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Fast particle confinement in the Chinese first quasi-axisymmetric stellarator (CFQS) is investigated using the MEGA
code, comparing the standard quasi-axisymmetric (QA) configuration with a finite-beta ((8) = 0.74%) equilibrium fea-
turing magnetic islands. In the standard QA configuration, the drift associated with the vertical magnetic curvature term,
(V x b), is identified as the dominant loss mechanism, especially for co-passing particles. In the finite-beta configuration,
magnetic islands trap low-energy particles. The (V x b)_ drift modulates this trapping, promoting escape for co-passing
particles while reinforcing trapping for counter-passing particles, and remains a significant contributor to overall losses.
These findings underscore the critical role of the (V x b), drift and the added complexities of magnetic islands for ener-

getic particle confinement in finite-beta stellarator plasmas.
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1. Introduction

Magnetic confinement reactors must effectively confine
the fast particles generated from fusion reactions. Enhancing
the confinement of fast particles contributes to improving the
heating efficiency of the bulk plasma. The study of fast parti-
cle confinement is one of the critical topics in the physics re-
search of tokamaks and stellarators. In optimized stellarators,
the quasi-axisymmetric (QA) stellarator combines the advan-
tages of tokamak and traditional stellarator with a magnetic
configuration not requiring current drive and reducing the neo-
classical transport.[!-%]

The potential advantages of quasi-axisymmetric stellara-
tor in plasma confinement have widely been explored inter-
nationally by studying the physical and engineering design of
quasi-axisymmetric stellarator at various research centers, in-
cluding the Compact Helical System (CHS)-qa,>=! National
Compact Stellarator Experiment (NCSX).[*% Recently, a new
QA device consisting of Chinese first quasi-axisymmetric stel-
larator (CFQS) is jointly developed by the Southwest Jiaotong
University (SWJTU) and the National Institute for Fusion Sci-
ence (NIFS) to research key scientific issues, such as turbu-
lent transport and MHD instabilities to improve the stellarator
confinement performance. The basic parameters of the CFQS
device consist of a major radius of 1 m (with a toroidal period-
icity of 2), a magnetic field strength of 1 T, and a minor radius
of 0.25 m.l10-17)
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In previous studies, particle orbits in stellarators are
broadly classified as either passing or trapped. Trapped par-
ticles, which are reflected by regions of high magnetic field
strength, are further categorized based on the nature of the
magnetic well in which they are confined. Particles trapped
in the main toroidal variation of the magnetic field are known
as toroidally trapped or banana particles. Those trapped in
smaller, localized ripples of the magnetic field are termed
locally trapped or ripple-trapped particles. A special, often
vulnerable, subset of toroidally trapped particles are barely-
trapped particles, whose turning points are close to the mag-
netic field maxima.!'8! Su and colleagues used the single-
particle orbit model to simulate particle confinement in the
CFQS. They identified the confinement regions for trapped
particles and analyzed the mechanisms of orbit transitions. ']
Yang et al. conducted simulations on the confinement effects
of the QA configuration in the CFQS stellarator and proposed
a magnetic configuration optimization strategies.!”’! While
these studies provided crucial baseline understanding for the
standard CFQS QA design, assessing the robustness of parti-
cle confinement under more challenging, reactor-relevant con-
ditions, such as finite-beta scenarios where magnetic islands
can develop, remains an important task.

To further evaluate the fast particle confinement perfor-
mance within the CFQS device under different operational
conditions, this study utilizes the MEGA code for numeri-
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cal simulations. We specifically investigate the behavior and
confinement characteristics of fast particles in two distinct
magnetic configurations: (i) the standard quasi-axisymmetric
(QA) configuration of CFQS, and (ii) a finite-beta equilib-
rium ({(B) = 0.74%) which features prominent magnetic is-
lands. Understanding how these magnetic islands, potentially
present at higher beta values, affect particle orbits and losses
is critical for predicting CFQS performance. After introducing
the MEGA code and simulation setup in Section 2, Section 3
presents the analysis of the particle trajectories, confinement
properties (e.g., loss fractions), and loss mechanisms observed
in both the standard QA and the finite-beta island configura-
tions. Section 4 summarizes the key findings and conclusions.

