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Experimental and theoretical studies are made of the consequences of a nonlinear coupling process
between pump rf waves and interchange modes in mirror plasmas. It is demonstrated that the interchange-
stable operation window exists depending on the applied rf power and � � !0=�i, where !0 (�i) is the
angular frequency of the applied rf wave (ion cyclotron frequency). Results are shown that the nonlinear
wave coupling process gives rise to the operation window near the resonance (� ’ 1), which is elucidated
by theoretical analyses combined with full rf wave simulations.
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The study of nonlinear interactions between applied rf
waves and collective modes of a magnetically confined
plasma is a subject of not only theoretical but also practical
importance in plasma physics since most magnetic con-
finement devices employ high power rf waves for the
purposes of plasma production and heating. An outstand-
ing example of such a nonlinear interaction is the (de)sta-
bilization of interchange modes in magnetic mirror
plasmas by the rf waves in the ranges of ion cyclotron
frequency [1–12].

It has been reported that rf waves influence the inter-
change stability in mirror plasmas by the generation of a
radial equilibrium ponderomotive force (EPF) [1–7] and
the nonlinear sideband wave coupling (SBC) process [8,9].
The radial amplitude gradient of the rf wave generates the
EPF, which is negative or positive depending on the sign of
the gradient and the ratio � � !0=�i, where !0 is the
angular frequency of the rf wave and �i is the ion cyclo-
tron frequency. If the direction of the EPF is radially out-
ward, the EPF causes destabilizing influences on the
interchange modes while the opposite gives rise to stabi-
lizing effects on them. The physical mechanism of the SBC
is analogous to the nonlinear parametric process [13]. The
nonlinear coupling between the interchange mode and the
pump rf wave generates sideband waves with wave vectors
k� � k0 � k and frequencies !� � !0 �!. Here, k
and ! denote the wave vector and the frequency of the
interchange mode involved, respectively, and k0 is the
wave vector of the rf wave. Then, the nonlinear beating
of the rf wave with the sideband waves produces a low
frequency ponderomotive force, affecting the interchange
stability [9]. Since both effects will be concomitant in a
single plasma discharge, it is of importance to keep both
for the interpretation of experimental results [10–12].

Most of the previous experimental [1–5] and theoretical
[6,7] studies have attributed the observed enhancement of
the stability to the rf-generated EPF. The efficacy of the
SBC process on the interchange stability has been regarded
to be weak or negligible [12]. In this Letter, we report the
first experimental observations of the stability enhance-
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ment due to the nonlinear rf-interchange mode interaction
in the HANBIT mirror device [14]. A theory combined
with full rf wave simulations successfully reproduces the
feature of HANBIT experiments, as will be shown shortly.

The HANBIT device is a magnetic mirror machine,
consisting of a central cell, an anchor cell, a plug cell, a
fan-out tank, and a cusp tank [14]. The axial length and the
plasma radius of the central cell are 420 and 16 cm,
respectively. The rf antenna is located at �r; z� �
�20:0; 45:0� in the central cell, where r and z represent
the radial and axial positions in cm units, respectively. The
current path and the resulting rf-plasma coupling of the
antenna are similar to those of Nagoya Type-III antenna
[15]. The rf frequency is normally fixed at 3:5 MHz. The
neutral pressure in the central cell is �1:0� 10�2 mtorr,
making the effects of ion-neutral collisions on interchange
modes non-negligible (	in � 10 kHz). Two gas boxes that
are located at z � �100 provide the hydrogen fuel gas
puffing for the plasma production.

In normal HANBIT discharges, we have observed the
operation window within which a plasma discharge is
carried out successfully, in a reproducible manner. A suc-
cessful plasma discharge is obtained with a good line
density behavior when discharge conditions are within
the operation window, whereas the discharge is brought
to an end by either plasma production failure or discharge
termination when the conditions are outside of it. The
operation window has been found to be sensitive to the
applied rf power and the value � � !0=�i with a prefer-
ence to � & 1. An increase of rf power generally results in
an expansion of the operation window into the � > 1
region while the decrease of it brings about the reduction
of the operation window. It had been conjectured that the
existence of the operation window was due to the rf con-
tribution to the interchange stability. In the experiments
reported here, we operated the device in a simple mirror
geometry. Then, it is expected that the interchange stability
is governed solely by rf characteristics and the confining
magnetic fields.
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Probe systems in the device were utilized as main diag-
nostic tools in the experiments. Two fixed edge probe
arrays along the axial direction are used to measure the
azimuthal and parallel characteristics of density fluctua-
tions with a 800 KHz sampling rate. The first array (array I)
is located at �r; z� � �8:0; 204:8�, and the other one
(array IV) is placed at �r; z� � �16:0;�99:9�. Each array
consists of eight single probe tips (every �=4 in the azimu-
thal direction). The radial electron temperature and density
profiles of the central cell plasma are measured by a
movable triple Langmuir probe, which is placed at the
midplane. The profile measurements were carried out on
a shot by shot basis. Thus, a careful aftershot analysis has
been performed to ensure the identity of each experiment.
A magnetic probe array, which is located at �r; z� �
�17:8; 80:2�, consists of four pickup coils. It measures the
azimuthal characteristics of fluctuating magnetic fields
with a 10 MHz sampling rate.

