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Abstract. In contrast to linear configurations for non-neutral plasmas, toroidal devices allow us to
trap charged particles without the use of a plugging electric field. Thus it has a potential ability to
confine high-energy particles or to simultaneously trap multiple particles with different charges. In
spite of the relatively long history of the study in pure toroidal magnetic field devices, toroidal non-
neutral plasmas are attracting renewed interest with the use of magnetic surface configurations [1, 2].
Possible applications of toroidal trap for non-neutral plasmas are formation of matter-antimatter
plasmas [2], investigation on the fundamental properties of exotic plasmas including pair (equal
mass) plasmas, and experimental test on the equilibrium and stability of flowing plasmas [3, 4, 5].
As an initial test on non-neutral plasmas in the toroidal magnetic-surface geometry, formation
and confinement properties of pure electron plasma have been investigated at Prototype-Ring Trap
(Proto-RT) device with a dipole magnetic field [1, 6, 7]. Electrons can be injected by using chaotic
orbit near a magnetic null line generated by the combination of dipole and vertical magnetic fields
[6]. The confinement time of electrons is limited due to the effects of collisions with remaining
neutral gas, and electrons of ∼ 1012 are trapped for ∼ 0.5 s in the typical magnetic field strength of
100 G and back pressure of 4×10−7 Torr in Proto-RT. Although the present experiment was carried
out on the single-component plasma, the result shows that a stable confinement configuration has
been realized for toroidal non-neutral plasmas by using the magnetic surface configuration. Together
with the experiment on the toroidal pure electron plasma in Proto-RT, preliminary prospects for the
injection and trap of anti-protons and positrons in the toroidal magnetic surface configuration, and
creation of multi-component plasmas will be described.
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I. INTRODUCTION

Confinement of non-neutral plasmas in a toroidal geometry

In recent years, it has been recognized that toroidal geometries might be suitable for
the various kinds of non-neutral plasmas [1, 2]. Although excellent confinement proper-
ties of single-component plasmas are realized in Malmberg-Penning traps [8], and also
the partial overlap of negatively and positively charged particles is successfully demon-
strated in a “nested” Penning trap [9, 10], it is not straightforward to simultaneously
confine both charges with satisfying

λD � L, (1)

which is an essential criteria for the observation of plasma phenomena. Here λD is the
Debye length of each component of particles defined as λD ≡ (ε0T/ne2)1/2, where ε0 is



the dielectric constant of vacuum, T is the temperature, n is the number density, e is the
charge of particles, and L is the scale size of the plasma. In contrast to linear traps for
non-neutral plasmas, toroidal devices can produce closed magnetic field lines inside the
device geometry. Thus it has a potential ability to confine charged particles at any degree
of non-neutrality, or to trap high-energy beam particles and multiple species of different
charges, without the use of plugging electric field. Mirror, cusp, and hybrid Penning-
Paul devices can also trap multi-component plasmas, and the toroidal geometry is one
of the candidates for the simultaneous confinement of both species of particles.

The realization of the stable confinement of multi-component non-neutral plasma
will make possible various experiments in the fields of atomic and plasma physics.
One of the possible applications of multi-component plasma traps is the formation of
matter-antimatter plasmas [1, 2]. These experiments include the creation of antiproton
or positron plasmas and their mixtures, such as antihydrogen plasmas. Because the
“overlap” scale length of both species are not limited to ∼ λD caused by the electrostatic
forces, the pure magnetic field confinement in the toroidal geometry is potentially useful
for the efficient creation of antihydrogen atoms. A positron-electron plasma is a so-
called pair plasma with equal-mass particles, and several unique properties on wave
propagations are theoretically predicted. A positron-electron plasma is also expected to
play important roles in many astrophysical phenomena, although little is known about
the experimental issue in laboratory plasmas.

As well as the investigation on the properties of such kinds of exotic plasmas, fun-
damental experimental test on the equilibrium and stability of a flowing plasma (double
Beltrami state) [3, 4, 5] is also possible in a toroidal geometry. When the velocity of
plasma flow is comparable to the Alfvén speed, the plasma pressure can be balanced by
the dynamic pressure of the flow, and it will open a new path toward the advanced fu-
sion concept. The required flow can be induced by the drift motion of a non-neutralized
plasma in the toroidal geometry. Thus the creation of a toroidal multi-component non-
neutral plasma will form a basis for many scientific applications.

