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The Hanbit is a complex mirror device that has a slot and a double half-turn antennas in the
central cell to launch high power ion cyclotron resonance frequency range waves for plasma production, heating, and stabilization. However, there is no other device, such as a neutral beam injector,
to heat the plasma ions. Hanbit also has three low-power supplies to launch electron cyclotron resonance frequency range waves for heating electrons. Under these circumstances, the main physics
study in the Hanbit device has been devoted to RF-wave and plasma interaction studies, including
MHD stabilization by using only the RF waves. In this paper, we briefly report the main results of
the RF-heating research, MHD stability studies and discharge analysis during the past few years,
as well as the future plans.
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I. INTRODUCTION
Hanbit is a magnetic mirror confinement device refurbished from the old TARA machine [1]. After reinstallation of the main vacuum-vessel system in Korea
in 1995, the main efforts had been in developing and improving the basic heating and diagnostic systems over
the first phase from 1996 to 2000 [2]. From 2001, Hanbit
started the second-phase campaign for high-temperature
plasma physics studies in a mirror configuration. The
major Hanbit research activities are identification of discharge characteristics, development of stable reference
operation scenarios, and basic physics studies of plasma
heating, stability, and confinement [3–7].
The Hanbit mirror device consists of a simple mirrortype central cell, an anchor cell, a plug cell, and a cusp
cell. In the central cell, we have two antennas of the
SLOT and Double Half Turn (DHT) types. Usually, the
SLOT antenna is used to produce the plasma, to heat
with ion cyclotron resonance frequency (ICRF) range
waves, and even to stabilize the plasma. It is located near
the central part of the central cell. The DHT antenna is
used to heat the plasma by using slow wave heating after
plasma formation. It is located near one throat of the
central cell. Except for radio-frequency (RF) heating, we
have no other heating mechanisms such as neutral beam
injection heating; hence, a study of RF-related physics
is essential in Hanbit.
In a series of experiments, we found that there is
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a change of plasma regime in which the density, temperature, plasma β, and confinement time are sharply
changed as the magnetic field is changed. This is shown
in Fig. 1 [3]. A density jump occurs near the point
ω/Ωc0 ∼ 1, where ω and Ωc0 are the applied RF frequency and the ICRF frequency corresponding to the
magnetic field at the center of the central cell, respectively. The magnetic field at which the density jumps is
about Bcc ∼ 107 % or ∼ 0.23 T when the frequency of
the RF launched by using the SLOT antenna is 3.5 MHz.
Here, Bcc = 100 % is the normal operating point and the
ICRF resonance at the midplane occurs at about 106 %.
As the plasma density is higher when ω/Ωc0 < 1 (highmagnetic-field side), the density jump may be interpreted
as being related to slow wave heating. Once the plasma is

Fig. 1. The line integrated density shows a jump at around
B ∼ 106 %, where ω/Ωc0 ∼ 1, with magnetic field variation.
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produced by the RF Ez field near the SLOT antenna, the
slow wave is more easily coupled to the plasma than the
fast wave for the ω/Ωc0 < 1 case, although the SLOT antenna can excite the slow and fast waves simultaneously.
On the high-field side, both the ion temperature and the
ratio of ion to electron temperature increase. Finally,
this leads to confinement improvement and the plasma
density and β can increase. From another point of view,
magnetohydrodynamic (MHD) mode stabilization by the
RF ponderomotive force or sideband coupling may also
be a possible trigger of this density jump.
When the RF power varies at a fixed rate, i.e. there is a
linear power excursion during the discharge, the plasma
density shows a stepwise behavior and not a continuous
change [8] This stepwise behavior and the density jump
will be treated in this paper.
During a series of discharges in Hanbit, we found an
operation window for stable plasma in the magnetic field
and RF power space [9]. After analyses of the nonsustained plasma, we found that the flute-like MHD instability is the key mechanism for the disruption and that
RF waves can stabilize this instability [10]. In this paper, we will briefly explain this mechanism. Also, many
another mechanisms for stabilization are treated.
The detailed transport analysis of Hanbit discharges
requires measurements of the radial ion temperature profiles, which have not yet been made. With the limited
set of available diagnostics in Hanbit, a heuristic semiempirical model has been developed to interpret the experimental data and the parametric dependence on the
plasma performance [11]. Due to the strong impact of the
neutral distribution including fast neutrals on the global
confinement in the open field system, a 2-D Monte-Carlo
DEGAS2 code was coupled in a self-consistent manner
with a 1-D radial plasma transport code.
In this paper, the recent results of an RF-heating study
are given in Section II. In Section III, the research results on MHD stability are shown and various stabilizing
methods applicable to Hanbit are discussed. In Section
IV, discharge analyses are shown and, finally, a summary
is given and future work is addressed in Section V.

