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Abstract. A magnetized, low-β plasma in pure toroidal configuration is formed and extensively studied with ion mass as control parameter. Xenon, krypton and argon plasmas
are formed at a fixed toroidal magnetic field of 0.024 T, with a peak density of ∼1011
cm−3 , ∼4 × 1010 cm −3 and ∼2 × 1010 cm −3 respectively. The experimental investigation of time-averaged plasma parameter reveals that their profiles remain insensitive to
ion mass and suggests that saturated slab equilibrium is obtained. Low-frequency (LF)
coherent fluctuations (ω < ωci ) are observed and identified as flute modes. Here ωci represents ion cyclotron frequency. Our results indicate that these modes get reduced with
ion mass. The frequency of the fluctuating mode decreases with increase in the ion mass.
Further, an attempt has been made to discuss the theory of flute modes to understand
the relevance of some of our experimental observations.
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1. Introduction
The study of low-frequency (ω < ωci , where ωci is ion-gyrofrequency) fluctuations
in plasma is relevant in many respects to controlled fusion research. It is generally
believed that these fluctuations could be related to anomalous heat and particle
transport found in many plasma experiments and governs the plasma equilibrium
and confinement. Pure toroidal plasma offers a unique possibility to experimentally explore magnetic plasma equilibrium, confinement and study of low-frequency
(LF) magnetohydrodynamic (MHD) fluctuations in a much controlled manner [1–
4]. It offers an opportunity to study an additional class of low-frequency curvatureinduced instabilities, apart from gradient-driven instabilities and their routes to
turbulence, which governs the formation of stationary plasma profiles. Several such
devices exist across the globe and have provided immense wealth of interesting experimental findings. A series of experiments [5–10] on the study of low-frequency
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(LF) instabilities have been conducted in the toroidal device, BETA (basic experiment in toroidal assembly) [4]. During these experiments, it has been shown that
magnetized low-β plasma embedded in a pure toroidal magnetic field is subjected
to different classes of instabilities, depending on the plasma parameters. Here β is
the ratio of kinetic pressure to magnetic pressure. The LF Rayleigh–Taylor (R–T)
instability has been observed and identified in our machine.
In BETA device, electrons are emitted and accelerated radially from a hot filament, which is negatively biased, to form the plasma. As a result, a radial discharge
~ This radial electric field along
current flows and hence a radial electric field (E).
~
~ ×B
~ flow and the plasma flow
with toroidal magnetic field (B) produces poloidal E
~ ×B
~ flow. Further, the curvature and
along potential contours due to stationary E
∇B drift produce polarization charges and hence gives rise to a vertical electric
field. The vertical current (~Jy ) due to this vertical electric field and toroidal mag~ horizontal convection, which tends to throw the
netic field gives rise to ~Jy × B
plasma horizontally out. The combination of the plasma flow along the potential
contours and horizontally outward convection of the plasma give rise to stationary
plasma profiles.
The real challenge lies in removing the excess polarization charges in a controlled
manner and thereby control the horizontal convection of the plasma and LF fluctuations. Since the perpendicular conductivity, σ⊥ (=mi nνin /B 2 ), depends on ion
mass (mi ) and ion-neutral collision frequency (νin ), the horizontal ion current would
change with varying ion mass. Here symbols B and n represent toroidal magnetic
field and plasma density. Further, it would also affect the vertical electron current.
This would affect the transport of the plasma and hence low-frequency fluctuations
would also get modified. This gives the motivation to carry out a novel experiment
using ion mass as a control parameter, keeping toroidal magnetic field fixed.
The idea presented in this paper revolves around the fact that radial or horizontal
ion current increases with ion mass, which would increase vertical current and hence
the charge removal process would be enhanced. This would increase the horizontal
convection of the plasma. With this idea, experiments have been performed in
BETA device using gases having different ion masses, viz., argon, krypton and
xenon gases and the results obtained from the experimental campaign are reported
in this paper. Horizontal profile of density and floating potential at the equatorial
plane is measured. Fluctuating component of density and floating potential are
measured horizontally. Frequency of the fluctuating modes in toroidal plasma with
variation in ion mass is also presented. In §2, details of experimental set-up and
methods are given. Experimental results and discussions are given in §3. In §4,
theoretical aspects of low-frequency fluctuations are presented to understand the
relevance of some of our observations followed by conclusions, which are drawn in
the last section.
