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Abstract

Radial electric fields are known to arise from non-ambipolar transport in dipole-
confined plasmas, yet their effects on high-energy alpha particle confinement remain
systematically unexplored for compact levitated devices. This study employs test-
particle simulations based on the parameters of the China Astro-Torus 1 (CAT-1)
levitated dipole experiment to investigate how such fields influence alpha particle
trajectories, losses, and slowing-down confinement. The key result is that a mod-
erate radial electric field can increase the confined fraction of alphas by up to 40%
within the ion slowing-down time, a substantial improvement for heating the back-
ground plasma. Furthermore, the confinement fraction varies systematically with
the strength of the inner field (Ej,) and the ratio of outer-to-inner field (), with
high Ej, and k > 1 yielding optimal results. These findings suggest that tailoring
the radial electric field profile offers a novel, knob-like handle for controlling alpha
particle heating in dipole fusion concepts.
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1 INTRODUCTION

A dipole magnetic field configuration has been proposed as a potential basis for a compact
fusion reactor [1,2]|. In laboratory experiments such as the Levitated Dipole Experiment
(LDX) and the Ring Trap 1 (RT-1), it has been demonstrated that a levitated supercon-
ducting dipole coil can stably confine a high-beta plasma with a self-organized peaked
pressure profile [3,4]|. These successes have motivated further exploration of dipole-based
fusion concepts, including the China Astro-Torus 1 (CAT-1) — a small-scale levitated
dipole device designed to investigate D-D and catalyzed D-D fusion reactions [9].

In dipole-confined plasmas, radial electric fields are commonly observed. In early
LDX experiments, such fields were attributed to non-ambipolar transport or unintentional
electrostatic bias of the floating coil [5]. The direction of the radial electric field typically
reverses near the plasma pressure peak: radially outward on the inner side of the peak
and radially inward on the outer side [6-8]. The magnitude of the electric field can
be estimated from toroidal plasma rotation speeds (100-200 km/s) measured in similar
devices, corresponding to fields on the order of several kV/m in the mid-plane of CAT-1
(magnetic field 0.01-0.1 T). Despite the ubiquitous presence of such radial electric fields,
their influence on the confinement of high-energy charged particles — and in particular on



fusion-born alpha particles — has not been systematically evaluated for compact levitated
dipole devices.

This knowledge gap is important for two reasons. First, the stable confinement of
high-energy alpha particles is crucial for effectively heating the background plasma and
sustaining a fusion reaction in a dipole reactor. Second, if radial electric fields can sig-
nificantly alter alpha particle orbits, they could provide a controllable “knob” to either
enhance heating or mitigate losses. Indeed, in a dipole field, the E x B drift caused
by a radial electric field can modify the particle drift trajectories, potentially reducing
the radial excursion and thus avoiding collisions with the vacuum chamber or support
structures.

In this paper, we address this gap by performing a systematic test-particle study of
high-energy alpha particle confinement in the CAT-1 levitated dipole device, with and
without a model radial electric field. The electric field profile is assumed to be purely
radial and to reverse direction at a prescribed radius R., mimicking the experimentally
observed reversal layer. The inner (Ej,) and outer (Eqy) field strengths are varied over
a range of 0.5-5 kV/m, covering the estimated experimental regime. Using a full-orbit
Boris integrator, we simulate the trajectories of thousands of alpha particles launched
from different radii, with initial kinetic energies from 10 to 50 keV and pitch angles from
—90° to 90°. Three loss channels (vacuum chamber, support rods, and the floating coil
itself) are included based on the actual geometry of CAT-1.

Our key findings are as follows. (i) A moderate radial electric field (=5 kV/m) can
increase the confined fraction of alpha particles by up to 40% within the ion slowing-
down time, compared to the field-free case. (ii) The confinement improvement is most
pronounced when the injection point lies outside the reversal layer (i.e., in the weak-field
region). (iii) The confinement fraction increases with the magnitude of Ej, and with the
ratio kK = Egu/FEi; for k > 1 the enhancement is particularly strong. (iv) The effect
saturates when the reversal layer radius R, exceeds about 2 m, but still yields a 6-12%
improvement compared to the case without a reversal layer. These results demonstrate
that the radial electric field is not merely a parasitic effect, but can be exploited as a
practical means to control alpha particle heating in dipole fusion devices.