II. RECENT RESULTS OF RF-HEATING
STUDIES
As mentioned in Section I, Hanbit has only RF heating systems to produce, heat, and stabilize the plasma.
Hence, the most important subject is to understand the
RF related physics.
We have developed a series of RF heating codes to understand the wave characteristics and heating properties.
Each code adopts one of the eigenmode, mode-excitation,
hybrid, and full numerical methods. Basically, these
codes solve Maxwell’s equations in 2 dimensions (r, z)
for any azimuthal mode number m. Full real geometry,
non-uniform plasma density, and thermal effects can be
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Fig. 2. Calculated plasma resistances as functions of ω/Ωc0
for electrons, ions, and total, by using the heating code. The
total resistance is the sum of the resistances for electrons and
ions.

Fig. 3. RF power variation (upper) and resultant plasma
density (lower) as functions of time.

included. Also, effects from any kind of antenna type
can be considered.
Using these codes, we calculated the plasma resistances as functions of ω/Ωc0 for ions and electrons [12].
The plasma resistance is proportional to the RF power
absorbed by the plasma. The numerical results show
that the RF wave can deliver its power to the plasma
more effectively when ω/Ωc0 < 1 for both electrons and
ions (Fig. 2). The trend of power absorption into the
electrons agrees very well with the trend of the plasma
density jump. In Fig. 2, we can see that almost all of
the power is absorbed by the ions because ω/Ωc0 ∼ 1,
where the slow wave feature is dominant.
When the RF power varies at a fixed rate during a
discharge, the plasma density shows a stepwise behavior (Fig. 3). The upper part of Fig. 3 presents the
forward and reflected powers, while the lower part gives
the plasma density as a function of time. We carried out
a global transport simulation by using a full numerical
heating code for the absorbed powers [8]. The numerical results agree very well with the experimental data
(Fig. 4). In Fig. 4, three plasma density profiles of the
quadratic (1 − r2 /a2 ), cubic (1 − r3 /a3 ), and exponential
(exp(−r2 /α2 )) forms are considered for the simulation,
where r and a are the radial position and plasma radius,
respectively. Here, α is a chosen number that makes the
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Fig. 6. Absorbed power for stable (o) and unstable (x)
plasmas in experiments. The boundary between stable and
unstable regions calculated by a model for RF power is 100
kW (upper) and 150 kW (lower) [10].
Fig. 4. Numerical results from the heating code with
three different radial density profiles: cubic, exponential, and
quadratic forms.

Fig. 5. Evolution of plasma line density with different
magnetic field values when the RF input power is 150 kW.

plasma density become very small at about r ∼ a and is
set to 0.57a in this calculation. The cubic function profile
gives the best results as shown in Fig. 4. The stepwise
behavior in plasma density can be explained as a result
of cavity resonances with RF modes. Now, more detailed
analysis is ongoing and the results will be presented in
the future.

