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Abstract
In order to better understand the behaviour of both neutral beam injected and spontaneously generated fast ions in the Madison
Symmetric Torus reversed-field pinch, we have developed the full orbit-following code random ion orbits (RIO). The low
magnetic field and relatively large level of MHD activity present in MST require a full orbit code as the guiding centre
assumptions are violated even for ions with modest energy. Furthermore, quasi-periodic bursts of MHD activity (sawteeth)
generate large transient electric fields and significant modifications to the equilibrium magnetic fields. Understanding the full
effect of these sawteeth on the spatial and velocity distribution of the fast ions is of great interest. To this end, RIO now has
the ability to take the full 3D, time evolving, magnetic and electric fields produced by the visco-resistive MHD code DEBS as
input. In static cases, where broad-spectrum magnetic perturbations from DEBS are input, but fixed in time, beam injected ions
are found to be generally well confined with the core fast ion density profile largely unaffected by the magnetic modes while
the fast ion density in the mid-radius is substantially reduced. In the dynamic case, the large amplitude magnetic fluctuations
that occur at the sawtooth crash produce substantial fast ion loss. Those fast ions that are not lost are accelerated by a large,
transient, parallel electric field in the co-current direction. This causes the average energy of the beam ions to increase by
∼20%, consistent with recent experimental measurements.
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become large enough to violate the assumptions of the guiding
centre formalism and the full orbit of the fast ions must be
computed [4].
In the Madison Symmetric Torus (MST) RFP [5], the
particle motion is further complicated by the existence of
many substantial magnetic and electric field fluctuations as
well as quasi-periodic magnetohydrodynamic (MHD) dynamo
events known as sawteeth [6] in which large transient parallel
electric fields are generated [7]. MST is a medium sized
toroidal magnetic confinement device with a major radius of
150 cm and a minor radius of 52 cm. It is characterized by its
circular cross section and its thick, close fitting, conducting
shell. The plasma is limited by 1 cm thick toroidal graphite
limiter located at the outboard mid-plane. The vacuum vessel,
primary plasma facing component, structural support and
single turn toroidal field coil are all provided by the 5 cm
thick aluminum shell. This close fitting conducting shell has a
wall time of approximately 800 ms [8], making it very nearly

