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Abstract. The transport and losses of fusion-born alpha particles is studied in the
presence of a single-helicity tearing mode, characterized by (m = 2,n = 1). The
analysis is performed by means of the recently developed Toroidal Accelerated P Article
Simulator (TAPAS). Although such modes have been usually believed to result only in
a local flattening of the radial profiles, it is shown that the density profile can exhibit
a global modification leading to significant losses of alpha particles. This is due to
the fact that, although the magnetic field does not exhibit any chaotic behaviour, the
trajectories of alpha particles do, as revealed by their Poincaré maps. Such result is
in qualitative agreement with past observations and simulations of energetic particles
generated by neutral beam injection in TFTR, DIII-D and AUG tokamaks. In-depth
analysis is carried out to characterize the impact of the tearing mode on the transport
and losses of fusion-born alpha-particles with a realistic density profile. The impact
of the amplitude is evidenced. Moreover, the effect of the island rotation frequency
is assessed based on a detailed analysis of the linear resonances in phase-space, in
agreement with the simulation results. Finally, the probability density function of the
exit time has been computed and the transport of alpha particles has been found to
be anomalous.

1. Introduction

In future fusion devices such as ITER, a significant population of alpha particles
is expected to be produced by the nuclear fusion reactions between Deuterium and
Tritium. Such fusion-born alpha particles exhibit velocities which are much larger than
the thermal velocity of the bulk plasma. This is the reason why they are also called
energetic particles (EP) and they must be sufficiently well confined to transfer their
energy to the bulk plasma through Coulomb collisions or to ensure the current drive
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efficiency |1, 2|. In addition, a fusion plasma is a complex nonlinear system, characterized
by strong gradients which lead to instabilities developing on disparate spatio-temporal
scales, ranging from the electron Larmor radius to the size of the tokamak (~ 1 meter)
and from the microsecond to the confinement time (~ 1 second). Such instabilities can
have a deleterious effect on the confinement of EP, limiting therefore the performance
of fusion devices. Already in the electrostatic regime, the effect of single helicity
electrostatic perturbations on EP transport and losses was analysed in detailed in
Refs. [3, 4]. In the present work we focus on single helicity rotating and non-rotating
magnetic perturbations representing a tearing mode [5, 6, 7] and analyse their impact
on the transport and losses of fusion-born alpha particles. Due to the curvature of the
magnetic field lines, the trajectories of EP exhibit a departure from the magnetic flux
surfaces, which is called magnetic drift. This departure is more pronounced when the
energy of particles is high. Since alpha particles are born with 3.5 MeV, taking into
account their magnetic drift is of prime importance. The magnetic drift introduces an
additional periodicity in the trajectories of particles in a tokamak, which can couple
to the periodicity of electro-magnetic perturbations, resulting therefore in higher order
harmonics. Such phenomenon was first raised by Mynick [3] for EP generated by external
heating in tokamaks and observed by Zweben [9] for alpha particles in TFTR. It was also
confirmed by Carolipio in DIII-D tokamak [10] and invoked by Garcia-Munoz to explain
the losses of NBI-generated EP in the presence of tearing modes in AUG tokamak [11].
Further analysis regarding the interaction of EP and tearing modes in phase space was
presented in Ref. [12]. To our knowledge, the most recent studies of EP losses induced
by tearing modes have been reported in Ref. [13]| in the framework of simulations of
passing energetic ions in EAST tokamak.

A tearing mode can be excited in tokamaks due to the gradient of the plasma current
in the presence of non-ideal effects and can tear apart the magnetic field lines, resulting
in their reconnection [14]. This process leads to a modification of the magnetic topology,
characterized by the formation of magnetic islands. In magnetically confined plasmas,
tearing modes enhance particle and energy transport, degrading this way the overall
confinement [15]. In the present paper, we explore the mechanism highlighted in the
seminal work of Mynick [8] and extend it to the transport and losses of alpha particles
in JET-like tokamaks in view of the next JET experimental campaign. For this purpose,
we use a recently developed Toroidal Accelerated PArticle Simulator (TAPAS). In the
same spirit, other codes such as ORBIT [16], OMFC |17], LOCUST |18], SPIRAL [19]
or ASCOT [20] were developed in the past with the purpose of studying the transport
of energetic particles in tokamaks. Also the analysis of other high-energy particles such
as runaway electrons has been possible using KORC [21], which includes relativistic
corrections to the full-orbit equations. Moreover, reduced models such as the kick model
reported in |22] can be used to take into account the basic mechanism of wave-particle
interaction. Such model was recently applied to the study of EP transport induced by
neoclassical tearing modes in DIII-D [23] and by the coupled kink and tearing modes in
NSTX [24] and is based on the reconstruction of a probability density function for the
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particle steps in phase space, which might exhibit uncertainties due to poor statistics in
some regions of phase space. TAPAS has been optimized, parallelized and accelerated
using graphical processing units (GPU), which results in a very high performance. To
our knowledge, only LOCUST has been accelerated on GPU as reported in a very recent
publication [25]. Such acceleration allows TAPAS to accurately and efficiently perform
the long-time integration of the trajectories of very large ensembles of particles (> 107)
and to carry out dedicated diagnostics to tackle computational intense statistical particle
studies for which most existing codes might not be suitable. Some specific examples
include the study of statistical rare events that underline non-diffusive transport in the
presence of gyrokinetic turbulence and/or MHD activity. This increased statistics in
space and time is essential to characterize and quantify the transport of EP, such as
alpha particles, in tokamak plasmas, which is the purpose of the present work. Also of
interest is the dependence of transport on different orbit models, e.g. full-orbit, gyro-
averaged, or guiding center. These studies also benefit from TAPAS’ flexible particle
initialization routines. In addition, TAPAS design, and in particular the orbit model
presented here, has been developed for the seamless coupling with GYSELA5SD [26]
which is a problem we are currently working on. At the same time the decoupling of
the integrator and orbit model modules allow the seamless incorporation of different
integration algorithms and orbit models incorporating different levels of approximations
and spatio-temporal scales.