Power excursion and modulation experiments were em-
ployed for the present study. Figure 1(a) shows the time
traces of Prf and line averaged densities for three � values
(� � 0:99, 1.01, 1.03) during the power excursion experi-
ments. The rf power is increased to 200 kW for 20 msec,
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FIG. 1. (a) Evolution of applied rf power and line averaged
plasma densities for three values of � � !0=�i (� � 1:03, 1.01,
and 0.99) in power excursion experiments. A slight change of �
leads to a marked variation of the discharge termination time.
(b) Fast Fourier transform of an edge probe data in different time
intervals (� � 1:01). A strong and coherent mode activity cen-
tered at �3 kHz manifests itself from t� 133 msec.
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remained flattop for 80 msec, and ramped down to zero
with the power variation rate dPrf=dt � �1 kW=msec.
During the power excursion period, the plasma passes
through the operation window, leading to the discharge
termination when Prf is below a threshold value, as shown
in Fig. 1(a). When � is slightly larger than 1, the threshold
power increases, resulting in the earlier discharge termi-
nation. Hence, the plasma is more vulnerable to the dis-
charge termination when � * 1, which confirms the
empirical observations in normal discharges. Note that a
slight change of � leads to the marked variation of the
discharge termination time indicating the sensitivity of the
operation window to Prf and �. The density profile
changed little and showed a relatively peaked shape during
the power excursion period. Fast Fourier transforms of
edge probe data were carried out at different time intervals
in order to find the onset time of the plasma termination
procedure and the corresponding threshold rf power. The
results of the analysis when � � 1:01 are shown in
Fig. 1(b). A strong and coherent fluctuation centered at
�3 kHz begins to develop from t � 133 msec (Prf �
167 kW). The plasma density begins to collapse
�70 msec after the onset of the edge fluctuation. The
fluctuation duration preceding the plasma termination
shortens as � increases.

Figure 2(a) shows the density fluctuations measured by
two probes at the same field line along the axial direction.
The measured value of kk for the fluctuation is almost zero,
indicating that it is a flute mode. The mode rotates with
�3 kHz in the ion diamagnetic direction (m � �1), as
shown in Fig. 2(b) where the edge plasma densities mea-
sured by four probes in array IVare plotted. Thus, the mode
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FIG. 2. Edge density fluctuations measured by (a) two probes
in the same field line along the axial direction representing a
flute mode structure, and (b) four probes in array IV showing
m � �1 mode structure of the fluctuation. (c) Fluctuating mag-
netic field measured by a pickup coil showing a strong modu-
lation of the rf wave with the interchange mode. (d) Fast Fourier
transform of the magnetic probe data given in (c).

5-2



PRL 95, 035005 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
15 JULY 2005
is identified as the m � �1 interchange mode. This low
frequency m � �1 interchange mode was observed for
almost all the discharges ending up with a plasma termi-
nation, including those given in Fig. 2(a). A similar behav-
ior of the plasma when interchange modes are destabilized
has also been reported in the GAMMA 10 tandem mirror
when the anchor plasma beta was not sufficient to stabilize
the interchange mode in the central cell plasma [16]. A
strong modulation of the rf wave with the interchange
mode, and the resulting deformation of the wave envelope,
was observed as shown in Fig. 2(c), indicating the outset of
a strong nonlinear interaction between involved waves.
Figure 2(d) represents the fast Fourier transform of the
magnetic probe data, showing strong peaks at sideband
frequencies !0 �! as well as at !0. The Fourier ampli-
tude of the lower sideband wave is usually stronger than
that of the higher one.

