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Whole volume simulations of stellarators are necessary to address a number of important physics and engineer-
ing issues, including turbulent transport prediction and optimising divertor operation. In this work, advances
in development of a whole volume stellarator capability for the global gyrokinetic particle-in-cell code XGC
are detailed. A 3D interpolation of the equilibrium magnetic field to the last close flux surface, calculated
using the VMEC ideal magnetohydrodynamic equilibrum code, has been implemented. Orbit tracing with the
XGC code is verified for the Wendelstein 7-X stellarator by comparison with the BEAMS3D and EUTERPE
codes. The XGC stellarator version has then been used to consider collisionless alpha particle confinement
in representative quasi-isodynamic and quasi-axisymmetric designs. It has been shown that, at least without
further optimisation for energetic particle confinement, the Wendelstein 7-X-like quasi-isodynamic reactor
design exhibits better alpha particle confinement.

I. INTRODUCTION

Stellarators are toroidal magnetic confinement fusion
devices in which finite rotational transform is generated
primarily by shaping of the magnetic field coils rather
than a toroidal plasma current. In order to produce a ro-
tational transform, the magnetic field coils cannot gen-
erate an entirely axisymmetric field1. Stellarators are
therefore intrinsically 3D magnetic systems. Interest in
stellarators as commercially exploitable devices for power
generation arises mostly from the benefits of eliminating
plasma instabilities driven by a radial plasma current gra-
dient, such as disruptions, and recirculating power losses
involved in driving current.

To model stellarators effectively, adequate information
about the 3D geometry and its global effect on plasma
behaviour must be considered. Unlike in an axisymmet-
ric device, the magnetic geometry varies between flux
tubes on the same surface. It has been shown that flux
tube simulations of core microturbulence are therefore
insufficient, and a flux surface global approach is nec-
essary2. Furthermore, it has been shown that neoclas-
sical transport and microturbulence undergo multiscale
interactions in toroidal magnetic fusion devices gener-
ally3–5. Since microturbulent transport should dominate
in at least the edge and outer core of an optimised stel-
larator, while neoclassical transport should continue to
dominate in the inner core6, this is likely to be especially
so in optimised stellarators and a radially global model
is also likely needed.

Few gyrokinetic codes are able to consider stellarator
geometries globally in both radius and flux surface. One
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such code is EUTERPE, a delta-f gyrokinetic Particle-
In-Cell (PIC) code, which models the plasma volume to
the last closed flux surface7. It has been used to per-
form simulations of neoclassical transport8–10 and linear
microinstabilities underlying microturbulence in stellara-
tors11–13. This code and the GTC code have been ap-
plied to electromagnetic Alfvénic physics in stellarators
with hybrid models14,15, and recently the GT5D code has
been extended and used to model neoclassical transport
in the Large Helical Device16. However, no whole volume
code capable of modelling kinetic physics in stellarators
currently exists.

On-going developments to XGC (X-point Gyrokinetic
Code) are aimed at filling this gap. XGC is a whole vol-
ume total-f gyrokinetic PIC code17–19, which has the un-
usual capability for neutral particle recycling in diverted
geometry. XGC has so far been applied to tokamaks in-
cluding the edge20,21. In this work, these developments
and their application to stellarator physics are detailed.
So far, XGC has been extended to include a model of
the 3D equilibrium magnetic field of a stellarator to the
last closed flux surface. This field is calculated initially
with the VMEC ideal MHD equilibrium code22, which
can treat general stellarator geometry assuming nested
flux surfaces.

One important aspect of stellarator physics can al-
ready be treated with this model, confinement of ener-
getic particles. Historically, axisymmetric tokamaks have
been favoured over non-axisymmetric stellarators for fu-
sion applications due to poorer particle and energy con-
finement in non-axisymmetric toroidal fields. In general,
trapped particle orbits are not confined in stellarators. In
recent decades, considerable effort has been made to de-
sign non-axisymmetric fields for maximum particle con-
finement. Tokamaks themselves increasingly also take
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advantage of non-axisymmetric fields to enhance stability
and control power and particle exhaust23,24. At the same
time, analytical and numerical tools have been applied to
the optimisation of particle transport in stellarators.