The remainder of the paper is structured as follows. Section 2 is devoted to the
description of TAPAS. In section 3 we provide the details of the simulations together
with the magnetic perturbation used to model the tearing mode. Analysis of the effect of
the island width and rotation frequency is done in section 4. We report in section 5 the
results characterizing the transport and losses of fusion-born alpha particles. Finally,
the conclusions and future direction are presented in section 6.

2. The Toroidal Accelerated PArticle Simulator (TAPAS)

2.1. The model

TAPAS allows the integration of a large amount of particle trajectories taking advantage
of the GPU parallelization. In the present work, we use TAPAS to solve the time
evolution of the guiding-centre coordinates (x, U, u) of Npart particles in a prescribed 3D

electro-magnetic perturbation ((b, AH) and an equilibrium magnetic field Beq. Particles
are characterized by their mass m and their charge eZ. The equilibrium magnetic field
can be arbitrary (obtained from a numerical equilibrium) or imposed analytically. The
code integrates the equations of motion, for each particle, in co-variant formulation (in
the absence of collisions in the present paper)

dat
dt

= u)b’ + v}, + vl + V4 (1)
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duy ;omuy

mg = (b -+ eZB[TT 3, [,LLBeq + h] (2)
dp
a (3)

where (x!, 22, 23) = (r,0, ) and the sum over repeated indices is implicit. Here, 6 and

@ are the poloidal and toroidal coordinates, respectively, and r is a flux surface label,
having length dimensions. When the magnetic equilibrium has circular cross-section,
r represents the radial position, hence the chosen notation. The perturbed particle
Hamiltonian A is expressed as

h=Jo(®) —uJo (AH) (4)

where Jj (-) is the gyro-average operator. The parallel Hamiltonian velocity | is written
in terms of the parallel velocity v of the guiding centre

el
= —A 5
up =)+ A ()
The drift velocities are given by the following expressions
2
pBeq VBeq muj
= b 6
Y0 = ZB: " B | eZB[T (6)
b
vir = g < (T (0) =¥ (4)) (7
B e/ muH
VA = m Jo (AH) (b + (BZBFT) (8)

Representing, respectively, the magnetic drift velocity, the Hamiltonian drift velocity
and the magnetic drift velocity modified by the parallel low due to the magnetic
potential. Note that the Hamiltonian drift velocity is the sum of the F x B drift
velocity and a perpendicular velocity due to the magnetic field line bending. The vector
b is defined as b = Bey/Beq, With Beq = ||Beq|| and the vector 7 is given by

T=b x (b-VDb) (9)

In the previous expressions, B|’|‘ is written as
. mu

Bf = Beq + e—Z”b (V x b) (10)

and is related to the Jacobian of the guiding-centre transformation
27TB|T
y A— (11)
m

Finally, the co-variant component of a vector Y is given by Y* = Y -Va'. In the previous
expressions, .Jy represents the gyro-average operator, which can be switched on or off.
In case it is off, the gyro-average operator is simply reduced to the identity. In case it
is on, it is computed as follows for a given quantity X: (1) for each particle, its local
Larmor radius piocar is calculated, (2) a set of Ny, points {(T%Qi)}lgigmvg is selected
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on the circle with centre the particle and with radius pioca and (3) the gyro-averaged X
is approximated as Jy - X ~ ﬁvg > X (r;,0;). The gyro-average operator is applied to
the electrostatic and magnetic potentials before computing the gradient. For the sake
of simplification, it is assumed that gradient and gyro-average operators commute, i.e.
VJo- X =Jy-VX.