1. Introduction

Understanding fast ion dynamics is critical for designing
any plasma based nuclear fusion device. While single
particle motion is relatively simple to compute and understand,
tracking a large number of particles and their interactions with
the background plasma remains a challenge for both theory
and computation. In many toroidal confinement devices this
problem can be simplified somewhat by averaging over the
particles gyro orbit and simply tracking the motion of the
guiding centre [1, 2]. This analysis has been done using
a formalism developed in [2] for the reversed-field pinch
(RFP) magnetic equilibrium and all eight of the fast ion orbits
identified in the tokamak equilibrium are also found in the
RFP, although with somewhat modified trapped, passing and
loss boundaries [3]. While the guiding centre analysis gives
insight into the particle trajectories, in low field devices such
as the spherical tokamak (ST) and the RFP, the gyro-orbit can
0029-5515/14/104007+10$33.00
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an ideal conducting boundary on the time scale of a typical
MST discharge (∼80 ms with a 20 ms current flattop). This
thick shell slows the onset of restive wall modes and lends
stability to the tearing modes (particularly the edge resonant
m = 0 modes) that are present in RFP discharges in MST.
Furthermore, it imposes a strong boundary condition on the
poloidal flux causing the flux surfaces to tend toward Shafranov
shifted nested circles. Figure 1(a) shows an example of the
contours of constant poloidal flux for a 400 kA RFP discharge
in MST as calculated by the equilibrium reconstruction code
MSTFit [9]. A plot of the toroidal, poloidal and the magnitude
of the magnetic field as a function of major radius for this
equilibrium are shown in figure 1(b). Again, note that this
magnetic field geometry can sustain all of the ion orbit types
typically seen in tokamaks. While the low magnetic field
amplitude and high shear can make the detailed 3D orbit
trajectories appear somewhat strange, the poloidal projections
of the orbits are very reminiscent of their tokamak counterparts, as can be seen with the example passing (red) and trapped
(blue) trajectories shown in figure 1(a).
Despite this close fitting shell, when the plasma is strongly
driven in the startup and sustainment phases of the discharge,
strong current peaking drives the core resonant tearing mode
unstable. This mode can then couple with the m = 0, n = 1
mode to drive an energy cascade that causes a significant
increase in the fluctuation amplitudes of the rest of the tearing
modes resonant in the plasma [10]. This interaction is known
as the RFP sawtooth and results in strong current transport
from the core to the edge of the plasma and significant toroidal
flux generation [11]. This relaxation process drives the plasma
toward a minimum energy state in which the parallel current
is flat and the toroidal magnetic field reverses sign at the
edge [12]. Figure 2(a) shows the time evolution of the RMS
B̃φ fluctuation amplitude for a typical 400 kA standard MST
discharge. Figure 2(b) shows the B̃φ spectrum of tearing mode
amplitudes normalized to the average magnetic field at the
wall for two time slices: between sawteeth (solid red line) and
at a sawtooth crash (dashed blue line). Tearing modes are
resonant inside the plasma where k · B = 0 and magnetic
island can form at these resonant locations. k · B can be
rewritten as the safety factor q = rBφ /RBθ = m/n with the
resonance condition satisfied at rational values of m/n where
m is the poloidal and n is the toroidal mode number. The
low n mode amplitudes (n < 5) are dominantly from edge
resonant m = 0 activity while the higher n modes (n  5)
are mostly m = 1 activity with resonant locations in the midradius and core regions of the plasma. A typical magnetic
safety factor profile from between sawteeth is shown as a
function of the minor radius in figure 2(c) with the radial
location of the rational surface for the first 10 m = 1 modes
and all of the m = 0 modes indicated. The relatively large
amplitude and global structure of the magnetic fluctuations
suggests that many overlapping magnetic islands are present
and the magnetic field will be largely stochastic, even away
from the sawtooth crash. The rapid redistribution of current
density that occurs at the sawtooth crash leads to a significant
change in the magnetic equilibrium and large transient electric
fields. To study fast ion dynamics in the presence of a broadspectrum of tearing mode activity, the full orbit following
random ion orbits (RIO) code has been developed. RIO,
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Figure 1. Panel (a) shows a set of typical flux surfaces for an RFP
equilibrium in MST. The contours of constant flux are shown in
black (note that they strongly resemble a set of shifted circles).
Example poloidal projections of a passing (red) and a trapped (blue)
25 keV hydrogen ion trajectory are also shown. The conducting
shell is indicated in grey and the half round outboard limiter is shown
at the outboard mid-plane in black. Note that the last closed flux
surface is not shown. Panel (b) shows the toroidal component (red
dashed–dotted), poloidal component (blue dashed), and magnitude
(black solid) of the equilibrium magnetic field as a function of major
radius (with a vertical dashed black line marking the magnetic axis)
from the MSTFit equilibrium reconstruction code.

which has been used in the past to inform fast ion studies
on MST [13, 14], is now capable of taking the time evolving
electric and magnetic fields for both the equilibrium and
fluctuations as input. This allows for a detailed analysis of
the impact of the sawtooth crash on the fast ion distribution.
Furthermore, slowing down, pitch angle scattering and charge
exchange effects are taken into account by tracing the charged
particles through a parameterized background plasma. This
can be done in either a cylindrical or a shifted circle toroidal
geometry. By coupling RIO to the output of the 3D viscoresistive MHD code DEBS [15], which has now been run at
experimentally relevant parameters [16], an assessment of
the effects of the RFP sawtooth on the fast ion dynamics
can be made. Note that while this work focuses on using
RIO+DEBS to look at the RFP magnetic geometry, RIO can
be used to look at any axisymmetric magnetic geometry where
the magnetic equilibrium is well described by a set of nested
circles. Furthermore, one could relatively easily couple the
output of any MHD code to the input for RIO, DEBS is simply
a code that is well suited for studying the RFP.
2
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This work contains a detailed description of the RIO
code as well as some initial results of particle tracing through
a sawtooth event at MST parameters. Section 2 contains
a general description of the code. Section 3 contains a
description of the physics model used to compute the frictional
drag, pitch angle scattering, and charge exchange effects on
the test particles. Section 4 describes how the time evolving
equilibrium and fluctuating fields are input into RIO and how
this has been interfaced with the DEBS code. Finally, section 5
shows some initial results from particle tracing of neutral beam
born ions in both a static background of broad-spectrum tearing
modes and the time evolving magnetic and electric fields
through a sawtooth event. In the latter case, significant particle
energization, consistent with experimental measurements, is
observed.
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2. Description of numerics
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2

