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Abstract

CrossMark

Halo current (HC) rotation during disruptions can be potentially dangerous if resonant with the
structures surrounding a tokamak plasma. We propose a drift-frequency-based scaling law for
the rotation frequency of the asymmetric component of the HC as a function of toroidal field
strength and plasma minor radius (f,oy &< 1/Bra?). This scaling law is consistent with results
reported for many tokamaks and is motivated by the faster HC rotation observed in the
HBT-EP tokamak. Projection of the rotation frequency to ITER and SPARC parameters
suggest the asymmetric HC rotation will be on the order of 10 Hz and 60 Hz, respectively.
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1. Introduction

Damage to the vacuum vessel (VV) and other integral com-
ponents due to electromagnetic (EM) loads during disruption
events is a concern for high current tokamak devices, which are
susceptible to strong currents, called halo currents (HCs), that
can be exchanged between the VV and the plasma edge dur-
ing disruptions [1-3]. These HCs can have significant toroidal
asymmetries [4—12] in addition to their axisymmetric compo-
nents, and when their poloidal component is crossed with the
toroidal field, it can lead to large asymmetric sideways forces
on the VV and other mechanical components [4, 13]. These
asymmetric HCs have been observed to rotate when g4,
falls below 2 [4, 9], with rotation frequencies ranging from
100 s of Hz to 10 s of kHz among machines of various sizes
[20]. These HC rotations can be especially concerning if their
rotation frequency nears that of any of the vessel’s natural
resonant frequencies, significantly amplifying the damaging
effects of the EM loads if two or more revolutions are made.
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Progress has been made in understanding and simulating
axisymmetric HCs [14, 15]; however, much less is understood
about the rotation dynamics of their asymmetric components
[16—18]. Attempts to understand the physics of the rotation
through theoretical means have been proposed [19], but have
not been experimentally verified. To date, only an empirical
prediction for the rotation frequency of asymmetric HCs has
been proposed using observations from multiple mid-to-large-
scale tokamaks [20]. While the existing projections are also
accurate enough to describe some disruption characteristics
on the smaller-scale HBT-EP tokamak [12], like its current
quench (CQ) duration, they can under-predict the frequencies
of the fast rotating HCs observed by more than an order of
magnitude. Additionally, the existing empirical scaling only
considers average rotation frequencies, and does not consider
the evolution of the rotation frequency throughout the CQ,
which has been seen to be significant on HBT-EP and other
devices [20].

Here, we propose an alternative scaling law for the post-
disruption rotation frequency (f;o;) based on a drift fre-
quency scaling (< 1/Bra) and the assumption of a common
inter-machine post-thermal quench temperature, that leads to
another factor that depends primarily on the inverse minor
radius and only weakly on other parameters. This alternate
scaling law describes the rotation frequency as

© 2022 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd
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A
Srot ~ Bra?’ (1)

where Br is the strength of the toroidal field, a is the minor
radius, and A is a constant that varies weakly with other
machine parameters. Equation (1) suggests the HC rotation is
proportional to the £ x B and electron diamagnetic poloidal
rotations in the post-disruption plasma. The validity of this
empirical scaling law is verified through comparisons between
several tokamaks with rotation frequencies that vary over three
orders of magnitude, as well as its ability to describe the evo-
lution of the rotation frequency over the course of individual
disruptions on HBT-EP, as the minor radius, a, decreases.

The remainder of this paper is organized into three addi-
tional sections. Section 2 illustrates the good agreement of
this scaling law between multiple machines, and establishes
its validity over several orders of magnitude in scale-factor
and frequency. Section 3 then discusses and summarizes obser-
vations of the HC rotation during the post-disruption CQ on
HBT-EP. These observations demonstrate that the scaling in
equation (1) can be used to accurately describe the evolution
of the rotation frequency over the course of the CQ on HBT-
EP. Finally, section 4 discusses the application of this scaling
law in further detail.

2. Multi-machine scaling

A multi-machine comparison of post-disruption rotation fre-
quencies and their corresponding scale-factors for disruptions
on JET [4, 5], C-Mod [6], DIII-D [7], AUG [8], NSTX [9],
KSTAR [10], COMPASS [5, 11], and HBT-EP [12] can be
found in figure 1. Toroidal fields and minor radii are approx-
imated using typical pre-disruption plasma parameters for
the given device, and an approximate disruption rotation fre-
quency is estimated based on reported HC rotation frequen-
cies. Table 1 provides a more detailed description of the
sources for the data-points used in figure 1.