The remainder of this paper is organized as follows. Section 2 describes the CAT-
1 device geometry, the magnetic and electric field models, the test-particle setup, and
the Boris integration scheme. Section 3 presents the alpha particle trajectories, kinetic
energy evolution, and magnetic moment behavior, comparing the cases with and without
the radial electric field. Section 4 systematically examines the influence of the injection
location, the inner-field strength FEj,, the field-strength ratio x, and the reversal layer
radius R, on the confinement fraction. Section 5 summarizes the main conclusions and
discusses their implications for future dipole-based fusion experiments.

2 MODELING

2.1 The CAT-1 and its modeling

The China Astro-Toru 1 (CAT-1) is an experimental device that uses a dipole mag-
netic field to confine plasma, with its magnetic field generated by a magnetically levi-
tated toroidal coil. The design parameters of the CAT-1 device require a plasma density
greater than 5 x 10* m™2, a plasma temperature of up to 500 €V, a vacuum chamber
diameter of 4 m, and a magnetic field strength on the coil surface of >5 T. In a dipole



magnetic confinement device, particles will collide with the vacuum chamber along non-
closed magnetic field lines, causing losses due to collisions with the dipole field coils or
support structures, and the energy of the particles is deposited onto the structure, caus-
ing damage to the structure body. Therefore, studying the influence of the radial electric
field on the high-energy « particles confinement characteristics in the CAT-1 device is of
great significance for the effective heating of plasma by high-energy particles within the
slowing-down relaxation time, as well as for the protective design of the dipole field coils,
the design of the vacuum chamber, and the design of the diverters.

Figure 1 plots the conceptual design of the CAT-1 device, the primary channels for
particle collision losses, which encompass particle losses from collisions with the vacuum
chamber, interactions with the support structure, and impacts against the dipole field
coils. Here, it should also be noted that the attitude control coils, located above the top
of the vacuum chamber, do not participate in particle collision losses. The specific design
parameters of the CAT-1 device have been listed in previous articles [9,11]. Table 1
provides the collision volume parameters for the three loss channels.
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Figure 1: A schematic diagram of the CAT-1 structure.
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Table 1: Collision volume parameters for the three loss channels.

Vacuum Chamber |  Top Zy; (m) Bottom Zy;, (m) Radius Ry (m)
-1.5 2 3.8

Support Rod Top Zs; (m) Bottom Zg; (m) Radius Rg (m)
-2 2 0.1

Dipole Field Coil | Width Wpe (m) | Height Hpe (m) | Major radius Rpe (m)
0.2 0.2 0.5

We have developed a full-orbit particle tracking code, named as (magnetic Dipole
Field Particle tracking Code), that employs the Boris method for time advancement,
and the current version does not include the effects of Coulomb collisions. We have
conducted benchmark tests on modules such as magnetic field generation and particle
motion. The choice of timestep dt = 107!° s resolves the alpha particle gyromotion
with approximately 50 points per cyclotron period at 50 keV, ensuring accurate orbit
integration while maintaining computational efficiency.



2.2 Generation of a radial electric field

In Abler’s PhD thesis [12], it is theorized that the position of the electric field reversal
coincides with the ECRH resonance layer, typically located in the laboratory dipole field
devices. The multiple frequencies of ECRH are used to heat the plasma in the LDX or
RT-1 devices; therefore the position of the conversion layer is consistent with the peak
position of the plasma pressure.

The magnitude of the electric field can be estimated through the ideal Ohm’s law.
In the article by Guazzotto et al. [8], a toroidal plasma rotation speed of approximately
100 km/s to 200 km/s is given. In CAT-1, the magnetic field on the mid-plane is about
0.01 T to 0.1 T, thus the magnitude of the electric field is approximately 1 kV/m to
20 kV/m. To account for system redundancy, we select electric field values of 0.5 kV /m,
2 kV/m, and 5 kV/m as benchmarks to study the confinement time of alpha particles
under different ratios of inner to outer electric fields across the reversal layer.