RIO solves the Lorentz equation for charged particle motion
in electromagnetic fields including collisional drag using the
Hamiltonian formalism. We use Hamilton’s equations, which
in Cartesian coordinates are:
∂H
∂H
dp
=−
− m f νd
,
dt
∂ q
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 2 /(2mf ) + ef ,
where the Hamiltonian is H = (p − ef A/c)
mf and ef are the test particle mass and charge, νd is the drag
or slowing down rate due to collisions with the background
plasma, q is the generalized coordinate vector, p is the
generalized momentum vector, A is the magnetic vector
potential, and  is the electric potential. After performing
a canonical transformation to generalized toroidal coordinates
(and conjugate momenta), the equations are solved using a
Runge–Kutta–Fehlberg scheme [17] in order to obtain the time
evolution of the test particles position and velocity.
MST has a flux geometry that, due largely to the circular
cross section of the close fitting conducting shell, is well
approximated by a set of shifted circles. Furthermore, the
RFP equilibrium is well modelled by a periodic cylinder with
toroidal effects being less significant than a similarly sized
tokamak. In fact, large scale MHD simulations of the RFP in
a periodic cylinder geometry have been shown to reproduce
many of the dynamics observed in the experiment [18]. Single
fluid MHD simulations of MST at experimentally relevant
parameters have shown quasi-periodic sawtooth activity and
yield the time varying electric and magnetic fluctuation
profiles. RIO is designed to take this cylindrical field and
map it onto set of orthogonal generalized coordinates that
are then cast as either a periodic cylinder or a shifted circle
toroidal geometry. Cast in this way, one can easily switch
the calculation of the particle trajectory from cylindrical to
toroidal coordinates in order to gain a sense of the trapping
effects. This also allows for realistic modelling of tangentially
injected beam born fast ions in either geometry. Generally,
neutral particles are injected in the toroidal geometry and their
ionization location and pitch are calculated using a MonteCarlo method. The particle trajectories can then be traced in
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Figure 2. The top plot (a) show the time evolution of the RMS
amplitude of the toroidal magnetic fluctuations (measured by a
toroidal array of B-dot coils) over the course of a single MST
discharge. Note the current flattop is ∼20–40 ms. The middle plot
(b) shows the fluctuation spectra at 18.5 ms (red solid) and during
the sawtooth crash at 21 ms (blue dashed). The bottom plot
(c) shows a typical magnetic safety factor profile with the radial
position of the rational surfaces for the first 10 m = 1 and all the
m = 0 modes indicated.

the toroidal geometry, or the ionization location and pitch can
be mapped back to the cylindrical geometry. This mapping can
be thought of as changing the tangential path of the injected
neutral particles in the toroidal geometry to a curved path in the
cylindrical geometry. In this way, a realistic fast ion deposition
can be used in either geometry.
3. Description of particle interactions

The fast particles interact with the background plasma in many
ways, several of which are accounted for in RIO. The first is
simply collisional drag. The classical collisional drag rates
are used to account for the drag on the test particles due to
the background species [19]. We account for the Maxwellian
averaged collisional drag from the background electron, bulk
ion, and an arbitrary number of impurity ion species. Note that
for the results show in section 5 we consider only the bulk ion
3
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and electron collisions. The total drag, νd , is simply the sum
of the drag on the test particle due to each of the background
species. For typical MST parameters the drag time for a
20 keV ion (1/νd ) is about 70 ms. The profiles for the neutral
particles, electrons, and bulk and impurity ion temperature and
density are generally approximated as radial profiles of the
form 1 − (r/a)α . The electron density is determined through
quasi-neutrality. This allows for a self-consistent calculation
of the slowing down due not only to the bulk ions and electrons,
but an arbitrary number of impurity ion species as well. This
is also how the ambipolar potential, which is part of the  term
in the Hamiltonian, is specified.
Besides causing the drag that is taken in to account in
the dynamic equations, the collisions generate pitch angle
scattering that have to result in the following ensemble-average
changes [19]:

d  2
f |ξ
Vf2 ν ,
δV =
dt
ξ =e,i,...