The change in density fluctuations when the plasma
undergoes stability transition could be seen clearly in
power modulation experiments given in Fig. 3(a). As the
power increases abruptly at time t � 130 msec, the plasma
is stabilized and the density fluctuations disappear above a
threshold rf power, as can be seen in Fig. 3(b). The thresh-
old rf power is approximately �170 kW, which agrees
well with that of the power excursion experiment.
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FIG. 3. (a) Evolution of applied rf power and line averaged
plasma density in a power modulation experiment (� � 1:01).
(b) Changes in density fluctuations during the power transition
period. The strong fluctuations corresponding to the interchange
mode disappear as the rf power increases.
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A preliminary analysis of the rf-interchange mode inter-
action in HANBIT plasmas was carried out in Ref. [17]
based on a dissipative two-fluid cold plasma theory com-
bined with Maxwell equations [17]. Following Ref. [17],
the dispersion relation for the interchange mode with wave
number k and frequency ! is given by

!2 
 ���� 1�!gi 
 i	i�!
 �2
G � �2

rf ; (1)

where � � Te=Ti, !gi � �kgi=mi�i with gi simulating
the centrifugal force originating from field line curvature,
	i is the ion-neutral collision frequency, �2

G � �kn=k��
��
 1�!gi�i, whose square root yields the growth rate of
the interchange mode, and knr̂  rn0=n0. The �rf in
Eq. (1) represents rf effects on the interchange mode.
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rf � �2
SB 
 �2

PM,
where

�2
W �

kne
2

m2
i

X3

j�1

X

�

!2
p�

!2
pi

�
��!0 
 �j���K

W
1j 
 i	�K

W
2j�

!0��!0 
 �j���
2 
 	2

��
jEj

!0 j
2 (2)

with W � SB or PM denoting the contribution from the
SBC or the EPF, respectively. In Eq. (2), the !p� is the
plasma frequency of the species �, ��1;2;3� � ��1; 1; 0�,
and Ej

!0 is the rf electric field for the jth component. The
complication in Eq. (2) comes from the KW

j terms, the
expressions of which are referred to in Ref. [17].

In the preliminary analysis, the experimental feature of
the interchange-stable operation window as a function of
Prf and � with a preference to � & 1 was reproduced using
a model rf field profile. In order to be more relevant to
experiments, however, the rf field profiles should be mea-
sured or evaluated using measured plasma parameters.
Thus, we combined the theory with a full rf wave simula-
tion code. The exploitation of the full rf wave simulations
makes it possible to incorporate the realistic antenna ge-
ometry, the axial inhomogeneity of the confining magnetic
fields, the effects of nearby conducting structures such as
limiters, and the inhomogeneity of density profiles in both
axial and radial directions. After confirming that the code
satisfies the self-consistent energy conservation law, it was
successfully benchmarked with the measured radial rf field
profile at an axial position.

The stability analysis is performed by the following
procedure. First, we compute radial and axial rf field
profiles using measured plasma parameters. Second, the
rf fields are decomposed into Fourier components to obtain
a k0k spectrum. The evaluation of k0r is followed by
accounting the phase differences between adjacent radial
points. We assume that each k0 component independently
contributes to Eq. (2). Finally, we perform the field line and
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FIG. 4. Comparisons of theoretical predictions and experimen-
tal observations when Prf is (a) 100 and (b) 150 kW, respec-
tively. The threshold power was calculated using measured
plasma densities and full rf simulations. (c) Field line averaged
ratio of SBC to EPF, hj�2

SBj=j�
2
PMji as a function of r. Two stable

discharges (� � 0:99) with Prf � 100 (diamond) and 150 (tri-
angle) kW have been used. The SBC is dominant over the EPF
for all the ranges of radius.
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radial averages of the dispersion relation to evaluate the
growth rate of the interchange mode.

Comparisons of theoretical predictions and experimen-
tal observations are plotted in Figs. 4(a) and 4(b) when
Prf � 100 and 150 kW, respectively. In Fig. 4, circles
denote stable discharges while ‘‘�’’ marks stand for un-
stable ones. The uncertainty of the absorbed rf power was
accounted for by error bars in Figs. 4(a) and 4(b) from the
measurements of reflected rf power. The threshold values
of absorbed rf power were calculated by taking measured
plasma densities at different �. As can be seen in Fig. 4, the
theory predicts the experimental results with a good pre-
cision. The operation window deduced from the theory
agrees well with that obtained from HANBIT experiments.
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The field line averaged ratio of SBC to EPF, hj�2
SBj=j�

2
PMji

as a function of radial position is presented in Fig. 4(c). The
SBC term is dominant over the EPF term for almost all the
ranges of r, indicating that the SBC process is responsible
for the observed rf-interchange mode interactions. Hence,
the existence of the operation window observed in
HANBIT experiments accounts for the stabilization of
the interchange mode due to the nonlinear SBC process.
The nonlinear SBC process is of significance to the inter-
change stability near the resonance even in the presence of
a strong dissipative process such as neutral collisions.

In conclusion, we observed the interchange-stable op-
eration window in a mirror plasma due to a strong non-
linear wave-wave interaction between the pump rf wave
and the interchange mode. Application of a dissipative
two-fluid theory combined with full rf simulations revealed
the observed feature of the operation window with its
sensitivity to the applied rf power and � � !0=�i.
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