A linear fit of the data shows that there is a clear correla-
tion between rotation frequency and the proposed scale-factor
over three orders of magnitude and eight devices of widely
varying toroidal fields and sizes. The scaling constant (A),
is estimated to be about 237 (Hz T m?). Even the fast post-
disruption rotation frequencies seen on HBT-EP, which do not
fit the scaling law proposed by Myers et al [20], are in good
agreement with this proposed scaling. This is especially sig-
nificant given that the characteristic scale-factors and rotation
frequencies for HBT-EP are an order of magnitude larger than
that of the next machine, which lends credibility to this scal-
ing law’s ability to predict the rotation frequencies over several
orders of magnitude.

A prediction to larger tokamaks with smaller scale factors,
like ITER, shows that the HC rotation frequency will be sig-
nificantly slower than in existing devices. With ITER’s design
parameters [21], the scaling indicates HC rotation near 10 Hz,
which is potentially dangerous for EM loads [2]. The scal-
ing law proposed by Myers and co-authors [20] suggest that
ITER’s rotation frequencies could be as small as 10 s of Hz,
but also that they could be as high as 100 s of Hz. While both
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Figure 1. Typical disruption rotation frequencies across multiple
machines, characterized by their corresponding approximate
scale-factors, given by the denominator in equation (1). See table 1
for a description of each data-point. The black curve is a linear fit of
the average frequencies for each machine. *The colored spreads in
JET and AUG data represent their carbon wall data-sets, while the
black spreads (in addition to their colored spreads) includes their
metal wall data-sets. Only the carbon wall datasets were included in
the fit for these devices. **A typical rotation frequency for SPARC is
projected (~60 Hz) using the linear fit, with nominal SPARC
parameters [22] used to estimate its scale-factor; a similar rotation
frequency is projected for ITER (~10 Hz), with nominal ITER
parameters provided by [21].

scaling laws suggest potential dangerous rates of HC rotation,
this new proposed scaling leverages a wider range of disrup-
tion parameters and may lead to improved understanding of
HC rotation processes.

3. Rotation frequency evolution on HBT-EP

While section 2 demonstrates the validity of this scaling law
between various machines over several orders of magnitude in
frequency, only pre-disruption parameters were used to define
a scale-factor that characterizes a post-disruption frequency.
Measurements of the HC rotation frequency and minor radius
during individual disruptions on HBT-EP improve the valid-
ity of this scaling law by establishing a post-disruption scale-
factor that characterizes a dynamic post-disruption rotation
frequency. Disruptions are often characterized by a decrease
in minor radius, and this scaling law reflects this in HBT-EP
through an increase in HC rotation frequency throughout the
evolution of the CQ. HBT-EP is particularly useful for this
study, since it lacks many of the features common on larger
devices which may require higher-order corrections. Namely,
it lacks potential torques/drags driven by external effects like
NBI and pellet/gas injection, and it has a relatively simple cir-
cular limited plasma cross-section, which helps to avoid any
ambiguity in defining a minor radius for the scale-factor.
Figure 2 shows the evolution of the plasma over the course
of a typical disruption on HBT-EP. A detailed description of
the HBT-EP experiment and the diagnostics available can be
found in reference [12]. For the purposes of this study, the diag-
nostics of interest are the HC sensors, which measure current
in the vessel moving toroidally through jumper cables between
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Table 1. Reported post-disruption HC rotation frequencies and pre-disruption machine parameters used in the
multi-machine scaling shown in figure 1. An average rotation frequency ({fy)) and toroidal field ((Br)) was
chosen for each machine based on the average in log-space of the corresponding reported spreads. The
characteristic scale-factor for each device is estimated using these average parameters.

Machines (frot) (Hz)  fror spread (Hz) (Br) (T) Brspread (T)  a(m) Scale-factor (T~ m~2)
HBT-EP? 34 600 20000 — 60 000 0.35 — 0.15 127.0
COMPASSP 2000 1000 — 4000 1.5 09 —2.1 0.23 13.8
KSTAR® 1220 600 — 2,500 1.75 1.7—1.8 0.5 2.3
C-Mod! 1000 500 — 2000 5 1—9 0.22 6.9
NSTX¢ 670 300 — 1500 0.55 0.35 —0.55 0.68 4.9
AUGY® 447 200 — 1000 2.5 — 0.6 1.1
DIII-D¢ 400 200 — 800 2.0 1.5—2.1 0.67 1.3
JETd® 100 50 — 500 3 0.6 —+3.8 1.25 0.4
SPARC! 60 — 12.2 — 0.57 0.25
ITER® 10 — 53 — 2 0.05

*Average rotation frequency and spread seen on HBT-EP. There is no significant spread in the toroidal field for HBT-EP.
b Average rotation frequency and toroidal field, along with corresponding spread in data reported by references [5, 11].