be noted that the inductive electric field is always computed
self-consistently when the magnetic field is evolved in time,
with any discrepancies between this and the supplied electric
field accounted for in the  term in the Hamiltonian.
The input field can not possibly be given at every point
of interest for the calculation of the particle trajectory, so
the input field is preprocessed in order to generate a set of
piecewise smooth functions of radius and time which are used
to compute the field. These functions take one of three user
selectable forms: a piecewise quadratic, a smoothed piecewise
quadratic, and a piecewise gaussian fit. Because of the close
fitting shell in MST, we also correct the fields to ensure that
Br goes to zero at the conducting wall and are represented
 · B = 0. In the case
in a form that identically satisfies ∇
of a resistive shell, known error fields, or some other nonideal boundary condition, this feature can be turned off and
the Br will be set to the interpolated value of the provided
Br at the boundary. The approximate interpolation is done
in both radius and time for each mode. This allows each
mode to be independently scaled to measurements from MST
or artificially changed to approximate scenarios that have not
been simulated, such as pulsed parallel current drive (PPCD)
and quasi-single helicity (QSH).
The ability to take a dynamically evolving field is critical
for understanding the effects of sawteeth on the fast ion
distribution. At the sawtooth crash, the magnetic fluctuations
grow rapidly, redistributing current and rapidly altering the
equilibrium magnetic field. The toroidal field on axis, for
example, can change by 200 G in about 100 µs. The changing
magnetic field leads to a large transient inductive electric
field in the core region of the plasma [7, 20]. Figure 3
show the simulated time evolution of the equilibrium magnetic
and electric fields through a sawtooth crash from DEBS
simulations run at parameters matching those of 400 kA
standard discharges in MST. The fields change dramatically
around the sawtooth crash. To get an accurate sense of the
effect of this change on the fast ions, the full time evolving
fields are required in the simulation. Furthermore, while it has
been established that fast ions are well confined in standard
RFP discharges, sufficiently high levels of fluctuations for a
sufficient duration are expected to lead to fast ion loss. This
code allows the amount and location of the fast ion loss to be
determined self-consistently.

(2)


d  2
f |ξ
Vf2 ν⊥ ,
δV⊥ =
dt
ξ =e,i,...
where Vf is the test particle velocity while ν and ν⊥ are the total
parallel and perpendicular scattering rates in velocity space.
The total scattering rates are obtained by summing the standard
scattering rates due to the test particle interaction with the
various background species. Including the drag and pitch angle
scattering in this way self-consistently generates the transition
from slowing down to pitch angle scattering as the dominant
effect on the test ions as they slow down below the critical
energy. The scattering process as well as the charge exchange
process are simulated using the Monte-Carlo approach. The
latter allows for neutral beam injection from a synthetic neutral
beam injector (NBI) with realistic divergence and injection
angle characteristics, and for self-consistent calculation of the
charge exchange loss.
4. Description of DEBS fields

RIO can take time varying electric and magnetic field
information for both the equilibrium and fluctuations as input.
Since the equations of motion are cast in terms of the potentials
A and , it is actually these potentials that must be provided as
input. We assume that the 3D fields can be written as follows
(with only the vector potential shown here for brevity):
A =

M




α Aα [r, t]e

i(mα θ +nα φ)

+ c.c.

