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A new high-β and high-density state is reported for a plasma confined in a laboratory magnetosphere. In
order to expand the parameter regime of an electron cyclotron resonance heating (ECH) experiment, the 8.2 GHz
microwave power of the Ring Trap 1 (RT-1) device has been upgraded with the installation of a new waveguide
system. The rated input power launched from a klystron was increased from 25 to 50 kW, which enabled
the more stable formation of a hot-electron high-β plasma. The diamagnetic signal (the averaged value of
four magnetic loops signals) of a plasma reached 5.2 mWb. According to a two-dimensional Grad-Shafranov
analysis, the corresponding localβ value is close to 100 %.

PACS numbers: 52.70.-m, 52.55.-s, 94.30.cq

I. INTRODUCTION

A magnetospheric dipole field configuration [1] is an in-
novative confinement concept motivated by satellite observa-
tions in the Jovian magnetosphere [2]. It is characterized by
high-β stability and excellent confinement properties [3]. Sta-
ble confinement of high-β plasmas has been demonstrated in
dipole magnetic fields generated by levitated superconduct-
ing magnets in the Ring Trap 1 (RT-1) [4], the Mini Ring
Trap (Mini-RT) [5], and the Levitated Dipole Experiment
(LDX) [6, 7]. In the first series of experiments in RT-1 [8–
11], a plasma has been generated by using an electron cy-
clotron resonance heating (ECH) with 8.2 and 2.45 GHz mi-
crowaves [11, 12]. In cases with 2.45 GHz heating, line av-
eraged electron densityna saturated around 1.5× 1017 m−3,
which was about two times higher than the cut-off density
nc2.45GHz= 7.4× 1016 m−3. In cases with 8.2 GHz heating,
where nc8.2GHz = 8.3× 1017 m−3, na did not saturate with
an input microwave power below the previous rated value of
Pf = 25 kW. A diamagnetic signal∆Ψ also did not reach a
saturation. Therefore the increase in the 8.2 GHz microwave
power makes it possible to realize further high-density and
high-β states. As well as to generate and understand an ex-
tremely high-β plasma in the dipole field, high density states
are strongly needed for the efficient ion cyclotron resonance
heating (ICH) in future experiments.

In previous ECH plasmas in RT-1, operation regimes were
classified into three categories [12]. (i) When neutral gas pres-
sure was relatively high (5 mPa< Pn), a high density and low
β plasma was generated. (ii) WhenPn was relatively low
(0.5 mPa< Pn < 5 mPa), the ratio of a hot electron component
drastically increased, resulting in a low density and highβ
plasma. (iii) At further low filled gas pressure (Pn < 0.5 mPa),
the plasma became unstable. In order to enhance stored en-
ergy and to realize extremely high-β states, further increase
in hot electron density is needed. When the hot electron ratio
exceeds approximately 40 %, on the other hand, a plasma in a
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dipole field is often unstable [13]. The existence of a consider-
able ratio of cold electrons can stabilize the plasma, which is
easily realized by supplying sufficient amount of neutral gas.
However, an increase inPn drastically enhances the charge-
exchange cooling effects and prevents the formation of a large
amount of hot electrons. Therefore the parameter regime had
significant limitations; The high-β state was not simultane-
ously realized with the high-density state. In order to solve
this problem, in this study, we upgraded the microwave power
launched from a klystron from 25 to 50 kW, which realized
the new regime of the ECH plasma in RT-1. Experimental
investigation on the new high-β state is reported.

II. EXPERIMENTAL SETUP

As shown in Fig. 1, RT-1 is a magnetospheric configura-
tion generated by a levitated superconducting magnet. Inside
the vacuum chamber, RT-1 has a Bi-2223 high-Tc supercon-
ducting magnet. The current center of the magnet is located
at rc = 25 cm on thez= 0 cm plane. The dipole field mag-
net is levitated by using a feedback-controlled lifting magnet
located at the top of the chamber. The nominal currents of
the dipole field and lifting magnets are 250 kAT and 28.8 kAT.
The magnetic surfaces of the separatrix configuration gener-
ated by the two magnets are shown in Fig. 1 (b) as thin lines.
More detailed explanations on the device are presented in [5]
and the references therein.