III. MHD STABILITY
In a series of experiments in Hanbit, when the magnetic field is changed while RF input power is fixed at
150 kW, the plasma density can be sustained within the
range of 0.9 ≤ ω/Ωc0 ≤ 1.03 (Fig. 5). Outside of this
range, the plasma cannot be maintained or disrupts at
an early stage. Also, another series of experiments revealed that this operation window is sensitive to the RF
power and that plasma discharges can occur with a wider
range of the RF power for the ω/Ωc0 < 1 case [9].
Analysis of the marginally disruptive case, ω/Ωc0 =
1.03, in which the plasma disrupts at about 170 msec,
shows the interchange mode and sideband waves. A fast
Fourier transform (FFT) of the edge probe data for different time periods shows the onset of a strong MHD ac-

tivity at about 3 kHz just before and during the plasma
termination. Magnetic probe data also show the excitation of electromagnetic sideband waves. Density fluctuation signals on azimuthally distributed probe arrays show
that the fluctuation propagates azimuthally with mode
number m = −1 (ion diamagnetic direction). Also, the
density fluctuation signals measured by probes located
at different axial positions at the same azimuth show a
synchronized behavior, so that kz should be zero. This
means that this MHD activity is the interchange mode.
Since we did not make any plasma in the anchor cell
or cusp cell for these experiments, the key mechanism for
the stabilization of the plasma against this interchange
mode should be drawn from the RF force. Full wave simulation taking into account the density profile and realistic mirror field geometry showed that the ponderomotive
force destabilizes the interchange modes when ω/Ωc0 < 1
and stabilizes them when ω/Ωc0 > 1. This disagrees with
the experimental data.
We made a 4-coupled fluid-equations set describing the
low-frequency electrostatic interchange mode, plasma
fluctuations driven by RF waves, upper and lower sideband waves, and Maxwell’s equations for RF and sideband waves. The numerical results of these equations
are shown in Fig. 6 [10]. In Fig. 6, the stable regions
are above and inside the dotted line for the interchange
mode driven from the above equations, and the circles (o)
and check marks (x) represent the RF power absorbed
by stable and unstable plasmas, respectively, in the experiments. To determine the absorbed RF power Pabs in
Fig. 6, we exploited the measured plasma density profiles by using a Langmuir probe and the reflected RF
powers, Pref lect . From the density profile, we calculated
the plasma resistance Rp by using the RF wave simulation code. Finally, the absorbed power was estimated by
using the relation Pabs = [Rp /(Rp +Ra )]∗(Prf −Pref lect ),
where Prf and Ra are RF input power and antenna resistance, respectively.
The operation window deduced from the theory agrees
well with that obtained from the Hanbit experiments
[13]. Hence, the strong nonlinear wave-wave interactions
account for the interchange-stable operation window in
Hanbit.
There are several ideas applicable to Hanbit for stabi-
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Fig. 7. Electron temperature in cusp cell during cusp field
excursion for two shots, one with the ECRH kinetic stabilizer
(KS) plasma (upper) and one without it (lower).

lizing the MHD instability, aside from RF stabilization:
hot electron ring formation, divertors in the central cell,
kinetic stabilizer, a cusp-baseball coil configuration, and
line-tying plates.
D’Ippolito, et al. [14] originally proposed that the hot
electron rings or disks in the end cells of a tandem mirror could stabilize the instabilities in the central cell. In
preliminary experiments [15], we created an electron ring
with a radius ∼0.15 m in the plug cell by using electron
cyclotron resonance heating (ECRH). The value of β was
estimated by using the diamagnetic data and a very simple model, since the axial length was unknown, so that
the volume was unknown. For the case of the current in
the large plug coils, ILP = 1000 A, under the assumption
that the plasma length was 0.1 m, the value of β was 0.1
%. This very low value was a clear indication that the
available microwave power was much too low to produce
a high-β ring for plasma stabilization. Even though the β
value can be improved by optimization of ECRH in the
plug cell, it is insufficient to stabilize the plasma with
the given 2 kW of ECRH power. The plasma β increases
nonlinearly with power. It is estimated that about an
order of magnitude power increase would be needed.
R. F. Post has proposed the kinetic-stabilizer concept
to stabilize the MHD instability in a tandem mirror [16–
18]. By placing a stabilizing plasma pressure on field
lines at the end of the tandem mirror expanding in a
region of favorable curvature, the plasma in the central
cell in a region of unfavorable curvature can be stabilized. It has been suggested that the stability of the Gas
Dynamic Trap (GDT) at Novosibirsk is due to this effect [19]. The aims of this study in Hanbit are to find a
convenient way of applying the kinetic stabilizer concept
to the Hanbit mirror, to optimize the concept for Hanbit, and to evaluate the problems. This year, we tried
to make warm electron plasmas in the cusp cell. Some
preliminary results for the 1st half of this year are shown
in Fig. 7 [20].
In Fig. 7, electron-temperature data measured by
triple probe inside the cusp cell are shown as a function of time, when the currents flowing in the cusp field
coils are simultaneously ramped down from ±130 % to

