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A classical trajectory Monte Carlo simulation is used to investigate an artificially
structured boundary for confinement and control of charged particles. The artificially
structured boundary considered here incorporates a planar sequence of conducting
wires, where adjacent wires carry current in opposite directions. Such a config-
uration creates a sequence of magnetic cusps and was studied previously [C. A.
Ordonez, J. Appl. Phys. 106, 024905 (2009)]. The effect of introducing a sequence
of electrodes for electrostatic plugging of the cusps is investigated. The results of the
simulations are used to identify regions of parameter space in which particle losses
through the cusps may be negligible in the single particle limit. A trap based on a
cylindrical generalization of the artificially structured boundary presented here may
lead to a method for confining non-neutral and partially neutralized plasmas along
the edge, such that the bulk of a confined plasma is effectively free of externally
applied electromagnetic fields. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5008673

I. INTRODUCTION

An artificially structured boundary (ASB) creates a static electromagnetic field that is short in
range compared to the size of the ASB, only affecting the trajectories of particles that are relatively
close to the ASB. In the context of the present work, an ASB is a configuration of electrodes and per-
manent magnets or electromagnets that produces a spatially periodic arrangement of electrostatically
plugged magnetic cusps. The dimensions of an ASB are chosen such that the spatial period of the
applied electromagnetic field is much smaller than the dimensions of a charged-particle confinement
volume that is effectively free of the applied electromagnetic field, except along the edge of the
confinement volume.

There are many configurations that can be considered as ASBs. In a planar geometry, for exam-
ple, a configuration could be created by a sequence of long wires, with adjacent wires carrying
current in opposite directions.1 Such a configuration is referred to as a ‘picket-fence’ configura-
tion. Another possible configuration can be constructed by arranging a large number of magnetic
dipoles (e.g., superconducting coils, cylindrical permanent magnets with axial or radial magne-
tization, or solenoids) in a grid pattern, with adjacent magnets having oppositely signed poles
facing the particle confinement region. Trapping configurations that can be constructed from ASBs
include electrostatically plugged spherical and cylindrical high-order magnetic multipole traps.
Research involving charged particle reflection from various ASBs that produce static, spatially
periodic, electric or magnetic fields has been reported previously.1–4 An ASB with electrostatic
plugging, but much more experimentally difficult to realize than the ASB considered here, was
studied and proposed as a high purity ion trap/source in Ref. 5. In the context of fusion related
applications, various magnetic cusp geometries with electrostatic plugging have been discussed in
Ref. 6.
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The production of cold antihydrogen for high precision spectroscopy and gravity experiments
relies heavily on an ability to confine and control positron and antiproton plasmas.7–11 The ALPHA
and ATRAP experiments simultaneously synthesize and confine antihydrogen in Penning traps that
are located within neutral atom traps.7,8 In Penning traps, the presence of a strong magnetic field in
the region where antihydrogen is formed reduces the three-body recombination rate by roughly an
order of magnitude as compared to the rate when there is no magnetic field present.12,13 In addition,
positron space charge and collisions between antiprotons during the mixing process may have a
significant detrimental effect on the number of antihydrogen atoms with kinetic energy suitable
for further experimentation.14,15 The difficulties associated with creating antihydrogen suitable for
gravity experiments in a nested Penning trap, along with the possibility of increasing the three-body
recombination rate, are motivations for developing an alternative positron and antiproton confinement
scheme.

The confinement of a positive ion or positron plasma within the space charge of an edge confined
electron plasma was investigated from a theoretical perspective in Ref. 16. In Ref. 16 it was shown
that if the properties of the two species can be tailored properly, there will be a region near the trap
center in which the two species will overlap. A trap that employs an ASB to confine a positron plasma
along its edge might be able to confine an antiproton plasma within the electrostatic well created by
the space charge of the positrons. A region of overlap of the two species may result in mixing the
positron and antiproton plasmas in a region of space where strong magnetic fields are not present.