2. Experimental set-up and methods
Studies of low-frequency instabilities using different ion mass gas have been conducted in the toroidal device BETA. The device, shown schematically in figure 1,
is described in detail elsewhere [4]. The BETA vacuum vessel has a major radius
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Figure 1. A schematic of BETA device is shown highlighting the multiprobe
system used for diagnostics. An array of probes is mounted in vertical direction, separated by 1 cm with probe tips oriented in horizontal direction.
The multiprobe system is moved in horizontal direction, every 2 cm, to make
measurements in entire poloidal plane.

of 45 cm and a minor radius of 15 cm. A quasi-steady toroidal magnetic field of up
to 0.1 T is produced for 1.2 s duration. The error vertical magnetic field estimated
in our experimental set-up is around 3 × 10−4 T at a toroidal magnetic field of
0.024 T, when no vertical magnetic field is applied [10]. The hot cathode discharge
method is used to produce the plasma in the BETA machine. A tungsten wire of
2 mm diameter is placed vertically at the minor axis position (x = 0) and heated
by passing current through it. The filament current (~Jfil ) interacts with toroidal
~ force, which bends the filmagnetic field and produces a radially inward ~Jfil × B
ament inward and shifts the radial location of the filament [3]. Electrons emitted
by the filament are accelerated to high energies by applying a discharge voltage of
110 V between the filament and the grounded vessel. The discharge current in all
the discharges is kept constant at 1 A. These accelerated electrons ionize the gas
and form plasma. Since the magnetic field lines are pure toroidal (curved), charge
separation occurs due to curvature and ∇B drift, which in turn sets up a vertical
electric field. This vertical electric field is short circuited by a conducting circular
grounded limiter of diameter 18 cm so as to keep plasma in equilibrium. A detail
of the maintenance of equilibrium of plasma by a conducting limiter is described
in [11]. A similar technique of plasma production and equilibrium has been used
in a few other BETA-like devices such as ACT-1 (advanced concept torus 1) [1]
and Blaamann [3]. Plasma is formed with argon, krypton and xenon gases. The
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vessel is evacuated to a base pressure of 8 × 10−4 Pa. Plasma is produced at a
working pressure of 1.33 × 10−2 Pa. Equilibrium density and floating potential of
the plasma are measured. A horizontally movable cylindrical Langmuir multiprobe
system of 0.5 mm diameter is used to measure the equilibrium plasma density and
floating potential in the poloidal plane at different vertical and horizontal locations.
Several Langmuir probes are mounted vertically (with their tips oriented in horizontal direction), each separated by 1 cm, to measure the plasma parameter in
the vertical direction at a fixed radial location. The same probe system is moved
horizontally in steps of 2 cm and vertical measurements are repeated. A schematic
of the multiprobe system is shown in figure 1. Fluctuating components of density
and floating potential have also been measured at these locations using two adjacent probes simultaneously. The data are analysed using a standard fast Fourier
transform technique (FFT) [12] to obtain the power, phase and coherence spectrum
of the fluctuations. Other details of the experimental measurement techniques and
data analysis are similar to those reported earlier [13].
3. Experimental results and discussions
This section is divided into two subsections. The first subsection describes time
average profiles of plasma parameters whereas the second subsection describes the
fluctuating components of the plasma parameters.
3.1 Time average measurements
During the experiment, the toroidal magnetic field (Bt ) is maintained at 0.024 T.
Argon, krypton and xenon plasmas are formed at this magnetic field, keeping all
other operating parameters same. Figure 2 shows typical contours of the timeaveraged plasma density and potential for argon gas in the poloidal cross-section
of the device. The results indicate that plasma density is formed with slab equilibrium. The density peaks near the filament locations and extends vertically in
the poloidal cross-section. The potential profile also exhibits similar nature. A Vshaped contour extends horizontally, with minima lying along the filament location
and extending beyond the end of filament. The measurement of horizontal profile
of plasma density at the equatorial plane (z = 0) shows that plasma is formed with
a peak electron density of ∼1011 cm−3 , ∼4 × 1010 cm −3 and ∼2 × 1010 cm −3 ,
for xenon, krypton and argon plasma respectively. The typical horizontal profile
of the density for different ion mass plasmas (argon, krypton and xenon), at the
equatorial plane is shown in figure 3.