Pure toroidal magnetic field configuration

Studies on toroidal non-neutral plasmas have been carried out in a pure toroidal
magnetic field [11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. An interesting equilibrium
state was revealed in these experiments, one is in marked contrast to the confinement of
a neutral plasma, which requires rotational transforms of magnetic field lines in order
to avoid the drift loss of particles. In the drift orbit approximation, the total energy of a
charged particle in a toroidal magnetic field is

E = qφ +
µ0B0R0

R
+

Lz
2

2mR
+

m(∇φ)2

2B2 , (2)

where q is charge, φ is the electrostatic potential, R0 is the major radius, B0 is the mag-
netic field strength at R = R0, µ0 is the space permeability, Lz is the angular momentum
of the particle around z axis, and m is the particle mass. Because the total energy of
each particle is conserved, surfaces defined by E = const. constrain the positions of the



guiding center of the particles. When there is no electric field (neutral plasmas), Eq. (2)
becomes

E =
µ0B0R0

R
+

Lz
2

2mR
∝ 1/R, (3)

and the guiding center motions are on cylinders, which inevitably intersects the boundary
wall of a containing chamber. In non-neutral plasmas, however, due to the strong radial
electric field caused by the space and image charges, E = const. surfaces can take
closed circular shape in the poloidal cross section of the torus. The particles might also
take closed orbits in a pure toroidal field undergoing the poloidal E×B rotation [12]
according to the trap configuration. In a conducting toroidal vessel, the particles can take
closed orbits due to the E×B rotation, which is inward-shifted from the equipotential
contours because of the other first order drifts. By substituting E×B drift speed v =
−∇φ ×B/B2, the steady state continuity equation ∇ · (nv) = 0 becomes

[
∇φ ×∇

( n
B2

)]
·B = 0. (4)

When electric and magnetic fields and plasmas are axisymmetric, Eq. (4) implies that

n
B2 = f (φ). (5)

By using Eq. (5), one can solve Poisson’s equation

∇2φ = −nq
ε0

(6)

in order to obtain equilibrium potential and density profiles of toroidal non-neutral
plasmas.

The early experiments of toroidal electron plasmas were conducted for the storage or
acceleration of heavy ions [13] or creation of high-current relativistic electron beams
[15]. In a series of experiments in low-aspect-ratio torus devices [18, 19], toroidal
effects, electron injection methods, and other collective behaviors of electron plasma
were studied. Existence of the above mentioned equilibrium of electron plasma in pure
toroidal field was demonstrated in these experiments. An electrostatic force balance
equilibrium model, including the effects of the space and image charges, was also
studied [17]. Toroidal electron plasmas feel repulsive “hoop force” caused by the self
electric field and also by the diamagnetic effects, and the confinement can be achieved
by the external radial electric fields due to the image charges on the vessel wall or
electrodes.

Toroidal magnetic surface configuration

Magnetic surface configurations are most efficient trap devices for plasmas and are
intensively studied in the field of high temperature fusion plasma research. In a simple
torus device with a pure toroidal magnetic field Bφ , the inhomogeneous field strength
(∝ 1/R) induces the vertical charge separation, which lead to the outward E×B loss



of the both particles. In order to avoid such rapid loss of plasmas, a poloidal field plays
essential role in order to form closed magnetic surfaces. Poloidal fields are generated by
means of an internal plasma current (tokamaks), an external coil current (stellarators),
or an internal coil current (internal conductor and multi-pole devices).

Magnetic surfaces are defined as ψ(r) = const. planes, where magnetic field lines lie
on ψ(r) = const. and thus

∇ψ(r) ·B = 0 (7)

is satisfied. When the magnetic field configuration is axisymmetric, the analytic repre-
sentation of the magnetic surfaces is

ψ = rAθ (r,z) = const. (8)

and a poloidal field is given by

Br = −1
r

∂ψ
∂ z

and Bz =
1
r

∂ψ
∂ r

, (9)

which satisfies Eq. (7).
The Lagrangian equation of the motion of a charged particle in a magnetic field B and

an electric field E is given by

d
dt

(
∂L
∂ q̇i

)
− ∂L

∂qi
= 0 , (10)

where

L =
mv2

2
+qv ·A−qφ . (11)

