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A numerical study of magnetohydrodynamics (MHD) and tracer-particle evolution investigates the effects of resonant
magnetic perturbations (RMPs) on the confinement of runaway electrons (REs) in tokamak discharges conducted in the
Madison Symmetric Torus. In computational results of applying RMPs having a single poloidal harmonic, an m = 1
RMP does not suppress REs, whereas an m = 3 RMP achieves significant deconfinement but not the complete sup-
pression obtained in the experiment [S. Munaretto, et al., Nuclear Fusion 60, 046024 (2020)]. MHD simulations with
the NIMROD code produce sawtooth oscillations, and the associated magnetic reconnection can affect the trajectory of
REs starting in the core region. Simulations with m = 3 RMP produce chaotic magnetic topology over the outer region,
but the m = 1 RMP produces negligible changes in field topology, relative to applying no RMP. Using snapshots of the
MHD simulation fields, full-orbit relativistic electron test particle computations with KORC show ⇡ 50% loss from the
m = 3 RMP compared to the 10�15% loss from the m = 1 RMP. Test particle computations of the m = 3 RMP in the
time-evolving MHD simulation fields show correlation between MHD activity and late-time particle losses, but total
electron confinement is similar to computations using magnetic-field snapshots.

I. INTRODUCTION

That effective collision rates among charged particles de-
crease with increasing relative speed has many consequences
for plasma at high temperature. One consequence is the
tendency for energetic electrons to accelerate to relativis-
tic speeds when electric field of magnitude larger than the
Connor-Hastie field1 ECH = nee3lnL/4pe2

0 mc2 is applied;
here, ne is the electron particle density and lnL is the Coulomb
logarithm. In configurations such as the tokamak that re-
quire net electrical plasma current, generation of an appre-
ciable "runaway" population can occur when electric field is
applied during startup or during low-density operation fol-
lowing startup. For modern tokamaks, the greater concern
is disruptive events, where loss of thermal energy, hence in-
crease of electrical resistivity, on a timescale much shorter
than the inductive timescale leads to large |~E|.2 A large frac-
tion of the pre-disruption electrical current can be converted
into a runaway electron (RE) beam that can melt plasma-
facing components.3 The susceptibility of RE multiplica-
tion through the avalanche process increases with increasing
plasma current,4 so mitigation strategies will be critical for
ITER5,6 and future high-current tokamaks.

Experiments on JT-60U were the first to examine whether
magnetic fluctuations can deconfine REs before significant
multiplication can occur. It was found that conditions which
tend to produce magnetohydrodynamic (MHD) instabilities
avoid RE generation in discharges with disruption induced
by injecting an impurity pellet.7 The findings were analyzed
through computations of RE trajectories in conditions with

magnetic islands and varying levels of magnetic turbulence.8,9

Consistent with the experimental observations, the computa-
tions confirmed that only macroscale perturbations would de-
confine the REs. Other theoretical analysis and computation
of avalanche sourcing in the presence of magnetic-field dif-
fusion found dB/B ⇡ 10�3 would be sufficient to effectively
suppress RE growth.10 These results and other insights on res-
onant magnetic perturbation (RMP) led to further experimen-
tal investigation of imposed magnetic asymmetries as a means
to deconfine REs.9,11–14

The successful deconfinement from disruptive MHD or
from RMP is not easily realized in large tokamaks.15,16 Sup-
pression via RMP tends to be more effective for deconfin-
ing primary or seed electrons;13 otherwise, combining RMP
with beam positioning control would be important.12 This
finding is also supported by computations of RE orbits that
include electric-field acceleration, synchrotron radiation, and
collisional effects, where the loss of high-energy electrons is
shown to be more sensitive to drift-orbits intersecting the wall
of the TEXTOR experiment than to RMP amplitude.17 Pre-
dictions on the effectiveness of ITER’s RMP system, which is
designed for mitigating edge-localized modes, for deconfining
REs confirm suppression where dB/B � 10�3.18 The predic-
tion of runaway confinement for the central half of the profile
in terms of toroidal flux is not optimistic for an RMP-based
suppression strategy. In light of the experimental findings and
computational predictions, ITER will rely on its shattered pel-
let injection (SPI) system19 to suppress REs by rapidly in-
creasing density, hence ECH , and to enhance collisional dis-
sipation from high-Z impurity ions.2 The SPI system’s other
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primary goal is to mediate the thermal quench through radia-
tive cooling to prevent toroidally and/or poloidally nonuni-
form thermal loads that might damage plasma facing compo-
nents. Its effectiveness will depend on timely and accurate
identification of disruption onset.