The horizontal profile of argon density (figure 3a) shows that the density peaks
near filament location and its profile is asymmetric around the filament location.
The density rises more steeply in good curvature region (near the filament) whereas
it gradually falls in bad curvature region. The good (bad) curvature region implies
plasma region where density gradient is parallel (anti-parallel) to effective gravity
simulated by the curved magnetic field lines. In other words, the plasma region
inside the density peak is referred as good curvature region or high field side (HFS)
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Figure 2. Time-averaged plasma density and potential, in a poloidal cross–
section for B = 0.024 T are shown. The plasma density contour showing slab
nature of the profile is shown on the top whereas plasma potential is shown
on the bottom.

whereas plasma region outside the density peak is referred as bad curvature region
or low field side (LFS). The density profiles of krypton and xenon plasmas also
exhibit similar behaviour (figures 3b and c). The horizontal profile of argon, krypton
and xenon potentials (figures 3d–f) also shows minima near the filament location,
where density peaks.
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Figure 3. Horizontal profile of plasma density and floating potential for
argon, krypton and xenon plasmas, at a toroidal magnetic field of 0.024 T.
Profiles are measured at the equatorial plane (z = 0). A fit of the density
profile by an exponential in the bad curvature region or LFS is also shown
with red line. The scale length calculated from the exponential fit is shown in
the figure and remains nearly the same irrespective of the ion mass.

The density profile is fitted by an exponential in the unstable region (bad curvature region) and an estimate of its scale length is made. The calculated scale length
using exponential fit is ∼6 cm and is shown in figures 3a–c for all the three plasmas.
Our analysis shows that it nearly remains constant and shows no dependence on
ion mass.
The typical profile of floating potential of the different plasmas in the equatorial
plane is shown in figures 3d–f. It is observed that the floating potential (φf ) exhibits
a V-shaped profile. The minimum of the floating potential (φar
f ) is ∼−50 V for argon
plasma and the potential at the inner edge is ∼−25 V. For krypton, the potential
minimum increases to ∼−42 V, but the inner edge potential remains roughly the
same. For xenon, the minimum potential increases further to ∼−35 V. A substantial
change is observed in the inner edge where potential changes from −25 V to −5 V.
The horizontal profile of density scale length and electric field provides a good
understanding of the plasma equilibrium and may be calculated by taking the
derivatives of the measured density and potential profile. In BETA, electron
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temperature is small and variation is not too large. This is evident from ref. [14]
where temperature profile shows almost a flat profile around ∼4 eV (having an error
bar of ±1 eV) with a small variation of about 1 eV in the horizontal direction. So,
under the assumption that the plasma potential differs from the floating potential
by a constant value, the electric field profile, obtained from the profile of plasma
potential will be the same as that obtained from the floating potential profile. As
the horizontal measurements in our experiments have a resolution of 2 cm, we have
calculated the derivative of the interpolating polynomial fitted to the experimental
data points. The density and potential data are interpolated at every 0.1 cm. That
the representation is appropriate, is evident from the fact that density scale length
is infinite at the density maximum (figure 4). Similarly, the zero electric field at the
potential minima is also reproduced with fitted data (figure 4). The scale length of
density obtained from its profile for various plasmas differs significantly with their
location on the good (HFS) or bad (LFS) curvature region. Figure 4a shows the
profile of density scale length for argon plasma. The density gradient is high (small
scale length) close to the filament where density peaks. The steep gradient on the
inside is very important since it indicates poor anomalous transport. Then there
is a region where plasma density is very low and of course the scale length is high
(from 2 cm to 25 cm over 8 cm horizontal distance). The region outside the density
peak (bad curvature region or LFS) shows moderate scale length (5 cm to 10 cm
over 10 cm of horizontal distance). Similar behaviours are observed for other two
gases (figures 4b and c). A strong dependence is observed between the density scale
length and density fluctuations. The gradual increase in density scale length goes
hand-in-hand with fluctuations in the bad curvature region or LFS.