Here A is the vector potential: B = ∇×A and φ is the scalar potential: E = ∇φ , and
q is the coordinate of the charged particle. In a toroidally symmetric configuration
(∂/∂θ = 0), the canonical angular momentum of the charged particle satisfies

Pθ ≡ ∂L

∂ θ̇
= mr2θ̇ +qrAθ = const. (12)

The variation of ψ at a distance d from ψ at the initial point is given by

|δψ| = d|∇ψ|, (13)

and by using Eq. (12), d is calculated as

d =
∣∣∣∣mδ (rvθ )

q|∇ψ|
∣∣∣∣ . (14)

From Eqs. (8) and (9), |∇ψ| = r(B2
r +Bz)1/2 = rBp and also assuming that δ (rvθ ) <∼

rvθ , the maximum value of d is given by

d ≤
∣∣∣∣mrθ̇
qBp

∣∣∣∣ ≡ rLp, (15)



indicating that the deviation of the charged particle from one magnetic surface is less
than the poloidal Larmor radius rLp. When the magnetic field is strong enough and the
mechanical momentum of a particle is ignored, the canonical angular momentum of the
particle is approximated as

Pθ ∼ qrAθ , (16)

and the orbits of charged particles are limited on magnetic surfaces.
When the Hamiltonian of the charged particle

H = −L+∑
i

piq̇i = − 1
2m

(p−qA)2 +qφ (17)

is not explicitly time dependent, the total energy of the charged particles is conserved:

W =
mv2

2
+qφ = const. (18)

and v has an upper limit of v ≤ (2(W −qφ)/m)1/2, and thus, as long as the poloidal field
lines form closed magnetic surfaces in a finite region, the orbits of charged particles are
also limited to a finite region.

The force balance equation of single component non-neutral plasma is

mn

(
∂v
∂ t

+v ·∇v
)

= qn(v×B−∇φ)−∇p. (19)

When the density of non-neutral plasmas is far below the Brillouin limit

nB =
ε0B2

2m
, (20)

and the pressure term is negligibly smaller than the electromagnetic forces, the equation
of motion reduces to

qn(v×B−∇φ) = 0. (21)

By taking the scalar product of Eq. (21) and B,

B ·∇φ = 0, (22)

indicating that the electrostatic potential is constant on a magnetic field line. From Eq.
(21), the perpendicular velocity of the fluid is given by the E×B drift speed

v = −∇φ ×B
B2 , (23)

and the strong self electric field of non-neutral plasmas induces fast cross-field transport
of charged particles on a magnetic surface. Thus in cold non-neutral plasmas, electro-
static potential φ is a function of magnetic flux ψ

φ = φ(ψ). (24)
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FIGURE 1. Bird eye view of the Proto-RT device.

When the temperature of the plasma is also a function of magnetic flux ψ , the density in
the equilibrium state is given by

n = N(ψ)exp
eφ

kBTe(ψ)
, (25)

and one may solve Poisson’s equation

∇2φ =
1
ε0

N(ψ)exp
eφ

kBTe(ψ)
(26)

to obtain equilibrium potential and density profiles of toroidal electron plasmas[2].

Magnetic surface devices for non-neutral plasmas

Until very recently, little attention has been given to the confinement of non-neutral
plasmas on magnetic surfaces. As well as the improvement of the confinement proper-
ties of toroidal non-neutral plasmas, the use of magnetic surface configuration is essen-
tially important for the trap of multi-component plasmas (e.g. antihydrogen plasma or
positron-electron plasma) in a toroidal geometry, in order to avoid the above mentioned
charge separation and the resultant rapid loss of particles.
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FIGURE 2. (a) Top view and (b) poloidal cross section of Proto-RT. Magnetic surfaces of a dipole field
and equi-potential contours when the IC electrode is biased are also shown.

For the confinement of low density (below the Brillouin limit nB) non-neutral plasmas,
current-free configurations are suitable for the generation of magnetic surfaces. Closed
magnetic surfaces of a dipole field can be produced by a ring conductor hung in a vacuum
vessel. For the reduction of disturbance due to the mechanical structures of the coil
support, one may use a super-conducting levitated coil ring [1]. As a first step toward
the realization of an antiproton plasma, a positron plasma, and other multi-component
plasmas with a radial electric field in a toroidal geometry, a pure electron plasma is
relatively easy to generate, and is suitable for the fundamental test on the various toroidal
non-neutral plasmas.