In Ref. 16, the exact structure of the reflecting boundary used to confine an electron plasma along
its edge was not considered. Here, the possibility of using an electrostatically plugged picket-fence
configuration as a reflecting boundary is investigated via computer simulation. The present work is
an extension of that which was reported in Ref. 1, where charged particle interaction with an ASB
employing a picket-fence magnetic field without electrostatic plugging was investigated. It was found
that charged particles could be effectively reflected by the picket-fence magnetic field, provided the
particles were directed toward the ASB at grazing angles of incidence.1

A conceptual illustration of the ASB considered here is shown in Fig. 1. The magnetic field
of the ASB is produced by a planar arrangement of current carrying wires, whereby adjacent wires

FIG. 1. A conceptual illustration of a small portion of the ASB. The dotted square represents the boundary of the simulation
volume. The dark gray rectangles represent the plugging electrodes biased to a normalized potential V0n, while the yellow
rectangles represent a conducting background material that is held at zero potential. Current carrying wires are represented by
the vertical arrows, where the direction of each of the arrows indicates the direction in which the normalized current In flows.



115123-3 R. M. Hedlof and C. A. Ordonez AIP Advances 7, 115123 (2017)

carry current in opposite directions. The wires are infinitely long in the y dimension, and wires with
current running in the same direction are separated by a distance S. Such an arrangement creates a
magnetostatic field that is periodic in the x dimension with a spatial period equal to S and that has
a sequence of line cusps at each mid-plane between adjacent wires. As shown in Fig. 1, a series of
plugging electrodes (dark gray strips) that are biased to a potential V0 and have a width d are centered
in each of the line cusps to enhance confinement. The plugging electrodes are considered to be flush
with a planar conducting background material that is held at zero potential. The ASB is treated as
infinite in extent in the x and y dimensions and as located at z = 0. Here, x, y, and z are Cartesian
coordinates.

In Sec. II, a classical trajectory Monte Carlo simulation is presented that is used to track charged
particle motion in the electromagnetic field of the ASB. In Sec. III A, the magnetic confinement prop-
erties of the ASB are discussed, and in Sec. III B, the effect of electrostatic plugging is investigated.
A set of parameters that optimizes the reflection properties of the ASB is found. Section IV provides
a discussion and concluding remarks.

II. CLASSICAL TRAJECTORY MONTE CARLO SIMULATION

A computer program has been developed that is used to calculate the electromagnetic field
of the configuration and to conduct classical trajectory Monte Carlo (CTMC) simulations. A nor-
malization procedure is carried out in such a way that all parameters used in the simulations are
dimensionless quantities. Hereafter, normalized quantities are denoted by the same symbol as their
unnormalized counterparts, except with a subscript n attached. Parameters used for normalization
are the spatial period of the magnetic field S, the initial kinetic energy of a particle K0, the par-
ticle’s charge q, and the particle’s mass m. Each of these parameters has a normalized value of
unity, Sn = K0n = qn = mn = 1. The normalized time, magnetic field, electric field, and electrostatic
potential are given by tn =

√
K0/mS2 t, Bn = (qS/

√
mK0) B, En = (qS/K0) E, φn = (q/K0) φ, respec-

tively. A particle’s normalized position, velocity, and acceleration are rn = r/S, 3n =
√

m/K0 3, and
an = (mS/K0) a.

Two charged particle sources are considered in this work: a normally incident monoener-
getic beam and charged particles incident with a monoenergetic isotropic velocity distribution.
The motion of all simulated particles is constrained to take place within a simulation volume
defined by �Sn/2 ≤ xn ≤ Sn/2, �Sn/2 ≤ yn ≤ Sn/2, and 0 ≤ zn ≤ 10Sn. The initial Cartesian
coordinates (x0n, y0n, z0n) for each simulated particle are considered to be equally likely to be
located at any point in the zn = z0n plane within the simulation volume. The value of z0n is
chosen sufficiently large so that the effect of the electromagnetic field on a trajectory is initially
negligible for all parameters considered in the simulations. The expressions used for the initial
coordinates are