One approach is to adopt ‘quasi-symmetries’, whereby
a (possibly non-axial) approximate symmetry exists in
the particle orbits in a toroidally inhomogenous field.
Another approach is to optimise a non-symmetric config-
uration to minimise the time averaged radial drift of par-
ticles from a flux surface11,25. Both approaches require
numerical analysis to find a desireable magnetic config-
uration that can be generated by buildable coils, and a
broad space of possible designs exists. Although opti-
misation schemes, such as quasi-isodynamicity, greatly
reduce the proportion of unconfined orbits, they are im-
perfect. Furthermore, for existing designs optimisation
has been carried out for thermal particles, and it is un-
clear to what extent this optimisation carries over to fast
particle orbits. A loss mechanism called stochastic dif-
fusion, present in stellarators, also means that ordinarily
confined orbits can result in losses even without colli-
sions26,27. If these loss mechanisms are not sufficiently
suppressed, alpha particle losses could result in damage
to the first wall of the device or failure of the fusion re-
action to be self-sustaining. For a reactor to be com-
mercially viable, energetic alpha particles should be well
enough confined for the plasma to be self-heating.

In this article, the numerical model for stellarators so
far implemented in XGC will be detailed and verifica-
tion checks performed with a W7-X equilibrium in Sec-
tion II. This analysis will be extended to a comparison
of a W7-X-like (quasi-isodynamic) and NCSX-like (quasi-
axisymmetric) reactor in Section III, and collisionless loss
calculations detailed. This comparison allows a baseline
quantitative assessment of the relative quality of current
reactor designs for this important stellarator confinement
property. The article concludes in Section IV.

II. MODEL VERIFICATION

XGC is a total-f gyrokinetic PIC code. In this pa-
per, however, the fluctuating fields will not be considered.
Marker particles are pushed according to the guiding cen-
tre equations of motion19,
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qs is the species charge, ms the species mass, ~B the back-

ground magnetic field, ~B = B~b, and µ is the magnetic
moment.
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FIG. 1: The equilibrium magnetic field, ~B, in R and Z
at four different values of φ in the five-fold periodic

stellarator Wendelstein 7-X.

Markers are initialised with given initial position, en-
ergy and pitch angle. The background magnetic field,
~B, is calculated using the VMEC code with a fixed
boundary, mapped to cylindrical coordinates and inter-
polated for the 3D domain used by XGC. The W7-
X equilibrium profiles chosen are a pressure profile of
P (s) = P0(1 − 2s2 + s4) with a plasma beta on axis
of 3%, and an iota profile as in the standard configura-
tion28–30. A toroidal current is applied so as to produce
an iota profile as in the vacuum case. Stellarators are

generally periodic devices, so ~B is calculated only for a
single field period. In figure 1, the magnetic field strength
at four different toroidal locations in a W7-X field period
is depicted.

The BEAMS3D code was written to model Neutral
Beam Injection (NBI) in stellarators31. It solves equa-
tions similar to eq. 1 and eq. 2 in a stellarator equilib-
rium,
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BEAMS3D has been run for W7-X, and therefore
provides an effective benchmark for stellarators with
XGC. In figure 2a, a single particle is traced with the
BEAMS3D code and XGC. In this and all subsequent
verification benchmarks, protium ions are considered.
The evolution of its position in one dimension in Carte-
sian coordinates is plotted as a line (for BEAMS3D) and



3

points (for XGC). One can see that, even at times very
long compared to typical turbulence simulations, the two
codes remain in close agreement.

The stellarator version of XGC can also be bench-
marked with the EUTERPE code. EUTERPE is a
gyrokinetic delta-f PIC code which models stellarator
physics to the last closed flux surface7. It solves equiv-
alent equations for the unperturbed particle motion in
cylindrical coordinates. It has been applied to study a
number of important stellarator phenomena, including
neoclassical transport, linear ion-scale instabilities, and
Alfvénic physics. The EUTERPE code has been adapted
to permit individual particle orbit tracing.

For a more detailed test we can compare the loss
fraction of particles initialised on a given flux surface
(s = ψ/ψLCSF = 0.015625) with varying energy, using
all three codes. Particles are initialised with a range of
energies between 25 keV and 200 keV, in increments of
25 keV. At each energy, 4096 particles are initialised, dis-
tributed uniformly in poloidal angle at 16, and toroidal
angle (within one field period) at 8, different positions.
At each location particles are then distributed uniformly
in pitch angle, θp = tan−1

(
v⊥/v‖

)
, between θp = 61.8◦

and θp = 89.1◦, at 16 different values, for both positive
and negative initial parallel velocities. Both codes use the
last closed flux surface as the plasma boundary. Particles
are followed to t = 0.05 s, at which point the majority of
physical particles would have been thermalised by colli-
sions.