Proto-RT is a prototype ring trap device constructed for the investigation of various
topics in non-neutral plasma physics, and experiments on a toroidal pure electron plasma
has been carried out. In the following sections, recent experimental investigation in
Proto-RT, including the plasma formation, confinement properties, and electrostatic
potential structures of a toroidal electron plasma are described.

II. EXPERIMENTAL SETUP IN PROTO-RT

Device and magnetic field configuration

The Proto-RT device is an internal conductor device constructed in 1998 for the study
of physics related to non-neutral plasmas [1], chaos-induced resistivity of collisionless
plasma and its application to low-gas-pressure plasma sources [22, 23], and experimental
investigation of ultra-high β plasma with fast flow [3, 4]. The bird-eye view and cross
sections of Proto-RT are described in Figs. 1 and 2.

Proto-RT consists of a cylindrical chamber, three kinds of magnetic field coils, vac-
uum pumps, and other diagnostic apparatus connected to the main chamber, as shown in



the figures. The chamber has a rectangular poloidal cross section of 90 cm × 53.3 cm
and it is evacuated to the base pressure of 4× 10−7 Torr by a turbomolecular pump.
Proto-RT has three kinds of magnetic field coils: internal conductor (IC), vertical field
(VF) coils, and toroidal field (TF) coils, and a variety of field configurations can be
produced by the combination of these coils. Inside the chamber, a ring-shaped internal
conductor for the production of dipole magnetic field is hung by support rods that are
connected to the center stack (CS) of 11.4 cm diameter. The major radius and minor
radius of the IC case is 30 cm and 4.3 cm, respectively. Electric current and coolant for
the IC are fed through a pair of tube structures via the CS. All these structures, includ-
ing the support rods and coolant or feeder tubes, are covered by ceramic tubes for the
electric insulation from plasmas. Outside the chamber, a pair of the vertical field coils
are installed at R = 90 cm with a vertical interval of 60 cm. It provides almost parallel
magnetic field lines inside the chamber, and used for deforming the shape of magnetic
surfaces. For the production of magnetic shear, toroidal field coils are installed in the
CS. All the coils are power fed by DC power sources and the maximum coil currents are
10.5 kAT (IC), 5.25 kAT (VF), and 30 kAT (TF), respectively. The typical strength of
the magnetic field in the confinement region of the chamber is of the order of 10−2 T.
Magnetic surfaces in the poloidal cross section of the Proto-RT chamber are shown in
Fig. 2 as solid lines.

A toroidal non-neutral plasma relaxes to an equilibrium state under the effects of
external electric fields from outside of the space charges [17]. As far as an equilibrium
state is found, this external fields are automatically generated by the induced image
charges on the chamber. The equilibrium can also be externally controlled by the applied
electric fields generated by the electrodes. The electrodes are also effective for the
potential optimization and formation of radial electric field inside neutral plasmas. In
this study, the effects of electrode biasing were examined. For the potential optimization
and formation of radial electric field inside the plasma, a pair of electrode are installed
on the IC and the CS. The dotted lines in Fig. 2 show the equi-potential contours when
the IC electrode is biased to VIC = 300 V.

Electron injection

An electron gun is installed in Proto-RT at the peripheral location of the confine-
ment region as shown in Fig. 3. A lanthanum hexaboride (LaB6, work function is
φW = 2.6 eV) sintered compact is employed as a cathode of the electron gun. The elec-
tron gun is located near Z = 0 plane, and it is movable in the radial direction. Injection
angle of the gun is also variable using a rotating flange. Acceleration voltage of up to
Vacc = 1.3 kV is applied between the LaB6 cathode and a molybdenum anode grid of
65 % transparency, located 2 mm in front of the cathode. The cathode is heated with a
current of up to 28 A by a regulated DC power source and operated at temperature of
∼ 1800 K. Acceleration voltage Vacc is controlled by a MOS-FET open-drain semicon-
ductor switch. The obtained drain current is Idrain ∼ 0.8 A when Vacc = 1.2 kV and no
magnetic field. With Vacc = 300 V, the electron injection beam current Ibeam is 26 mA
when VIC (IC electrode bias voltage) is 0, and 5.9 mA when VIC = −300 V. The gun
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FIGURE 3. (a) Internal view of Proto-RT and (b) electron gun structure.

is usually operated at a base pressure of below 1× 10−5 Torr, in order to avoid rapid
evaporation and evaporation coating due to the oxidation of the cathode.