5. Results

The code has successfully modelled several interesting cases in
MST, reproducing some of the observed behavior. In the first
case we consider, five high pitch (small pitch angle) test ions
are launched at 25 keV at various locations along the minor
radius. The equilibrium and fluctuating magnetic field used in
RIO is from a single time slice of a DEBS simulation. No electric
field information was included (i.e.  = 0). This allows a
basic assessment of the effect of tearing modes on the fast ion
confinement and we find that, despite relatively poor thermal
ion confinement, fast ions are well confined in the core region
of the plasma. In the second case (also without electric field
information), we inject 104 neutral deuterium test particles
over 1 ms (to simulate a beam blip from the 1 MW neutral
beam injector) into a static background magnetic field with and

(3)

α=1

with mα and nα as integer poloidal and toroidal mode number
for each harmonic considered. When the magnetic (and
electric) fields are supplied, as is the case when interfacing
with the DEBS code, the potential fields are computed and
the coefficients Aα (and similarly α ) are chosen to provide
the best approximation of the input data. The coefficients
α can be adjusted at run time and are used to provide
agreement with experimental data for different experimental
discharges of interest or to test the effect of raising and
lowering specific mode amplitudes on confinement. It should
4
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Figure 3. Magnetic and electric field profile evolution through a sawtooth crash (time = 0).

(qm = rBφ /RBθ ). The effective safety factor profile for the
fast ions will have it’s own analogous resonant locations and
island widths at rational values of qfi [13, 14, 23]. The linear
approximation for qfi , as shown in [14], is:

without fluctuations. The two sets of particles are traced for
10 ms from the end of the injection phase and then compared
in order to asses the effect of broad-spectrum tearing modes on
the fast ion distribution. In the third case, we inject 104 neutral
deuterium particles from the synthetic NBI into the full time
evolving magnetic and electric field taken from the simulations
in order to asses the impact of the RFP sawtooth event on the
fast ion distribution. For the cases with 104 particles, the runs
take 2 to 5 days on 200 Intel Xenon cores in a mixed cluster of
16 X5570 at 2.93 GHz, 10 X5550 at 2.67 GHz, and 24 L5520
at 2.26 GHz (all quad cores). It should be noted that in all cases
the fast ions are treated as test particles. This assumption is
made for two reasons. First, we have observed no indication of
fast particle driven instabilities or any other significant reaction
of the background plasma for short beam pulses (under 3 ms).
Second, we currently have no way to couple information from
the fast ion distribution back into the DEBS code. It should
also be noted that the number of modes used in the full orbit
calculation is reduced from the hundreds of modes in the DEBS
simulation to the 64 largest modes. These are primarily the
low n, m = 0, 1, and 2 modes. This is done for computational
expedience and is not a fundamental limitation of the code.

qfi ≈ qm +
where S =

S V 2 (1 − µ ) Bθ2 − rµ
√
Bθ2
2R 1 − µ

V ·B
 is the sign
|V ·B|
V2
= EE0⊥ = V 2⊥ is

of V,

=

eB
mc



(4)
is the gyro-

the ratio of the perpendicular
frequency, µ
energy to the total energy divided by the gyro-frequency, and
the primes are radial derivatives. Note that equation (4) is only
valid for moderate to high pitch ions. As the pitch approaches
zero, the poloidal transit frequency becomes poorly defined
and the analogy to the magnetic field behavior breaks down.
For co-injected fast ions in MST, the effect of the drift orbit
averaging is to raise qfi above qm . A typical qm profile from a
DEBS simulation of MST is shown in black in figure 4 with the
magnetic island widths for the m = 1, n = 5–31 modes shown
centred around their resonance radius (i.e. where k · B = 0).
Given MST’s q profile, the drift orbit effects move the resonant
locations for the modes radially outward and away from the
peak in the magnetic perturbation amplitude. These two factors
tend to make the islands in the fast ion trajectories smaller than
the corresponding magnetic island for a given mode, helping
to limit stochastic fast ion orbits to the outer part of the plasma.
Assuming the fast ion profile is strongly core peaked, this effect
explains the relatively long fast ion confinement times observed
in MST. The qfi profile is shown in red in figure 4 with the
approximate m = 1, n = 5–16 island widths plotted as well.
This qfi profile is for a pitch of 1 (co-current) fast ion. As the
pitch is increased, the difference between qm and qfi increases,

5.1. Fast ion confinement in a stochastic magnetic field

Tangentially injected fast ions have been observed to be well
confined in MST despite a strongly stochastic magnetic field
[13, 21, 22]. This has been understood to be largely due to drift
orbit averaging, which gives the fast ion guiding centres their
own effective safety factor (qfi = rVφ /RVθ = fφ /fθ where
fφ and fθ are the toroidal and poloidal transit frequencies)
that is substantially shifted from the magnetic safety factor
5
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Figure 4. Magnetic safety factor (black) and effective safety factor
of the fast ion guiding centre for a pitch = 1 (co-current), 25 keV
hydrogen ion (red). The approximate island widths for the m = 1
modes are also shown.