In TAPAS we use normalized quantities in such a way that distances are normalized
to reference thermal Larmor radius

/-Tref Myef
Pret = el 12
l"e Myef leefBref ( )
and time is normalized to a reference cyclotron frequency
ezt B
We,ref = el el (13)
Myef
and the velocity of the modelled species is normalized to its thermal velocity
T
Ui = | =2 (14)

The integration of the trajectories is done using a 4" order explicit Runge-Kutta method
(RK4) in toroidal coordinates. This method can raise the problem that the minor
radius for particles close to the magnetic axis can take intermediate or final negative
values, which is obviously mathematically forbidden. Therefore, for those particles the
trajectories are integrated in cylindrical coordinates (R, Z, ¢). Each particle is initialized
with a given spatial position (7,0, ¢). The initialization in velocity space can be done
using different coordinates: (UH,N), (E,N), (E,P,) and (E,\), where A = uBy/FE,
A = v /v and P, is the toroidal canonical momentum. Once this initialization in velocity
space is selected, the code performs a mapping onto (UHML)- In the present work we use
the initialization (F,\). It is to be noted that the initialization can be done on a 5D
grid of uniformly separated points or using a uniformly random loading. The former
one is used in this work. In addition to the initial coordinates in 5D space, each particle
is assigned a weight quantifying the number of physical particles represented by the
computational particle. Such weight is calculated as

wi:/ dr*F (15)
JV;

where d7* = J,dvjdudrdfde, V; is the volume represented by the particle i and F' is
the distribution function. Particles can be initialized either uniformly or randomly in
real space and velocity space.

2.2. Structure, parallelization and scaling of the code

The TAPAS software application, is a FORTRAN code parallelized over multi-GPU
nodes. It uses a hybrid paradigm MPI-OpenACC. The Message Passing Interface (MPI)
library describes a usual domain decomposition parallelism, over nodes, and between
GPU within a node. OpenACC directives inside the FORTRAN source code describe the
offload of the computation onto the GPU accelerator. This includes (1) the description



Tearing-induced transport and losses of fusion-born alpha particles with TAPAS 6

of data movement between the node memory and the GPU accelerator memory and (2)
the description of fine grain parallelisms on loops over particles to take advantage of
the multiple computational unit of GPU accelerator. TAPAS requires LAPACK library
for the eigen-solver of Ampére’s law to get the parallel magnetic potential. It also uses
parallel HDF5 library and format for I/O. The steps of the simulation are as follows:

(i) Initialization of MPI and OpenACC.
(ii) Reading of input file.
(iii) A flag in the input file indicates whether the simulation must restart from a previous

one or not. In case it is a restart, an HDF5 file containing the 5D coordinates of
all the particles (called restart file) is read.

(iv) Computing of all the required metric quantities in case of a numerical /experimental
equilibrium.
(v) Saving of the metric in an HDF5 file.

(vi) If required, computing of the parallel magnetic potential using the eigen-value
solver.

(vii) If required, initialization of the quantities used by the gyro-average operator.

(viii) The initialization of particles is done, either by setting their coordinates to the ones
read from the restart file or by initializing them to coordinates that are read from
an input file (it can be on a uniform grid or randomly).

(ix) If it is not a restart, the initial 5D coordinates are stored in an HDF5 file.

(x) The temporal loop is started: the four steps of the RK4 integration is done for each
particle. After each step of the RK4 scheme it is verified whether the minor radius
takes negative values. In case it does, the trajectory is solved using cylindrical
coordinates.

(xi) After each time step a verification is made to determine whether each particle has
reached the wall or not. The code allows the possibility to continue the integration
outside the tokamak. However, if this possibility is not activated the integration of
the trajectory is stopped and the particle is labeled as lost.

(xil) Every ngiag time steps the diagnostics are applied to store 1D, 2D or 5D information.

(xiii) At the end of the temporal loop a restart file is produced.