The injection angle of the electron gun is decided according to a numerical calculation
[6] so that the electrons take sufficiently long orbit lengths. Because of the large gyration
radius, electrons obey a strongly nonlinear equation of motion in the inhomogeneous
magnetic field, resulting in chaotic (non-periodic) motion with long orbit lengths.A
numerical calculation shows that electrons are effectively injected from the edge of
the confinement region [6]. The typical orbit of a single electron injected into a dipole
magnetic field is shown in Fig. 4 (bird-eye view where X = Y = 0 is the center axis
of the device). When the pitch angle between the dipole magnetic field lines and initial
injection velocity is large, electrons take transit orbit around the IC as shown in Fig. 4 (a).
Electrons with small parallel velocities are mirror trapped in the bad curvature region
(Fig. 4 (b)). Electrons also undergo the Larmor rotation around the magnetic field lines,
and drift motion in the toroidal direction due to the E×B and ∇B/curvature drifts.
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Diagnostics on toroidal electron plasma

Among other parameters, space potential φs is one of the essential parameters for the
measurements of the structures of pure electron plasmas. The electrostatic potential of
the plasma is measured by emissive Langmuir probes and it provides the information of
potential profiles with fine spatial resolution. Basically, the probe is a simple metallic tip
inserted into a plasma, and biased to some potential. Analysis of the relation between
the bias voltage and the obtained current provides the information of electron parame-
ters. For pure electron plasmas, structures like Langmuir probes inside the plasma are
serious obstacles for the realization of stable confinement, but it can be used for the
measurements of space potential during the electron injection phase.

The probes are arranged as an array located between Z = −20 cm and +20 cm (the
configuration of the probes is shown in Fig. 2) and two dimensional potential structures
are measured in the confinement region. Schematic and photographic views of emissive
Langmuir probe configuration are shown in Figs. 3. The probes were inserted from gauge
ports (r-probes) on the diagnostic flange and one gauge port (z-probe) on a diagnostic
port. The probes are manually movable along r (r-probe) or z (z-probe) direction, and
we can obtain two-dimensional potential profiles. Measuring points and reconstructed
2-d profiles are shown in Fig. 5.

After the stop of the electron supply, Langmuir probes placed inside the confine-
ment region are serious obstacles for the realization of stable equilibrium. For the mea-
surement of electrostatic fluctuations and determination of the confinement time of the
plasma without such perturbations, 5×15 mm and 5×250 mm copper foils are covered
by insulating quartz tubes and installed in the chamber, and used as wall probes [14].The
sensor foil is connected to the vessel wall through a current amplifier for the observation
of image current, which indicates the motion of the plasma. The longer wall is placed
over the entire confinement region and used for the estimation of the remaining charge
of the plasma by integrating the passing image current.

Electrostatic fluctuations of the plasmas are measured by wall probes. During the
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electron injection, a current collected by the high-impedance emissive Langmuir probe
is less than 10 µA. It is much smaller than the injected beam current of the electron gun
of 2 ∼ 30 mA, and the resultant disturbance is supposed to be small. In fact, additional
insertion of another Langmuir probe does not significantly change the measured ΦH,
and we therefore conclude that during the electron injection, the Langmuir probes do
not seriously perturb the plasma.

III. TOROIDAL ELECTRON PLASMA IN PROTO-RT

Electron injection and potential formation

Figure 6 shows the structures of the internal electric potential in the poloidal cross
section of the device during the electron injection (the injection period was 100 µs). Po-
tential profiles when the IC electrode is grounded is shown in Fig. 6 (b). Poisson equation
was solved in the geometry of Proto-RT [7], and we may reproduce the measured po-
tential profile, assuming an electron cloud with a peak number density of 1×1013 m−3

and a total space charge of 3×10−7 C. When VIC = −300 V, the peak density and total
charge are estimated to be 1×1013 m−3 and 4×10−7 C, respectively. The high density
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region of the electron plasma is relatively remote from the support rods of the internal
conductor throughout the experiments, and these structure does not seriously perturb the
electron plasmas so long as the electrons rotates in the toroidal direction.