Notwithstanding the predictions for ITER, RMP is a vi-
able component of an RE mitigation strategy for other toka-
maks. The magnetic perturbation coils can even be energized
through disruption-induced eddy current to provide a passive
safety system.20 A simplified model for JET- and ITER-like
conditions that uses saturated-island responses in cylindrical
geometry predicts that such a system could yield chaotic mag-
netic trajectories over the outer region of plasma in sufficient
time to reduce RE growth.21 This type of passive system has
been designed for the SPARC tokamak using finite-element
modeling of the electromagnetics and time-dependent MHD
computation.22

Recent experiments of RMP effects on energetic-electron
confinement include tokamak discharges in the Madison Sym-
metric Torus (MST),23 which has primarily been used to in-
vestigate the reversed-field pinch (RFP) configuration. Its rel-
atively new programmable power supply maintains a steady
toroidal field BT = 0.14 T in the tokamak configuration, where
the aluminum vacuum shell serves as a single-turn toroidal
field coil. MST tokamak experiments are able to generate
REs, reliably, during the quiescent phase of the discharge by
operating at sufficiently low densities. Figure 4 of Ref. 14
shows that measured x-ray counts from energetic electrons
occur for ne  1018 m�3. The focus of that article is the ap-
plication of RMP to suppress the REs. The MST shell has an
insulated vertical cut to allow inductive drive of the toroidal
plasma current. An array of 38 magnetic drive coils is po-
sitioned outside this gap and is controlled through 32 sens-
ing coils located at the plasma surface.24 The system allows
the application of a desired poloidal-wavenumber perturba-
tion, though the small gap over the toroidal angle implies a
broad toroidal spectrum. Bremsstrahlung radiation from en-
ergetic electrons is measured through a fast x-ray (FXR) de-
tector with maximum efficiency between 4 and 25 keV and
through a multi-chord hard x-ray (HXR) system with maxi-
mum efficiency between 10 and 150 keV.25,26

The central experimental finding of the Munaretto, et al.
study is that a poloidal mode number m = 3 RMP suppresses
RE activity; this is shown in fig. 7 of Ref. 14, which is re-
produced here as fig. 1 for convenience. However, relative to
discharges without RMP, the x-ray signals do not show much
change when an m = 1 RMP is applied. These findings mo-
tivated the application of nonlinear resistive-MHD simulation
with the NIMROD code27 to study the influence of the dif-
ferent resonant perturbations on the magnetic topology. The
computations use an equilibrium profile that is fitted to labo-
ratory measurements, and the safety factor q(r) is below unity
on axis and has the edge value q(a) = 2.2. The q = 1 ra-
tional surface is at r/a ⇡ 0.5, and the computations repro-
duce the experiment’s sawtoothing, i.e. periodic (1,1) resis-
tive kink instability, albeit with a 0.5 ms cycle period that is
approximately half of the experiment’s. Application of m = 3
magnetic perturbations in the computations yielded chaotic

magnetic trajectories outside the m = 1 sawtooth structure,
whereas simulated m = 1 had little noticeable effect on mag-
netic topology.14 From this, we surmised that the sawtooth
transports the energetic electrons to the chaotic outer region,
leading to deconfinement with m = 3 RMP.

Here, we investigate the confinement of representative en-
ergetic electrons in the MHD-computed magnetic topologies
for MST by evolving their trajectories, numerically, with the
Kinetic Orbit Runaway-electron Code (KORC).28 KORC has
been used in various studies of runaway electrons and is ca-
pable of full-orbit or guiding-center calculations, including
collisions and synchrotron radiation.29,30 It has previously
been applied to NIMROD results for the DIII-D experiment
to study RE confinement in the presence of 3D magnetic is-
lands and chaos and to predict observations via its synthetic
synchrotron diagnostic.31 To preview our central finding, the
KORC computations show that at the energies expected from
the MST x-ray diagnostics, the m = 3 perturbations deconfine
energetic electrons to a much larger extent than m = 1 per-
turbations. However, the confinement in the plasma core is
largely consistent with the existence of a band of closed flux
surfaces separating the sawtooth-driven magnetic field topol-
ogy changes in the core and the RMP driven chaotic region in
the edge.