We assume that the electric field has no component in the Z direction, and the X
and Y components of the electric field are independent of the Z coordinate. Then the
expression for the distribution of the radial electric field is given by:

(E B Eicos, R<R,
v —FEocosf, R>R,

5 _ | Busing, R<R (1)
v —Fouwsinf, R >R,
(B, =0

where F, represents the electric field strength inside the electric field direction conversion
layer, F,. denotes the electric field strength outside the electric field direction conversion
layer, 0 is the angle between the observation point and the origin, and R, indicates the
radius of the electric field direction conversion layer. Figure 2 shows a schematic diagram
of the electric field distribution on the X-Y plane.

2.3 Test particles and Boris algorithm

This study is based on the test particle method, where the motion of charged particles
in an electromagnetic field satisfies the following equation:

dv_i

Y4By« @)
Xy 3)

where ¢ represents the charge of the particle, m is the mass of the particle, E is the
electric field vector at the particle location, and B is the magnetic field vector at the
particle location.

The Boris-Buneman algorithm [13,14] has one of the main advantages of not accu-
mulating system energy error over time while maintaining accuracy. It is a standard
algorithm for solving the motion of charged particles in electromagnetic fields, especially
in plasma physics and particle simulation. The motion Eq. (2) for charged particles is
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Figure 2: A schematic diagram of the radial electric field. The middle ring represents the
position of the positive and negative conversion layer. The direction of the electric field
in the layer is far away from the center of the circle like a red arrow, and the direction
of the electric field outside the layer is towards the center of the circle like a blue arrow.
The selected electric field strengths (0.5, 2, 5 kV/m) cover the range expected from
toroidal rotation measurements in similar dipole devices [8], while the ratio K = Eoy/ Ein
is scanned from 0.5 to 2 to systematically explore the effect of field reversal asymmetry.
The conversion layer radius R, is varied from 0 to 2 m to account for possible shifts of
the ECRH resonance layer in experiments.

discretized, and its expression is as follows [15]:
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where v, x, E, and B represent velocity, displacement, electric field, and magnetic field
vectors, respectively. dt is the time step, and the subscript k represents the physical
quantity of the kth time step.

3 THE INFLUENCE OF RADIAL ELECTRIC FIELDS
ON ALPHA PARTICLE TRAJECTORIES

The CAT-1 is a physical experimental device and not directly applicable to D-3He fusion
nuclear reactions; the maximum vacuum magnetic field in the plasma region is less than

5



1 T, and thus the magnetic field cannot confine alpha particles with a kinetic energy of
3.6 MeV. The energy range for alpha particles in this paper is determined through the
ideal Magnetohydrodynamic (MHD) scaling law. Once the density and magnetic field
strength of a D-3He fusion reactor are established, the energy of alpha particles, T.., is
calculated using the scaling law:

(Bcat/Bqu)2

Tcat =
Ncat /nfus

Thus- (10)

In the D-3He fusion reactor, the magnetic field strength, plasma density, and temperature
are 2 T, 2 x 10*° m—3, and 75 keV, respectively. In the CAT-1 device, the magnetic
field strength, plasma density, and temperature are 0.05 T, 1 x 10! m~=3, and 500 eV,
respectively. Therefore, the energy of alpha particles is approximately 45 keV. To account
for system redundancy, we take the alpha particle energy of 25 keV as a reference and
scan the alpha particle kinetic energy from 10 keV to 50 keV.

3.1 Trajectories without radial electric fields

To compare with the confinement of high-energy alpha particles under conditions that
include a radial electric field, this paper first discusses the motion of high-energy alpha
particles in the CAT-1 device during levitated operation without a radial electric field.
During levitated operation in the CAT-1 device, the coupling of the magnetic field pro-
duced by the levitated coil and the dipole field coil results in an up-down asymmetric
magnetic configuration, which changes in the period of the longitudinal adiabatic invari-
ant. Concurrently, due to the lack of magnetic shear, particles move quickly along the
magnetic field lines and collide with the vacuum chamber top (divertor), resulting in loss.
Different from the magnetic mirror device, the levitated dipole field device has a closed
magnetic surface structure, and when particles have a large parallel velocity, their trajec-
tories will not have a magnetic mirror point, but will pass through the inner mid-plane
of the coil to form a connected structure, thus confining the particles in the dipole field.
Particles moving on the magnetic surface near the last closed flux surface (LCFS) are
lost through the X-point along the magnetic field line, or particles with a larger Larmor
radius collide with the side wall of the vacuum chamber and are lost.

