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Formation of high-b electron cyclotron resonance heating plasma and stable confinement of pure

electron plasma have been realized in the Ring Trap 1 device, a magnetospheric configuration

generated by a levitated dipole field magnet. The effects of coil levitation resulted in drastic

improvements of the confinement properties, and the maximum local b value has exceeded 70%.

Hot electrons are major component of electron populations, and its particle confinement time is

0.5 s. Plasma has a peaked density profile in strong field region [H. Saitoh et al., 23rd IAEA Fusion

Energy Conference EXC/9-4Rb (2010)]. In pure electron plasma experiment, inward particle

diffusion is realized, and electrons are stably trapped for more than 300 s. When the plasma is in

turbulent state during beam injection, plasma flow has a shear, which activates the diocotron

(Kelvin–Helmholtz) instability. The canonical angular momentum of the particle is not conserved

in this phase, realizing the radial diffusion of charged particles across closed magnetic surfaces.

[Z. Yoshida et al., Phys Rev. Lett. 104, 235004 (2010); H. Saitoh et al., Phys. Plasmas 17, 112111
(2010).].VC 2011 American Institute of Physics. [doi:10.1063/1.3567523]

I. INTRODUCTION

The Ring Trap 1 (RT-1) device1 is a magnetospheric

configuration generated by a levitated superconducting mag-

net.2–5 Interactions between the strongly inhomogeneous

dipole field and charged particles produce diverse structures

of plasmas.6 Dipole field is the most fundamental and widely

observed magnetic configuration in the universe. The magne-

tospheric configuration enables novel laboratory experiments

for understanding the fundamental properties of space plas-

mas as well as for a lot of scientific applications.

One of the examples of these plasma phenomena is high-b
flowing plasma in the Jovian magnetosphere, which was dis-

covered by spacecraft observations.7 Theoretically, effects of

strong compressibility of flux tubes can explain the stability of

high-b plasma even in the bad curvature region of the dipole

field.8,9 Dynamic pressure of fast plasma flow can balance the

thermal pressure of plasma, and ultra high-b state (possibly

exceeding 100%) of flowing plasma is theoretically predicted10

as a new relaxation state of plasma.11 High-b confinement in

the magnetospheric configuration is attractive for fusion plasma

studies because it can be applied for advanced fusion concept

burning D-D9 and D-3He12 fuels. Recently, magnetopheric con-

figurations with superconducting dipole field magnets are con-

structed [RT-1 (Ref. 2) and Levitated Dipole Experiment

(LDX) (Ref. 4)], and both of the groups have succeeded to sta-

bly confine high-b plasma in the dipole field configuration.

Another example of interesting behaviors of charged par-

ticles in the magnetospheric configuration is inward diffusion

and self-organization of equilibrium.3,5,13 Instabilities activate

effective radial transport of particles until stable equilibrium

state is spontaneously generated. Hasegawa8 pointed out that

the self-organization of plasma is realized so that particle den-

sity per flux tube becomes constant. In the strongly inhomoge-

neous dipole field configuration, this constraint results in

effective inward diffusion and peaked density profile in the

strong field region. Inward pinch of particles is one of the key

issues for particle injection process of toroidal non-neutral

plasmas as well as for the formation of high temperature fusion

plasma. In contrast to the widely used linear configurations for

non-neutral plasma trap,14 toroidal geometries15–22 can trap

charged particles independently of its electric signs.17 It can

then in principle confine plasmas of arbitrary neutrality includ-

ing multispecies antimatter particles.

In this study, we report the long time (up to 370 s)

confinement of toroidal pure electron plasma3,23 and forma-

tion of high-b electron cyclotron resonance heating (ECH)

plasma24 in RT-1 including the review of recent experi-

mental results. In the study of non-neutral plasma, measure-

ments of internal structures and electrostatic fluctuation

consistently showed that rigid-rotating stable equilibrium is

spontaneously generated. We developed a nondestructive

diagnostics method for spatial structures of non-neutral

plasma in a toroidal geometry and found that the particles

diffuse inward due to fluctuation-induced asymmetry of the

trap system. In the experiment of ECH plasma, optimization

of formation conditions and compensation of the geomag-

netic field drastically improved the confinement properties,

and local b exceeded 70%. Hot electrons generated by ECH

are major component of electron populations, and particle

confinement time sp � 0:5 s. Density profiles estimated from

multicord interferometry showed peaked distribution in the

strong field region.b)Invited speaker.