In figure 2b, the proportion of particles lost is plotted.
Good qualitative agreement is seen between the three
codes for the loss fraction across the range of energies.
Exact agreement is not expected, because the loss mech-
anism is stochastic. Small differences in the numerical
implementation are therefore able to more significantly
influence the final result.

The EUTERPE code can also be used to benchmark
XGC for energetic particle loss fraction across the full
radius of the device to the last closed flux surface. In
figure 3, the loss fraction for 100 keV ions distributed as
above but now born at different flux surfaces, designated
by the flux label s, is plotted. Good agreement is seen
between the three codes over the whole volume. By com-
parison between the three codes, it was discovered the
need for an accurate extrapolation scheme to ensure that
spurious numerical ripple is not introduced near the edge
region. This was necessary to ensure accurate results for
energetic particles born near the last closed flux surface.

In all these simulations, and as is clear from inspection
of the equations, electrostatic and magnetic field pertur-
bations arising due to the particle motion are neglected.
The VMEC code also does not permit the calculation
of magnetic islands, whose presence may impact the loss
rates for fast particles. Furthermore, finite Larmor radius
effects are neglected. These approximations are consis-
tent between all the particle-following codes.
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FIG. 2: Comparisons between the XGC, EUTERPE
and BEAMS3D codes in Wendelstein 7-X geometry.

III. COLLISIONLESS ALPHA PARTICLE
CONFINEMENT IN QUASI-ISODYNAMIC AND
QUASI-AXISYMMETRIC STELLARATOR REACTORS

In tokamaks, the magnetic ripple is known to result
in collisionless loss by a process called stochastic diffu-
sion26,27,32. This occurs because particles can be dis-
placed radially as they move from regions where they are
locally passing to locally trapped. In stellarators, which
usually have much larger effective ripple, this effect is
much more pronounced. Loss of energetic particles can
therefore be prohibitive even without considering colli-
sional loss mechanisms.

Since alpha particle loss rates are a decisive charac-
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FIG. 3: A comparison of the loss fraction of 100 keV
ions born on a range of initial surfaces calculated by

XGC and EUTERPE.

teristic of any possible stellarator design, it is interest-
ing to compare the performance of different designs. In
this work, two designs are compared. One is a quasi-
isodynamic, ‘Wendelstein 7-X-like’, reactor design, based
on a 3.7× scaled up Wendelstein 7-X configuration with
a stronger 4.66 T magnetic field on-axis. Average ma-
jor radius is 22 m and minor radius 1.8 m. The nor-
malised plasma pressure β on-axis is 4.3%, and the pres-
sure profile is of the form P (s) = P0(1 − s). The other
is derived from the ARIES-CS33 reactor study, a quasi-
axisymmetric designe based on the National Compact
Stellarator Experiment. It has a β and magnetic field
on-axis of 4% and 5.63 T respectively, and a projected
experimental-like pressure profile. Average major radius
is 9.3 m and minor radius 1.6 m. The rotational trans-
form profiles of the two devices are compared in figure 5.

The quasi-isodynamic design can be viewed as ‘quasi-
poloidal’, confining most trapped particles to precess
around a given field period. The quasi-axisymmetric de-
sign, meanwhile, resembles a tokamak but where reduced
plasma current is achieved at the cost of, among other
things, an increased magnetic ripple. It should be noted
that in both equilibria considered here, the tokamak-like
ripple caused by finite coil number rather than plasma
shaping is excluded from the calculation. It has been
shown when considering a W7-X-like design alone that a
careful consideration of the exact coil currents can make
an important contribution to the final total energetic par-
ticle loss fraction34.

In figures 4a and 4b, loss fraction of alpha particles is
plotted for a given initial distribution. Each line repre-
sents particles born at a given surface, labelled in terms
of the square root of the normalised flux, ρ =

√
s. 4096

particles are born at each surface. All particles are born
with the D-T fusion alpha particle energy, 3.52 MeV, and
a uniform distribution in pitch angle. They are followed
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(a) Reactor-scale quasi-isodynamic stellarator.
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(b) The quasi-axisymmetric stellarator reactor ARIES-CS.