with the largest increase being in the core region. This suggests
that core localized ions of any positive pitch will be relatively
unaffected by the magnetic perturbations resonant in the core
region of MST unless the mode amplitudes get very large. By
launching particles at different radial locations and plotting the
guiding centre location of each point as it crosses the Z = 0
plane, as in figure 5, we can easily see the effect of these islands
on the fast ion trajectories. The particles launched in the core
(orange and yellow) clearly have well confined orbits with the
guiding centres being largely unaffected by the remnant m = 1,
n = 5 magnetic island. The particles launched at larger radius
(purple and green) have their own n=5 resonance despite the
highly stochastic magnetic field in this region. Moving still
further out in radius (red), the fast ion trajectories eventually
become stochastic and the ions sample a significant fraction of
the minor radius until they are eventually lost.

Figure 5. Toroidal puncture plot of the magnetic field (black) and
five separate 25 keV hydrogen fast ion trajectories launched at
various radii (coloured). The core-most ions (orange and yellow)
are clearly well confined while those launched in the mid radius
(red) are stochastic.

the pitch is such that particles propagating in the co-current
direction have positive pitch and counter propagating particles
have negative pitch. Note that there are a significant number
of low pitch (large pitch angle) ions deposited near the q = 0
surface. Many of these are lost promptly, but some are confined
throughout the simulation.
The effect of the spectrum of tearing modes on the fast ion
distribution is subtle. Figure 7(a) shows the fast ion density
profile 10 ms after injection for a case without tearing modes
(black solid) and a case with the 64 highest amplitude magnetic
fluctuations (red dashed) while figure 7(b) shows the relative
change in density between the two cases. As expected, the core
fast ion density is nearly identical with and without magnetic
modes. However, at mid-radius the fast ion density is reduced
by approximately a factor of two due to enhanced losses from
the stochastic trajectories that the particles begin to experience
in this region [24]. In other words, once the particles begin to
interact with the modes, they traverse more of the minor radius
of the plasma. When the perturbations to the ion orbit from
one mode overlap with the neighboring perturbation, the radial
extent of the orbit is further enhanced until the particle orbit
makes it all the way to the edge of the device and the particle is
lost. While the non-trivial enhancement to the fast particle
loss in the mid-radius is expected given the single particle
trajectories shown in the previous example, it is encouraging
that this loss is small in terms of absolute density. This result
suggests that the number of beam ions that are quickly lost due
to tearing mode activity is relatively small and that most of the
injected fast ions make it into well confined orbits. It is also
worth noting that both of the curves shown in figure 7(a) are

5.2. Effect of broad-spectrum tearing modes on beam
injected ions in a toroidal geometry

Since the RIO code is capable of modelling charge exchange
processes given the experiment-like temperature and density
profiles, the beam can be simply modelled as a distribution
of neutral particles launched towards the plasma at a given
energy. This is important as it assesses the fraction of the
actual beam injected particles that go into well confined orbits
(as opposed to stochastic orbits that will be rapidly lost). The
geometry and divergence of the NBI on MST is used and the
fast ion deposition is computed. These simulations have been
performed using deuterium ions injected into a background
plasma with static electron, deuterium ion, and deuterium
neutral temperatures and densities, all of which match 400 kA
standard plasmas in MST. The resulting beam deposition is
roughly consistent with TRANSP/NUBEAM predictions, but has
the advantage that it correctly models the beam deposition near
the q = 0 surface. Here we have modelled a 1 ms 50 A 25 keV
beam blip with 104 test particles. These particles are injected
into a static magnetic field taken from the DEBS simulation 3 ms
before a sawtooth crash (similar to the time slice indicated in
figure 2 by the solid red line). No electric field was applied in
this case. Figure 6(a) shows the initial deposition of the test
particles in a toroidal cross section while figure 6(b) shows
the pitch distribution of the initial deposition. The sign of
6
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Figure 7. Fast ion density with and without tearing modes (a) and
relative difference between the two profiles (b). Note that there were
no test particles outside r/a ≈ 0.9 in the simulation.