a)Paper GI3 5, Bull. Am. Phys. Soc. 55, 110 (2010).
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II. THE RT-1 DEVICE

Figure 1 shows the cross sectional view and photographs

of RT-1 (Ref. 2) and generated plasma. The research goals of

RT-1 are to realize confinement of ultra high-b plasma suita-

ble for burning advanced fusion fuels and to stably trap toroi-

dal non-neutral plasmas including antimatter particles. Inside

the vacuum chamber, RT-1 has a Bi-2223 high-temperature

superconducting dipole field magnet.25 The dipole field mag-

net is levitated in order to minimize perturbations to the

plasma. The vertical position of the superconducting magnet

is monitored by three laser sensors, and a levitation magnet,

located at the top of the chamber, is feedback-controlled to re-

alize stable coil levitation.26 Combination of the supercon-

ducting magnet and the levitation magnet generates a

magnetic separatrix configuration as shown in Fig. 1(a). Out-

side of the chamber, a set of geomagnetic field compensation

coil is installed [Fig. 1(b)].27 Neutral plasma is generated by

ECH with 8.2 GHz (1 s, 25 kW) and 2.45 GHz (2 s, 20 kW)

microwaves. Working gas was hydrogen and helium. Non-

neutral plasma is generated by injecting electron beam from a

LaB6 cathode electron gun located at the edge of the confine-

ment region. Detailed explanation of RT-1 is found in Ref. 2.

III. CONFINEMENT OF PURE ELECTRON PLASMA

A. Particle injection and stable confinement

Magnetospheric configuration generates an axially sym-

metric toroidal system that can confine plasmas of arbitrary

neutrality.17 The canonical angular momentum Ph ¼ mrvh
þ qrAh � qrAh and the third adiabatic invariant

K � Ð
Phds � qU of a charged particle are conserved in the

axisymmetric system.14 Spatial deviation of a particle from

its initial magnetic surface is then smaller than the poloidal

Larmor radius, d < jmr _h=qBhj. Strongly magnetized par-

ticles cannot travel across magnetic surfaces, and excellent

confinement properties are expected for charged particles in-

dependently of its electric signs.

One of the difficult issues for the formation of toroidal

non-neutral plasma is particle injection method.28 Although

particles may be stably trapped inside the toroidal closed

magnetic surfaces, it must be injected from outside of the

confinement region prior to the trapping phase. This is in

strong contrast to the cases of linear non-neutral plasma

traps,14 where particles can be injected and ejected along

open field lines. In RT-1, effective radial particle transport is

realized through fluctuation-induced violation of the trap

symmetry.3 During beam injection, plasma has fluctuations

that induce asymmetry of the system. In this phase, conser-

vations of Ph and K are temporally violated and it results in

effective particle transport.

Figure 2 shows typical temporal evolutions of electro-

static fluctuation and its frequency power spectrum in the

beam injection and stabilization phases. Electrons were

injected from t ¼ 0 to 0:1 s with an initial acceleration volt-

age of Vacc ¼ 140 V. During beam injection, plasma has a

large turbulentlike fluctuation, as shown in Fig. 2(c-1), and

the trap symmetry is temporary violated. When the system is

FIG. 1. (Color online) (a) R-z cross section, and photographs of (b) bird-eye view and (c) magnetospheric plasma in RT-1.
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not symmetric, particles can be transported radially until the

formation of stable equilibrium state. After injection ended

at t¼ 0.1 s, rapid growth and decay of fluctuation amplitude

were observed. In this phase, turbulence component of the

fluctuation was gradually dumped [Figs. 2(c-2) and 2(c-3)].

At t¼ 0:6 s, plasma had quite peaked frequency spectrum as

shown in Fig. 2(c-4). After this period, very stable state was

realized.

Typical behaviors of fluctuation in longer period are

shown in Fig. 3. Electrons were injected from t ¼ 0 to 0:1 s.