All the simulations presented in this work have been run on the French Jean-Zay
supercomputer, which is an HPE SGI 8600 computer composed of two partitions: a
partition containing nodes with only CPU (CPU partition); and a partition containing
accelerated nodes with four or eight GPU accelerators per node in addition to CPU
(GPU or accelerated partitions). Nodes are linked by a fast low latency Omni-Path
network with enhanced hypercube topology. The CPU partition is composed of 1528
nodes, with two Intel Cascade Lake 6248 processors, 40 cores each node, 192 GB of
memory each node, and one Omni-Path network interface each node. The four-GPU
partition (the one used in this work) is composed of 612 accelerated compute nodes with
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Figure 1: Simulation time (top left), speedup (top right) and efficiency (bottom)
as a function of the number of nodes for CPU and GPU partitions on Jean-Zay
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two Intel Cascade Lake 6248 processors, four NVIDIA Tesla V100 SXM2 GPUs (261
nodes with 16 GB and 351 nodes with 32 GB of memory), and four Omni-Path network
interface each node. The code has been compiled using the FORTRAN compiler from
the NVIDIA HPC software development kit. We have analysed the scaling of the code
on Jean-Zay using a fixed-size test case with ~ 1.3-10% alpha particles during 5000 time
steps. The time of the simulation as a function of the number of nodes when running
the fixed-size test case on the CPU and on the GPU partitions is given in figure 1a (left
y-axis). The acceleration is defined as the ratio between the time on CPU nodes, with
one MPI process (aka rank) per core, and the time on the same number of accelerated
nodes, with four MPI processes per node (one rank per GPU). This acceleration is
given on the right y-axis of the same figure. The acceleration factor starts at ~ 9.5 and
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decreases with the number of nodes down to ~ 8. The speedup is provided in figure
1b for both partitions. It is defined as speedupy = tx/tno, where N is the number of
nodes and NO is the reference number of nodes (2 for the accelerated partition and 8
for the CPU partition). For each partition, the ideal scaling is represented by dashed
lines. By ideal we mean that the simulation time is divided by n when multiplying the
number of nodes by n. Finally, the efficiency is given in figure 1c for each partition
as a function of the number of nodes and measured as the ratio between the speedup
and the ideal speedup. It can be observed that, although the code tends to be closer
to the ideal scaling on the CPU than on the GPU partition, its use on GPU allows a
significant acceleration for a production case. In other words, for the same number of
available computational nodes on CPU and GPU partitions, running the code on GPU
provides an acceleration which compensates for the slightly reduced efficiency.

3. Simulation set-up

Although the magnetic field can be given numerically, in the present paper we use an
axisymmetric equilibrium magnetic field of the form

Beq = BoRo (f (r) Ve x Vr+g(r) Vo) (16)
with
fr)= 70 Rog(f) (17)

and ¢ (r) the safety factor as a function of the minor radius. For the sake of simplicity
here we impose concentric and circular flux surfaces, which implies g (r) = 1. Therefore,
the toroidal magnetic field yields

By Ry
B, = 18
P R ( )
r
By = B 19
0 q (T) R, ® ( )
where R = Ry + rcosf. To investigate the effect of a tearing mode on the

trajectories of energetic particles we impose a purely magnetic perturbation of
the foorm A = Aj(r,0,po)b. The function A can be decomposed as A =
AjoAy (r) cos (mb +np — wt), where (m,n,w) are the poloidal and toroidal mode
numbers and the island rotation frequency, respectively, and Ay is a constant that
controls the amplitude of the perturbation and provides therefore the width of the
magnetic island. The radial eigenfunction A (r) is calculated numerically using a
shooting module, as done in [27], in a radial grid which can be as fine as required.
The boundary conditions for Ay are Aj(r =0) = Aj(r =a) = 0 and we impose the
continuity of the solution at rye, i.e. Ay (r — roy) = A (r = ri) = A (r = rwes), with
Tres the position of the resonant surface where ¢ = m/n. Therefore, the integration of
the trajectories can be done using interpolated values of Aj (r) obtained from standard
interpolation methods such as Lagrange polynomials. The toroidal and poloidal numbers
and the frequency are fixed. Thus, the angular and temporal dependence can be
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Figure 2: Radial profiles of safety factor (left) and magnetic potential computed using
a linear eigen-solver (middle) together with the Poincaré map of the magnetic field lines
in the presence of the magnetic perturbation Ay (right).

analytically evaluated. Because of the major role that alpha particles can play in future
fusion devices and because of the presence of alpha particles in the current experimental
campaign in the Joint European Torus (JET) device, in the following we show numerical
results of a JET-like tokamak: we simulate alpha particles in a tokamak of the size of
JET, but for the sake of numerical simplification we use concentric and circular flux
surfaces. We use Deuterium as as normalizing species. Therefore m,s = 2m,, with
m,, the proton mass, and Z = 1. The reference temperature is T, = 5 keV and
the reference magnetic field is Bt = 3.5 T. The dimensions of the simulated tokamak
in normalized units are a = 345p,er, Rg = 1020pyef, With prer = 1/345 m. The mass
and charge of the simulated alpha particles are m = 2m,of and Z = 27, respectively.
For fusion-born alpha particles, the energy is £ = 700E,, with Ejy, = 5 keV. The
safety factor is slightly reversed, taking a minimum value of ¢,,;, = 1.5, an on-axis value
g0 = 1.8 and an edge-value g, = 7.0. Such safety factor has been chosen to exhibit
different rational surfaces ¢ = m/n and to be close to realistic reversed JET g-profiles
[28]. This magnetic equilibrium is (m = 2,n = 1) tearing unstable, i.e. A" > 0, with A’
the instability parameter calculated as
, 1 . dA4 . dA

A = —AH =) ( lim — — lim ) (20)
The radial profiles of the safety factor and the magnetic potential are given in the
left and middle panels of figure 2, respectively. The rational surface ¢ = m/n = 2 is
represented by a vertical dashed line. The total magnetic field B = Beq + 0B, where
0B =V x (AHb>, exhibits a magnetic island around the rational surface ¢ = 2, as
depicted in figure 2c.