To visually demonstrate the relationship between particle loss and injection position
and angle, this section selects 5 points on the X-Z plane as the initial positions for
particles and injects them at angles of 60° and 30° (the angle between the initial velocity
and the magnetic field lines). It is assumed that the kinetic energy of the alpha particles
is 25 keV, and the time step is chosen as dt = 1 x 1071° s. The particle simulation time
T =5 x 107" s. Figure 3 shows the trajectories of alpha particles in the poloidal plane
in the cylindrical coordinate system and the magnetic moments corresponding to the
particles.

In Figures 3(a) and (b), the trajectory of high-energy alpha particles gradually changes
from a quasi-periodic path to a disordered chaotic trajectory. Figure 3(d) plots the
normalized magnetic moment g = u/(u) of the five alpha particles over time (where the
brackets (...) denote a time average), showing that the normalized magnetic moment pu
exhibits periodic variation and approximates to a constant within a particle cyclotron
period when the particle throw position is on the side of strong magnetic field intensity.
When the injection point moves radially outward along the mid-plane, the magnetic
moment gradually becomes non-periodic. To compare the effect of the injection angle on



the trajectory of high-energy alpha particles, simulations were conducted under the same
conditions for alpha particles with an injection angle of 60°, and the results are shown in
Figure 4.

Under the condition of a 60° injection angle, the alpha particles injected close to the
coil side experience an increase in their perpendicular velocity v; and a corresponding
decrease in their parallel velocity vj. This results in an increased Larmor radius for
the alpha particles, and a reduced latitude of precession along the magnetic field lines.
The magnetic field strength within the particle’s bounce region changes little, hence the
change in its magnetic moment is more uniformly oscillatory compared to the case with
a 30° injection angle. In contrast, particles injected away from the coil side still exhibit
chaotic trajectories when the injection angle is altered.
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Figure 3: In the cylindrical coordinate system, the high-energy « particles at five different
throwing points with a throwing angle of 30° without radial electric field are (a) RZ
plane trajectory, (b) « particles in the Cartesian coordinate system. The orbit top view,
« particles (c) kinetic energy and (d) normalized magnetic moment change with time.
The transition from quasi-periodic to chaotic u(t) for Ry > 1.5 m signals the breakdown
of adiabatic invariance.

The transition from quasi-periodic to chaotic magnetic moment behavior observed
in Figures 3(d) and 4(d) reflects the breakdown of adiabatic invariance as the injection
radius increases. For Ry < 1.0 m, the particle remains predominantly in the strong
field region near the coil, where the magnetic field inhomogeneity scale length is much
larger than the Larmor radius. Consequently, the magnetic moment p is conserved on
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Figure 4: In the cylindrical coordinate system, the high-energy « particles at five different
throwing points with a throwing angle of 60° without radial electric field are (a) RZ
plane trajectory, (b) « particles in the Cartesian coordinate system. The orbit top view,
« particles (c) kinetic energy and (d) normalized magnetic moment change with time.



the gyration time scale. For Ry > 1.5 m, the particle traverses regions of weaker and
more sheared field, particularly near the mid-plane periphery. In this regime, the gyro-
averaging approximation breaks down, and p exhibits non-adiabatic fluctuations. This
loss of adiabaticity is the primary reason why particles injected at larger radii are more
prone to chaotic orbits and eventual loss. It also sets the stage for the radial electric
field to have a significant effect, as the E x B drift can partially reorder these chaotic
trajectories.

3.2 The influence of radial electric fields on particle confinement

The primary focus of the study is on the influence of the radial electric field on particle
trajectories, kinetic energy, and magnetic moments. Under the same initial conditions
as the previous section, we introduced an electric field direction conversion layer with a
radius R, = 1.5 m, and the values of the electric field inside the conversion layer Ej,
and outside the conversion layer E,,; are both equal to 5 kV/m. Figure 5 illustrates the
trends in the basic properties of particles under the condition of a 30° injection angle.