As shown in Fig. 3(a), stable state lasted for more than 300 s

and ended with a rapid growth and decay of instability. For-

mation of ions due to collisions with neutral molecules and

the resultant two stream effect is the possible reason for the

onset of instability. Sometimes plasma is not stabilized after

beam injection ends as shown in Fig. 3(b), and growth and

decay of fluctuations are repeatedly observed. This unstable

mode was observed especially when Vacc > 200 V. Stable

confinement time and duration time of the electrostatic oscil-

lation for the two modes are shown in Fig. 4. The trap time

was significantly short when the plasma fails to enter the qui-

escent state, indicating the effects of fluctuation-induced

rapid loss of electrons. The stable confinement time strongly

depends on the neutral gas pressure Pn and was observed to

be proportional to P�0:35
n . It deviates from classical depend-

ence of P�1
n , also suggesting that the effects of ion formation

rather than classical diffusion set the upper limit of the con-

finement time.

B. Internal structure and fluctuation properties

Measurements of density and space potential profiles

consistently show that the toroidal E� B drift velocity of the

plasma is close to rigid-rotating motion during beam injec-

tion, when the superconducting magnet is levitated.23 Elec-

trostatic fluctuation measurements show that the plasma

fluctuation propagates in the toroidal electron diamagnetic

direction. The electrostatic oscillations were simultaneously

measured by using walls located at different poloidal and to-

roidal positions, and a rake Langmuir probe located at differ-

ent radial positions. We found that the fluctuation has

approximately same frequencies in the entire plasma region.

Phase difference of the fluctuation was observed only in the

toroidal direction. Toroidal separation angles between the

wall probes agreed with the phase differences of the funda-

mental mode, indicating that the lowest toroidal mode num-

ber was n ¼ 1.

The observed fluctuation frequency range was close to the

toroidal E� B rotation frequency fE�B. By using a poloidal

magnetic field strength B ¼ 10�2 T and radial electric field

Er ¼ 500 V/m at r ¼ 0:8 m, we have fE�B ¼ E=2pRB � 10

kHz, which shows a rough agreement with the observed fluctu-

ation frequency range during the electron injection. Figure 5(a)

shows the frequencies of the fundamental mode of the fluctua-

tion in the variation of Vacc during the electron injection. The

fluctuation frequency is proportional to Vacc. Because

the shapes of potential profiles are similar for different Vacc,

the frequency is approximately proportional to Er. Although

FIG. 2. (Color online) Temporal evolu-

tions of (a) electrostatic fluctuation

measured by a wall probe and (b) FFT

spectrum of the fluctuation. Electrons

were injected from t¼ 0 s to 0:1 s. (c)

Frequency power spectrum at (1)

t¼ 0:01 s, during beam injection, (2)

t¼ 0:11 s, just after injection ended, (3)

t¼ 0:2 s and (4) t¼ 0:6 s.

FIG. 3. (Color online) Typical temporal evolutions of electrostatic fluctua-

tions (a) when the plasma is stabilized and long time confinement is realized

(Ref. 23) and (b) when the plasma is not stabilized.
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the magnetic field strength is fixed in RT-1, we changed the ra-

dial position of the electron gun and plotted the observed fluc-

tuation frequency in Fig. 5(b). When the gun was located

inside the magnetic separatrix (rgun < 92:5 cm), the frequency

was inversely proportional to B, field strength at the electron

gun position. Propagation and frequency properties suggest

that the observed fluctuation is the toroidal version of the dio-

cotron (Kelvin–Helmholtz) mode in the magnetospheric

configuration.

C. Inward diffusion of particles

Besides the particle injection method, another difficult

issue concerning the toroidal non-neutral plasma is its diag-

nostics method. This is in contrast to the cases of linear traps

again, where particles can be extracted along field lines and

various information of plasmas can be measured.14 During

beam injection, we can use Langmuir probes to directly mea-

sure the spatial structures of the electron plasma. However,

probe insertion seriously perturbs the plasma and long time

confinement is not realized. Properties of the plasma in the

stable confinement phase are subjects of interest, and there-

fore nondestructive measurement method is strongly needed

for toroidal non-neutral plasmas.