In the region away from the filament location that accounts for the thermal
particles, the electric field estimated from the floating potential profile for argon,
krypton and xenon plasmas remains around 1–2 V/cm (figures 4d–f). The electric
field decreases with ion mass. Large electric field around filament region contains
hot electrons and may be neglected.
It is interesting to observe that though the density increases with mass, its profile
remains insensitive to ion mass. The profiles of time-averaged normalized density
fluctuations (figure 3) and density scale length (figures 4a–c) for all the three gases
are nearly the same. The profile of electric field (figures 4d–f) also remains nearly
constant and insensitive to ion mass. Thus our results indicate that profiles are
invariant and remains unaffected to increasing ion mass.
3.2 Fluctuation measurements
The horizontal profile of time-averaged root mean square of normalized density
fluctuations for argon plasma is shown in figure 5. Our measurement shows that in
the low field side (LFS), the fluctuation levels increase linearly with radial position.
The profile shows the presence of fluctuations in the good curvature region (HFS)
as well. Measurements also reveal that in the steep gradient region (r ∼ −3 cm for
Ar), the horizontal fluctuation profile peaks.
With increase in ion mass (krypton plasma), we observe that fluctuation levels
increase in LFS. With further increase in ion mass (xenon plasma) fluctuation levels
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Figure 4. The horizontal profile of absolute density scale length (Ln =
(d(ln ne )/dx)−1 ) and electric field for argon, krypton and xenon plasmas, at
a toroidal magnetic field of 0.024 T. The derivative of density and potential is
obtained from the interpolating polynomial (at every 0.1 cm resolution) fitted
to the experimental data. The measurements are made at the equatorial plane
(z = 0).

gets decreased. (Even if we make correction for the xenon plasma shift by 2 cm,
so that peak of the density for all the plasma coincides at a fixed horizontal position, the xenon fluctuation profile reduces to a level comparable to those of argon
plasma (see dashed line profile in figure 5 for easy comparison).) The inconsistent
observations obtained from time-averaged fluctuation data demand the spectrum
analysis of the fluctuation data and is presented below.
The measurement of the fluctuating component of density and floating potential
shows the presence of LF, electrostatic coherent modes. Data are obtained from
two probes separated by 1 cm (vertically) in the poloidal plane. The analysis of
the power spectrum of the density and potential fluctuations yields valuable information on the behaviour of fluctuations and onset of turbulence. Typical power
spectra on the bad curvature region (r = +8 cm) for the three gases are shown in
figure 6. The power spectrum of the fluctuations for argon gas suggests the presence
of a coherent peak at ∼4 kHz (figure 6a). Ideally, for pure flute (drift) modes, the
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Figure 5. The horizontal profile of root mean square of normalized density
fluctuations for argon, krypton and xenon plasmas is shown. The plot also
shows the shifted profile of fluctuations for xenon plasma by dashed line after
correction for the horizontal shift of plasma by 2 cm.

density and potential fluctuations are out of (in) phase and should be 180◦ (0◦ ).
This measurement technique is normally employed to identify modes present in the
system [4]. However, the toroidal device supports mixed modes (drift modes along
with flute modes) and ideal phase difference between these two quantities (density
and potential) is rarely observed. The phase difference between the density and potential fluctuations at the frequency of our interest is ∼100◦ , i.e. the fluctuations are
not in-phase, which suggest that dominant modes are of flute-type. In BETA, the
instability mechanism behind the generation of electrostatic flute-type fluctuations
has been identified as R–T instability [15]. The same probes (separated in poloidal
plane) are also used to measure the ky (wavenumber in the vertical direction). In
this case both the probes measure the potential measurements simultaneously and
their phase difference has revealed ky ∼ 0.2 cm−1 for argon plasma. Similar results
have been reported in ref. [9]. The same technique may also be used to measure
kk by placing two probes separated in the toroidal direction. Earlier measurements
[9], employing the above technique, suggest that parallel wavelength measured is
larger than the system length. With perfect toroidal magnetic field geometry, a
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Figure 6. The cross power spectrum of density and potential fluctuations
on the bad curvature region (x = +8 cm, z = 0) are shown for argon, krypton
and xenon gas. The phase and coherence for the fluctuations are also shown.