When the potential is not externally controlled (the IC electrode is grounded) in
Fig 6 (b), the distribution has a reversed “C” shape and the potential contours show
strong disagreement with the magnetic surfaces of the dipole field configuration. Thus
the potential contours without electrode bias do not coincide with the magnetic surfaces,
implying a rapid particle loss across the field lines. Because the electrostatic potential φ
is not constant on a magnetic surface, Eq. (22) is not satisfied, implying that thermalized
(low energy) electrons are not confined when the potential is not externally controlled.
The injected electron beam current when VIC = 0 V is Ibeam = 26 mA, and it is an order of
magnitude larger than when VIC =−300 V, also may suggesting that stable confinement
is not realized unless the IC electrode is negatively biased.

In contrast, when the IC electrode is negatively biased, the potential profile was
successfully modified. Figure 6 (c) shows the potential profile when VIC = −300 V,
the same potential as the acceleration voltage of the electron gun. The potential hall
near the IC electrode is eliminated, and the potential contours surround the IC, which is
topologically close to the shape of the magnetic surfaces.

Figure 6 (a) shows the radial potential profiles at Z = +6 cm, just above the surface of
the IC electrode. The grounded or positively biased IC electrode yields a hollow potential
profiles around the IC. These concave potential distributions are not favorable for the
stable confinement, because the resultant sheared E×B flow can be a energy source for
the destabilization of the Kelvin-Helmholtz (diocotron) modes. By negatively biasing
the IC electrode, the hollow structures are cancelled as illustrated in the figure, and it
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might lead to stabilize the diocotron instability of non-neutral plasmas. As described
in the next subsection, the measurements of electrostatic fluctuation show that the
confinement time is enhanced for more than an order of magnitude by the negative bias
of the IC electrode.

Fluctuation and trapped charge decay

The typical temporal evolution of the electron plasma, the trapped charge and the
power spectrum of the electrostatic fluctuation are shown in Fig. 7. Electrons are injected
with an acceleration voltage of 300 V from t = −100 to 0 µs, into DC magnetic and
electric fields generated by a dipole filed coil current of IIC = 7 kAT (magnetic field
strength at R = 40 cm is 70 G) and electrode bias voltages of VIC = −300 V and
VCS = 0 V. After the electron gun is turn off at t = 0 s, a large oscillation during the
electron injection phase decays typically in a time constant of ∼ 1 ms. Subsequently, a
quiet oscillation mode is realized only when the IC electrode is negatively biased.

The wall signals before and after the stabilization of the initial large fluctuation are
shown in the small boxes in Fig. 7 (a). The magnitude of the electrostatic fluctuation
before and during the quiet mode normalized by the DC electrostatic potential in the
plasma is φ̃/φ = 12 % and 0.6 %, respectively. In the quiet confinement phase, the
remaining charge drops approximately exponentially as indicated in Fig. 7 (a). As the
plasma enters the quiet confinement mode, the frequency of oscillation, illustrated in
Fig. 7 (b), decreased from 240 kHz to 62 kHz. In the quiet confinement phase, the
decrease of the frequency is relatively small, and the peak of the fundamental frequencies
in the power spectrum are 62 kHz at t = 5 ms and 57 kHz at t = 180 ms, indicating
that both self and external electric fields decide the frequencies of the electrostatic
oscillation.

The frequencies of the observed electrostatic oscillation is inversely proportional to
the magnetic field strength and it shows approximately linear dependence on the external
electric fields. As well as the characteristics of the fluctuation frequencies, the direction



of the wave propagation also agrees with the properties of diocotron oscillation mode.
The confinement time of the particles (time constants of the exponential fitting curves)

as a function of VIC is shown in Fig. 8. When VIC is above −180 V, the initial fluctuation
of the plasma does not enter a quiet state and the charge decays within some millisec-
onds. The amplitude of the initial fluctuation when VIC = −80 V is φ̃/φ = 32 % and it
decays without entering the quiet confinement mode. As indicated in Fig. 6, the dras-
tic improvement of the confinement is observed when the hollow potential structure is
eliminated by the sufficient bias voltage of the IC electrode.