Figure 6. Initial deposition of beam injected fast ions in (a) space

and (b) pitch (positive is co-current, negative is counter current).
The initial pitch deposition peaks at ∼0.68. Later in time the pitch is
much more strongly peaked at ∼0.8.

evidence of fast particle driven instabilities in similar beam
blip experiments performed on MST. The resulting fast ion
density and β profiles have relatively steep gradients, possibly
approaching marginal stability, but here we are just considering
the effects of tearing modes and the mean field evolution
on the fast ions. Figure 8 shows the fast ion density from
200 µs before the sawtooth crash in black and 200 µs after the
sawtooth crash in red dashed. While the maximum relative
change in the fast ion density occurs in the mid radius, which
is expected as this is where a largest number of tearing modes
are resonant, the most striking feature of figure 8 is the ∼40%
reduction in the fast ion density in the core region. The
sawtooth crash causes direct loss of many of the particles that
were confined in the mid radius region and radial transport of
many of the fast particles that were confined in the core region.
In absolute terms, the net result is a somewhat small change
in the absolute density in the mid-radius while the core fast
ion density is substantially reduced. The physical mechanism
that causes this behavior is, again, simply resonant interaction
of the particles drift orbit with the MHD modes leading to
an enhanced radial extent to the particle orbit. Recall that
at the sawtooth crash the magnetic modes become very large
all across the plasma. In the mid-radius, the drift orbit sees
overlapping islands and it’s trajectory becomes chaotic. This
orbit eventually intersects with the wall and the particle is
lost. The ions that are initially core localized see a single
large island that spreads them out radially. As the fluctuations
grow, the edges of this island can start to overlap with the next
neighboring island. In this way, many of the core particles can
eventually make it into the stochastic region. As the fluctuation
amplitudes decrease after the sawtooth crash, the particles that
have not yet been lost from the mid radius region will be
confined there.

made up all most entirely of passing particles with the relative
number of trapped particles being about 5% in both cases.
This is likely simply do to the injection geometry leading
to preferential ion deposition into passing orbits. A separate
study of the effects of tearing modes on radially injected ions
is needed in order to ascertain the effect of tearing modes on a
large population of trapped ions, but this is left for future work
as MST does not currently have any plans for high power radial
neutral beam injection.
5.3. Effect of the sawtooth crash on the fast ion distribution

Finally, RIO is also capable of taking the full time evolving
electric and magnetic field from DEBS as input. In the
experiment, we often see evidence of significant acceleration of
beam injected ions (about 5 keV for 20 keV fast ions, or ∼25%)
on a tangentially viewing neutral particle analyser (called the
Advanced Neutral Particle Analyser, or ANPA) [25, 26]. By
evolving both the magnetic and electric fields in time we are
able to track test particles throughout the sawtooth event to
gain detailed information on how the fast ion population is
modified by these strong MHD events.
The setup for this simulation is the same 400 kA
background plasma and 1 ms deuterium beam blip as the last
example, but now the fields are evolved in time as the injected
ions circulate. It should be noted that while the effect of
impurity ion species on the test particles can be modelled, none
were used for this case. It should also be noted that fast ions
in high concentration can excite magnetic instabilities that are
resonant with the ion motion and cause rapid fast ion transport
[27, 28]. These effects have been ignored here because we
are modelling a short blip of NBI and have not observed any
7
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Figure 9. Fast ion β profiles from before (black solid) and after (red
dashed) the sawtooth crash.