The remainder of this article is organized as follows: Sec-
tion II reviews and expands upon important aspects of our
MHD computations. Section III describes the test-particle
analysis and results. Finally, Section IV discusses both the
agreement and discrepancies between our modeling and the
experimental results and draws conclusions from the study.

II. MHD COMPUTATIONS

As described in Ref. 14, the evolution of magnetic topology
in MST tokamak experiments with and without RMP has been
simulated with NIMROD. In this section, we review essential
aspects of this modeling and its results as the basis for the RE
confinement study with KORC.

A. MHD Modeling Setup

The poloidal-b of equilibria that have been fitted to the
MST tokamaks is less than 10%, so we have simplified the
MHD modeling by taking the pressureless limit of the visco-
resistive MHD model. We also consider particle and mass
densities to be uniform and constant.

NIMROD is programmed to determine the linear or nonlin-
ear evolution of perturbations about a user-provided steady
state. The steady state may be an externally provided
magneto-hydrostatic equilibrium or just vacuum magnetic
field, but when non-trivial profiles are provided that are not
steady conditions for the parameters of the dynamic evolution,
there are effective nonuniform source distributions. This con-
sideration applies in this MST tokamak modeling, where we
use fitted equilibrium current density ~Jeq and magnetic field
~Beq.
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FIG. 1: Comparison of low-density MST tokamak results without and with RMP. Frames (a) and (b) show the FXR signal for
energies � 5 keV (black) and the RMP amplitude measured by sensing coils inside the MST shell (red). Frames (c) and (d)
display the evolution of x-ray signal observed by the HXR array. The RMP applied for the (b) and (d) results has poloidal

wavenumber m = 3. [Reproduced from fig. 7 of Ref. 14 with permission from IOP Publishing, IAEA.]

Writing the full system with the equilibrium fields ap-
pearing explicitly, we determine the perturbations ~v(~x, t) and
~B(~x, t) by solving
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where h is the electrical resistivity and n is the viscous dif-
fusivity. Our computations have these parameters uniform
over the entire volume, except very near the domain boundary,
where their radial profiles smoothly increase by factor of 50.
The central resistivity value is set from the fitted MST pres-
sure at the q= 1 surface with ne = 1018 m�3 and an estimation
of Ze f f = 2.4 from analysis of MST RFP experiments.32 The
Ze f f -value that we used, and the resulting value of h/µ0 =
5.45 m2/s, may be somewhat larger than what occurs in MST
tokamaks, however. With that value, the Lundquist number
in our computations is S = tr/tA = 9.4 ⇥ 104. We set the

viscous diffusivity to the same value for a magnetic Prandtl
number Pm = µ0n/h = 1. The numerical representation
uses a 32⇥ 32 poloidal mesh of bicubic elements, and most
computations have toroidal Fourier harmonics 0  n  10.
Resolution for the MHD and data used by KORC has been
checked with computations using 0  n  21, and no appre-
ciable change is observed in either the MHD or the electron
particle confinement.

While the Grad-Shafranov computation ensures that ~Jeq ⇥
~Beq = 0 for our force-free equilibrium, it does not ensure that
~—⇥

⇣
h~Jeq

⌘
= 0. Nonetheless, the timescale for resistive pro-

file evolution is longer than the MHD for the experiment’s
flat-top condition. Any discrepancy between the Ohmic drive
in the experiment and the electric-field profile implied by h~Jeq
in the simulations would resolve through relatively gradual
changes in the current in a fully consistent simulation. Figure
2 of Ref. 14 shows that the experiment’s current also has grad-
ual variation after startup and before termination, and compar-
ing that evolution with sawtooth dynamics illustrates a similar
separation of timescales. Unless explicitly stated, further ref-
erence to the magnetic field and current density is to the sum
of the perturbed and equilibrium components. Equilibrium
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data are read from the output of MSTfit33 computations that
are informed by density profiles from interferometry and by
edge magnetic data. The equilibrium is re-solved in the NIM-
ROD representation with Peq = 0 using the NIMEQ code.34

In computations that model RMP, the perturbations are ap-
plied as boundary conditions in NIMROD’s magnetic-field
evolution. The applied surface perturbation approximates a
rectangular pulse in toroidal angle f with characteristic length
lgap << R0 to represent the spatial localization imposed by the
small gap in MST’s shell:

n̂ ·~B
���
r=a

=�
Brmp

pR
cos(mq �qRMP)


lgap

2

+ 2R0

N
2

Â
n=1

1
n

sin
✓

n
lgap

2R0

◆
cos(nf)