The ECH system of RT-1 consists of an 8.2 GHz klystron
(100 kW, 1 s), a 2.45 GHz magnetron (20 kW, 2 s), and their
transmission lines. The 8.2 GHz microwave power is trans-
mitted into the vacuum chamber through an isolator and
waveguides including directional couplers, DC breaks, vac-
uum windows, and launchers. As shown in the figure, a new
waveguide was installed at the P6 port, in addition to the pre-
vious waveguide connected to the P7 port. The rated power
of each of the waveguides is 25 kW, and the maximum input
power from the klystron was increased from 25 to 50 kW. The
isolator was also upgraded and its maximum input power was
increased from 25 to 100 kW for further installation of trans-
mission lines in the future. In the experiment reported here,
the microwaves were injected with the O-mode.
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FIG. 1: (color online) (a) The top view and (b) poloidal projection
of RT-1 including 8.2 GHz microwave waveguides. Interferometer
chords are located at (1) tangential ports aty = 45 cm, (2) vertical
ports atr = 60 cm, and (3) vertical ports atr = 70 cm. Thin lines
show magnetic surfaces and contours of field strength generated by
a levitating superconducting magnet and a lifting magnet.

The diamagnetic signal, or stored energy, of a plasma was
measured with four magnetic loops winded outside of the
vacuum chamber and Hall probes located inside the cham-
ber. Based on these magnetic measurements, plasma equilib-
rium was reconstructed by a two-dimensional Grad-Shafranov
analysis [14]. Line integrated electron densitiesnl were mea-
sured by three 75 GHz (λ = 4 mm) heterodyne interferometers
located (1) at a tangential chord aty = 45 cm, (2) at a verti-
cal chord atr = 60 cm, and (3) at another vertical chord at
r = 70 cm, as shown in Fig. 1. As discussed later, the spatial
density profiles of a plasma were estimated by using the three
chord interferometry. For the measurement of density fluctua-
tions, a 4 GHz reflectometer is installed in the south-west port
on the equator (z= 0 cm) of the device.

III. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 2: (color online) Line averaged densities measured by the inter-
ferometer 1 (circles),na1, and by the interferometer 2 (triangles),na2,
at various 8.2 GHz microwave power before (open) and after (close)
the installation of a new isolator and a waveguide.

In Fig. 2, electron line averaged densitiesna1 and na2 are
compared before and after the installation of the isolator and
waveguide, in order to evaluate the variation of the trans-
mission efficiency of a microwave due to the upgrade of the
8.2 GHz system. The filling gas pressure of hydrogen was
Pn = 2.5 mPa for both of the cases. The superconducting mag-
net was mechanically supported in these experiments and the
plasma was generated in a pure dipole magnetic field. As
shown in the figure, we found no significant changes in elec-
tron densities measured both at the tangential port (chord 1)
and at the vertical port (chord 2). There were no significant
differences in line densities before and after the waveguide in-
stallation for similarPf , also when the superconducting mag-
net was levitated. Therefore there is no significant increase
in the loss of microwave power in the newly installed trans-
mission line. When injection power exceeded approximately
18 kW, there were slight increases inna1 andna2 after the in-
stallation of the new waveguide system. It is possible that the
formation efficiency of a plasma was improved by changing
the number of the microwave injection ports from one to two.

Figure 3 plots the diamagnetic signals∆Ψ and electron line
averaged densities (na1 and na2) versus injected microwave
powerPf of 8.2 GHz for various neutral gas pressuresPn. Here
∆Ψ is the averaged value of four magnetic loop signals. As
shown in Fig. 3 (a), whenPn is low (2.5 and 5.0 mPa), the
stored energies of a plasma were relatively large even at low
Pn. This is because the plasma had a considerable ratio of hot
electrons in these conditions due to small charge-exchange
cooling effects. In the previous experiments wherePf was
limited below 25 kW, hot electron populations were greatly
reduced by risingPn. As shown in the figure, stored energies
were very small at lowPf whenPn = 10, 12.5, and 15 mPa.
However, an increase inPf enabled the formation of a hot-
electron high-β plasma even in a highPn region. As shown in
the figure, the transition from a low-β state to a high-β state is
accompanied by increases in both stored energy and electron
density. There was a small jump of∆Ψ at Pf = 22 kW when
Pn = 5 mPa. WhenPn = 10 mPa,∆Ψ drastically increased
from 0.4 to 3.2 mWb atPf = 22 kW. WhenPn = 12.5 mPa, the
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FIG. 3: (color online) (a) A diamagnetic signal (the averaged val-
ues of four loop signals) and line averaged densities (b) measured
at chord 1,na1 , and (c) measured at chord 2,na2, in variation of
8.2 GHz microwave power. Neutral gas pressure was 2.5 mPa (◦),
5 mPa (△), 10 mPa (□), 12.5 mPa (̂ ), and 15 mPa (Z).