With the addition of the radial electric field, the confinement of high-energy alpha
particles in the weak field area outside the dipole field coil is improved. The radial
electric field reduces the trajectory radius range of alpha particles, thus avoiding losses
caused by collisions with the vacuum chamber wall due to large particle gyro-radius. In
Figure 5(c), the kinetic energy of the particles exhibits a periodic-like pattern under the
influence of the radial electric field. At the initial moment, when the direction of particle
motion is opposite to the acceleration produced by E x B inside the conversion layer,
the kinetic energy of the particles shows a periodic-like variation that first decreases and
then increases over time. Conversely, when the direction of particle motion is the same
as the acceleration produced by E x B inside the conversion layer, the kinetic energy of
the particles shows a variation that first increases and then decreases over time. We also
plot the trajectories of particles with a 60° injection angle in Figure 6. In the region of
high magnetic field strength, particles exhibit the same variation pattern whether or not
the radial electric field is included, but the total kinetic energy of the particles is altered
due to the presence of the radial electric field. In the weak field area the radial electric
field improves the confinement of the particles.

The improved confinement observed in Figures 5 and 6 can be understood through
the effect of the E x B drift. In the presence of a radial electric field FE,, the drift
velocity is vip = (E x B)/B?, which for an axisymmetric dipole field has both poloidal
and toroidal components. When the electric field reverses direction at R., the sign of vg
also reverses. Inside the reversal layer (R < R.), E points outward, producing a drift that
pushes particles toward larger R. Outside (R > R.), E points inward, producing a drift
that pushes particles back toward smaller R. This “push-pull” configuration effectively
compresses the radial extent of alpha particle orbits, reducing the probability of hitting
the vacuum chamber wall (located at R = 3.8 m). The effect is most pronounced for
particles injected in the weak field region (R ~ 1.5-2.5 m), where the magnetic field is
too weak to confine them by itself. The periodic modulation of kinetic energy seen in
Figures 5(c) and 6(c) arises from the work done by the electric field as the particle moves
across the reversal layer — a clear signature of the E x B interaction.

Beyond the kinetic energy modulation, the radial electric field also profoundly affects
the adiabaticity of alpha particle orbits. In the absence of the field, increasing the injec-
tion radius from Ry = 1.0 m to Ry > 1.5 m causes the magnetic moment p to transition
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Figure 5: After increasing the radial electric field, the high-energy « particles at five
different throwing points with a throwing angle of 30° are (a) in the RZ plane trajectory,
(b) « particles in the Cartesian coordinate system. The orbital top view, « particles
(c) kinetic energy and (d) normalized magnetic moment distribution over time. The
radial electric field compresses the orbit width and introduces periodic kinetic energy
modulation via E x B work.
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Figure 6: After increasing the radial electric field, the high-energy « particles at five
different throwing points with a throwing angle of 60° are (a) in the RZ plane trajectory,
(b) « particles in the Cartesian coordinate system. The orbital top view, « particles (c)
kinetic energy and (d) normalized magnetic moment distribution over time.
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from quasi-periodic to chaotic (Figs. 3d,4d), signaling the breakdown of adiabatic invari-
ance. When the radial electric field is applied (Ei, = Eow = 5 kV/m), the previously
chaotic pu(t) returns to a quasi-periodic pattern (Figs. 5d,6d). The field thus acts as an
“adiabaticity restorer”: the E x B drift effectively modifies the particle’s bounce-averaged
radial position, restoring an approximate invariant akin to the canonical toroidal mo-
mentum. The enhanced confinement can thus be understood as a transition back toward
regular, adiabatic motion.

This interpretation is quantitatively consistent with classical drift theory. For our
parameters (Ey, = 5 kV/m, B ~ 0.05 T), vg ~ 1 x 10° m/s, while the gradient drift
vy & (mv?)/(2¢BR) ~ 0.5 x 10° m/s. The two drifts are comparable in magnitude,
allowing vg to cancel or enhance vy g and thereby compress the radial orbit width. Hence
the radial electric field not only modulates kinetic energy but also restores adiabaticity,
which is the physical origin of the improved confinement.

4 PARAMETER VARIATION AFFECTS CONFINE-
MENT

The radial electric field is characterized by three independent parameters: the inner field
strength Fj,, the outer-to-inner field ratio kK = Eyy/FEi,, and the reversal layer radius
R.. Each parameter influences alpha particle confinement in a distinct way: (i) Ej, sets
the overall magnitude of the E x B drift; (ii) x determines the asymmetry of the “push-
pull” effect across the reversal layer; and (iii) R, controls whether the electric field acts
primarily in the strong-field (small R.) or weak-field (large R.) region. In this section,
we isolate each parameter and examine its effect on the confined fraction. The injection
radius Ry is also scanned to separate the role of the launch position from the electric field
parameters.