We estimate the spatial profiles of toroidal non-neutral

plasma by using wall probes and current integration cir-

cuits.29 If we can divide the whole plasma volume into m
regions and the averaged electron density at each region is ni
(i ¼ 1� m), image charge Qj (j ¼ 1� m) induced on each

wall is given by

½Qj�m�1 ¼ ½aij�m�m½ni�m�1; (1)

where aij is a proportional constant of the image charge on a

wall j induced by the plasma charges in region Vi. A ¼ ½aij�
is chosen so that the Poisson equation satisfies the boundary

condition on the chamber wall. The electron density in each

region is then given by

½ni�m�1 ¼ A�1½Qj�m�1; (2)

and detailed density profiles can be estimated by using a suf-

ficient number of walls. Because the image current is meas-

ured by a current amplifier and the wall is electrically

shorted to the chamber, the use of wall probe does not affect

the potential structure of the plasma. Therefore, this method

can be used for nondestructive measurement of the toroidal

non-neutral plasma.

In this study, we used only three wall probes located at

the same r – z cross section of the device as shown in Fig. 1(a)
as N2, N3, and N4,29 and the spatial resolution of the measure-

ments was not very high. We assume that the electron density

has power-low dependence on r on the z ¼ 0 plane

nðrÞ ¼ n0r
�a; (3)

and is constant on magnetic surfaces. Note that the wall

probes were located at the chamber wall at r¼ 100 cm, so

they are not sensitive to the charges near the superconducting

coil. When a in Eq. (3) is small and the plasma has a large

volume, its surface is close to the chamber wall. Then the

profiles of image charge ri on the chamber wall has rather

peaked profiles and its value is relatively large. When the

plasma is located in the strong field region far from the wall

with large a, ri is small and has rather flat distribution.29 We

measured local image charge density at different walls by

using analog integration circuits

ri ¼ Iidt=S (4)

and tried to reconstruct the spatial plasma profiles. Here Ii is
the image current and S is the area of a wall probe facing the

plasma. Figure 6 shows the temporal evolution of the esti-

mated plasma shape. The averaged confinement region tem-

porally shifts inward to strong field region. During beam

injection, plasma filled approximately the entire region

inside the magnetic separatrix. After beam injection ended,

electrons whose orbits are intersecting the electron gun struc-

ture are lost, and the plasma mainly distributed in a strong

field region near the superconducting magnet. The peaked

density profile was stably sustained until the end of the con-

finement at t¼ 320 s.

FIG. 5. (Color online) Frequencies of

electrostatic fluctuation during electron

injection (a) in variation of acceleration

voltage of electron gun and (b) in varia-

tion of radial electron gun position.

FIG. 4. (Color online) Confinement time in variation of neutral gas (hydrogen)

pressure when stable confinement is realized [circles, correspond to the wave-

form of Fig. 3(a)] (Ref. 23) and not realized [triangles, correspond to Fig. 3(b)].
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IV. FORMATION OF HIGH-b ECH PLASMA

A. Magnetospheric high temperature plasma

The main purpose of the RT-1 device is the realiza-

tion of stable confinement of high-b plasma suitable for

advanced fusion concept. In magnetospheric plasma, the

effects of flow and strongly inhomogeneous field play im-

portant roles in the confinement and stability properties.

The mechanism of high-b equilibrium is theoretically

explained by the hydrodynamic pressure of fast flow

(double Beltrami state).10,11 Study of high-b flowing

plasma is important for understanding the fundamental

physics of self-organization of magnetized charged par-

ticles as well as for the realization of advanced fusion. In

ECH plasma experiment carried out so far, low density

(� 1017 m�3) and high temperature (�10 keV) hot elec-

tron plasma has been generated. In this parameter regime,

ion inertia length (� 1 m) is longer than the scale length

of the plasma, and diversity of plasma structures emerged

by two-fluid effects can be studied.6 In this section, recent

results of the high-b plasma experiment in RT-1 are

explained.

B. Formation of high-b plasma

After the first plasma in 2006, we have conducted opti-

mization of plasma formation conditions in RT-1 and real-

ized drastic improvement of the plasma performance.24 The

optimization includes the realization of stable magnet levita-

tion, installation of multifrequency (8:2 and 2:45 GHz)

microwaves for ECH, and the construction of geomagnetic

field compensation coils.27 Figure 7 shows a visible light

image and soft x-ray images of the plasma observed by a

CCD camera.30 As shown in Fig. 7(a), the support structure

for the superconducting magnet is a serious loss route of hot

electrons and strong bremsstrahlung is observed on it when

the superconducting magnet is not levitated. Improvements

in both stored magnetic energy and line integrated density

are realized by the magnet levitation. For high b plasma, the

magnetic separatrix expands outward due to the increased to-

roidal diamagnetic current. In such cases, some hot electrons

hit the chamber wall and are lost there, as shown in Fig.