x0n =
Sn

2
Rx,

y0n =
Sn

2
Ry,

z0n = 9.9, (1)

where Rx and Ry are random real numbers equally likely to have any value between � 1 and 1.
Let (30n, θ0, φ0) represent spherical coordinates in velocity space associated with each particle’s

initial velocity 30n. The particles have a normalized initial speed 30n =
√

2, and the Cartesian initial
velocity components are given by

30xn =
√

2 sin θ0 cos φ0,

30yn =
√

2 sin θ0 sin φ0,

30zn =
√

2 cos θ0. (2)

The values for θ0 and φ0 are sampled from a velocity space probability density function f (3n) appro-
priate for describing the source of charged particles being considered. For simulations involving
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a beam of perpendicularly incident particles, θ0 = π is used in Eqs. (2), giving 30xn = 30yn = 0 and
30zn =−

√
2. Sampling expressions used for θ0 and φ0 in simulations involving monoenergetic particles

that follow an isotropic velocity distribution are

θ0 = arccos(−Rθ ),

φ0 = 2πRφ , (3)

where Rθ and Rφ are random real numbers that are equally likely to have any value between 0 and 1.
Equations (3) are arrived at by noting that the isotropic monoenergetic velocity distribution is sep-
arable in spherical coordinates and may be written as f (v0n, θ0, φ0)= f0δ(v0n −

√
2)fθ (θ0)fφ(φ0),

where f 0 is a normalization constant, δ is the Dirac delta function, f θ (θ0) = sin θ0, and f φ(φ0) = 1.
The sampling expression for θ0 is then obtained by solving

Rθ =

∫ θ0

θl

sin θ dθ

∫ θu

θl

sin θ dθ

(4)

for θ0. Here, θl = π/2 and θu = π are the lower and upper bounds on θ0, which are chosen such that
all particles have a z-component of their initial velocity directed toward the ASB.

Single particle trajectories are simulated by numerically integrating the normalized equations of
motion,

ṙn(tn)= 3n(tn),

3̇n(tn)=En + 3n(tn) × Bn. (5)

The simulation is written in C++ and uses a 4th order implicit L-stable (m,k)-method with adaptive
timestep [Intel(R) ODE Library, 2008]. Periodic boundary conditions are used for particles that reach
the xn = ±Sn/2 or yn = ±Sn/2 planes. If a particle reaches the zn = 0 plane, the particle is considered
to be transmitted through the ASB. If a particle reaches the zn = z0n plane at a time tn > 0, it is
considered to be reflected. All trajectories are numerically integrated until each particle is reflected
or transmitted.

Due to the short-range nature of the electromagnetic field, it is essential to implement a maximum
timestep on the numerical integration. Otherwise, the adaptive algorithm may make the step size so
large while particles are in regions where the electromagnetic field is negligible, that the particles
interact with the field by a reduced amount, or, in the worst case scenario, some of the particles skip
over the ASB altogether between timesteps. Additionally, to correctly track charged particles in the
presence of a magnetic field, the timestep should be sufficiently small so as to resolve the cyclotron
period of each particle. To satisfy these conditions, the maximum timestep in all simulations is
specified as

∆tn,max =min
(
∆smax

3n
,

cτ
ωcn

)
, (6)

where min is a function returning the smallest value among its arguments, ∆smax is the maximum
normalized distance the particle is allowed to move between timesteps if the electromagnetic field is
negligible, 3n is the normalized speed of the particle at the time tn, cτ is a numerical factor, andωcn =
qnBn/mn = Bn is the normalized cyclotron angular frequency. To ensure that the cyclotron motion of
each particle is resolved properly, a value of cτ = 0.1 is used for all simulations. The value of ∆smax

is chosen based on the z coordinate of the particle:

∆smax =




0.3, zn(tn)> 2
0.1, 1< zn(tn) ≤ 2
0.05, 0 ≤ zn(tn) ≤ 1.