Confinement time scalings

Figure 9 (a) shows the confinement time τ of electrons as a function of background
neutral gas (hydrogen) pressure P. At the base pressure of 4 × 10−7 Torr and the
maximum dipole field coil current of 10.5 kAT, the obtained confinement time is τ =
0.5 s. Assuming that the loss of electrons is caused by the collisions with neutral atoms,
the force balance equation of electrons in the confinement phase is given by

qn(E+ve ×B)−meneνenve = 0.

Here the small inertia term is neglected. When the confinement time of electrons is
determined by the loss of the momentum of toroidal E×B motion due to the collisions
with neutral gas molecules, the toroidal viscous force is balanced by the Lorentz force
caused by the outgoing radial velocity of electrons:

0 = −enevrB−meneνen(vt − vn),

where e is charge, vr and vt are radial and toroidal speed of electrons, me is electron mass,
ne is electron density, vn is the velocity of neutral atom, νen = nnσvt is the electron-
neutral atom mean collision frequency, nn is neutral gas density, and σ is the collision
cross section. Assuming that vn = 0, the radial outgoing velocity of the electrons is given
by

vr =
mennσE2

eB3 .

Taking the minor radius of the electron plasma a as the typical length, the typical
diffusion time of the electrons is given by

τD ∼ a/vr =
eaB3

mennσE2 ∝ P−1B3.

Substituting the experimental parameters of B ∼ 0.005 T, P = 10−6 Torr, E = 3 ×
102 Vm−1, σ ∼ 10−19 m2, and a = 0.1 m, the typical confinement time τD is in the order
of 1 s, and it is comparable to the observed confinement time. For the pressure range of
10−6 to 10−4 Torr, τ is scaled as ∝ P−1, as shown in Fig. 9 (a), indicating that the
effects of residual neutral gas set the confinement time. When P is below ∼ 10−6 Torr, τ
deviates from the P−1 line and it saturates near 0.5 s. The confinement time at the base
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FIGURE 9. Confinement time of toroidal electron plasma in the variation of (a) base pressure and (b)
magnetic field strength.

pressure of 4×10−7 Torr in the variation of the dipole field coil current is shown in Fig. 9
(b). Before entering the saturation region (when IIC is below ∼ 5 kAT), the observed τ
is approximately proportional to B3 and it also agrees with the parameter dependence
of the calculated τD, but τ has an upper limit in spite of the increase of the magnetic
field strength above IIC ∼ 5 kAT. As indicated in the change of the electron charge in
Fig. 9 (b), the amount of the trapped charge as well as τ saturate above IIC ∼ 5 kAT,
although the obtained electron density (∼ 1012 m−3) is far below the Brillouin density
limit (∼ 1014 m−3), suggesting the existence of some anomalous loss of the electrons.

In the initial large fluctuation phase just after the stop of the electron injection, charge
on the wall decreased from ∼ 200 pC to 32 pC, and only small fraction of electrons
shows good confinement properties. In comparison with the trapped charge during
the electron injection calculated from the Poisson’s equation, stably confined electron
charge when IIC = 10.5 kAT, P = 4× 10−7 Torr, and VIC = −300 V is estimated to be
∼ 5×10−8 C.

Stabilizing effects of magnetic shear

As described in the previous section, the reduction of electrostatic fluctuation was
realized by properly adjusting the potential profiles. The addition of toroidal magnetic
field (sheared magnetic field) also can stabilize the diocotron instability. The effects of
magnetic shear is also applicable for the stabilization of MHD instability of two-fluid
plasmas, and thus it might be potentially effective for the stable confinement of multi-
component plasmas.

Electrostatic fluctuations during the electron injection, measured by a wall probe,
are shown in Fig. 10 in the variation of added toroidal field. Dipole field coil current
IIC = 7 kAT was kept constant. When ITR is larger than ∼ 4 kAT (the strength of a
toroidal field is close to the dipole field strength), the amplitude of the total fluctuation
decreases by a factor of 10, compared with when in pure dipole field configuration.
During these experiments, the generated space potential is kept approximately constant
(φH of emissive Langmuir probe at R = 46 cm is between 230 V and 290 V, for the
variation of IIC from 0 kAT to 9 kAT), and stabilization of diocotron instability by
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magnetic shear [25] is experimentally demonstrated.
Although the addition of a toroidal magnetic field is effective for the realization of

quiet plasma during the electron injection, it induces the earlier onset of the rapid growth
of instability after the stop of the electron injection. Figure 11 (a) shows the wall probe
signals in the variation of added toroidal field. The stable charge decay, as observed in
pure dipole field configuration (Fig. 7), is not realized when the magnetic shear exists.
As shown in the life time of the electron plasma as function of toroidal field strength
in Fig. 11 (b), the plasma tends to disrupt earlier in the stable confinement phase as the
stronger toroidal field is added.