7(b). Figure 8 shows the effects of the insertion of a limiter

at the edge confinement region. For the measurements of

bremsstrahlung x-ray, Si(Li) detectors were installed at verti-

cal ports at r ¼ 60 and 72 cm with pulse height analysis

FIG. 6. (Color online) Reconstructed

density profiles of non-neutral plasma

based on wall probe measurements (Ref.

29). (a) Contours and (b) radial profile

on z¼ 0 plane of density profiles (1) dur-

ing beam injection, (2) just after injec-

tion ended, and (3) just before

confinement ended. Best fitting was

obtained when a in Eq. (3) was (1) 0:3,
(2) 5:6, and (3) 7:0.

FIG. 7. (Color online) (a) x-ray image

of plasma, superconducting magnet, and

support structure (Ref. 30). (b) X-ray

image and (c) visible light image from

tangential port for high-b plasma.
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(PHA) systems. When a limiter (molybdenum block) was

located just inside the magnetic separatrix in Fig. 8(b), x-ray

line intensities of Fe and Cr impurities are drastically

reduced when compared with a case without limiter insertion

[Fig. 8(a)]. Impurity lines were evident at plasma edge

region rather than the central region, as shown in Fig. 8(c),

indicating that the impurities were caused by the spattering

of the SUS304 stainless-steel chamber wall. Figure 8(d)

shows the effects of limiter bias. When the limiter was bi-

ased to þ1 kV, typically 10 % of increase in the diamagnetic

signal was observed, suggesting the enhanced confinement

of electrons.

Plasma in high-b states is generated depending on the

filled neutral gas pressure Pn and injected microwave power

Pf . The highest electron density is realized at Pn > 4 mPa,

but plasma pressure is rather low in this pressure range. High

b plasma is realized in a pressure range of 0:4– 4 mPa. When

Pn is lower than � 0:4 mPa, plasma becomes unstable and it

has rather low diamagnetic pressure and density. In ECH

experiments in RT-1 carried out so far, plasma pressure

mainly resulted from hot electrons, and the highest b is real-

ized by increasing the input RF power and lowering Pn close

to the unstable range.

Temporal evolutions of plasma for the cases of low and

high b states are shown in Fig. 9. Diamagnetic signal of the

plasma is measured by four magnetic loops winded outside

of the chamber. Equilibrium pressure profiles of the plasma

are calculated by using two dimensional Grad-Shafranov

analysis based on the magnetic measurements. There is an

empirical relation between the averaged diamagnetic loop

signal DW and the maximum local b: b (%) � 18� DW
(mWb) in the present plasma pressure range. The high-b
plasma [Fig. 9(b)] was generated with applied microwave

power of 20 kW at 2:45 GHz and 25 kW at 8:2 GHz both

injected from t ¼ 0 to 1 s at Pn ¼ 0:5 mPa and is character-

ized by large stored energy, strong x-ray radiation, and

FIG. 8. (Color online) Typical PHA

data of x-ray photons (a) when limiter

was located outside of separatrix and (b)

when located at edge of confinement

region. (c) Impurity line strength

observed at r ¼ 62 and 72 cm cords in

variation of horizontal limiter position.

(d) Diamagnetic signal with (solid line)

and without (dotted line) positive bias

on limiter.

FIG. 9. (Color online) Typical wave-

forms of (a) low power and (b) high

power plasma formation. (1) Injection

and reflection microwave powers, (2)

diamagnetic loop signals and corre-

sponding local b, (3) visible light

strength, and (4) soft x-ray signal.
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depression of visible light strength. At this neutral gas pres-

sure, there is a time lag between the start of microwave

injection and high density plasma formation. From t ¼ 0 to

0:46 s, very low density (typically � 1015 m�3) plasma was

generated with strong x-ray radiation, suggesting that thin

plasma consists of extremely hot electrons. The reflection

power gradually decreased during continuous microwave

injection, and jump to a high density state was observed at

t ¼ 0:46 s accompanied with a rapid increase in visible light

strength. Then, the strength of visible light dropped rapidly

and the stored energy started to increase. After the increase

in stored energy, saturated high b stable state was realized.