3

5 , (2)

where m is the poloidal wavenumber of the perturbation, Brmp
is its magnitude, R is the local coordinate for major radius, R0
is the device major radius, and lgap is the effective width of
the gap. The poloidal angle q is measured from the outboard
midplane, and qRMP sets the poloidal phase of the RMP, as
used in the MST experiments. We have chosen to truncate the
Fourier series of the RMP boundary condition at half of the
largest toroidal wavenumber used in the simulations.

All of the MHD computations use the same equilibrium,
which has the q-profile that is described in section I. The equi-
librium represents the flat-top phase of the experiment. The
initial transient phase of the experiments, prior to 10 or 15 ms
of figs. 2 and 4 of Ref. 14, is not modeled. Small asymmetries
are imposed in the initial conditions of computations without
RMP to excite the linearly unstable (1,1) and (2,2) modes.
Computations with RMPs are initialized with the vacuum-
field distribution of the RMP added to the equilibrium field.
They self-consistently develop the MHD response to the im-
posed perturbations. From fig. 1 we note that there is a 1-2
ms rise-time for the RMP field in MST, which is typically im-
posed after the REs develop. Our NIMROD computations do
not model the associated transient effect, nor any changes to
the RMP distribution from the decay of eddy current in the
MST shell.

B. MHD Modeling Results

The nonlinear MHD computations without RMP exhibit re-
peated (1,1) oscillations after an initial large relaxation event,
which is not representative when considering that the exper-
iment’s startup transient is not modeled. As shown in fig. 2,
the volume-integrated magnetic energy in the n = 1 harmonic
varies by approximately 100 during the cyclical behavior. The
magnetic relaxation raises the safety factor in the central re-
gion from the initial q(0) ⇡ 0.7 to unity. fig. 3 shows that
the large cyclic oscillations do not restore the central part of
the q-profile to the equilibrium profile. This behavior is often
observed in nonlinear MHD computations of sawtooth oscil-
lations; see Ref. 35 for example. The magnetic topology of
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FIG. 2: Evolution of volume-integrated magnetic (a) and
kinetic (b) fluctuation energies of the indicated toroidal

harmonics for the MHD simulation without RMP. The red
and black dashed lines in (a) show the instances considered

in the q-profile and Poincaré plots that follow.

FIG. 3: Plots of safety factor, computed from the symmetric
part of ~B, in the MHD simulation without RMP. The curves
show q as a function of the square-root of the poloidal-flux

function y from the equilibrium data and from the high- and
low-n = 1 energy states shown by the dashed lines in fig. 2
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FIG. 4: Poincaré plots of the magnetic topology at the (a)
high- and (b) low-n = 1 energy states shown in fig. 2 for the

MHD simulation without RMP.

these two states is shown by the Poincaré plots in fig. 4. Com-
parison of the two states indicates that the cyclical behavior in-
cludes a significant change in topology over the central region
from a largely helical structure to a largely symmetric struc-
ture and back. Nonetheless, the central region is surrounded
by nested closed flux surfaces.

The MHD simulations with RMP progress through an ini-
tial transient that is not representative of the experiment’s
startup and subsequent activation of RMP. As shown in fig. 5,
sawtooth oscillations are again evident, but the RMP fields
provide a larger contribution to the magnetic energy for the
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FIG. 5: Evolution of volume-integrated magnetic fluctuation
energies of the indicated toroidal harmonics for two MHD
simulations with m = 3 RMP. The poloidal phase angles of
the RMPs differ in the two simulations: in (a) qRMP = 0 and

in (b) qRMP = p/2.