In the absence of any drifts, charged particles should follow exactly the magnetic
field lines. However, the finite Larmor radius induces a drift such that particle
trajectories deviate from the magnetic surfaces. Such effect is more pronounced for
EP (and even more significantly for alpha particles) than for thermal particles. A naive
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reasoning would lead to the fact that the Poincaré map of the trajectories of alpha
particles is simply the one illustrated in figure 2c but shifted to the right or to the left
for co- or counter-passing particles, respectively. However, it was reported in [29] that
the periodicity in the drift of EP trajectories can couple to the magnetic perturbation
inducing a series of islands in the Poincaré map of the EP. Such effect is also observed
in the simulations reported in the present work. The Poincaré map of deeply counter-
passing alpha particle trajectories for different energies is illustrated in figure 3. Both
left and right panels represent the same Poincaré maps, but using different coordinates.
It is observed the formation of several islands that appear at different rational surfaces
(g=3,qg=4,q=05, ..). Increasing the energy of alpha particles leads to the overlap
of these islands resulting in chaos that can be responsible for the transport and losses
of alpha particles, which is analysed in the next sections.

Fusion-born alpha particles can be modelled by the following distribution function

Fo(r,E,X) =n(r)U-11(N\)d(E - E,) (21)

where A = v /v is the cosine of the pitch angle, n (r) is the radial profile of density,
U—1,71) (A) is a uniform distribution function between A = —1 and A =1 and ¢ (' — E,)
represents the Dirac distribution. In this work, we use a radial profile consistent with
extrapolated DT scenarios in JET exhibiting peaked fusion-born alpha density profiles
peaked in the inner region [28]. Figure 4a illustrates the initial radial profile of the
density of alpha particles considered in this paper. The uniform distribution function
U—1,1) (A) does not result in a uniform distribution function in the motion invariant
A = puBy/E. Such deviation is depicted in figure 4b, showing a PDF as a function of
A, which exhibits a mean value (A) = [dAP (A) A = 0.68. Particles are tracked up to
Werett = 107, which represents ~ 60 ms. It is to be noted that this time is less than
the expected thermalization time for alpha particles in JET, which is ~ 300 — 500 ms.
Therefore, the simulations reported here are intended to characterize the transport and
losses in a time-scale where collisions do not dominate the dynamics of alpha particles.
The impact of the tearing mode is analysed by performing scans on the amplitude (and
therefore on the magnetic island width) and on the rotation frequency. In order to
minimize the computational cost of such scans, the alpha particles are represented by
107 markers initialized at ¢ = 0, i.e. we initialize a disk in (r, §). Therefore, each particle
represents physical particles in a domain [ri,l/z,riﬂ/g) X {Gi,l/g,eiﬂ/g) x [0,27).
Nonetheless, we have performed one single simulation where particles are initialized
over several values of ¢ and the results do not change significantly.

4. Impact of the island width and frequency on the losses of fusion-born
alpha particles

Figure 5 represents the final density radial profile (5a) and the number of confined
particles as a function of A (5b). In this figure we show, as a reference, the initial profiles
with thin solid black lines, whereas final profiles are given by thick lines. It is to be noted
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Figure 3: Poincaré map of deeply counter-passing alpha particle trajectories for three
values of energy: E = Fyy, (top), E = 200F;;, (middle) and E = 700Ey, (bottom).
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Figure 4: Initial density profile (left) and probability density function in terms of A
invariant (right).

that even in the absence of magnetic perturbation losses are observed, called prompt
losses or firts orbit losses. Therefore, we must compare the final profiles with (solid red
line) and without (dashed blue line) tearing mode. The final profiles in the presence of
tearing mode are obtained with a static (w = 0) magnetic perturbation characterized
by an amplitude Ay = 0.05, which represents an island half-width wiy ~ 7 - 1072 m.
It is observed that prompt losses lead to significant modifications of the initial profiles.
The impact of the tearing mode results in additional losses mainly in the radial region
0.2 < r/a < 0.8. In addition, figure 5b shows that the tearing mode impacts strongly
the confinement of alpha particles with A < 1, although the mean value (A) = 0.63
remains close to the initial one.