-S415-

0 % during the discharge. The upper and lower lines
correspond to the cases where plasma in the cusp cell
is on and off, respectively. When the ECRH is on, the
electron temperature is as much as ∼20 − 30 eV. The
change of electron temperature with time for the ECRH
plasma on case is due to the resonance layer moving with
time. The exact time that the ECRH layer encountered
the probe tip during the ramp is estimated between 0.3
s and 0.4 s.
As another stabilizing mechanism against flute instability, we consider divertor configurations in the central
cell. The divertor is thought to be able to stabilize the
plasma by providing a region of low poloidal field at the
x-point in which the electrons can drift azimuthally [21,
22]. This high plasma conductivity causes the potential of perturbations with azimuthal number |m| > 0 to
vanish and thus short out the electric field due to the interchange instability. We have found field configurations
for an optimal divertor that can be obtained with only
small changes to the existing machine configuration. In
the 2nd half of this year, we will try this divertor stabilization.

IV. DISCHARGE ANALYSIS
In the Hanbit device, it turned out that the achievable
ion temperature is limited mainly by excessive wall recycling processes. Therefore, understanding neutral behavior and global particle balance is the first step to improving the global confinement. Due to the presence of high
energy charge-exchange atoms, a Monte-Carlo technique
is required to obtain reliable neutral distributions. Since
the measurements of ion temperature profiles are not directly available for the moment with the given diagnostic
capabilities in Hanbit, a self-consistent transport model
is developed to estimate ion temperature and analyze the
heating and transport characteristics in detail.
We consider the charge neutrality, particle and energy balance in the model, with the radial profiles of
the electron density and the temperature given by Langmuir probes, and the neutral distributions given from
DEGAS2 simulations in a mirror configuration. As a
result of this semi-empirical analysis, we can derive the
radial ion temperature profiles, the absorption power for
ions and electrons, and so on [11].
Fig. 8 shows the ion temperature profiles for the cases
of ω/Ωc0 = 1.01 (upper) and 0.97 (lower). The calculated
results for the ion temperature on the axis are about 130
eV and 220 eV for ω/Ωc0 = 1.01 and 0.97, respectively.
These values can explain the trend of the end loss analyzer (ELA) data that the ion temperature for ω/Ωc0 =
0.97 is higher than that for ω/Ωc0 = 1.01 (Fig. 9). In
Fig. 9, the measured dependence on ω/Ωc0 of the parallel ion temperature measured by an ELA located at the
end of the cusp cell is shown for the same input power,
and this is in qualitative agreement with the above sim-
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Fig. 10. Profiles of power absorbed by electrons, ions, and
plasma.

Fig. 8. Ion temperature profiles as a result of a semiempirical analysis for the cases of ω/Ωc0 = 1.01 (upper) and
0.97 (lower). Te and ne are data measured by probes.

Fig. 11. Profiles of ion temperature as P0 varies. P0 is the
neutral pressure on the chamber wall in units of 10−5 Torr.