Reduction of the stable confinement time is similarly observed even in the pure dipole
field when structures like Langmuir probes are inserted into the confinement region. One
of the possible interpretations is that when electrons hit the surfaces of the obstacles,
accumulated neutral gas molecules are released and ionized, and it causes the ion
resonance instability.When toroidal field is added to the pure dipole field configuration,
the E×B drift motions of electrons take spiral orbits around the internal conductor, and
the trajectories may intersect the coolant and feeder structures of the internal conductor.
Then these effects could lead to the collisions of electrons with the obstacles. In contrast,
when electrons are confined in pure poloidal field, the charged particles do not hit the
coolant structures as long as they rotate in the toroidal direction due to the E×B drift
motion. The addition of toroidal field lead to the increase of space potentials near the
bar structure of the IC electrode, indicating that electrons are transported inwardly due
to the spiral motion.
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FIGURE 11. (a) Wall probe signals in the variation of added toroidal field. Electrons are injected from
t = −100 to 0 µs. (b) Stable confinement time before the rapid growth of the instability.

IV. PROSPECT TOWARD ANTIMATTER PLASMAS AND
MULTI-COMPONENT PLASMAS

For the trap of antimatter plasmas and its mixtures, where the particles are supplied from
relatively weak radiation sources compared with conventional plasma sources, excel-
lent confinement properties are important for trap devices. The Proto-RT experiments
demonstrated the fine confinement properties of non-neutral plasmas in the magnetic
surface configuration, and the next task is the injection and simultaneous confinement
of another particles to form multi-component plasmas. At present, as well as the experi-
ments of toroidal non-neutral plasmas on internal conductor devices [1], a stellarator [2],
and a helical system [24] are in progress or under construction. A helical device can also
produce closed magnetic surfaces [2] with only “external” field coils located outside of
the plasma.

For the creation of multi-component plasmas, we can inject another species of parti-
cles into a magnetic surface configuration by means of several methods. By the combina-
tion of dipole and vertical magnetic fields, a magnetic neutral loop is generated between
two kinds of coils along the confinement region of plasmas. One can inject charged
particles from peripheral region near the magnetic null line [6]. Because the magnetic
moment µ is not conserve near X point of the magnetic field lines, the particles take
chaotic trajectories with long orbit length. When an electron plasma is generated and
stably confined, the electrostatic force caused by the self-space potential can be used
for the trap of positrons until the plasma is neutralized. The use of potential well of the
initially generated plasma is also effective for other opposite sign of charged particles
like positrons and antiprotons. For a device like a helical system, the inductive charg-
ing method [11] is an another solution to inject and compress both signs of magnetized
charged particles.

V. SUMMARY

As a first step toward the multi-component non-neutral plasmas, experimental investi-
gation into the equilibrium and confinement properties of pure electron plasmas was



carried out in a toroidal magnetic surface configuration. The obtained results are sum-
marized as follows. Long-term stable confinement of a toroidal electron plasma was
demonstrated in a magnetic surface configuration. In the initial fluctuating phase, the
trapped charge adjusts (diminishes) to enter a quiescent phase, when the potential con-
tours are externally adjusted to the structure of magnetic surfaces. In the present device,
we confined electrons with a peak density of an order of 1012 m−3 and total charge of an
order of ∼ 10−8 C for more than 0.1 s. When τ is below ∼ 0.1 s, it is scaled as τ ∝ P−1B3

for the pressure range between 10−6 and 10−4 Torr, indicating that the collisions with
remaining neutral gas limit the confinement of electrons. In the lower pressure region of
below ∼ 10−6 Torr, τ saturates above ∼ 0.1 s, suggesting the anomalous loss of elec-
trons. Although the stabilizing effects of magnetic shear is observed, the addition of
toroidal field shortens the stable confinement time, possibly because of the obstacles of
the support structure for the internal conductor. The adverse effects of the internal struc-
tures are inevitable in the present device, and this problem will be solved in a stellarator
[2] or superconducting levitated ring device [1] in future experiments.
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