(7)

For example, all particles would take at least 20 steps moving from zn = 1 to zn = 0.
The magnetic field of the ASB is modeled as being created by a series of infinitely long, infinites-

imally thin, parallel wires that carry current in the ±y direction as shown in Fig. 1. The wires span
the entire z = 0 plane, with the ith wire located at xi = i S/2, where i = 0, ±1, ±2, . . . , and S is the
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spatial period of the magnetostatic field. Such an array of wires produces an unnormalized magnetic
field given by1

B(x, y, z)= 2Bmβ
( x

S
,

y
S

,
z
S

)
, (8)

where

β(xn, yn, zn)=−
cos(2πxn) sinh(2πzn)

cos(4πxn) − cosh(4πzn)
î +

sin(2πxn) cosh(2πzn)
cos(4πxn) − cosh(4πzn)

k̂, (9)

Bm = µ0I/S is the magnitude of the magnetic field in the center of each cusp, µ0 is the permeability
of free space, I is the magnitude of the current in each wire, and xn = x/S, yn = y/S, and zn = z/S are
the normalized Cartesian coordinates with associated unit vectors î, ĵ, and k̂. In terms of normalized
parameters, the magnetic field is

Bn(xn, yn, zn)=
2
√

2 sgn(q)
rcn

β(xn, yn, zn), (10)

where sgn(q) is the sign of charge of the particles incident on the ASB, and rcn =
√

2mK0/(|q|BmS)
is an artificial parameter introduced to reduce the parameter space. Physically, rcn is the normalized
cyclotron radius of a charged particle (with mass m, charge q, and kinetic energy K0) moving perpen-
dicular to a uniform magnetic field of magnitude Bm. By varying a single parameter rcn, information
about how the simulation results depend on the strength and spatial period of the magnetic field,
as well as the mass, initial kinetic energy, and charge magnitude of the incident particles can be
ascertained. Figure 2(a) shows a plot of the magnetic field in the yn = 0 plane. Figure 2(b) shows
the ratio of the magnitude of the normalized magnetic field in the xn = 0.25 plane Bn(0.25, yn, zn)
to the magnitude of the normalized magnetic field in the cusp Bmn = Bn(0.25, yn, 0) as a function
of zn. The magnitude of the normalized magnetic field in the cusps at xn = 0.25 drops by 99.6%
as zn is increased from zn = 0 to zn = 1. For example, if rcn = 10�2, Bn(0.25, yn, 1.0) = 0.53 and
Bn(0.25, yn, 0) = 140.

The normalized electrostatic potential in each simulation is calculated within the first octant of
the Cartesian coordinate system depicted in Fig. 1. To calculate the electrostatic potential, the Laplace
equation with normalized coordinates,

∇2φn = 0, (11)

is solved subject to Neumann boundary conditions in the xn and yn dimensions

∂xφn
����xn=0
= ∂xφn

����xn=Sn/2
= 0,

∂yφn
����yn=0
= ∂yφn

����yn=Sn/2
= 0, (12)

FIG. 2. (a) Magnetic field lines in the yn = 0 plane and (b) the relative strength of the normalized magnetic field in the xn =
0.25 plane.
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FIG. 3. Normalized electrostatic potential in the zn = 0.025 plane.

and Dirichlet and Neumann boundary conditions on the zn = 0 and zn = 10Sn planes, respectively,

φn
����zn=0
=Vn(xn, yn),

∂zφn
����zn=10Sn

= 0. (13)

The Dirichlet boundary conditions on the zn = 0 plane are given by

Vn(xn, yn)=



V0n, 1
2

(
Sn
2 − dn

)
≤ xn ≤

1
2

(
Sn
2 + dn

)
0, otherwise.