transition appeared atPf = 38 kW and∆Ψ changed from 0.7
to 4.7 mWb. By increasing neutral gas pressure higher than
Pn = 15 mPa, the transition was not observed and the plasma
stayed in the low-β state in the present 8.2 GHz microwave
power range. Theβ values of a plasma observed after the
transition at highPn cases are often higher than those with
low Pn conditions.

As shown in Fig. 3 (b) and (c),na1 andna2 reached satura-
tions at low neutral gas pressure ofPn = 2.5 and 5.0 mPa. In
these formation conditions, the ratio of hot electron compo-
nent in the plasma is extremely high and it often exceeds 40 %.
Then the plasma sometimes becomes unstable and difficult to
be generated stably [13]. Previously reported high-β plasma
states were generated in this parameter region (Pn < 5 mPa)
[12] except thatPf was limited below 25 kW. On the other
hand, in the new high-β state realized at relatively highPn
conditions (> 10 mPa), the electron density steadily increased
abovePf = 25 kW as shown in the figure. For a similar dia-

magnetic signal of∆Ψ = 4.0 mWb,na1 whenPn = 12.5 mPa
was twice as high as that of whenPn = 2.5 mPa and it reached
na1= 5×1017 m−2. The new high-β state is more stable than
the previous high-β state, because electrons have a sufficient
cold component together with the hot component. Thus the
upgrade of the microwave system has significantly expanded
the generable parameters of a plasma in RT-1.
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FIG. 4: (color online) Waveforms when the typical low and highβ
states were observed in one plasma formation period. The panels
show (a)na1, (b) na2, (c) magnetic loop signals (the bold line shows
the averaged value of four loop signals), and (d) an x-ray signal mea-
sured by a Si(Li) detector.

Figure 4 shows the waveforms of a plasma when the transi-
tion from low to highβ states was observed in one formation
period. The pressure of neutral gas wasPn = 12.5 mPa. A
8.2 GHz microwave ofPf = 40 kW was injected fromt = 0.0
to 1.0 s. Initially, the plasma had relatively small∆Ψ and high
electron density, which are the typical parameters of a low-β
plasma at highPn regime. While∆Ψ increased gradually in
this period, the main component of electrons was a cold com-
ponent. There was a transition to a high-β state att = 0.47 s.
As shown in Fig. 4 (c),∆Ψ jumped from 1.2 to 5.0 mWb af-
ter the transition. At the same time, increases in electron line
densities were observed especially inna1 measured at the tan-
gential port. The variation ofna2 measured at the vertical port
was relatively small. The similar behaviors ofna1 andna2 be-
fore and after the transition were also observed in Fig. 3 (b)
and (c). As shown in Fig. 1, the chord 1 passes through the
core region, while the chord 2 is located at the edge confine-
ment region of a plasma. Therefore these observations indi-
cate that a significant increase in electron density was realized
after the transition in a strong field region near the dipole field
magnet. We found that the transition characteristics show a
strong hysteresis on the variation ofPn. The threshold values
of Pn for the transition when increasingPn were higher than
those when decreasingPn. The hysteresis becomes prominent
when a working gas was hydrogen rather than helium, where
storage effects are relatively strong. While further studies on
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the behaviors of neutral particles are needed, these observa-
tions may suggest that the transition is caused by the transient
effects of neutral particle recycling especially on the surface
of the superconducting dipole field magnet.
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FIG. 5: (color online) (a) A diamagnetic signal∆Ψ, (b) a density
fluctuation level measured by a reflectometer, and (c) the ratio of line
averaged densities measured at chord 1 and 2.

