. Furthermore, examples of observed spectral lines
evolving in different directions can not be straightforwardly
explained if all modes were CAEs. Instead, this phenomenon
could indicate that a low frequency subset of the Alfvénic
activity is a shear wave, such as a GAE.

The survey of all disruptions studied on DIII-D, including
the ones not discussed in this work, is given in table 1. It can
be seen that there is always correlation between the presence
of Alfvénic instabilities during the CQ and lack of sustained
RE beam. The only outlier is D2 MGI, though we expect that
similar to D2 SPI, it can still drive Alfvénic waves if a high-
energy/high-current target plasma is used.

This survey also shows that reactor-relevant high plasma
temperature and magnetic field are favorable for sustained RE
beams. However, we consider that direct extrapolation of these
results to ITER would be too straightforward. At first, reactor-
relevant plasma current and low-Z impurity injection would
be favorable for non-sustained RE beams, however, the mag-
nitude of this counter-effect is unclear. And secondly, com-
prehensive modeling is necessary to weigh and better under-
stand every dependence found and correctly extrapolate from
DIII-D to ITER parameters. We should also point out that
even if natural RE-driven CAEs and/or GAEs cannot prevent
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RE generation, an external launch of similar waves using an
antenna is still worth considering.

In future we plan to experimentally investigate RE gen-
eration after D2 MGI/SPI in high-current/high-energy target
plasma scenarios. A closer look at RE generation after Ne
injections, including the RE seed formation, is also needed to
better understand the physics of this process and derive more
clear dependencies. Both experimental and simulation work
is planned to study applicability of externally launched waves
for RE dissipation.

To improve the existing model of RE-driven CAEs, and
further understand the mode excitation mechanism and the
dependence of mode growth on the plasma condition, we plan
to use a kinetic-MHD code, like M3D-C1 [54] or MEGA
[55], to do fist-principle simulation to calculate the eigenmode
structure, growth rates and frequencies to compare with exper-
iments. The collisional damping of the mode will be included
with the model described in [13]. We will also carry out a non-
linear simulation to study the diffusion of REs due to perturbed
magnetic fields, and test whether such modes can be driven in
ITER scenarios.
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Appendix. Additional plasma signals during the CQ

In this appendix we present plasma signals which may be
useful to the interested reader for the initial modeling of RE

Figure A1. (a) Plasma current, (b) edge and central loop voltages,
(c) line-integrated and line-averaged electron densities, (d) effective
plasma charge, (e) the ratio of the Rosenbluth–Putvinski critical
field to induced electric field.

generation and Alfvénic drive. We also encourage all inter-
ested parties to contact the authors to discuss any additional
input needed.

Figure A1 shows the traces of the plasma current, loop
voltage, line-integrated and line-averaged electron densities,
effective plasma charge, and the ratio of the critical electric
field to induced electric field in discharge #185572 (presen-
ted earlier in section 3). The plasma current (Ip) is meas-
ured by magnetic probes inside the vessel which provides
the best time resolution and also compensates the vessel cur-
rents. The edge loop voltage (Uloop) is measured by a detector
at the wall. Since the current profile changes during the dis-
ruption, Uloop is expected to be radius-dependent. The loop
voltage in the central plasma region is estimated using the
JFIT code, which calculates the current distribution by fitting
distributed current elements [56]. For slow time scales (about
1ms) it provides reasonable estimations of the central Uloop

[57]. The line-integrated electron density (⟨nel⟩) is measured
using the mid-plane radial chord of the CO2-interferometer.
The line-averaged electron density (⟨ne⟩) is calculated from
(⟨nel⟩) using EFIT reconstructions of the plasma geometry.
The effective plasma charge (Zeff) cannot be routinely meas-
ured during impurity-induced disruptions due to high radi-
ation level compromising visible bremsstrahlung and charge
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Figure A2. (a) Plasma current and times of the temperature profiles,
(b) temperature profiles by the Thomson scattering during the CQ
mapped to the normalized poloidal magnetic flux.

exchange recombination signals used for Zeff calculations.
Instead, Zeff is estimated using the 0D code KPRAD, which
models impurity deposition and radiation [58–60]. Notably,
the RE generation was not modeled by KPRAD, it assumes a
complete CQwithout formation of the RE plateau. The ratio of
the critical electric field to induced electric field (Ecrit/Ephi) is
calculated using the Rosenbluth–Putvinski critical field [61]
estimated from ⟨ne⟩ and Zeff and the induced electric field
estimated from the central Uloop. The Connor–Hastie critical
field [62] is not shown as it does not take into account bound
electrons which are important for the argon massive injection.

Figure A2 presents the electron temperature profiles dur-
ing the CQ for a similar RE discharge (#178663). These pro-
files are measured by the Thomson scattering diagnostic, and
they only occasionally become available during the CQ when
the lasers’ pulses overlaps with the CQ. Since #178663 was a
discharge disrupted by an Ar killer pellet, we do not provide
the electron density profiles to avoid confusing the reader (the
discharge #185572 employed Ar MGI in the amount of 10×
greater). However, we assume the temperature dynamics to be
similar during the CQ in these two discharges since the same
picture is observed during typical CQs in DIII-D: the temper-
ature profile is flat and decreases from tens of eV at the very
beginning of the CQ to a few eV at the end
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