2. Model and equations

The MEGA code uses a hybrid simulation model for
MHD and energetic particles.!?!=23 The bulk plasma is de-
scribed by the nonlinear full MHD equations. Fast parti-
cles’ motion is simulated using drift kinetic equations with
the & f particle-in-cell method.>*?3] For the specific scope of
this study, MEGA is utilized in a simpler, yet powerful, test-
particle mode. We focus on tracing the guiding-center orbits
of fast particles within static, pre-calculated three-dimensional
(3D) magnetic equilibrium fields obtained from the HINT

code. In this mode, the guiding-center velocity u is calculated

as
u =) + Vg +vp, (1)
« _
v =5 [B+pBV xb], )
1
vE:?[Exb], 3)
vg = —uVBxb|, 4
b= VB XD @
. mth
pH - QhB ’ (5)
b= B/B, (6)
B*:B(l-i-lerVXb), @)
dvj _

Here, v includes the velocity parallel to the magnetic field and
the magnetic curvature drift velocity; vg is the E x b drift ve-
locity; vp is the magnetic gradient drift velocity, and g, and
U are the particle charge and magnetic moment. It should be
noted that this simulation neglects the collisional effects in the
dynamics of fast particles. The reason is that, for high-energy
particles in the early confinement phase, the collision time is
much longer than the characteristic confinement time. This
ensures that only after the particles go through the slowing-
down process, collisional scattering into the loss cone becomes

significant. [26]

Two distinct 3D magnetic equilibrium configurations for
CFQS, both generated using the HINT code, 1727 gre investi-
gated in this study. The HINT code solves the MHD equilib-
rium equations without assuming nested flux surfaces, making
it suitable for configurations that may contain magnetic islands
or stochastic regions. The key parameters for both configu-
rations are an on-axis magnetic field strength B = 1 T, ma-
jor radius Ry = 1 m, and minor radius r = 0.25 m. The two
configurations are given as follows. (i) Standard QA config-
uration: This represents the baseline quasi-axisymmetric de-
sign equilibrium for CFQS, optimized for good neoclassical
confinement properties. (ii) Finite-beta island configuration:
This equilibrium corresponds to a finite-beta state calculated
by HINT with an average () = 0.74%. This configuration
exhibits significant m/n = 4 /2 magnetic islands, which arise
self-consistently in the HINT calculation at this beta value.

In the simulation, the velocities used in this paper are nor-
malized by Alfvén velocity vo = B/,/Hop. The normalized
velocity range v = 0.5-1.5 investigated in this study corre-
sponds to an energy range of approximately 60 keV to 500 keV
for deuterium ions. A total of 4 x 10° marker fast parti-
cles were launched with an initial uniform spatial distribution
throughout the entire simulation domain (R, ¢,z). This means
that at the start of the simulation, particles are loaded both in-
side and outside the last closed flux surface (LCFS). The num-
ber of grid points is 128 x 256 x 128 for the cylindrical coor-
dinates (R, @,z). The particle loss rate is obtained by counting
the number of particles that go outside the last closed flux sur-

face.
0.6 : :
— (B =0%
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Fig. 1. Rotational transform (1 /27) profiles for standard QA and finite-
beta ((f) = 0.74%) configurations.