4.1 Particle injection location

The particle loss is closely related to the injection location, therefore we have studied the
confinement of alpha particles injected at different locations. We selected 23 injection
locations on the mid-plane with radii ranging from 0.6 m to 2.8 m, and chose the alpha
particle kinetic energy range of between 10 and 50 keV, and the injection angle range of
between —90° and 90°. In total, 23,552 particles were thrown. It is assumed that particle
loss channels include collisions with the vacuum chamber wall, collisions with the coil,
and collisions with the support rod. The radial electric field direction conversion layer is
at R, = 1.5 m, with the electric field Ei, = Foy = 5 kV/m, the time step dt = 1x 10719 s,
and the particle simulation time 7' = 2 x 10~% s. Figure 7 shows the probability of alpha
particle loss as a function of radius under conditions with and without the radial electric
field included.

The dipole field coil radius of the CAT-1 being 0.5 m, when alpha particles are injected
at a position Ry = 0.6 m on the Y-Z plane, they will collide with the coil and be lost
regardless of the angle and kinetic energy of the injection. As the injection point moves
away from the dipole field coil, the probability of coil collision loss decreases. When
the injection point is located at Ry ranging from 0.9 m to 1.4 m, alpha particles are
confined beyond 2 x 107* s. When R, increases to 1.5 m, particles begin to be lost due
to collisions with the vacuum chamber wall. In the simulation, the addition of an electric
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field will not affect the collisional loss of alpha particles where particles pinch positions
are near the D coil. However, in the weak magnetic field area far from the coil, the radial
electric field will reduce the loss of alpha particles colliding with the vacuum chamber.
The effect is significant when the injection position Ry = 1.5 m, with the fraction of
confined particles increasing by 40% compared to the case without the electric field. As
the injection position Ry increases, the fraction of particle confinement improved by the
addition of the electric field decreases to 4%.
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Figure 7: The loss rate of particles with and without radial electric field as a function of
throwing position.

4.2 Difference in electric field strength inside and outside the
conversion layer

In the previous chapter, we used the same field strength inside and outside the direction
conversion layer to study particle confinement. In experiments, it is not easy to achieve
such a uniform field strength scenario. Therefore, this section investigates the influence of
different electric field strengths inside and outside the conversion layer on the confinement
of high-energy alpha particles.

Here, we keep FEi, and scan FE,, with the fixed ratio of internal-to-external field
strength. Fj, are selected as 0.5 kV/m, 2 kV/m, and 5 kV/m, and for each Ej, value,
the ratio of E,y to Ej,, denoted as k, is scanned from 0.5 to 2. It is assumed that the
electric field direction conversion layer radius is R, = 2 m. Three injection positions R,
are selected as 1.5 m, 2 m, and 2.5 m, ensuring that there is an injection point inside,
outside, and on the layer. The injection angle range is 0° to 180°, and the initial kinetic
energy range is 10 keV to 50 keV. The time step is dt = 1x 107! s, the simulation duration
T =2 x 107* s, and it is assumed that particles have three collision loss channels. The
simulation results of the particle flight time and distance are shown in Figure 8.

Firstly, when the particle injection point is located on the conversion layer, the con-
strained fraction is relatively better than that of injection points located inside or outside
the conversion layer. When the injection point is in the region of strong magnetic field, the
collision loss of particles on the inner side of the conversion layer is essentially unaffected
by the radial electric field.