1  n  5 harmonics that are perturbed. The computations
include the 6  n  10 harmonics, but their energies are ap-
proximately 100 times smaller and are not shown in the plot.
We observe that changing the poloidal phase of the applied
m = 3 RMP influences the evolution of magnetic energies.
The results in frame (a) are produced with qRMP = 0 in eq. (2),
whereas the simulation shown in frame (b) has qRMP = p/2.
Both configurations have significant coupling between the
perturbed (3,2) component and the (2,2) dynamics. However,
the magnetic energy in the n = 1 harmonic tends to exceed
that in the n = 2 with qRMP = 0, an effect that is attributed to
the toroidal geometry, as poloidal phase changes would result
in simple rotations without toroidal effects. The difference
in magnetic topology in these high-energy states is shown in
fig. 6. As noted in Ref. 14, the most important point regard-
ing the topologies with RMP is that the m = 3 RMP leads
to chaotic scattering of magnetic trajectories over the outer
2/5 of the minor radius. Hence, significant deconfinement of
REs is to be expected over that region. In contrast, fig. 14 of
Ref. 14 and fig. 7 here show that m = 1 RMP has relatively lit-
tle effect on the magnetic topology of the outer region, where
the q-profile has no m = 1 resonances. The RMP increases
the magnetic fluctuation energy in the n = 1 harmonic by a
factor of five—compare fig. 2a and fig. 7a, but the nested flux
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FIG. 6: Poincaré plots of the magnetic topology at
high-energy states of the MHD simulations with m = 3 RMP
of poloidal phases (a) qRMP = 0 and (b) qRMP = p/2 from the

instances indicated with dashed lines in fig. 5.

surfaces remain robust.

III. TEST PARTICLE SIMULATION

In this section we present analysis of simulated particle
orbits of energetic electrons. The Kinetic Orbit Runaway-
electron Code (KORC)28 is used to calculate particle orbits
in the plasma fields calculated by NIMROD. KORC has been
used in various studies of runaway electrons and is capable of
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FIG. 7: Evolution of magnetic fluctuation energy (a) and
Poincaré plot of the magnetic topology (b) for the MHD

simulation with m = 1 RMP. The Poincaré plot traces
magnetic field-lines from the time slice shown by the dashed

line in (a).

full-orbit or guiding-center calculations including collisions
and synchrotron radiation.29–31 Full-orbit computations use
the relativistic equations of motion for charged particles.

d~x
dt

=~v (3)

d~p
dt

=�e
h
~E (~x)+~v⇥~B(~x)

i
(4)
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where

~p = meg~v, (5)

g =
1q

1� v2

c2

. (6)

Although the REs produced in MST have relatively low ki-
netic energy, we chose to use KORC’s full-orbit computations
in case of subtle effects in the vicinity of the magnetic recon-
nection from the sawtoothing.

The energy of MST REs can be estimated from the ob-
served x-ray energy distribution of bremstrahlung radiation.
The peak energy of the bremstrahlung spectrum occurs at ap-
proximately 25% of the incident energy for a monoenergetic
electron population.36 Based on data presented in Munaretto
et al., the distribution of incident x-ray energy appears to
reach a maximum at roughly 7.5 keV. This indicates that the
electrons reach roughly 30 keV. The maximum detected x-
rays of approximately 30 keV also indicates this value is an
appropriate nominal RE energy, since the maximum photon
energy from bremstrahlung emission is the incident electron
energy. It is only an estimate, however, since the FXR detec-
tor is not equally sensitive to all x-rays. Its peak sensitivity
is between 4 and 25 keV, but with few x-rays detected above
15 keV, we infer that there is not a large population of elec-
trons with much greater energy. At these energies, the elec-
trons closely track magnetic field lines, and there are no strong
drifts.

The importance of collisional effects can be estimated from
the classical rate formulas,37 since the electrons are only
weakly relativistic, v2

c2 ⇡ 0.1:

ve|e
? ⇡ 7.7⇥10�6leenee�

5
2 (7)

ve|i
? ⇡ 7.7⇥10�6leiZnee�

5
2 , (8)

where lee is the Coulomb logarithm, Z is the ion charge state,
temperature T and incident energy e are in eV, and electron
density ne has units cm�3. For conditions near the q = 1 sur-
face, the RE scattering time n�1

? is approximately 46 ms for
collisions with electrons and approximately 19 ms for colli-
sions with ions, taking Z = 2.4 from our Ze f f for a conser-
vative estimate. Laboratory diagnostics show suppression of
REs in less than 3 ms, so collisional effects are not considered
important and are not included in the KORC computations.

The following subsection describes the results of KORC
computations using representative particle energy and pitch-
angle. The magnetic field is either snapshots of magnetic field
from the MHD simulations or the vacuum RMP added to the
equilibrium without plasma response. Electric-field accelera-
tion and variations in particle pitch-angle and energy are then
considered, separately. In section III B, we consider the ef-
fects of magnetic field changing over time.