(14)

A three-dimensional Cartesian mesh is defined in the first octant of the simulation volume, and
the Intel(R) Math Kernel Library [2017 Update 3 for Linux*] fast Poisson solver routines are used to
numerically solve for the electrostatic potential on the grid. The number of grid points used in the xn,
yn, and zn dimensions is nx = 100, ny = 100, and nz = 2000, respectively. After the numerical solution
for φn is obtained on the grid in the first octant, the normalized electrostatic potential is obtained at
non-grid points via a tri-linear interpolation algorithm, and the normalized electric field is calculated
via En(xn, yn, zn) = �∇φn(xn, yn, zn). The normalized electric field and electrostatic potential can
then be calculated at any other point in the simulation volume by a linear coordinate transformation.
Figure 3 shows φn(xn, yn, 0.025) obtained with V0n = 5.0 and dn = 0.15.

Let Np denote the number of simulated particles, and PR denote the percentage of those particles
that were reflected by the ASB. For all simulations in which a charged particle beam is incident on
the ASB, a value of Np = 100, 000 is used. For all simulations in which particles with an isotropic
velocity distribution are incident on the ASB, a value of Np = 1, 000, 000 is used. Given a set of
input parameters, the simulation solves Laplace’s equation with appropriate boundary conditions,
integrates Np particle trajectories, and outputs the total number of particles that have been reflected,
transmitted, and any additional data that is specified (e.g., particle coordinates at each time step,
magnetic/electric field values, etc.). The total energy of each particle in the simulations is conserved
to within 0.5 %.

III. RESULTS

A. Magnetic confinement

The magnetic confinement properties of the ASB is evaluated by varying the parameter rcn and
setting V0n = 0. The initial phase space quantities are sampled as described in Sec. II. Figure 4 shows
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FIG. 4. Dependence of the percentage of reflected particles on rcn for (a) 10�6 ≤ rcn ≤ 10�3 and (b) 10�2 ≤ rcn ≤ 0.25 for
a normally incident beam (circles) and an isotropic velocity distribution (triangles).

the percentage of incident particles that are reflected by the magnetic field of the ASB as a function
of rcn when V0n is held at ground potential. There is no dependence on the value of dn, because
the electrodes are held at ground potential. The circles show PR(rcn) for a monoenergetic beam of
positively charged particles that is normally incident on the ASB, while the triangles show PR(rcn)
for a monoenergetic isotropic initial velocity distribution. The results indicate that when rcn = 10�6

over 99.8% of all incident particles are reflected for both a beam and an isotropic velocity distribution
of incident particles. However, for all values of rcn considered here, some particles are transmitted by
the ASB when no electrostatic plugging is present. Figure 4 indicates that when a beam of charged
particles is normally incident on the ASB without electrostatic plugging fewer particles are reflected
as compared to an isotropic velocity distribution.

The area between adjacent wires where particles can travel within the magnetic field of the ASB
at zn = 0 is referred to as the transmission region, and the width of the transmission region is referred
to as the transmission width WTn. Figure 5 shows the distribution of transmitted particles as they cross
the zn = 0 plane for (a) rcn = 10�4 and (b) rcn = 10�2 for a beam. Note that different plot ranges are
used for each of the two plots. As rcn increases, the area between adjacent wires where particles can
travel within the magnetic field of the ASB increases. Figure 6 shows the normalized transmission
width WTn as a function of rcn for a beam. As rcn decreases, the normalized transmission width
decreases, and fewer particles are transmitted by the ASB.

Recalling that rcn =
√

2mK0/(|q|BmS): As the mass or initial kinetic energy of the particles
increases, rcn increases, and more particles are transmitted through the ASB. Alternatively, as the
charge magnitude of the particles, or the strength or spatial period of the magnetic field are increased,
rcn decreases, and more particles are reflected by the ASB.