More in-depth analysis can reveal the confinement of particles depending on their
trajectories. Figure 6a represents the number of physical particles that are confined in
the tokamak as a function of the pitch angle A. The thin solid black line indicates the
initial number of particles, which does not depend on \ since particles are initialized
with a uniform distribution function. The dashed blue line represents the number of
confined particles in the absence of the magnetic perturbation, whereas the solid red line
gives the number of confined particles in the presence of a tearing mode of amplitude
Ao = 0.05, ie. wyy = 7 - 1072 m. It is to be noted that although the value of A
does not necessarily determine the class of trajectory it is useful to establish general
behaviour for deeply passing (|]A\| = 1) or deeply trapped (A =~ 0). Based on this fact,
this figure deserves two comments. First, it is observed that co-passing particles are
not significantly affected by prompt losses. Second, the tearing mode seems to affect
mainly (co- and counter-) passing particles and only slightly trapped particles. Further
information can be gained by classifying exactly each simulated particle into one of the
three possible groups of trajectory: co-passing (v > 0), counter-passing (v < 0) or
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Figure 5: Final density profile (left) and number of confined particles in terms of A
invariant (right).

trapped (v) changes its sign). It is to be noted that this classification is done based
on the unperturbed parallel motion. This means that the so-called stagnation orbits
are naturally included in the ensemble of co-passing particles. Indeed, stagnation orbits
correspond to the orbits of particles that circulate toroidally while keeping their poloidal
angle almost unchanged. We compute the effective fraction of lost particles for each
group of trajectories, fiost = MNiost/Niotal, Where

Nlost = l\g’é‘;h - Mvgs{to <22>
Ntotal = Ninit - N;gs/to (23)

with Nith (resp. N1/°) representing the number of particles lost in the presence (resp.
in the absence) of a tearing mode and Ny, represents the total number of initialized
particles. The dependence of fiosy on the width of a static (w = 0) magnetic island
is given in figure 6b for co-passing (squares), counter-passing (diamonds) and trapped
(stars) particles. Open circles indicate fis for all classes of particles. Tt is observed
that, as already anticipated in figure 6a, mainly passing particles are affected by the
magnetic perturbation and trapped particles are less affected. Also, the fraction of lost
particles increases non-linearly with the width of the magnetic island.

The previous results have been obtained with a static magnetic island, i.e. w = 0.
It is to be noted that tearing modes are characterized by a finite rotation frequency,
which can evolve depending on the regime where the island is generated. Indeed, in
the absence of turbulence and in linear collisionless regime the magnetic island rotates
in the electron diamagnetic frequency [30]. However, when turbulence is present the
magnetic island can interact nonlinearly with the turbulent modes and the rotation
frequency can be reversed, i.e. the magnetic island rotates at the ion diamagnetic
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Figure 6: Left: number of confined particles at the beginning of the simulation
(horizontal line) and at the end of the simulation in the absence (blue dashed line)
and in the presence (solid red line) of tearing mode. Right: effective fraction of lost
particles fios as defined in the text for co-passing (squares), counter-passing (diamonds)
and trapped (stars) particles, together with the sum of the contributions of each class
of trajectory (circles).

direction [31]. Therefore, it is essential to perform a scan on the frequency of the
magnetic perturbation in order to assess the impact of the tearing mode on fusion-born
alpha particles in different regimes. The scan over the island width has been performed
also with finite island rotation. The result is shown in figure 7 for positive (7a) and
negative (7b) frequency. The value w = 1073w, ,or corresponds to fig &~ 24 kHz, which
is an upper bound for the rotation frequency of magnetic islands. Our simulations
indicate that positive rotation frequencies tend to deconfine co-passing particles and
confine counter-passing particles with respect to the situation of static magnetic island.
On the other hand, negative rotation frequencies tend to reverse this phenomenon. The
better confinement of co-passing or counter-passing particles implies an asymmetry in
the alpha distribution function which can potentially generate a net momentum.

To understand why the rotation frequency can impact the confinement of alpha
particles we must study the fundamental mechanism of wave-particle interaction. The
unperturbed motion of particles in a tokamak can be described by the set of action-
angle variables (a,J), with a = (a1, an, a3) and J = (Jp, Jo, J3). The first angle o is
actually equivalent to the gyrophase, i.e. a; = ¢., and the associated invariant .J; is
proportional to the adiabatic moment p. The second angle is related to the motion of
particles in the poloidal plane and the third angle is related to the motion of particles in
the toroidal direction. In the presence of a mode exp (naay + nzas — wt), particles can
resonate if their velocities are close to the phase velocity of the wave, which translates
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Figure 7: Same as figure 6b, but with rotating magnetic islands: w = 1073w, er (left)
and w = —107 3w, ¢ (right), corresponding to a rotation frequency fig ~ 24 kHz.
into [32]
w—nofls — n3l3 &~ 0 (24)
where 9 = &9 and Q3 = &3. This resonance condition has been studied also in

previous works of transport and losses of EP. For instance, in the presence of Alfvén
eigenmodes (eq. (1) of Ref. [33]) and in the presence of static (w = 0) resonant magnetic
perturbations [341]. Note that in this work the tearing mode is characterized by one
single helicity (m,n), but the significant drift of fusion born alpha particles results in
the formation of several ny harmonics, i.e. no = 1,2,3,.... On the other hand, the
mode number nj3 associated with the toroidal motion satisfies n3 = n. Computing the
characteristic frequencies {2 and (23 allows us to determine the resonances that can
potentially exist. The calculation of the frequencies is done as follows. We compute

the Fourier transform of » — (r),, where (-), represents an average over the trajectory.