A. Particle confinement in field snapshots

In order to test the hypothesis put forth in Munaretto et al.
regarding the synergistic role of sawteeth and RMPs in decon-

fining REs, we use KORC to simulate the evolution of a pop-
ulation of electrons. For each computation presented, all elec-
trons are initialized with the same energy and pitch-angle. The
initial spatial distribution of the simulated electrons is random
with a uniform probability density in the torus, matching the
geometry of MST up to a large fraction of the minor radius.
Seeding monoenergetic monopitch distributions allows us to
probe the characteristics of each subpopulation of electrons
independently.

An set of calculations was performed on the snapshots of
magnetic fields that cover all combinations of cases (no RMP,
m = 1 RMP, and m = 3 RMP) and characteristic time slices
for qRMP = 0 perturbations. The labels that describe the time
slices are:

• EQ: equilibrium with the vacuum RMP superimposed
when present

• HEP: high-energy phase of the sawtooth in the NIM-
ROD simulation

• LEP: low-energy phase of the sawtooth in the NIMROD
simulation

Here, we refer to the high- and low-energy phases with respect
to kinetic energy fluctuations, and the kinetic energy tends to
peak slightly after the magnetic fluctuation energy, as visi-
ble in fig. 2. Because the associated magnetic data is from
the MHD simulations (HEP and LEP), it includes the self-
consistent response to the RMP. The superposed equilibrium
and vacuum RMP fields (EQ) do not include any response of
the plasma to the external perturbation. They provide an indi-
cation of the spatial extent of the RMP in the absence of MHD
activity.

In fig. 8 we show the confinement of 30 keV electrons with
a pitch angle of 170� (10� angle from the field line and mov-
ing antiparallel to the magnetic field) without the electric field
term in eq. (4). From these data, it is clear that the structure
of the magnetic field contributes strongly to the overall con-
finement of electrons at this energy. The cases without RMP
and those with an m = 1 RMP show minimal to no additional
electron loss after the initial prompt loss from the original dis-
tribution. The loss of electrons over a longer timescale in the
m = 3 case indicates chaotic fields are responsible for the bulk
of the deconfinement. Given the initial distribution of elec-
trons evenly spread across 98% of the minor radius, we ob-
serve approximately 50% loss from the m = 3 RMP compared
to the 10-15% loss of the m = 1 RMP. The full deconfinement
suggested by the x-ray measurements in the experiment is not
observed.

We can also directly assess which electrons remain in the
simulation. From fig. 9b we observe that the chaotic region
is depleted of electrons. By comparing the two frames, which
show where the confined particles start and end, we see that
the core structure from the sawtooth activity has modified the
radial distribution of these electrons. This provides some evi-
dence that the sawtooth behavior modifies the spatial distribu-
tion of core particles. Figure 10a shows that all lost particles
originate from the chaotic region, and fig. 10b shows that the
region where the particles hit the wall is localized. Since the
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(a) 0.1 ms of simulation time.

(b) 1 ms of simulation time.

FIG. 8: RE confinement from all nine KORC computations
based on magnetic snapshots and only the Lorentz force in
eq. (4) for (a) t  0.1 ms. Labels without m have no applied

RMP. The time is extended to 1 ms in (b) with only the m = 3
results displayed. Electrons are initialized with 30 keV

kinetic energy and pitch angle of 170� over r  0.98a. In all
plots, our measure of confinement is over the entire plasma

volume.

orbits of core particles at the nominal energy and pitch-angle
in static magnetic field without electric-field acceleration are
confined, we next consider effects beyond the instantaneous
magnetic topology.

1. Electric field effect

The electric field is evaluated from the MHD simulations
using the resistive-MHD Ohm’s Law. It includes the h~Jeq
term from the equilibrium, which is comparable to the experi-
mental loop voltage, as h and ~Jeq are informed by experimen-

(a)

(b)

FIG. 9: Distribution of the confined REs in the KORC
computation for the high-energy phase of the m = 3 case,

shown at their (a) starting and (b) ending locations. Particles
are binned by their locations projected onto the (R,Z)-plane,

and the color contour level indicates the number of
simulation particles per bin; 50,000 were initialized. The

Poincaré section for the magnetic-field snapshot used in this
particle computation is shown in white.

tal data and MSTFit results. Although some differences can
be seen between fig. 8 and fig. 11, the inclusion of the electric
field does not lead to significant differences in RE deconfine-
ment. We note that 30 keV electrons accelerating freely in
1.1 V/m of electric field over 1 ms would have g increasing
from 1.06 to 1.4 for a final kinetic energy of 210 keV. While
that is substantial, the particles remain only mildly relativistic.
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(a)

(b)

FIG. 10: Distribution of the lost REs in the KORC
computation for the high-energy phase of the m = 3 case

shown at their (a) starting and (b) ending locations. Plots are
generated in the same fashion as fig. 10. From (b), we

observe in that the whetted area is highly localized.

