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Abstract

We observe poloidal plasma rotation (Ve) and concomitantly, reduction
in fluctuation level in a pure toroidal plasma with positive electrode bias-
ing. The radial structure of poloidal flows shows a region of Ve shear where
suppression of fluctuation is significant. Dependence of Vg on the bias volt-
age and the toroidal magnetic field is presented.

The need to understand the physical mechanism responsible for ob-
served improved H-mode plasma confinement in tokamaks is urgent be-
cause this appears to be an important step towards success of controlled
thermonuclear fusion. In recent years [1-5], various theoretical models have
been proposed to explain the H-mode. Most of them predict that in the
H-mode, a radial electric field ET is generated (can also be externally im-
posed) at tokamak edge resulting in poloidal (Ve) and toroidal (V )̂ plasma
rotation. The theoretical calculations show that the shear (1 '̂) and/or cur-
vature (Ve) in poloidal plasma rotation is capable of suppressing the plasma
fluctuations and thus reducing the plasma transport. The models based on
linear stability [3], scaling approach and turbulence [4] predict a threshold
for poloidal plasma velocity shear to cause fluctuation suppression.

Experimentally, the H-mode is observed with auxiliary heating [6-8] and
has also been induced by bias electrode [9-10] in many tokamaks. Prelim-
inary measurements of ET and plasma rotation at edge in a few auxiliary
heated tokamaks have been reported [11-12], however, whether the poloidal
plasma rotation leads to suppression of fluctuations is not clear. In the bias
electrode induced H-mode, detailed structure of ET at edge is determined,
but the poloidal plasma rotation profile is mainly inferred from ET X B+.
Does the plasma in the bias-induced H-mode also rotate poloidally with
biasing? What is the radial structure of the Ve and how does it affect the
plasma fluctuation? What happens to fluctuation power spectrum in pres-
ence of the poloidal rotation? These are some of the important questions
need to be answered experimentally to get insight of the H-mode physics.
In brief, although theoretical models predict strong influence of plasma ro-
tation on fluctuation, experiments have not yet demonstrated a definite
correlation between the two.

In this paper, we present results showing a connection between the
poloidal plasma rotation and fluctuation suppression with positive elec-
trode biasing in a pure toroidal plasma having no poloidal magnetic field.
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Poloidal rotation of the plasma with biasing and its radial profile at equi-
torial plane is measured. Dependence of Vg on bias voltage Vf, and toroidal
magnetic field Bv is determined.

The poloidal plasma rotation and fluctuation measurement experiments
with electrode biasing were carried out in a toroidal device called BETA. It
has R = 45 cm, a = 15 cm and quasi-steady (~ 1.2 s, which decides plasma
duration T) toroidal magnetic field Bv up to 1.0 kG. The currentless toroidal
plasma is produced by discharge between 2 mm diam hot filament tung-
sten wire and grounded limiter (i.d. = 18 cm, o.d. = 24 cm), similar to
the ACT I device [14]. Typically, the discharge voltage Vd 150 V, the
discharge current ~ 2A while plasma density and electron temperature are
in the range of 1 — 3 X 1010 cm~z and 1-15 eV respectively. Since in a
pure toroidal device like BETA, there are no magnetic flux surfaces, a ring
electrode (i.d. = 10 cm, o.d. = 12 cm) is used to bias the plasma which
also simulates the flux surfaces of a tokamak as far as biasing is concerned.
Pulse positive bias voltage up to 450 volts having risetime ~ 1 ms and
exponential RC decay time ~ 60 ms is applied to the ring electrode using
a capacitor bank. Details of the toroidal plasma production, maintainance
of its equilibrium, schematic of the BETA device and bias circuit are de-
scribed in Ref.[13].

The temporal behavior of the applied bias voltage V& and the extracted
bias electrode current IT (or cross-field radial current) is monitored by a
resistive voltage divider and a current transformer respectively. Single as
well as arrays of Langmuir probes are used to measure the floating potential
and ion saturation current, from which plasma density and its fluctuations
are obtained. The poloidal plasma rotation is monitored using a Mach
probe, as depicted in Fig. l(a). The radially movable Mach probe con-
sists of a cylindrical insulator housing with two 7.5 mm diam discs, one
looking at upstream (in case of poloidal rotation) and other downstream
flow, mounted in it back to back. The assymetry in ion saturation current
collected by these two discs of the Mach probe will represent the poloidal
flow of plasma [15].