Secondly, the confined time is significantly affected by the Fj, value. Figure 8 shows
the flight time and flight length of alpha particles from top to bottom for Ei, values
of 0.5 kV/m, 2 kV/m, and 5 kV/m. At the same flight time, the particle confinement
fraction increases with the increase of Ej,. In the case of k = 0.5, when the injection point
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is located in the region of weak magnetic field strength, the particle confinement fraction
improves by approximately 38% at high radial electric field strengths compared to low
electric field conditions. At Ry = 2.5 m and Ry = 1.5 m, the particle confinement fraction
increases by about 33% and 12%, respectively. Under the condition of a constant internal
electric field Ej,, as k increases, the confinement fraction of particles significantly increases
at the pinch positions Ry = 2 and 2.5 m. This indicates that when E, is greater than
Ei,, the confinement fraction of alpha particles is enhanced. When the internal electric
field F;, = 5 kV/m, the particle confinement fraction at the pinch points on the outside
of the layer will be higher than that at the pinch points on the inside of the layer as
the particle flight time increases. Moreover, this phenomenon becomes more pronounced
with the significant increase in electric field strength. A model incorporating a radial
electric field dramatically modifies the manner in which the dipole field configuration
confines alpha particles. Both the intensity of the electric field and the value of k are
critical factors that determine the degree of alpha particle confinement.

The dependence on k = Eq,/ Fi, can be understood through an effective potential well
model. The radial electric field gives rise to an electrostatic potential ®(r) = — [ E,dr,
which has an extremum at the reversal layer R, because E, changes sign. When x > 1,
the potential variation outside the layer is larger than that inside, creating an asymmetric
well. A particle crossing the layer experiences a net well depth A® o (Eoy — Ein) Ar.
The confinement fraction increases with x (Fig. 8), and raising x from 1 to 2 yields an
additional ~ 12% improvement (Fig. 10). This gain is attributed to deeper trapping that
further suppresses radial drift. Thus « is the control parameter that determines the net
“push-pull” effect, suggesting that deliberately creating x > 1 profiles (e.g., by coil biasing
or ECRH modulation) could enhance alpha confinement in experiments.

4.3 Radial electric field conversion layer radius

In actual experiments, the position of the electric field direction conversion layer may
change due to the presence of various frequencies of electron cyclotron heating (ECRH)
beams in the device. Therefore, the influence of the radial electric field conversion layer
radius on the alpha particle orbit is studied. Here, we set the injection position Rj as a
scanning parameter with a range between 0.7 m and 2.7 m, thereby excluding interference
from the relationship between the injection position and the conversion layer on the
confinement fraction. Here, we assume the conversion layer radius R, to be 0 m, 1 m,
and 2 m, respectively. For each R. parameter, we select injection angles of 0° and 180°,
and the particles have an initial kinetic energy of 25 keV. In this section, we choose x to
be 0.5, 1, and 2 with fixed E;, to investigate characteristics of the particle confinement.
We assume a time step dt = 1 x 1071% s and a total duration 7" = 2x 10~% s, with particles
having three collision loss channels.

The first to third rows of Figure 9 show the trends of particle fraction variation with
flight time (first column) and flight distance (second column) under the conditions where
the inner layer electric field Fj, is 0.5, 2, and 5 kV /m, respectively. When the intensity
of the inner electric field Ej, is 0.5 kV /m, the particle confinement fraction basically does
not change with variations in R, and . However, as Ej, increases, different values of R,
and k will have a certain distinguishing effect on the particle confinement fraction curves.

Figure 10 provides a detailed view of the particle confinement fraction as it changes
with flight time at a constant Ej, of 5 kV/m. It is observed that when Ei, = FEqyu,
the particle confinement fraction is sensitive to variations in the value of R.. As R,
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electric field transition layer (R, = 2 m) with an internal field strength of 500 V/m. (c,d)
Internal field strength of 2 kV/m. (e,f) Internal field strength of 5 kV /m.
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increases, there is a noticeable enhancement in the particle confinement fraction. At a
value of k = 0.5, the particle confinement fractions for R, = 1 and R, = 2 converge at
0.2 ms, suggesting a trend towards saturation in the enhancement of particle confinement
as the transition layer radius grows. With R, = 2 m, the particle confinement fraction
is approximately 6% greater than at R, = 0, and as x increases, the maximum particle
confinement fraction could potentially be enhanced by up to 12%.

In order to investigate the background plasma being heated by the collision of alpha
particles, we compare the slowing down time and confinement time of alpha particles in
CAT-1. The slowing-down time [10,16] 7,; for alpha particles colliding with background
plasma ions is

AmegMMV?®
Toi = niZ?Zze*In A -

This result indicates that the slowing-down time is much shorter than the confinement
time of alpha particles. This implies that even alpha particles with very high kinetic
energy can lose energy quickly through collisions with ions in the background plasma and
be captured by the magnetic dipole field.