2. Energy and pitch-angle effects

The sensitivity of the RE trajectories to particle energy and
pitch-angle has been tested by scanning the former up to 90
keV and varying the latter over 140�  a  180�. Due to the
lack of reaction force included in these computations, any dis-
tribution of particles can be reconstructed from sets of mono-
energetic mono-pitch runs. As can be seen in fig. 12, electron
energy does change total confinement. However, this depen-
dence is relatively weak. We also observe that there is more
spread in the initial rate of electron losses than in the steady-
state confinement fraction. The findings here and in the previ-
ous section are consistent in that core confinement is observed
in both sets of computations at energies above those expected
from the MST observations.

(a) 0.1 ms of simulation time.

(b) 1 ms of simulation time.

FIG. 11: RE confinement from all nine KORC computations
based on magnetic snapshots with the electric-field and

Lorentz forces in eq. (4) for (a) t  0.1 ms. Labels without m
have no applied RMP. The time is extended to 1 ms in (b)

with only the m = 3 results displayed. Electrons were
initialized with 30 keV kinetic energy and pitch angle of

170�.

B. Particle confinement in evolving fields

It is worth noting that figs. 8, 11 and 12 all show that the
loss of electrons via the chaotic magnetic field occurs on a
timescale shorter than, but comparable to, the sawtooth period
from calculations. This provides opportunity for the particle
trajectories to be modified by the evolution of the magnetic
topology. Following the same initialization procedure, KORC
was used to simulate the paths of electrons through the chang-
ing NIMROD fields. In practice this was accomplished by
saving the NIMROD fields every 10 µs. These saved states
were then used sequentially by KORC, which advances a sin-
gle set of particles over the sequence of fields. The results
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(a) 0.1 ms of simulation time.

(b) 1 ms of simulation time.

FIG. 12: KORC results on RE confinement for the
high-energy phase of the m = 3 case with varied particle
energy and pitch-angle. The electric field effects are not

included in these computations.

of this simulation are presented in fig. 13. In this case, we
again do not observe full deconfinement. There is also some-
what less deconfinement than observed with the static fields.
However, fig. 14 indicates that there is some correlation be-
tween the MHD activity and periods of additional electron
loss. This supports the hypothesis that the dynamics of the
sawtooth could contribute to deconfinement of electrons in the
m = 3 RMP case.

IV. DISCUSSION AND CONCLUSIONS

That our simulations do not reproduce deconfinement of
REs in the core is reminiscent of previously published com-
putational findings for larger tokamaks,18,21 but it is not con-
sistent with the MST experimental results. To further check
our simulations, we also ran computations having toroidal har-

FIG. 13: KORC results on RE confinement from
computations with time-dependent ~B and the electric-field
force. The black traces show the results with time-evolving
fields. The MHD simulation is run about 10 ms prior to the
time-period of fields used for the KORC computations. For

comparison, a set of computations without temporal
evolution of ~B are shown in color.

FIG. 14: Evolution of RE confinement from the computation
with time-dependent fields, overlaid with fluctuating kinetic
energy evolution. The “particles” trace corresponds to the

respective “m = 3” trace in fig. 13. The periods of increased
MHD activity during the sawtooth see small but noticeable

drops in runaway confinement.

monics n  21 to improve numerical resolution and to further
resolve the toroidal localization of MST’s RMP (see eq. (2)).
Results with increased toroidal resolution are not significantly
different, however, in terms of RE confinement than the sim-
ulations presented. Perturbations at larger n-values are less
effective at penetrating to the core region, where the simula-
tions predict closed flux surfaces, and none of the additional
m = 3, n � 6 perturbations are resonant. MHD simulations
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with a resistivity profile that more directly matches the ex-
periment have also been completed and analyzed by KORC
particle tracking. The decreased resistivity in the core and
increased resistivity in the edge modifies the MHD activity
somewhat, but the RE confinement is not changed apprecia-
bly. In addition, to check if there is sensitivity to the scaling
of the RMP amplitude in the simulations, we have completed
MHD simulations with m = 3 RMP scaled by factors of 2 and
4, relative to the ones presented in section II B. While this af-
fects the MHD dynamics, core flux surfaces remain intact at
the larger RMP amplitudes. It is also possible that our esti-
mate of collisional effects in section III is not accurate, but we
do not anticipate any pitch-angle boundary-layer effects as in
mirrors.