3. Simulation results
3.1. Particle orbits in the standard QA configuration

To understand the basic orbit topology within the standard
CFQS QA configuration, figure 2 illustrates typical guiding-
center trajectories for passing particles projected onto the
poloidal plane (¢ = 7/2). The figure shows orbits with differ-
ent initial normalized velocities (v = 0.1, 0.2, 0.3). Two char-
acteristic pitch angles are shown: co-passing (A =v/v=1)
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and counter-passing (A = —1). Consistent with guiding-center
drift physics in toroidal devices, the particle trajectories drift
from initial magnetic flux surfaces. As shown in Fig. 2, co-
passing particles (A = 1), whose parallel velocity is in the di-
rection of the magnetic field, experience a net inward radial
drift. Conversely, counter-passing particles (A = —1), mov-
ing opposite to the field direction, exhibit a net outward radial
drift. This behavior arises primarily from the vertical drifts
(VB and curvature drifts) combined with the rotational trans-
form of the magnetic field lines. A key observation from Fig. 2

is the dependence of the drift magnitude on particle velocity.
The radial drift for both co- and counter-passing particles be-
comes significantly larger as the normalized velocity increases
from 0.1 to 0.3. This clearly demonstrates that higher energy
particles experience larger drifts, causing their orbits to deviate
more substantially from the magnetic surfaces. This increased
drift inherently makes faster particles more susceptible to loss,
highlighting the critical challenge of confining fast particles in

fusion devices.

R ' ' c0=03 ' c0=0.3
0.2l @ - v=0.2 | 02l © v=0.2
/ - v=0.1 / v=0.1
0.1 0.1
E O E
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0.3 ‘ ‘ ‘ s - ‘ , ‘ ‘
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Fig. 2. Particle trajectories at the ¢ = 7/2 section in QA configuration: (a) pitch angle A = —1 in R-Z space, (b) pitch angle A = —1 in 6—p
space, (c) pitch angle A = 1 in R—Z space, (d) pitch angle A = 1 in 6—p space.

To clarify the dominant mechanisms driving particle drift
and subsequent losses, we performed simulations where key
terms in the guiding-center equations (Egs. (2)-(4)) were se-
lectively deactivated. This allows us to isolate the contribution
of different physical effects including £ x B, VB, and V x b.

Figure 3 illustrates the impact of deactivating specific
terms on particle trajectories. It compares trajectories for fast
particles with velocity v = 0.3. Separate comparisons are
shown for (a) a counter-passing (A = —1) particle and (b) a co-
passing (A = 1) particle orbits. It should be noted that for this
illustrative figure, the initial radial positions for the co-passing
(p ~ 0.4) and counter-passing (p ~ 0.2) particles were chosen
differently for visual clarity. The counter-passing particle was
launched from a more internal position because its strong out-
ward drift at this energy would cause a rapid loss if launched
from p ~ 0.4, which would obscure the visualization of its
characteristic drift orbit. The figure clearly demonstrates that
deactivating the (V x b), term effect significantly suppresses
the large radial drifts observed in the full simulation for both
co- and counter-passing particles. This strongly indicates that
this specific term, arising from the magnetic field curvature in
the vertical direction, is the primary driver of the orbit drift.

To quantify the effect of different drift components on
overall confinement, we compared the calculated fast particle
loss fractions at a specific time ( = 0.057 ms) under differ-
ent conditions: (i) the full equations (initial condition), and
after selectively turning off (ii) the entire V x b term effect,
(iii) only the radial component effect (V xb), (iv) only the
vertical component effect (V x b)_, and (v) only the toroidal
component effect (V x b),,.

Table 1 summarizes these loss fractions. The results
demonstrate that disabling either the full V x b term effect
or, consistent with the trajectory analysis in Fig. 3, disabling
just its vertical component effect (V xb)_ leads to a signifi-
cant reduction in the loss fraction for fast particles compared to
the simulation with all terms active. Conversely, deactivating
only the radial (V x b) or toroidal (V X b),, components re-
sulted in no noticeable change in the calculated loss fractions.
This confirms quantitatively that the drift induced by the verti-
cal component of the magnetic field curvature term, (V xb)_,
is indeed the primary driver for guiding-center orbit drift and
consequent particle losses in this standard CFQS QA equilib-
rium. The negative loss rate observed for co-passing particles
when the (V xb)_ term is deactivated arises because our par-
ticles are initialized throughout the entire simulation space, in-
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cluding outside the LCFS. When the dominant (V xb), loss
mechanism is turned off, the loss of particles from within the
LCEFS is drastically reduced. Simultaneously, a small fraction
of particles that started outside the LCFS can enter the con-