t)
The frequency {2, corresponds then to the frequency of the maximum Fourier mode

in absolute value. As for Qs, it is calculated as Q3 = (¢),. In order to have a 2D

.
representation, we analyse only the resonance condition 24 for alpha particles initialized
at 0 = 0. Such representation is given as a function of (r, \) in figure 8 for the three
analysed frequencies: w = —1073w, er (top row), w = 0 (middle row) and w = 1073w, e
(bottom row). The resonances are plotted with different coloured lines: ny = 1 (dashed
grey), ng = 2 (black), no = 3 (red), ny = 4 (magenta) and ny = 5 (yellow). These labels
are indicated only in the upper-left panel for the sake of clarity. Together with the
resonances, in the left colum the green region corresponds to co- and counter-passing
particles, the blue region represents trapped particles and the white area indicates the
region of prompt losses. In the panels of the right column we provide also the probability
to exit the tokamak (Pey) for a particle born with given (r, ).
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Figure 8: Contours of the resonance condition 24 for different values of ny as a function
of (r,\) for w = —103werer (top row), w = 0 (middle row) and w = 1073w, e
(bottom row). In the left column the resonances are plotted together with the classes of
trajectories and the region of promp losses. In the right column the mean exit probability
is also represented.
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It is to be noted that similar diagrams were given in figure 25 of Ref. [33], where also
the so-called stagnation orbits were represented. Such orbits are naturally embedded
in the co-passing region of the present work, as explained earlier, and therefore they
are not indicated in figure 8. It is observed that the loss region, characterized by a
high P.: appears where the resonances occur, which is consistent with the overlap
of the different resonances leading to the formation of a chaotic region, as already
observed with other modelling studies of EP losses in AUG and DIII-D [33]. It is to be
noted that analyses of RMP-induced transport and losses of NBI-generated EP in AUG
also demonstrated the role of linear resonances for weak perturbations and nonlinear
resonances for strong perturbations [34]. However, no clear signature of nonlinear
resonances has been observed in our work. The resonances are mainly present in the co-
and counter-passing regions, which explains why in figures 6 and 7 the fraction of lost
trapped particles is less than that of co- and counter-passing particles. Moreover, it is
observed that a finite rotation frequency modifies the resonances in the plane (r, A). In
particular, negative rotation frequencies (in the electron diamagnetic direction) pushes
the resonances to the inner part of the counter-passing region (decreasing r/a and \)
and to the outer part of the co-passing region (closer to the white or prompt losses
region). Thus, counter-passing particles are more affected by the pertubation rotating
in the electron diamagnetic direction than co-passing particles, resulting in increased
flost for counter-passing particles. On the other hand, a positive rotation frequency
(in the ion diamagnetic direction) leads to the opposite result. In addition, it can be
observed that the resonances are pushed further into the trapped region located at
0.25 < A < 0.5. This explains why positive rotation frequencies can result in increased
fraction of trapped particles.

5. Island-driven non-diffusive transport of fusion-born alpha particles

In order to characterize the transport of fusion-born alpha particles it is essential to
perform statistical analysis of the exit process. This is because the time particles take
to exit the tokamak and how the tail of the probability of this time scales determine the
nature of the transport, as explained in [1]. For this purpose, we define the exit time,
texit, @s the time particles take to reach the wall from the moment they are initialized.
Taking into account that for each position (r,f) particles are initialized with all pitch
angles —1 < A < 1, and in order to simplify the visualization we compute two quantities:
the mean exit probability (Pexit) (r,6) and the mean exit time (teyt) (7,6). The mean
exit probability is defined as the probability that a particle initialized at (r,0) is lost
at t < t,.x. The mean exit time is defined as the most probable time that a particle
initialized at (r,0) takes to be reach the radial position r = a. Note that the mean
probability and the mean exit time are calculated up to we reftmax = 107. Such quantities
can also be decomposed into co-passing, counter-passing and trapped particles and are
plotted in figure 9. The top panels represent the mean exit probabilities for counter-
passing ( 9a), trapped (9b) and co-passing (9¢) particles. The bottom panels represent
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Figure 9: Mean exit probability (top row) and mean exit time expressed in seconds
(bottom row) for counter-passing (left column), trapped (middle column) and co-passing
(right column) particles. Together with the mean exit probabilities for counter- and co-
passing particles overlaid is the Poincaré map of the magnetic field lines.

the mean exit time expressed in seconds for the same groups of particles. For co-
and counter-passing particles a clear up-down symmetric structure is observed. Such
structure is reminiscent of the (m,n) magnetic island, as can be evidenced from the
Poincaré map of the magnetic field that is overlaid. Due to the magnetic drift of alpha
particles, the mean exit probability is shifted with respect to the Poincaré map of the
magnetic field lines.