Nevertheless, the 40% improvement in the confined fraction due to the radial electric
field remains significant for plasma heating. The reason lies in the high-energy tail of
the alpha particle distribution. Slowing-down is not mono-energetic; alphas with initial
energies of 10-50 keV that have undergone fewer collisions retain higher energies for a
longer time. Such high-energy particles have larger Larmor radii and stronger drifts,
making them the most prone to loss. The radial electric field compresses their orbits,
preferentially retaining this tail. Consequently, the enhanced confinement fraction di-
rectly prolongs the energy deposition time of the most energetic alphas, contributing to
more efficient background plasma heating even when the average slowing-down time is
short. This clarifies why electric field tuning can significantly improve overall heating
efficiency.

1.4x107 % s. (11)

5 CONCLUSIONS

We have systematically investigated the effect of a radial electric field — motivated by
observations in LDX and other dipole devices — on the confinement of high-energy alpha
particles in the CAT-1 levitated dipole experiment. Using test-particle simulations that
include realistic loss channels (vacuum chamber, support rods, and the floating coil), we
arrive at three main conclusions.

First, the presence of a moderate radial electric field (Ei, ~ 5 kV/m, k = 1) signifi-
cantly improves alpha particle confinement. Compared to the field-free case, the confined
fraction increases by up to 40% for particles injected near the reversal layer (Ry ~ 1.5 m),
and by 4-12% for other injection radii. The improvement is most pronounced in the
weak-field region outside the coil, where the magnetic field alone is insufficient to confine
alphas.

Second, the confinement fraction depends sensitively on both the magnitude of the
inner field Fj, and the ratio Kk = Euu/Ew. At £ = 0.5, increasing E;, from 0.5 to
5 kV/m raises the confined fraction by approximately 38% (for Ry = 2.5 m). For a fixed
E;,, increasing x from 0.5 to 2 yields an additional enhancement of up to 12%, especially
when the reversal layer is located at R, = 2 m. These scalings suggest that an asymmetric
“push-pull” electric field (|Eout| > |Eim|) is more effective at compressing alpha particle
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orbits.

Third, the role of the reversal layer radius R, is secondary to Ej, and s, but still
non-negligible. At high i, (5 kV/m), increasing R, from 0 to 2 m improves the confined
fraction by 6-12%, with the effect saturating beyond R, ~ 2 m. This saturation indicates
that once the reversal layer is placed sufficiently far out in the weak-field region, further
outward movement does not provide additional benefit.

In summary, the radial electric field improves alpha particle confinement by (i) restor-
ing adiabatic invariance in the weak-field region, (ii) creating an asymmetric potential
well (with x > 1) that compresses orbits, and (iii) preferentially retaining the high-energy
tail of the distribution. These three physical mechanisms, all supported by the simula-
tion data, demonstrate that the radial electric field is not merely a parasitic effect but a
versatile tool for controlling alpha heating in dipole devices.

Limitations and outlook

The present test-particle model neglects collective plasma effects (e.g., self-consistent elec-
tric field evolution, wave-particle interactions) and Coulomb collisions with background
ions. Although we estimated the alpha-ion slowing-down time to be much shorter than
the confinement time (7,; ~ 1.4 x 1078 s vs. simulation time 2 x 107* s), a fully self-
consistent kinetic description would be needed to capture the feedback between alpha
particles and the background plasma. Future work will extend the present analysis to
include gyrokinetic or particle-in-cell simulations, and will explore whether tailored ra-
dial electric field profiles can be actively generated (e.g., by biased electrodes or electron

cyclotron current drive) to optimize alpha particle heating in next-step dipole devices
such as CAT-1.

Implications for dipole fusion

The results demonstrate that the radial electric field is not merely a parasitic effect
but a potentially tunable parameter for controlling alpha particle orbits. By adjusting
the strength and asymmetry of the radial electric field — possibly through biasing of
the floating coil or by modulating ECRH power — one could enhance alpha heating
efficiency and reduce losses to the chamber wall. This provides a novel, knob-like control
mechanism that could be exploited in future dipole-based fusion reactors.
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