. with (Vxb)=
ow/o (Vxb)z

0.2} @

0.1t

N —0.1}

—-0.2}

—-0.3
0.4

1.0p
0.8} o

0.6} . .
0.4f Lt .

0.2

finement region due to weaker, residual effects or the magnetic
topology itself. This combination of sharply reduced internal
losses and a small influx of external particles leads to the ap-
parent negative loss rate.

« with (Vxb)z
w/o (VXb)z 1

0.6 . 1.0 1.2 14
R (m)

Fig. 3. Effect of deactivating the (V x b), term on particle orbits (v = 0.3): (a) pitch angle A = —1 in R—Z space, (b) pitch angle A = —1 in

Z

6-p space, (c) pitch angle A = 1 in R-Z space, (d) pitch angle A = 1 in 6—p space.

Table 1. Loss rate calculated from each condition with v = 1.0.

Loss rate (%) Initial W/oV xb W/o (V xb)g W/o (V xb), Wio (V xb),
QA co-passing 10.1286 0.1676 15.6991 -1.0215 9.2945
QA counter-passing 76.0169 20.7701 77.8994 22.4018 75.9167
To further investigate the energy dependence of fast parti- 100 !
cle confinement and quantify the impact of the dominant drift sob
mechanism within the standard CFQS QA configuration, fig- = —o—co
. . i —E— Count
ure 4 presents the calculated loss fraction as a function of the g 60 6-co, w/o (VXb).
C . . . . . ® - B - Counter, w/o (VXb)
initial normalized particle velocity v ranging from 6 ~ 1.5. 2 10 o “n
@ I B ]
The figure displays results for both co-passing (A = 1) and 9 ! Y- o &
counter-passing (A = —1) particles. Solid lines represent sim- 206 . 5_.g--8-"7
ulations using the full equations, incorporating all drift effects.
. . . 0P-C-6--6--0--0--6--0--9--
Dashed lines show the corresponding loss fractions when the 0.6 0.8 1.0 1.2 14

effect associated with the vertical component of the magnetic
field curvature term, (V x b)_, is artificially deactivated in the
simulation.

Observing the results from the full simulations (solid
lines), we see that the loss fraction generally increases with
particle velocity for both co- and counter-passing particles.
This trend is consistent with the understanding that higher en-
ergy particles experience larger guiding-center drifts (as seen
in Fig. 2), leading to wider orbit drifts and a higher probabil-
ity of intersecting the plasma boundary. Typically, counter-
passing particles exhibit significantly higher loss fractions
than co-passing particles in this configuration due to their net
outward drift.

v
Fig. 4. The loss rate with and without (V x b)_ in QA configuration
with different pitch angles (A = £1).

The crucial role of the (V x b), drift term becomes ev-
ident when comparing the solid and dashed lines. Deactivat-
ing the (V x b), effect (dashed lines) dramatically alters the
confinement characteristics. Specifically for co-passing par-
ticles, the loss fraction is reduced to nearly zero across the
entire velocity range studied. This strongly confirms that the
drift motion induced by the (V x b)_ term is the primary loss
mechanism for co-passing particles in the standard CFQS QA
configuration. For counter-passing particles, turning off the
(V xb), effect also leads to a significant reduction in the loss
fraction compared to the full simulation. However, some resid-
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ual losses may persist, especially at higher velocities. This in-
dicates that while the (V x b)_ term is a major contributor to
counter-passing particle losses, other drift effects might still
contribute to the remaining losses.