FIG. 4: Energetic particle loss fraction over time for
alpha particles launched at different flux surfaces.

until t = 0.05 s, or until they exit through the last closed
flux surface. When all particles on initially unconfined
orbits or orbits that pass frequently from locally trapped
to passing regions, the loss fraction can reach a steady
state. Otherwise, the simulations are terminated on a
timescale comparable to the alpha particle thermalisa-
tion time.

The W7-X-like quasi-isodynamic design exhibits better
collisionless alpha particle confinement than the quasi-
axisymmetric design for particles born on the inner flux
surfaces where most fusion reactions will take place. As
one moves toward the edge of the device, confinement in
the quasi-isodynamic machine worsens in relative terms
and losses are greater for alpha particles born on the
outermost flux surfaces. Sensitivity studies show that
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the pressure profile chosen for the equilibrium calculation
may have a significant impact on these results for alphas
born near the edge, and losses in this region for the quasi-
axisymmetric reactor may be overstated. However, as
few alpha particles are born or remain non-thermalised
in this region, this effect should not be important.

In figures 6a and 6b, we plot the fraction of particles
lost at t = 1×10−5 s, t = 1×10−4 s and t = 1×10−2 s at
each initial flux surface for both the quasi-axisymmetric
and the quasi-isodynamic devices. The prompt losses
correspond to initially unconfined orbits, while the losses
at a later time also include stochastic losses. Losses at
timescales comparable to the device size over the thermal
velocity of the energetic particles are likely to be domi-
nated by prompt losses, while losses on a longer timescale
are likely to be dominated by stochastic losses. Here, this
characteristic timescale is ∼ 1 × 10−6 s. The evolving
loss fraction for particles launched at different positions
indicates the relative significance of the two mechanisms
in each device. Stochastic losses are particularly severe
in the quasi-axisymmetric design. They are the largest
source of loss of particles born on the innermost flux sur-
faces where most fusion alpha particles will be generated.

In figures 7a and 7b, the loss fraction at t = 0.05 s
is plotted for particles born with a given pitch angle at
a given surface. Perhaps unsurprisingly, initially deeply
trapped particles are more frequently lost than initially
passing particles. The distribution of lost alphas is signif-
icantly different when comparing the two devices, how-
ever. In the quasi-axisymmetric design, almost all alphas
born with a pitch angle greater than 50 degrees are lost
regardless of the flux surface on which they are born. In
the quasi-isodynamic design, by contrast, the distribu-
tion of loss with pitch angle is much more constant and
there is no region in pitch angle where almost all fusion
alpha particles are lost regardless of birth surface.
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FIG. 6: Prompt and slow losses in stellarator reactors.
Prompt losses are principally due to initially unconfined
orbits, while slow losses are due to stochastic diffusion.

IV. CONCLUSION

The whole volume, total-f gyrokinetic code XGC is
being extended for stellarator geometries. Equilibrium
magnetic field data has been generated for multiple rep-
resentative stellarators and used by XGC. At this stage
of development, the code has been verified against ex-
isting 3D codes, such as BEAMS3D31 and EUTERPE7,
for orbit tracing. XGC has then been applied to calcu-
late collisionless alpha particle confinement for possible
stellarator reactors.

The quasi-axisymmetric design ARIES-CS has been
compared with a Wendelstein 7-X-like quasi-isodynamic
reactor design. In comparing the two proposed de-
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FIG. 7: Alpha particle losses by birth pitch angle in
stellarator reactors.

signs considered here, it has been shown that the quasi-
isodynamic design has generally superior collisionless al-
pha particle confinement properties. This is driven by
a reduced fraction of both prompt and slow stochastic
losses for alpha particles born in the inner part of the
volume where density and temperature, and therefore fu-
sion cross section, will peak. It should be noted that
future work in optimising stellarators for alpha parti-
cle confinement may well result in both quasi-isodynamic
and quasi-axisymmetric designs with significantly better
confinement, and this result should not be taken as rep-
resentative for all possible designs in these broad classes.

In future work, XGC will be further extended to in-
clude a Poisson solver, initially assuming that perturba-
tions are extended along field lines which are perpen-

dicular to unstructured poloidal meshes, and eventually
extended to full 3D. This will permit simulations of bulk
plasma phenomena such as ion-scale turbulence in stel-
larators. At the same time, work is on-going extending
the equilibrium magnetic field and solver to encompass
the edge region. Equilibrium magnetic field calculations
will also be extended to include non-ideal effects such as
magnetic islands and stochastic regions, calculated by a
code such as SPEC35,36. Collisional effects will also be
considered37.
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