The characteristics of a plasma from low to highβ states
were investigated by controlling the stored energy. In order
to generate a plasma in similar conditions, the 8.2 GHz mi-
crowave was solely injected. Figure 5 shows (a)∆Ψ, (b) a
density fluctuation level measured by a reflectometer, and (c)
the ratio of line averaged densitiesna1 andna2, in variation of
Pf . Because an interferometer at the chord 1 mainly measures
core electron density and another one at the chord 2 measures
only edge density (Fig. 1),na1/na2 gives the density peaking
level of a plasma. On the spatial structure of a plasma, a more
detailed analysis on the electron density profiles is discussed
in the next section. WhenPf exceeded 20 kW and∆Ψ ap-
proached∼ 5.0 mWb, there was a distinct increase in the fluc-
tuation level. Specific frequency peaks or clear mode struc-
tures were not observed in the analysis of frequency power
spectrum of fluctuations. This is in marked contrast to the
cases of unstable plasmas where the interchange mode was ex-
cited by the effects of hot electrons generated by ECH [13, 15]
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FIG. 6: (color online) Line averaged electron density measured at
chord 1,na1, and a diamagnetic loop signal∆Ψ when 8.2 GHz mi-
crowave power wasPf < 25 kW (circles) and when 25 kW< Pf (tri-
angles). Open triangles show data sets analyzed in the next section.
Data for two-frequency heating at 8.2 and 2.45 GHz (25 kW< Pf)
are also plotted (squares).

or where the interchange mode was centrifugally driven [16].
In fact, significant increase in the density peaking level was
not observed in high-β plasmas when compared with low-β
plasmas, as shown in Fig. 5 (c). A small rise ofna1/na2 at
largePf corresponds to the core density increase observed af-
ter the transition as shown in Fig. 4. The peaking levels after
the transition were still smaller than those observed in small
Pf cases.

Figure 6 plots previous and new parameter regimes of a
plasma on the electron density-diamagnetism plane. The pre-
vious (Pf < 25 kW) highβ plasmas were generated when neu-
tral gas pressurePn was relatively low. In this parameter
regime, the plasma is often unstable due to the effects of ex-
cess of hot electrons. An increase in the microwave power en-
abled the formation of a stable high-β plasma at a relatively
high density region. By changing formation conditions, in-
cluding the two-frequency heating at 8.2 and 2.45 GHz mi-
crowaves with total injection power ofPf = 64 kW, the largest
diamagnetic signal∆Ψ (the averaged value of four loop sig-
nals) obtained was 5.2 mWb. According to the numerical cal-
culation of a two-dimensional Grad-Shafranov analysis [14],
the corresponding maximum localβ value is close to 100 %
near the pressure peak position.

We reconstruct the density profiles of a plasma according
to the three-chord interferometry by using a simple model in-
cluding the relativistic correction for the hot electron compo-
nent [17–19]. Here we assume that the plasma density has a
power-law dependence onr as

nz=0(r) = n0r−a (1)

on the equator (z= 0 m, rc < r) plane, wheren0 and a are
constants, and it is a function of the magnetic surface. In the
dipole magnetic field, charged particlesdiffuse inward[11]
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until a peaked density profile in the real space is spontaneous
generated. Therefore the density profile should primarily de-
pend on the magnetic surface function. The mirror trap effects
in the strongly inhomogeneous field are also important, espe-
cially in the cases of ECH plasmas where electrons are heated
in the perpendicular direction. We also assume that electron
density on a same magnetic surface is given by

n(r,z) = nz=0(r)×
(

B(r, z)
B0

)−b

, (2)

whereB(r, z) is a magnetic field strength andB0 is the weak-
est field strength on the same magnetic surface. Herea is the
peaking level of a density profile andb is the strength of mirror
trap effects. We also assume that the plasma is axially sym-
metric. By using the values of line densities measured at the
three chords,nl1, nl2, andnl3, we find the values ofa andb by
the least-square method. We used a typical electron tempera-
tureTe= 50 keV of a high-β plasma and ratios of hot electron
population inferred from interferometry data [12] for the cal-
culation of relativistic correction. A more detailed explanation
on the reconstruction method will be reported elsewhere.

case 1 case 2 case 3
Pn (mPa) 1.0 15 15
Pf (kW) 38 43 45

∆Ψ (mWb) 4.2 0.7 4.9
chord 1 na1 (m−3) 2.4×1017 4.1×1017 6.8×1017

rhot 0.47 0.12 0.56
chord 2 na2 (m−3) 1.1×1017 3.4×1017 3.7×1017

rhot 0.45 0.17 0.75
chord 3 na3 (m−3) 1.1×1017 2.8×1017 3.0×1017

rhot 0.59 0.25 0.60
a 2.1 1.6 2.7
b 4.8 0.6 2.3

TABLE I: Experimental conditions and analysis results of interfer-
ometry. Neutral gas pressurePn, microwave powerPf , diamagnetic
signals∆Ψ, interferometer data including the relativistic correction,
and the calculated values ofa and b in cases with (1) high-β and
low-ne (a previously reported high-β region), (2) low-β and high-ne
(before the transition), and (3) high-β and high-ne (after the transi-
tion) states, see Fig. 6.