In summary, the analysis of loss rate versus velocity
clearly demonstrates the detrimental effect of increasing par-
ticle energy on confinement and pinpoints the vertical compo-
nent of the curvature drift, associated with (V x b) .- asthe key
driver for particle loss, particularly for co-passing particles, in
the standard CFQS QA equilibrium.

3.2. Particle orbits in the finite-beta island configuration

We now turn our attention to the particle dynamics within
the finite-beta ((8) = 0.74%) equilibrium configuration. As
established in Section 2, this configuration, generated by the
HINT code, which features prominent 4/2 magnetic islands.
Understanding particle behavior in the presence of such is-
lands is crucial, as they can significantly alter transport and
confinement. To specifically investigate the influence of these

magnetic islands, we simulated trajectories of fast particles
launched near the island with (R,z,¢) = (0.61,7/2,0) to fo-
cus on its trapping and detrapping effects.

Figure 5 illustrates the trajectories of counter-passing
(A = —1) particles under these conditions, projected onto the
poloidal plane (¢ = /2). The figure presents results for three
different initial normalized velocities (v = 0.02, 0.04, 0.1). At
the lowest velocity (Fig. 5(a)), the particle orbit exhibits clear
island-trapped characteristics. The trajectory remains con-
fined within the boundaries of the magnetic island, orbiting
around the island’s O-point (axis). As the velocity increases
(Figs. 5(b) and 5(c)), the particle continues to show character-
istics of being trapped by the island potential well. However,
a slight net outward radial drift becomes discernible, causing
the orbit to shift slightly outwards, consistent with the general
behavior of counter-passing particles. Importantly, within this
regime of low velocities, the counter-passing particles remain
effectively trapped by the island structure and do not transition
to standard passing orbits.
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. ﬁ.!l‘;’ h
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E ot E, 0 g;\ é 0
N N \ > N
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Fig. 5. Counter-passing particle motion at the ¢ = 7 /2 section in island configuration: (a) v = 0.02 in R-Z space, (b) v =0.02 in 6—p space, (c) v = 0.04 in
R-Z space, (d) v=0.04 in 6—p space, (¢) v=0.1 in R—Z space, (f) v=0.1 in 6—p space.
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Fig. 6. Co-passing particle motion at the ¢ = /2 section in island configuration: (a) v = 0.02 in R—Z space, (b) v = 0.02 in 6—p space, (c) v=0.04 in R-Z
space, (d) v = 0.04 in 6—p space, (e) v= 0.1 in R—Z space, (f) v= 0.1 in 6—p space.
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Figure 6 presents the corresponding trajectories for co-
passing (A = 1) particles launched from the same location
within the island, again with increasing initial velocities (v =
0.02, 0.04, 0.1). Like the counter-passing case, at the lowest
velocity (Fig. 6(a)), the co-passing particle is initially trapped
within the magnetic island.

However, a distinct behavior emerges for co-passing par-
ticles as their velocity increases. In Figs. 6(b) and 6(c), we
observe that the island’s trapping effect weakens with increas-
ing v. The particle trajectories begin to significantly devi-
ate from the simple island-circulating pattern. Notably, these
co-passing particles transition from being island-trapped to
becoming standard co-passing orbits that circulate toroidally
around the magnetic axis. This transition phenomenon was
absent for the counter-passing particles in Fig. 5 within the
same velocity range. Concurrently with this transition and the
increase in velocity, a slight net inward radial drift develops,
consistent with the general behavior of co-passing particles.

These initial results highlight the complex interplay be-
tween particle energy, pitch angle, and the magnetic island
structure. The islands can effectively trap low-energy parti-
cles, but this trapping is sensitive to velocity and pitch an-
gle, with co-passing particles showing a transition to passing
orbits at lower energies than counter-passing particles seem
to require. The slight drifts observed also suggest that even
for trapped or orbit-transitioning particles, the underlying drift
mechanisms related to VB and curvature are still present, al-
though potentially modified by the island topology.