B. Effect of electrostatic plugging

A parameter scan was conducted with a beam of particles normally incident on the ASB to
evaluate the effectiveness of electrostatic plugging. Parameter values for V0n and rcn used in the

FIG. 5. Distribution of transmitted particles from a beam in the zn = 0 plane for (a) rcn = 10�4 and (b) rcn = 10�2, with
V0n = 0. NT is the number of transmitted particles per bin of width ∆xn = 2.1 × 10�5 for (a) and ∆xn = 2.1 × 10�3 for (b).
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FIG. 6. Normalized transmission width for a beam of incident particles as a function of rcn when V0n = 0. The transmission
width is defined as the maximum separation in the x dimension between any two transmitted particles within the same cusp
at the zn = 0 plane.

parameter scan are in the ranges 1.0 ≤ V0n ≤ 15.0 and 0.01 ≤ rcn ≤ 0.25 in increments of ∆V0n = 1.0
and ∆rcn = 0.01, respectively. Figure 7 shows PR(rcn, V0n) for (a) dn = 0.15 and (b) dn = 0.25. The
flat, red portions of the plots are regions in parameter space where 100% of all incident particles were
reflected. For the simulations with dn = 0.15, 100% reflection was found to occur when 2 ≤ V0n ≤ 15
and 0 ≤ rcn ≤ 0.1. For dn = 0.25, 100% reflection was found to occur when 3 ≤ V0n ≤ 15 and 0 ≤
rcn ≤ 0.1. For the larger value of dn, a larger plugging voltage V0n is required to reflect 100% of all
incident particles.

An optimized parameter value for V0n is defined here to result in 100% reflection for the widest
range of rcn values. The optimized values of V0n for various dn values are shown in Table I for
both a beam and a monoenergetic isotropic velocity distribution. The values for V0n are obtained by
determining the value that results in 100% reflection for 0 < rcn ≤ rcn,max, where rcn,max is the largest
value of rcn yielding PR = 100% for a given dn. As the value of dn increases, the value of rcn,max

increases until dn = 0.45, at which point a lower value of rcn,max is found for both the beam and
isotropic velocity distribution. While the ASB reflects 100% of all particles for various parameters
with each velocity distribution, the value of rcn,max is lower for a given value of dn when the incident
particle velocities are sampled from the isotropic velocity distribution.

In Table I, the row in which rcn,max has a maximum value for both particle sources provides two
sets of optimal normalized parameter values for charged particle reflection from an electrostatically
plugged picket-fence ASB. The optimal normalized parameter values are (dn = 0.4, V0n = 5.0, and
rcn,max = 0.18) for a normally incident beam of monoenergetic particles and (dn = 0.4, V0n = 6.0,
rcn,max = 0.09) for monoenergetic particles that are incident with an isotropic velocity distribution.
The normalized parameters dn, V0n, and rcn are related to their unnormalized counterparts by d = dnS,

FIG. 7. Effect of electrostatic plugging for a normally incident beam of particles. (a) dn = 0:15 and (b) dn = 0:25.
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TABLE I. Optimized V0n values.

Beam Isotropic

dn V0n rcn,max V0n rcn,max

0.05 5.0 – 8.0 0.10 8.0 – 15.0 0.03
0.10 3.0 0.11 7.0 – 11.0, 14.0, 15.0 0.04
0.15 2.0 0.13 9.0, 12.0, 13.0 0.05
0.20 2.0 0.14 2.0 – 8.0, 10.0 – 15.0 0.05
0.25 3.0 0.14 3.0 – 9.0 0.06
0.30 3.0 0.16 3.0, 4.0 0.08
0.35 4.0 0.16 4.0 0.09
0.40 5.0 0.18 6.0 0.09
0.45 10.0, 11.0 0.17 13.0 0.08

V0 = V0nK0/q, and Bm =
√

2mK0/(|q|rcnS). The simulation results indicate that 100% reflection occurs
for 0 < rcn ≤ rcn,max.