The positive bias voltage V& to the ring electrode was applied during
the discharge (discharge duration ~ 1.2 s). Figs. l(b)-(c) show the time
evolution of ion saturation current collected by upstream and downstream
discs of the Mach probe for argon and hydrogen plasmas with Vb = +50
V,BV = 300 G. On application of the bias (depicted by arrow), we ob-
serve large assymmetry in the ion saturation currents measured by the
upstream and downstream discs for both hydrogen and argon plasma, and
concomitantly significant reduction in fluctuations. The ratio R of mea-
sured ion saturation currents by the upstream to downstream discs at peak
is ~ 6 for hydrogen and ~ 1.8 for argon plasma. This large current ratio
implies significant poloidal plasma flow on biasing. The observed change in
direction of flow with Bv direction confirms poloidal plasma rotation. For
plasma flow along magnetic field lines, from theoretical calculations [15],
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Fig. 1 (a) Schematic of the Mach probe, showing also its orientation used
for poloidal flow measurement, (b) Ion saturation current measured for
argon plasma with upstream disc and downstream disc of the Mach probe,
(c) Ion saturation current measured for hydrogen plasma with upstream
disc and downstream disc. The arrows in the figure show time at which
bias voltage of + 50 V to the ring electrode applied. The vertical scale for
upstream and downstream discs signal are same.
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Fig. 2 Radial variation at equatorial midplane of peak value of ratio R of
upstream to downstream discs measured ion saturation current with bias
of + 50 V.
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the ratio R of ion collection currents to the upstream and downstream discs
is given by | R |= /«p/I«w = ekV" where k ~ 1.9 for 2- ~ 0.2Te and Vd

is the flow velocity normalized to ion acoustic velocity. Unfortunately, at
present no theory exist for ion collection by Mach probe for flow across the
magnetic field. Under this circumstance, we assume that expression for ra-
tio R for parallel flow is also valid for perpendicular or poloidal flow to get
at least approximate value of Vg. With this assumption, the measured ratio
R = 1.8 for argon implies Vj — 0.3 or poloidal rotation velocity Fe = 1.5 X
105 cm/sec (Te = 10 eV). For hydrogen plasma, from Fig. l(c), the ratio
R ~ 6 gives Ve ~ 2.8 X 106 cm/sec. At Mach probe position of r = +6.0
cm,£r ~ 2 V/cm for hydrogen plasma implying Er X Bv velocity of ~ 7 X
105 cm/sec It is interesting to note from Fig. 1 that fluctuations reappear
after rotation (or biasing) is over.

The measured peak value of ratio R as a function of minor radius r at
equatorial midplane is plotted in Fig. 2 for hydrogen and argon plasma.
For argon plasma, R is ~ 1 (implies no flow) up to ~ 5 cm and increased
to about 4.5 at r = + 13 cm. The negative value of R in the inner region
(i.e. for negative value of r) shows that relative amplitude of ion saturation
current collected by discs of the Mach probe has reversed. In otherwords,
the disc which was collecting more current in the outer region collects less
in the inner region and vice-versa. This is expected for poloidal rotation of
plasma. For hydrogen plasma too, there exists a region of large variation
of R. Thus, for argon and hydrogen, for | r |> 5 cm, poloidal velocity Vg
has shear. It is to be noted that before bias (i) for argon plasma, ratio R
is close to one for r > 3.5 cm while at r = 3.5 cm, it is 1.5 and, (ii) for
hydrogen, finite plasma rotation (R up to ~ 3.0) in opposite direction (rel-
ative to the bias case) along with large level of fluctuation is observed. The
dependence of ratio R a t r = +6.0 cm with Bv and V(, is depicted in Fig.
3. The ratio R increases with Bv. On the otherhand, R increases up to a
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Fig. 3 Dependence of ratio R with toroidal magnetic field and bias voltage.
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Fig. 4 (a) Sn/nav Vs. minor radius r for argon plasma before and during
applied bias voltage, (b) Oscillogrammes of ion saturation current mea-
sured at three different radial locations for hydrogen plasma. The arrows
show time at which bias voltage is applied

certain value with Vf, and then tends to saturate. For electrode biasing ex-
periment, the poloidal plasma rotation is expected to be driven by Jr X Bv

force [16] where JT is the radial current density. In our earlier experiment
[13], we observed increase of Ir with Vb initially and then saturation (sim-
ilar to Langmuir probe characteristics). Thus the observed dependence of
R on Vb and Bv is in agreement with poloidal rotation due to JT X Bv force.