Fig. 9. Parallel ion temperature measured by an ELA
located at the far end of the cusp cell for the cases of ω/Ωc0
= 1.01 (triangles) and 0.97 (circles).

ulation model.
As another result of the semi-empirical analysis, the
profiles of the power absorbed by electrons, ions and
plasma are shown in Fig. 10. The total absorbed power
in the plasma is the sum of the powers absorbed by electrons and ions. We consider the ω/Ωc0 = 0.97 case for
this analysis. The input RF power is 150 kW; however,
the power absorbed by the plasma is about 50 kW, which
is only a third of the input RF power. Also, Fig. 10
shows that the profile of the power absorbed by ions
peaks at the axis and the power absorbed by electrons
peaks at the edge. This is in good agreement with the
full-wave simulations of RF power deposition.
Also, the semi-empirical analysis shows that the particle balance of neutrals in the central cell is determined mainly by plasma pumping and recycling processes. Other neutral sources are negligible, due to the
high recycling coefficients of about 1.3 for a typical discharge in Hanbit.
We made a radial-transport model to simulate the dis-

charges in Hanbit. We solved the neutral continuity, ion
continuity, ion temperature evolution, and electron temperature evolution equations. Quasi-neutrality and ambipolarity conditions were considered in this simulation.
The temperature evolution equation needed the power
absorbed by ions and electrons as input, and these were
determined by the semi-empirical analysis. The fluid
simulation results agree well with those of semi-empirical
analysis and probe data [23]. The main results are shown
in Fig. 11. In Fig. 11, the ion temperature profiles are
shown with the neutral pressure on the chamber wall, P0 ,
in units of 10−5 Torr. The lower the neutral pressure,
the higher the ion temperature at the center. Fig. 11
predicts that the ion temperature at the center can be
higher than 1 keV if the neutral pressure is lower than 2
× 10−6 Torr.
We have already found in the experiment that lowpressure discharges are effective in enhancing the ion
temperature. If we reduce the number of gas puffing
pulses for stable discharges, the ELA data show higher
parallel ion temperatures [12].
To reduce the neutral pressure during discharges, we
have tried to reduce gas puffing for the discharges with
the help of pre-ionization. We have steadily developed
pre-ionization devices [24]. From this year, we have begun to bake the chamber walls and to clean the walls
regularly by using RF discharges before the main experiments. Also, we improved the gas-puffing system. With
these efforts, the neutral pressure during discharges was
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lowered to about 2 × 10−6 Torr in the 1st half of this
year. By the simulation result (Fig. 11), the ion temperature in the center may be about 1 keV.
[3]

V. SUMMARY
Hanbit experiments show a density jump near ω ∼ Ωc0
with magnetic field variation because the slow wave is
better for launching and propagation. We also found a
stepwise behavior in plasma density when the RF power
was linearly varied. Cavity resonances can explain this.
We have developed series of 2-D heating codes and can
explain the above phenomena by using these heating
codes with transport simulation codes.
We found an interchange-stable operation window in
magnetic field at around ω ∼ Ωc0 . The interchange mode
can be stabilized with the RF waves and the strong nonlinear wave-wave interactions may be the key mechanism.
We have tried to stabilize the plasma by various methods, including a hot electron ring and the kinetic stabilizer. This year we obtained preliminary results from the
kinetic stabilizer. We will try the kinetic stabilizer and
divertor stabilization in the 2nd half of this year.
A heuristic plasma model based on DEGAS2 and 1-D
plasma transport was developed, and this reproduces the
experimental data quite reliably. The ion temperature is
limited mainly by a high wall recycling rate due to the
presence of fast neutrals from excessive charge-exchange
processes. We have tried to reduce the neutral pressure
during the discharge to increase the ion temperature. In
the 1st half of this year, we reduced it to about 2 × 10−6
Torr, at which the ion temperature may be ∼ 1 keV, as
expected by the simulation. In the 2nd half of this year,
we will try to measure the ion temperature directly.
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