Based on the observations in Figs. 5 and 6, we hypothe-
sized that the drift induced by the (V x b). term plays a cru-
cial, yet opposing, role in the island trapping behavior for par-
ticles with different pitch angles. Specifically, we suspected
that the associated inward drift facilitates the transition of co-
passing particles out of the island trap, while the outward drift
enhances the trapping of counter-passing particles within the
island.

To directly test this hypothesis, we performed simulations
analogous to Figure 3, focusing on the velocity v = 0.1 where
the transition was observed for co-passing particles. Figure 7
compares the particle trajectories calculated with the full equa-
tions (red lines) against those where the (V x b), effect is de-
activated (green lines), for particles launched inside the mag-
netic island.

The results show that for the counter-passing particle
(A = —1, Fig. 7(a)), the trajectory calculated with the full
equations shows a clear island-trapped orbit. However, when
the (V x b), term effect (driving outward drift) is removed,
the particle is no longer trapped and becomes a passing parti-
cle. This demonstrates that the outward drift associated with
(V x b), is essential for maintaining the trapped state for these
counter-passing particles at this velocity. For the co-passing

particle (A = 1, Fig. 7(b)): With the full equations, the particle
exhibits a passing orbit, having already transitioned out of the
island trap (consistent with Fig. 6(c)). Remarkably, when the
(V x b), term effect (driving inward drift) is deactivated, the
particle reverts to an island-trapped orbit. This confirms that
the inward drift generated by the (V x b)_ term is indeed the
key mechanism enabling the co-passing particle to overcome
the island’s potential barrier and transition to a passing orbit at
this velocity.

~with (VXb), ~with (Vxb).
P A 0.2 () o o)
01 = 01
E o b 1E o
N —0.1 N —0.1
0.2 —0.2
—0. —0.
8.4 06 08 10 12 14 8.4 06 08 L0 12 14
R (m) R (m)
1.0 1.0
(b) (d)
0.8 . ~ 08}
QOG;‘ (G Y (ﬁ) ;: 06 IV N e N
0.4 0.4
0.2 0.2
0 0
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Fig. 7. Effect of deactivating the (V x b)_ term on particle orbits
(v=10.1): (a) pitch angle = —1 in R-Z space, (b) pitch angle = —1
in 6—p space, (c) pitch angle = 1 in R—Z space, (d) pitch angle = 1 in
6—p space.

The seemingly counter-intuitive results in Fig. 7, where
an outward drift enhances trapping while an inward drift pro-
motes escape, can be explained by the specific topology of the
magnetic island. The key is that particle escape from the is-
land trap is not determined by the global drift direction itself,
but by whether the particle’s orbit is pushed towards the is-
land’s ‘escape route’ — the separatrix region near the mag-
netic island. For a counter-passing particle (Fig. 7(a)), the
outward (V x b)_ drift pushes its orbit away from the inner
X-point, pressing it against the outer boundary of the island.
This reinforces the trapping, preventing its transition to a pass-
ing orbit. Conversely, for a co-passing particle (Fig. 7(c)), the
inward (V x b)_ drift steers its orbit directly towards the X-
point. This drift provides the necessary ‘push’ for the particle
to access the escape channel, facilitating its transition from
a trapped to a standard passing orbit, as observed. There-
fore, figure 7 clearly illustrates the differential impact of the
(V xb), drift term, confirming its role in promoting island
escape for co-passing particles (via inward drift) while simul-
taneously reinforcing island trapping for counter-passing par-
ticles (via outward drift) in the finite-beta CFQS configuration.