Finally, it should also be noted that nearly all of the beam
injected particles are passing particles with trapped particles
representing less than 5% of the total number of test particles.
The fraction of trapped particles decreases at the sawtooth
crash, dropping to about 2% after the crash. The trapped
particles tend to reside in the mid radius of the plasma where
most significant losses are and therefore, unsurprisingly, most
of the trapped particles (∼75%) are lost at the sawtooth crash.
Most of the remaining fast ions are de-trapped by the large
parallel electric fields seen at the sawtooth crash. Only ∼5% of
the particles that were trapped before the crash are still trapped
after the crash. The majority of the particles found in trapped
orbits after the sawtooth crash were passing particles that,
through a combination of radial transport and slowing down,
become trapped. That said, most of the particles transported
out to the mid radius remain in passing orbits.
Interestingly, despite the significant drop in fast ion
density in the core, the energization of the fast ions that remain
in the core region leads to a relatively small change in the
core averaged fast ion β. The local fast ion β is defined as
n

mi Vi2 /2
1
where the sum is over the number
β(r) =
B 2 /8π 4π 2 Rrdr
i=0

0.6
r/a

Figure 8. Fast ion density profile before (black solid) and after (red
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of fast ions at each radial position. Figure 9 shows the fast
ion β profile as a function of minor radius from before and
after the sawtooth crash. The average β inside r/a = 0.2
is relatively constant (only dropping about 12%) while the
mid radius shows a significant drop (over 50%). Part of the
change in the βfi profile is due to a few percent change in the
toroidal magnetic field profile, which decreases on axis and
increases in the mid radius at the sawtooth crash. However, the
majority of the change is from ion acceleration due to a parallel
electric field. The E profile generated at the sawtooth crash
crosses through zero in the mid radius causing acceleration
in the core and deceleration in the mid radius and edge [29].
Surprisingly, this simulation suggests that the sawtooth can
actually briefly enhance the βfi gradient in the transition region
around r/a ≈ 0.3 rather than flattening it. On average, the fast
ions that remain in the core region of the plasma gain parallel
energy leading to an increase in both the average energy and
average pitch. Figure 10 shows the fast ion pitch and energy
distribution for the particles inside r/a = 0.2 from before
and after the sawtooth crash. The preferential acceleration
in the parallel direction shifts the average pitch from ∼0.8 to
∼0.9. The average energy increase in these core localized
fast ions is about 4 keV, or ∼22%, which is roughly consistent

15

20
25
Energy (keV)

30

Figure 10. Core fast ion (a) pitch and (b) energy before (black
solid) and after (red dashed) the sawtooth crash. The pitch increases
due to acceleration from the mean E and average energy increases
by about 5 keV.

with the ANPA measurements of beam injected ions on MST
(see, for example, figure 6 in [25]). While this is consistent
with experimental measurement, we have not yet attempted to
make a synthetic NPA to directly compare the simulation to the
measurement, though we hope to do so in the near future. The
enhancement in the pitch is also seen in the particles resonant in
the mid radius, which again is consistent with the smaller than
expected number of trapped particles seen in the mid radius
after the sawtooth crash.
While the agreement in the fast ion energization is
encouraging and the observed fast ion dynamics are interesting,
it is important to stress that these results are not a prediction of
the fast ion density, β, or energy expected in the experiment,
but rather an exercise exploring the possible effects of large
variations in the fields on a distribution of fast ions. There
8
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are no error bars on any of the results presented because
the primary uncertainty is likely due to uncertainty in the
input values. The sensitivity of these results to the various
input profiles is currently unknown. Sensitivity studies and
a detailed comparison to observable quantities such as the
neutron flux and neutral particle analyser measurements be
the subject of future work.
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6. Conclusions

We have developed a full orbit particle tracing code that
is capable of taking the full magnetic and electric field
information from MHD simulations as input. This allows
for a detailed study of the effect of tearing modes and
magnetic stochasticity on fast ion confinement. Furthermore,
the ability to evolve the magnetic and electric fields in time
allows the detailed study of transient events on the fast ion
distribution. Initial results show that core localized fast
ions are well confined, which is due to drift orbit averaging
over the stochastic magnetic field in these RFP plasmas.
The broad-spectrum tearing mode activity in MST, while
likely substantially reducing the neutral beam injected fast
ion density in the mid-radius, has little effect on the total fast
particle density for the co-injected neutral beam due to the
strongly core peaked fast ion density profile. During a sawtooth
event, the large magnetic perturbations cause substantial fast
ion transport with the core localized ions moving out in
radius and the mid-radius ions being lost. However, despite a
substantial reduction in the core fast ion density, the fast ion β is
largely maintained due to parallel acceleration of the confined
ions. This acceleration leads to a roughly 20% increase in
average energy, which is consistent with experimental results
from MST.
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