reasonable estimate (λk ∼ 2πR) gives kk ∼ 0.02 cm−1 which is 10 times smaller
than ky . The open field lines would further lower its value.
With increase in mass (krypton case), the power spectrum of the fluctuations
suggests the presence of a satellite peak along with the main coherent peak. Both
the peaks have reduced power. The frequency of the first coherent peak shifts to
lower value (∼3 kHz) and is broad whereas the satellite peak is centred around
∼6 kHz (figure 6b). The flute nature of the fluctuations remains intact (figure 6e).
With further increase in mass (xenon case), the main peak reduces further in power,
becomes narrower and shifts to a lower frequency value (∼2 kHz). The power in
the satellite peak shows no substantial change but shifts to a lower frequency value
(figure 6c). The flute nature of the fluctuations is retained. These results indicate
that with increase in mass, the power in the main coherent peak decreases and
its frequency shifts to a lower value. This phenomenon is accompanied by the
appearance of a satellite peak at second harmonic frequency and is more than the
1082
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Figure 7. Plot of frequency of the fluctuating mode (solid line) and ion cyclotron frequency (dotted line) for argon, krypton and xenon plasmas with
respect to the toroidal magnetic field is shown. The plot indicates that fluctuating frequency is always less than ion cyclotron frequency.

ion cyclotron frequency, which cannot be attributed to R–T modes. It appears that
as RT modes are reduced with ion mass, another mode gets excited and a strong
coupling is observed between the two modes. Identification of this mode is beyond
the scope of this work and would be dealt with separately in future experimental
campaign.
BETA being a toroidal device exhibits gradient in toroidal magnetic field in horizontal direction. The strength of the toroidal magnetic field varies inversely with
the major radius. We calculated the magnetic field at different horizontal locations
and measured the frequency of the fluctuating mode at that horizontal position.
The variation of the frequency of the coherent fluctuating modes with magnetic field
for different ion mass plasmas is shown in figure 7. Our measurement reveals that
the frequency of the fluctuating component decreases with increase in ion mass.
At lower magnetic field, the frequency of the fluctuating component shows a weak
dependence on the strength of the magnetic field but reaches a saturation value
at higher toroidal magnetic field. It would be interesting to get some information
about the role of the ion cyclotron frequency in this system as ion mass is increased
to give evidence for drift effects. The ion cyclotron frequency is also shown in
the same graph for different gases and is observed to be well above the observed
fluctuating frequency.
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Figure 8. The real part of the frequency as obtained from the dispersion relation is plotted with ion mass. The solid line, dashed line and the dot–dashed
line correspond to ηe value of 0, 0.25 and 0.5 respectively. The experimentally observed frequency of the fluctuating mode for argon, krypton and xenon
plasmas at a horizontal location of x = +6 cm is also shown.

4. Theoretical aspects
To understand some of our experimental findings, it is worth considering theoretical
aspects of low-frequency fluctuations.
The local linear dispersion relation for low-frequency RT mode [16,17], which has
been identified in our system, may be written as follows:
µ
¶
Ti
Ti
ω2
2
(1)
ω̄ 2 − εn −
ω∗e ω̄ − εn ω∗e
+ εn (1 + ηe − εn ) 2∗e2 = 0.
Te
Te
ky as
Here, ω̄ = ω − ky VE is the Doppler shifted frequency, ω∗e = ky V∗e is the electron
~ ×B
~ drift velocity. as = cs /Ωi is
diamagnetic drift frequency, VE = cE/B, is the E
p
the ion Larmour radius at electron temperature, cs = Te /mi is the ion acoustic
speed, Ωi = eB/mi c is the ion cyclotron frequency, εn = 2Ln /R, and ηe = Ln /LTe .