Finally, the impact of the (V x b), term on the over-
all confinement within the finite-beta island configuration is
quantified by examining the loss fraction as a function of ini-
tial particle velocity, as shown in Fig. 8. Like the standard QA
case (Fig. 4), the results compare the full guiding-center sim-
ulation (solid lines) with simulations where the (V x b)_ ef-
fect is deactivated (dashed lines) for both co-passing (A = 1)
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and counter-passing (A = —1) particles over the velocity range
from 0.6 to 1.5.
100

—o-co
—H8— Counter
| -©-co, w/o (VXb),
- B - Counter, w/o (VXb

(=) (0]
o [en]
T

W~
o

Loss rate (%)

20

of
0.6 0.8 1.0 1.2 1.4

Fig. 8. The loss rate with and without (V x b)_ in island configuration
with different pitch angles (A = £1).

Consistent with general expectations and the standard QA
results, the full simulation (solid lines) shows that counter-
passing particles suffer significantly higher losses than co-
passing particles, and losses tend to increase with velocity.
Deactivating the (V x b)_ (dashed lines) leads to a noticeable
reduction in the loss fraction for both particle classes. For co-
passing particles, whose loss fraction was already relatively
low in the full simulation, removing the (V x b)_ effect de-
creases the losses further. For counter-passing particles, deac-
tivating this term results in a substantial drop in the loss frac-
tion across the studied velocity range. These results succinctly
demonstrate that even in the presence of magnetic islands, the
drift associated with the (V x b), term remains a key driver
contributing significantly to fast particle losses, particularly
for counter-passing particles, in this finite-beta CFQS equi-
librium.

3.3. Discussion

A deeper comparison between the standard QA (Fig. 4)
and finite-beta island (Fig. 8) configurations reveals the com-
plex, dual role of magnetic islands in fast particle confinement,
particularly within the collisionless framework of this study
where prompt orbit loss is the dominant loss channel.

For co-passing particles, the results are particularly in-
sightful. When all drift effects are active (solid lines), the is-
land configuration paradoxically exhibits a lower net loss rate
than the standard QA case. This is not due to permanent trap-
ping, but rather to a temporary trapping of the particle’s orbit
by the island. In the standard case, the (V xb)_ drift directly
causes passing orbits to shift and loss. In the island case, how-
ever, the island structure acts as a temporary “safe harbor,”
disrupting the simple passing trajectory and forcing the parti-
cle into a quasi-trapped state. While in this state, the particle
is not on a direct loss trajectory. The (V X b)_ drift then acts to
facilitate the particle’s escape from this temporary state, transi-
tioning it back into a standard passing orbit (as shown in Sub-
section 3.2), which is once again vulnerable to drift-induced

loss. The net loss is lower because the time spent in the is-
land’s protective state reduces the overall probability of loss
within the simulation time. This protective effect is especially
pronounced at lower energies, establishing a clear loss thresh-
old not seen in the standard configuration.

Conversely, when the dominant (V xb)_ drift is deacti-
vated (dashed lines), the comparison isolates the effect of the
magnetic topology itself. The island configuration then shows
a higher loss rate, attributed to its inherent topological trans-
port channel via the stochastic region, a feature absent in the
well-nested standard case.

For counter-passing particles, a different behavior
emerges at high energies. The loss rate curves for both con-
figurations (solid red lines) converge. This indicates that for
high-energy particles, the powerful outward drift becomes the
overwhelmingly dominant loss mechanism, ejecting the parti-
cle so rapidly that it cannot significantly interact with the de-
tailed magnetic topology, rendering the differences between
the two configurations irrelevant.

In summary, this section presented detailed simulation re-
sults on fast particle confinement in two distinct CFQS config-
urations using the MEGA code. In the standard QA configura-
tion (Subsection 3.1), the vertical component associated with
the magnetic field curvature term (V x b)_, was identified as
the primary driver for particle orbit drift and losses, especially
for co-passing particles. Loss fractions generally increased
with particle energy. In the finite-beta configuration featur-
ing magnetic islands (Subsection 3.2), additional complex or-
bit behaviors emerged, including the trapping of low-energy
particles within the island structure. The (V x b)_ drift term
was found to play a crucial role in modulating this trapping
effect, facilitating island escape for co-passing particles while
reinforcing trapping for counter-passing particles. Despite the
presence of islands, this drift term remained a significant con-
tributor to overall particle losses in the finite-beta equilibrium,
particularly for counter-passing particles.