Such analysis indicates the existence of exit events occurring at long times with
low probability. These events are therefore representative of the tail of the probability
density function (PDF) of the exit time. As explained earlier, the statistics of these
events, also known as rare events, is of prime importance for the characterization of the
nature of the transport that fusion-born alpha particles can experience. For this purpose
we compute the PDF of exit times Pey; taking into account all classes of particles (co-
passing, counter-passing and trapped) lost only in the presence of the tearing mode. In
that respect, it is useful to remind that diffusive transport is characterized by a PDF
exhibiting an exponential scaling (Peyt ~ e #<") [35]. A simple exercise reported in [1]
based on Monte-Carlo simulations of particles initialized in a disk showed such scaling.
The PDF of the exit time computed from our simulations is plotted in log-log scale
in figure 10a for different widths of a static (w = 0) magnetic island. It is observed
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Figure 10: PDF of the exit time for all classes of particles lost only in the presence of
tearing mode as a function of the magnetic island width for w = 0.

that all of them the PDF exhibits algebraic scaling Pey, ~ t7#<. A fit of the tail of
the PDF shows that 0.8 < pu. < 1. Similar scaling has been observed for rotating
magnetic islands (not shown here for the sake of simplicity). The fact that p. < 1
implies that the mean exit time and all the higher order moments do not exist. Such
scaling is characteristic of anomalous transport and was observed for the case of energetic
particles transported in the presence of an oscillating radial electric field characterizing
energetic geodesic acoustic modes [1]. The contribution of each class of particle to the
algebraic scaling reveals that the tail of the PDF of the exit time is dominated by co- and
counter-passing particles. However, the algebraic scaling observed in figure 10a is not
necessarily present in all classes of trajectories. This observation is summarized in figure
10b, where the number of particles which are lost with a give exit time is represented
in log-log scale for w;y = 0.062 for each class of trajectory. Whereas trapped particles
exhibit a clear linear scaling, co- and counter-passing particles do not. It is to be noted
that this classification into co-passing, counter-passing and trapped particles is based
on the unperturbed motion.

6. Summary and future directions

In this work we have studied the transport and losses of (mono-energetic) fusion-
born alpha particles in a JET-like tokamak. For this purpose, we have used the
recently developed Toroidal Accelerated PArticle Simulator (TAPAS), which includes
3D electromagnetic perturbations, arbitrary magnetic equilibrium and is accelerated on
GPU architecture. Here, we have used TAPAS to integrate the trajectories of guiding-
centres under the simplification of concentric circular flux surfaces in the presence of
an imposed single helicity magnetic perturbation representing a tearing mode. Such
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perturbation leads to the formation of a magnetic island and we have studied both the
impact of the island width and rotation frequency. It has been confirmed that the large
magnetic drift of alpha particles leads to the formation of higher poloidal harmonics in
phase space, which can eventually overlap and result in chaotic regions. These regions
can increase the radial transport of fusion-born alpha particles and produce significant
losses. We have indeed found that the region in phase-space where the losses occur are
populated by the different resonances which can overlap. An extrapolated density profile
for alpha particles in a DT plasma of the JET tokamak has been used to quantify and
characterize the transport and losses of alpha particles in terms of the island width and
rotation frequency. Our results show that the rotation frequency can modify the fraction
of lost particles depending on the class of trajectory. Magnetic islands rotating at the
electron (resp. ion) diamagnetic frequency tend to de-confine more counter-passing
particles (resp. co-passing and trapped particles). This behaviour has been explained
based on the modification of the linear resonances in phase space when the rotation
frequency is modified. For negative frequencies, the resonances are more present in
the region of counter-passing particles. On the other hand, for positive frequencies the
resonances tend to be more present in the region of co-passing and trapped particles.
Finally, the exit time, measured as the time a particle takes to reach the tokamak wall,
has been computed. We have shown that the probability density function of the exit
time exhibits algebraic decay of the form P ~ t7#¢, with u. < 1. This implies that
the transport of fusion-born alpha particles due to tearing modes is not diffusive. It
is to be noted that the work reported here needs to be extended to take into account
the continuous generation of alpha particles for a realistic prediction of the modification
of the radial profiles in the presence of a tearing mode. Also, including collisions and
gyro-average effects will be done in the near future. Moreover, the parallelization and
GPU acceleration of TAPAS is independent of the orbit model. Although in this work
the guiding-centre model is used, it is to be noted that the structure of the code does not
depend on the model. In particular, in the future full-orbit simulations will be presented
and compared to the guiding-centre simulations.
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