The fluctuation level Sn (normalized to nav) in the stationery phase of
plasma before biasing and during biasing for argon is shown in Fig. 4(a).
The oscillogramme of Langmuir probe measured ion saturation current fluc-
tuation at three different radial location for hydrogen plasma is depicted in
Fig. 4(b). Fig. l(c) shows time profile of density at r = + 8.0 cm. These
figures clearly indicate that suppression of fluctuation is significant for both
hydrogen and argon plasma, at locations where Vg as well as its shear exists
(compare with Fig. 2). For argon plasma, R ~ 1.0 up to 5.0 cm, so Sn/n
reduction is not significant. At r > 11.5 cm, Sn decreases but not Sn/n. For
hydrogen, for | r |<3.5 cm, Sn reduction is negligible or appreciable only
for very short duration. As one apparoaches towards the larger Ve region
(or large r), the durations for which fluctuation are suppressed increases.

In the BETA device, at Bv ss 200 G, the coherent peaks in power spec-
trum of fluctuations (without biased) at frequencies ~ 6,12 kHz appear for
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hydrogen plasma. As Bv increases, additional peaks at various frequencies
emerges and finally the power spectrum becomes broadband turbulence.
The power spectrum of the density fluctuation at Bv ss 200 G and ~ 500 G
is depicted in Fig. 6(a)-(b). Observation of coherent peaks at low Bv and
development of power spectrum towards turbulent at large Bv for density
fluctuations without biasing has also been observed for argon plasma [17].
Since we do not observe appreciable poloidal plasma flow with out bias at
Bv ~ 200 G in particular for argon plasma, and measured phase difference
between 6n and 6<p is much less than 180° which suggest that the coherent
modes may not be a result of Kelvin-Helmholtz (KH) instability. In the
BETA, the magnetic field lines are toroidal (or curved) and so the Rayleigh-
Taylor (RT) instability is a most likely cause for the observed fluctuations.
However, similar fluctuations are observed in both bad and good curvature
regions and Sn jnav ~ efi<p/ kTe. Drift wave could be yet another possible
candidate for observed fluctuations because BETA had density and tem-
perature gradients and drift waves are experimentally known to develop
from coherent mode to turbulent with increase of the magnetic field [18].
In any case, we found that the fluctuations at low and high Bv i.e. both,
coherent modes and broadband turbulent can be suppressed with Vf,.

Theoretical works on linear stability analysis [3] of various modes in
presence of poloidal flow predict a critical value for shear of Vg given by
Vg = i/KyAx above which the mode will be suppressed. Here 7 is the
growth rate of the mode, Ky is the poloidal wave number and Ax is the
mode width in radial direction. The theory of turbulence with shear flow
by Biglari, Diamond and Terry (BDT) [4] also found minimum Vg required
for quelling the turbulence. Another model [5] on turbulence shows that
the shear flow is more effective in suppressing long wavelength modes as
compared to short wavelength. At high B^ when BETA plasma is initially
in turbulent state, BDT model condition is satisfied in the Ve shear region
[13]. At Bv ~ 200 G, for the observed coherent mode, Ky « 0.2, taking
7 ~ Re(u;) ~ 6 kHz X 2 ir, and Ax ~ shear length Lv and Ve' = Vg/Lv, we
find agreement with theory.

In conclusion, the positive biasing of a pure toroidal plasma results in
significant poloidal rotation of plasma and concurrently suppression of fluc-
tuations. The measured Vg is large for hydrogen compared to argon plasma.
There exist a region of Vg shear and there reduction in fluctuation is sig-
nificant. These results strongly suggest that the poloidal plasma rotation
is capable of suppressing the fluctuations and is perhaps the reason for ob-
served H-mode in tokamaks.
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