Here Ln = |(−d ln n/dx)−1 |, LTe = |(−d ln Te /dx)−1 |, R, B, E, n, Te , Ti , mi , e, c
and ky represent the density scale length, electron temperature scale length, major
radius of the device, toroidal magnetic field, electric field, plasma density, electron
temperature, ion temperature, ion mass, electronic charge, speed of light in vacuum
and wavenumber in y-direction respectively. All other symbols have their usual
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meaning. It is worth mentioning that the plasma is far from fully ionized state and
the neutral collisions help in removing excess electrons from the filament region.
However, when compared with time-scales of ion gyrofrequency, it may be neglected
as νin /Ωi ¿ 1.
The Doppler shifted real frequency is given as
µ
¶
1
Ti
ω̄r =
εn −
ω∗e ,
(2)
2
Te
where ω̄r = ωr − ky VE is the Doppler-shifted frequency. The growth rate of the
mode is
"
µ
¶2 #1/2
εn (1 + ηe − εn ) 1
Ti
εn +
ω∗e .
(3)
γ=
−
ky2 a2s
4
Te
Equation (3) indicates that only the wavelengths longer than critical wavelength,
λc , and εn < 1 are unstable ones. Here,
³
´
πas εn + TTei
λc =
.
(4)
(εn (1 + ηe − εn ))1/2
The term, εn , is an important parameter and arises from inhomogeneous magnetic
field (gradient in magnetic field along horizontal direction) and pressure gradient
term. It also represents the free energy source term for RT instability. The maximum growth rate (γmax ) may be obtained from eq. (3) and is given by
p
γmax ∼ (Cs /Ln )ε1/2
2/RLn .
(5)
n = Cs
It is well-known that when growth rate is high, higher fluctuation level is expected
from simple mixing length theory. Thus, the fluctuations observed in BETA device
could be represented as a measure of growth rate of the instabilities present in
the device. The above two relations (eqs (4) and (5)) clearly show that critical
wavelength and maximum growth depend on ion mass. As mentioned earlier, for
argon plasma, the measured ky ∼ 0.2 cm−1 (corresponding to λy ∼ 31 cm) is
well below the calculated critical wavenumber, kyc ∼ 1.8 cm−1 (corresponding to
λcy ∼ 3.5 cm). Unfortunately, data for krypton and xenon plasmas are not available
and may be established in future experimental campaign. Further, the maximum
growth rate for R–T modes decreases with ion mass and qualitatively supports our
experimental observations that fluctuations get suppressed with ion mass. Using
the limiting value of ky , computed from critical wavenumber relation (eq. (4)),
the real frequency is obtained from the local dispersion relation for RT mode from
eq. (2). The real frequency, as obtained from the local dispersion relation for RT
mode is plotted in figure 8 for our experimental parameters. The results remain
insensitive to ion temperature variation (from 0.1 to 0.5 eV). However, since there
exist some uncertainties in estimating the value of ηe experimentally we have shown
the dependence of real frequency for different values of ηe . The same graph also
shows the measured frequency of the fluctuations with ion mass at a horizontal
location of +6 cm. We observe a reasonable agreement between the theoretical
predictions and our experimental result for lower values of ηe which seems logical,
as temperature profile is much flatter than density profile in BETA device.
Pramana – J. Phys., Vol. 73, No. 6, December 2009
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5. Conclusion
Plasma is formed in pure toroidal configuration and extensively studied with ion
mass as the control parameter. Xenon, krypton and argon plasmas are formed at
a fixed toroidal magnetic field of 0.024 T, with a peak density of ∼1011 cm−3 , ∼4
× 1010 cm−3 and ∼2 × 1010 cm−3 respectively. The experimental investigation of
time-averaged plasma parameter reveals that their profiles remain insensitive to ion
mass and suggests that saturated slab equilibrium is obtained. The saturation of
profiles has also been obtained in Helimak configuration with magnetic field as the
control parameter [18]. The results indicate suppression of LF coherent fluctuations
with ion mass. The experimental observation is relevant since cross-field transport
is induced by perturbations of the plasma parameters [19]. The frequency of the
fluctuating mode decreases with increase in the ion mass. Further, an attempt has
been made to discuss the theory of flute modes to understand the relevance of some
of our experimental observations.
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