IV. DISCUSSION AND CONCLUDING REMARKS

A classical trajectory Monte Carlo simulation has been used to find two sets of optimal normalized
parameter values for charged particle reflection from a picket-fence ASB with electrostatic plugging.
The two sets of optimal normalized parameter values were defined to be associated with the largest
values of rcn, max for the two sources of charged particles considered. By way of example, radial plasma
confinement within a cylindrical trap in the large radius limit is now considered. The confined plasma
is assumed to be a non-drifting positron plasma with an isotropic Maxwellian velocity distribution and
with a density low enough for a single-particle treatment to be suitable. The second set of optimal
normalized parameter values are used to write the following conditions in terms of unnormalized
parameters: d = 0.4S, V0 = 6K0, max/q, Bm,min =

√
2mK0,max/(0.09|q|S), where Bm ,min is the minimum

magnetic field strength within the magnetic cusps for a particle with a kinetic energy that is less than
K0,max to be expected to remain confined radially in the single particle limit. Suppose that the value
of K0,max is chosen to be ten times larger than the average kinetic energy of a positron, K0,max = 15kT.
For confinement of a positron plasma having a temperature of 40 K, with a trap that has a spatial
period S = 1 cm, the repelling electrodes would have a width of d = 0.4 cm and an applied voltage
of V0 = 0.31 V. The magnets would have to produce a minimum magnetic field strength within the
cusps of Bm ,min = 8.5 gauss.

In vacuum, the trap would have an average electric potential away from the ASB equal to the
area weighted average of the potentials along the boundary, 0.8V0. Thus, the difference in elec-
tric potential between a repelling electrode at potential V0 and a location many spatial periods
away from the ASB would be approximately V0 � 0.8V0 = 0.2V0. Such a difference represents
a change in particle potential energy which is much larger than the temperature in energy units:
∆U = 0.2qV0 = 18kT. Consequently, in the single-particle limit, if a plasma particle travels from
a location many spatial periods away from the ASB directly into the center of a magnetic cusp
such that the magnetic field doesn’t affect it, the plasma particle must have a kinetic energy
more than 18 times larger than the plasma temperature in energy units to reach the repelling
electrode.

The work presented here represents an extension to the research reported in Ref. 1, which
considered only a picket-fence ASB without electrostatic plugging. In Ref. 1, it was reported that
charged particles could be effectively reflected by the ASB, provided that the particles were directed
toward the ASB at sufficiently small angles of incidence transverse to the wires that produce the
magnetic field. In the work reported here, charged particle reflection at all angles of incidence is
found possible under certain conditions, when the magnetic cusps are electrostatically plugged.

The confinement of a positive plasma species within the space charge of an edge confined electron
plasma was investigated from a theoretical perspective in Ref. 16. The exact structure of the reflecting
boundary used to confine an electron plasma along its edge was not considered in Ref. 16. A charged
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particle trap based on a cylindrical generalization of the planar ASB configuration considered here
may lead to a method for confining a non-neutral plasma along the plasma’s edge. Such a plasma
would be effectively free of externally applied electromagnetic fields, and, under certain conditions,
the electric field produced by the plasma’s space charge may serve to confine a second oppositely
charged plasma species.

In nested Penning traps used for antihydrogen production, the positron space charge can have
a significant detrimental effect on the number of antihydrogen atoms with kinetic energy suit-
able for further experimentation.14,15 In an ASB-based trap used for antihydrogen production, the
positron space charge would have a beneficial effect by producing an electric field that serves to
confine the antiprotons. With the development of a sufficiently cold antihydrogen source, vari-
ous possibilities exist for conducting antimatter gravity experiments, such as those described in
Refs. 17–20.

In conclusion, simulation studies of an electrostatically plugged picket-fence ASB have been
presented, and the conditions under which the system can effectively reflect charged particles
have been reported. The ASB creates a short range electromagnetic field, and might lead to
a method for confining cryogenic plasmas in a region of space largely free of external elec-
tromagnetic fields. If the ASB is used to confine a positron plasma along its edge, the space
charge of the positrons may provide a means to confine antiprotons in a three-dimensional elec-
trostatic well. The mixing of the two plasmas in a region of space devoid of a strong magnetic
field may increase the three-body recombination rate and may lead to an increase in the num-
ber of cold antihydrogen atoms suitable for experimentation such as for an antimatter gravity
experiment.
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