In the data shot presented in Fig. 9(b), the maximum local b
is calculated to be 70%, and the pressure peak was located at

r ¼ 49 cm on the z ¼ 0 cm plane. The plasma had a typical

density of � 1017 m�3 in this phase. After microwaves were

turned off at t ¼ 1 s, plasma density and diamagnetic signal

decayed slowly.

During the initial phase of microwave injection in Fig.

9(b), high density state is not realized and the plasma has

electromagnetic fluctuations. Figure 10 shows temporal evo-

lution of magnetic fluctuation and its frequency power spec-

trum measured by a pickup coil. The magnetic fluctuation

level was �10�5 T. After the onset of instability, chirping of

frequency was observed. The frequency sweep rate is corre-

lated with conditions of plasma formation, and faster chirp

was observed by increasing Pf as shown in the figure. High

frequency fluctuations have also been observed in Collision-

less Terrella Experiment (CTX) (Refs. 31–33) and LDX,34

and the effects of hot electrons are possible reasons for the

observed onset of instability.

C. Confinement time and spatial profile of plasma

Soft x-ray measurements using Si(Li) detectors show

that the hot electron component is in the temperature range

of up to �50 keV. Edge Langmuir probe measurements

show that plasma also has cold electrons around 10 eV. The

hot electron component has relatively long confinement time

due to its small cross section of neutral collisions. Decay

curve of line density has two different time constants, corre-

sponding to the hot and cold components of electrons. By

optimizing neutral gas pressure, the ratio of hot component

reached 60%.24 Confinement time of the hot electrons is pri-

marily decided by the neutral gas pressure, and sp ¼ 0:5 s at

Pn ¼ 8� 10�4 Pa as shown in Fig. 11(a). Energy confine-

ment time sE � 50 ms during microwave injection [Fig.

11(b)], estimated from Pf and Pr of microwaves, and the

stored energy of plasma, is shorter than sp, partially because

FIG. 10. (Color online) Temporal evo-

lutions of magnetic fluctuation and fre-

quency power spectrum observed in low

density and high temperature state.

Injected 2:45 GHz microwave power

was (a) 2:5 kW, (b) 5 kW, (c) 9 kW, (d)

12 kW, (e) 17 kW, and (f) 19 kW.

FIG. 11. (Color online) (a) Time constants of slow decay component of inter-

ferometer signal after microwave injection ended (Ref. 24). (b) Energy con-

finement time estimated from stored energy and injected microwave power.
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of the effects of low temperature electrons and absorption ef-

ficient of the microwave power to the plasma. More accurate

measurements of sE and its spatial properties using fast mag-

netic probes will be presented elsewhere.

Plasma density profiles were estimated by using

multicord interferometry, again assuming that the electron

density has power-low dependence on r on the z ¼ 0 plane,

as shown in Eq. (3), and is constant on magnetic surfaces.

Figure 12 shows the radial density profiles when Pf ¼ 16

kW with and without coil levitation. By removing perturba-

tions due to the coil support structure, peaked density pro-

file is realized.5,24 A drastic increase in the density was

observed in the measurement of the interferometer at the

tangential cord [Figs. 12(a) and 13], indicating the increase

in density in a strong field region. The best fit was obtained

for a ¼ �0:3 when the coil was not levitated, and a ¼ 2:8
when levitated. When Pf is small, we measured the electron

density also by using an edge Langmuir probe and found

that it was consistent with the estimation from multicord in-

terferometer measurements.

V. SUMMARY

We reported the recent experimental progress of the

magnetospheric plasmas in RT-1. In toroidal non-neutral

plasma experiment, pure electron plasma was stably trapped

for more than 300 s. Spatial structures and fluctuation prop-

erties indicate the self-organization of toroidal rigid-rotating

equilibrium state. Onset of instability induces asymmetry of

the trap system, and effective inward diffusion and density

increase were observed in the strong field region. For high-b
ECH plasma experiment, maximum local b value has

reached 70%, and electrons consist of a majority of hot com-

ponent and the rest of cold component. High-b state is real-

ized by avoiding the electromagnetic fluctuations. The

plasma has peaked density profiles in the strong field region,

which is consistent with the prediction of Hasegawa,8 that

turbulent-induced diffusion occurs so that peaked plasma

density is generated in the strong field region.
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