4. Conclusions

This study employed the MEGA code to investigate and
compare the confinement characteristics of fast particles in
two distinct magnetic equilibria of the CFQS stellarator: (i)
the standard quasi-axisymmetric (QA) configuration, and (ii)
a finite-beta ((8) = 0.74%) configuration featuring prominent
magnetic islands, generated using the HINT code. By ana-
lyzing particle trajectories and quantitatively assessing losses,
including the identification of dominant drift mechanisms
through selective deactivation of terms in the drift kinetic
equations, the following key conclusions have been drawn:

In the standard CFQS QA configuration:

(i) The guiding-center drift associated with the vertical
component of the magnetic field curvature, represented by
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the (V x b), term, was definitively identified as the primary
mechanism driving orbit drift and subsequent fast particle
losses.

(ii) Deactivating this (V x b)_ term effect virtually elimi-
nated losses for co-passing particles and significantly reduced
losses for counter-passing particles across the studied energy
range, confirming its dominant role.

(iii) Consistent with drift physics, particle loss fractions
generally increase with energy, and counter-passing particles
exhibit significantly higher losses than co-passing particles
due to their net outward drift.

In the finite-beta ({) = 0.74%) configuration with mag-
netic islands:

(D) The presence of magnetic islands introduces complex
orbit topologies, notably the trapping of low-velocity particles
within the island structure.

(I) The (V x b), drift term plays a crucial role in modu-
lating this island trapping behavior. Its associated inward drift
facilitates the transition of co-passing particles from island-
trapped to passing orbits as energy increases, while its out-
ward drift reinforces the trapping of counter-passing particles
within the island.

(IIT) Despite the presence of islands and associated trap-
ping effects at low energy, the (V x b)_ drift remains a sig-
nificant contributor to overall fast particle losses in the finite-
beta equilibrium, particularly for counter-passing particles at
higher energies.

Overall, the (V xb), term effect indeed has a crucial
effect on particle confinement. It is noteworthy that a com-
parison between the loss fractions presented in Fig. 4 (stan-
dard QA) and figure 8 (high-beta island) indicates that the
overall fast particle losses do not increase dramatically in the
finite-beta equilibrium, despite the presence of magnetic is-
lands. This suggests that the CFQS configuration possesses a
degree of robustness in maintaining reasonable magnetic sur-
face quality and confinement characteristics even at this finite
beta. Therefore, in subsequent NBI experiments, it is neces-
sary to select appropriate injection angles and energy levels to
minimize fast particle losses. Our results, which pinpoint the
(V x b), drift as the dominant loss mechanism, offer specific
guidance for this selection. Given that counter-passing parti-
cles exhibit significantly higher losses, NBI strategies should
prioritize creating co-passing particles. This implies that a
tangential co-injection geometry would be strongly prefer-
able to minimize prompt losses. Furthermore, an on-axis or
near-tangential injection path would be optimal to keep parti-
cle orbits well-centered and away from the plasma boundary.
These considerations suggest that a high-confinement scenario
in CFQS would be best achieved with an on-axis, co-tangential
NBI system. It is important to emphasize that the present
study utilized static magnetic equilibrium fields without in-

cluding MHD effects. Finally, it is crucial to emphasize that
our conclusions regarding the dominance of the (V x b), drift
apply specifically to the passing particle population (JA]| = 1)
investigated here. This focus was chosen to isolate the cur-
vature drift mechanism. For particles with mixed pitch an-
gles (v, > 0), the gradient-B drift would also contribute sig-
nificantly to transport, and the interplay between these drift
mechanisms could lead to different loss dynamics. A compre-
hensive study of confinement across the full pitch-angle space
remains a critical topic for future investigation.
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