Table I summarizes the analysis results for three typical pa-
rameter regimes of a plasma. The data shots used for the anal-
ysis are plotted in Fig. 6 as open triangles. Here the hot elec-
tron ratiorhot was inferred from the ratio of slow decay com-
ponent in the interferometer signals observed after terminating
the microwave power [12]. The case 1 is a high-β and low-ne
state realized at low neutral gas pressurePn, which has been
realized since the past experiment. The cases 2 and 3 are both
whenPn is relatively high. The case 2 is a relatively low-β
state before the transition. The main component of electrons
in this case is a cold component. The case 3 is the newly-
reported high-β and high-ne state observed after the transition.
For various experimental conditions, the values ofa andb are
both positive, which is consistent with the self-organization of
a peaked density profile in a strongly inhomogeneous dipole
field configuration.

Figure 7 shows the density profiles of plasmas calculated by
using the values ofa andb in Table I for the three cases. As
shown in Fig. 7 (1), in the high-β and low-ne case, where the
plasma mainly consists of hot electrons generated by ECH,
the plasma shape is strongly influenced by mirror trap effects.
The density profile is then strongly non-uniform on the mag-
netic surfaces. The high density plasma is located in a weak
field region and the plasma expands toward the chamber wall.
This result is consistent with the equilibrium analysis and also
with the observation of strong x-ray emission on the cham-
ber wall hit by hot electrons. In this case, the plasma has a
large density gradient especially in the vertical direction. In
contrast, when the ratio of cold electrons is high in the low-β
and high-ne case, as shown in Fig. 7 (2), mirror trap effects
are relatively small. The shapes of the density contours are
quite close to those of the magnetic surfaces. Finally, Fig. 7
(3) are the density profiles of the new high-β and high-ne state
observed after the transition. The mirror trap effects are again
significant, but the density gradient along the magnetic sur-
faces is rather small when compared with the case 1, as a re-
sult of the increased electron density.

IV. SUMMARY

In order to expand the parameter regime of an ECH plasma
experiment in RT-1, we upgraded the 8.2 GHz microwave sys-
tem and increased the rated input power from 25 to 50 kW.
An increase in the microwave power enabled the transition
of a plasma to a new high-β and high-density state. In the
new high-β state, a large amount of hot electrons were si-
multaneously generated with cold electrons, realizing a more
stable formation of the hot-electron high-β plasma. When a
plasma was generated with two-frequency heating at 8.2 and
2.45 GHz with a total input power of up to 64 kW, the diamag-
netic signal (the averaged value of four magnetic oops signals)
reached∆Ψ ∼ 5.2 mWb. A two-dimensional Grad-Shafranov
analysis showed that the corresponding localβ value is close
to 100 %, while the peaking level of a plasma did not signifi-
cantly increase at the high-β region. However, according to a
reflectometer measurements, the fluctuation level of a plasma
significantly increased in very large∆Ψ conditions. These
observations may suggest that the plasma is still below the
pressure driven instability limit and the fluctuation increased
because the lowest field strength in a plasma approached to
zero. It is noted that the optimization of the spatial profile of
a plasma will realize further increase in the total stored en-
ergy of a plasma in future experiments. We also investigated
the spatial structures of a plasma by using a three-chord inter-
ferometry including a relativistic correction for hot electrons.
The measurements showed that the plasma has peaked density
profiles and also strongly affected by the mirror trap of hot
electrons in a weak field region, which is consistent with the
self-organization of magnetized charged particles in a strongly
inhomogeneous dipole magnetic field.
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FIG. 7: (color online) Electron density profiles corresponding to Table I. (a) Two dimensional contour maps and (b) radial profiles on the
z= 0 m plane of electron density in cases with (1) high-β and low-ne, (2) low-β and high-ne, and (3) high-β and high-ne states. On thez= 0 m
plane, the dipole field magnet surface is located atr = 0.18 and 0.375 m.
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