¢ Average rotation frequency and toroidal field, along with corresponding spread in data reported by reference [10].

d Average rotation frequency and spread in data reported by reference [20]. Toroidal field spread information reported by

reference [4] JET), [6] (C-Mod), [7] (DIII-D), and [9] (NSTX).

¢The JET and AUG data shown here consider observations during both carbon wall (JET-C/AUG-C) and metal wall operation

(JET-ILW/AUG-W).

"Design parameters for SPARC provided by [22]. Projected (f,) based on fit to scaling law seen in figure 1.
2Design parameters for ITER provided by [21]. Projected () based on fit to scaling law seen in figure 1.

vessel sections that are otherwise insulated from each other,
meaning they are a direct measure of the total toroidal cur-
rent flowing in the vessel at their respective toroidal positions.
The fluctuations in the signal of one of these sensors is used
to establish the HC rotation frequency (figure 2(f)), which
is found to correlate well with the frequencies in other HC
sensors, as well as the in-vessel magnetic sensors (figure 2(e)).

Disruptions occur with nearly every discharge on HBT-
EP and typically have the following characteristics shown in
figure 2. A disruption is triggered with the onset of one or more
large rotating n = 1 MHD mode(s) and a sudden increase in
visible radiation. A current-spike occurs (~7 ms in figure 2)
and the plasma major radius moves inboard. As the CQ con-
tinues, the major radius moves further inward below 0.9 m,
causing the minor radius to decrease as the plasma limits on
the high-field side. During the CQ, HCs reach about 5% of
the plasma current and have both a time-averaged and fluc-
tuating component which are comparable to each other. The
time-averaged component of the current is always observed to
be in the co-/, direction. Based on correlations with magnetic
fluctuations, the fluctuating component always rotates in the
electron diamagnetic direction.

The most notable characteristic of HBT-EP disruptions is
that the rotation frequency (of both the HCs and the magnet-
ics) increases quickly over the duration of the CQ (figure 2(g)).
This shows how the change in frequency correlates with the
change in the instantaneously measured scale-factor. Figure 3
shows a 2D-histogram of instantaneous rotation frequencies
vs scale-factors for the disruptions of 64 shots, sampled every
2 us (diagnostic sampling frequency). The analyses were
performed over the periods of the disruptions corresponding
to the fall of plasma current from 80% to 20% of its pre-
disruption value (to be consistent with the existing convention
used in reference [20]), with the exception that data-points

were only included when the major radius was above some
threshold value while the measurement of the major radius
was valid. This threshold major radius value corresponds to
a minor radius about 0.08 m (about 57% the maximum pre-
disruption minor radius), and this allowed for measurement
of the dynamic scale-factor to range from 1 — 3 times its
minimum pre-disruption value.

In figure 3, we see a linear growth in frequency as the scale-
factor increases (and the minor radius decreases). A linear
least-squares fit was performed on the data, and the empiri-
cal constant, A, for the scaling law was estimated to be about
110 (Hz T m?). This constant is different only by a factor of
~2 from the constant estimated for the multi-machine scal-
ing law, which was based on the pre-disruption parameters and
was found to be about 237 (Hz T m?). The frequency predicted
by this scaling law using the HBT-EP-specific A constant and
the measured scale-factor can be seen plotted against the mea-
sured rotation frequency in figure 2(g) (blue), which shows
good agreement over the course of the CQ, even prior to the
80% — 20% window.

4. Discussion

We propose a new scaling law for characterizing post-
disruption HC rotation frequencies in proportion to 1/Bra’.
This proposed scaling law is empirically validated with obser-
vations reported by several tokamaks. When including HC
rotation measurements from HBT-EP, the scaling law is shown
to be comparable to observations over several orders of mag-
nitude. This proposed scaling law extends the range of validity
as compared to the scaling proposed in reference [20]. Addi-
tionally, because HC rotation scales with the drift parame-
ter, 1/Bra?, this scaling motivates a physical reason for HC
rotation. Finally, we show that for disruptions like those in
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Figure 2. Plasma signals during a typical disruption evolution on
HBT-EP: (a) plasma current, () minor radius, (¢) major radius
(current centroid), (d) edge safety factor, (e¢) a poloidal magnetic
field sensor (filtered above 5 kHz), (f) toroidal vessel HC at one
toroidal location, (g) rotation frequency of the toroidal HC (black)
and the rotation frequency estimated using the proposed scaling law
(blue). The green dashed line is the time of the current spike, defined
as the ‘disruption event’. The orange dashed lines represent the g
and 1, times, where I, has fallen to 80% and 20% of its
pre-disruptive values. The red dashed line is the time where the
analysis is cutoff, due to the major radius dropping too low to
reliably measure the minor radius.