The electron loss observed in KORC computations with the
m = 3 RMP mostly occurs in the first 200� 300 µs of simu-
lation time. This is shorter than the time over which the x-ray
signal disappears in the experiment, which is about 2 ms. One
possible explanation for the timescale discrepancy is that par-
ticles in the edge of the experiment are lost on the timescale
found by KORC, and there is an additional timescale, such
as the sawtooth evolution, producing full suppression. In this
regard, our KORC computations with time-dependent ~B only
show minor additional losses during periods of high MHD ac-
tivity, but the MHD simulations may not reproduce all features
of the core magnetic field evolution that would lead to full RE
suppression.

There are also at least three other possibly relevant transient
effects in the experiment that are not modeled in the simula-
tions. They provide other other plausible explanations of the
timescale discrepancy, and possibly the extent of deconfine-
ment. First, the rise time of the RMP in MST is roughly 1 ms,
which is close to the time of RE suppression. When the RMP
fields are turned-on, there are also smaller poloidal sidebands
(m = 2, for example) lasting approximately 0.5 ms, which
may temporarily extend the region of chaotic magnetic trajec-
tories by exciting other resonant harmonics. Second, the eddy
currents around the poloidal gap in MST’s shell decay on the
ms timescale. Although eddy-current decay could lead to an
increased width of RMP and a commensurate increase in the
projections onto low-n toroidal harmonics, our computations
with scaled RMPs suggest that an amplitude increase, alone,
would not change core RE confinement. Third, it also takes
time for the RE population to develop after plasma startup
in MST, and the RMP application has to be timed carefully.
None of these transient aspects of the MST experiments are
included in the MHD modeling or in the KORC computa-
tions. They may account for the difference in the suppression
timescales and the fraction of REs that are deconfined, and
addressing these effects will be a topic of future work.

It is also important to appreciate how the approach used to
represent the MST discharges with NIMROD may hinder us
from reproducing the full sawtooth dynamics. For analysis of
experiments, it is common to assume that the experiment’s
global-scale fields represent a magneto-hydrostatic equilib-
rium. This equilibrium is found through fitting solutions of the
Grad-Shafranov equation to diagnostic measurements. Such
an equilibrium is used as the foundation for many NIMROD

simulations, including those presented here as described in
section II A. Given an equilibrium, NIMROD accurately de-
scribes the nonlinear evolution of MHD. The simulations ef-
fectively have a set of implicit sources that balance all dis-
sipation terms, such that in the absence of fluctuations, the
prescribed equilibrium profile is maintained. Nonlinear MHD
relaxation in the experiment, itself, influences the profiles, so
the fitting procedure may not provide the most appropriate
data for reproducing the full dynamics in the MHD simula-
tion. In principle, one should use an equilibrium that rep-
resents what the transport-consistent profiles would be in the
absence of MHD for NIMROD to quantitatively reproduce the
full dynamics. The fact that we have not reproduced complete
runaway electron suppression could partly result from the re-
sulting moderation of the magnetic topology evolution.

Although the simulations do not reproduce full RE suppres-
sion, the qualitative observations produced by the combina-
tion of NIMROD and KORC are robust. Deconfinement of
REs at experimentally relevant energies in MST is well cor-
related with the destruction of outer flux surfaces. The m = 3
perturbation leads to chaotic fields in the outer region because
it is resonant with many rational surfaces between q = 1 and
the outer wall, whereas the m = 1 is not. In addition, our com-
putations of RE trajectories in the time-evolving fields show
correlation between phases of enhanced MHD activity and in-
creased RE loss. This provides some support for the hypothe-
sis in Munaretto et al. that the time evolution of the sawtooth
cycle aids in the observed suppression by the m = 3 RMP.
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