HBT-EP, this new scaling law is capable of describing dynamic
changes in the rotation frequency.

The most notable difference between this proposed scaling
law and previous attempts is the significance of the toroidal
field, By. Myers et al [20] emphasize that their scaling was
insensitive to the addition of the toroidal field as a fitting
parameter, but this may be because the variance in By among
the machines in their database are approximately compen-
sated for by comparable changes in other variables, namely
R'2/a, that together characterize the difference between
the Myers scaling and the proposed scaling, fh®™/ fro &
Bra/R'?. The approximate invariance of Bra/R'/? in the
Myers et al database is shown as black data points in figure 4.
This may lead to the toroidal field being absorbed into
Myers’ scaling pre-factor, Awmyers (called Cy in reference [20]).
The addition of HBT-EP to the Myers et al database adds
significant variance to the BTa/Rl/ 2 factor, and therefore
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Figure 3. 2D-histogram of HC rotation frequency vs scale-factor for
more than 6000 data-points taken over 64 disruptions on HBT-EP.
The color-scale is logarithmically normalized. The dashed line is
linear fit to the data.
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Figure 4. Difference factor between Myers et al’s scale-factor and
the proposed proposed scale-factor, plotted for the machines
considered in Myers et al’s database (black), as well as HBT-EP
(blue), and ITER and SPARC (red).

highlights the role of the toroidal field. This is seen in the
fact that the Myers et al scaling law under-predicts the rota-
tion frequencies on HBT-EP by an order of magnitude, while
the proposed scaling does not, as shown in figure 5.

The wall material also affects the spread in rotation fre-
quencies. Both JET and AUG observe larger spreads in fre-
quencies during their metal wall operations than in their
carbon wall counterparts, and are slightly faster on average
[20]. This increase in rotation frequency is also accompanied
by an observed increase in post-thermal quench (TQ) temper-
atures [23, 24], which may contradict the common post-TQ
T. assumption and explain the deviation from the proposed
scaling. An increase in rotation frequency with post-TQ T
is also consistent with the drift force being proportional to
the radial electron temperature gradient (07./0r), which is
one possible physical interpretation of the scaling law. If so,
the temperature-independent version of the scaling law would
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Figure 5. Observed HC rotation frequencies plotted against scaling
law predictions for the Myers et al scaling (red) and the proposed
scaling law (blue). The HBT-EP data-points are open circles, while
all others are closed. The yellow window is the range of frequencies
projected in Myers et al [20] for ITER, and the dashed black lines
represent the error bounds they used. The predicted SPARC and
ITER rotation frequencies, using the proposed scaling, are also
plotted (cyan and dark yellow respectively).

remain adequate for comparing machines with similar wall
materials, or more specifically, similar post-TQ temperatures.
A temperature-dependent version of the scaling that bridges
the physics of dissimilar-wall machines could also be intro-
duced, and motivates the development of a thorough post-TQ
T, database. The increase in rotation frequency from carbon to
metal wall machines suggests that ITER’s rotation frequency
will be larger than that predicted by the carbon-wall fit, but
JET and AUG carbon-to-metal wall comparisons suggest the
difference will only be on the order of a factor of 2.

The time evolution of the HC rotation frequency on HBT-
EP demonstrates that this scaling law is less sensitive to varia-
tions in predicted frequencies and captures the primary under-
lying physics driving rotation during the CQ. While restricting
the analysis to providing only a single rotation frequency to
each disruption for the purpose of empirical fitting is useful for
demonstrating the validity of the scaling law over large scales
(like that done in reference [20] and figure 1), shot-to-shot vari-
ations in disruption dynamics inevitably lead to uncertainties
in the predictions of the scaling law. By comparison, as shown
in figure 3, this new scaling law, when applied dynamically,
can accurately describe the rotation frequency with up to five-
fold less uncertainty and to within a factor of about two on
HBT-EP. Furthermore, the increasing frequency of the post-
disruption HC rotation as the minor radius decreases gives
evidence supporting the mechanism for HC rotation involves
poloidal, not toroidal, rotation.

There is also good agreement between the scaling pre-factor
constants calibrated using the multi-machine scaling and the
HBT-EP disruption evolution scaling, to within a factor of
2-3. This suggests that physics governing the evolution of the
rotation frequency over the course of the CQ is similar to the

physics describing the variance in rotation frequency between
machines.
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