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Nonlinear Viscosity in the Interchangeable Module Stellarator
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The experimental observation of nonlinear parallel viscosity in the Interchangeable Module Stellarator
is reported. The damping of plasma flows, by poloidal viscosity and ion-neutral collisions, is determined
from the dependence of the radial current on the radial electric field in the plasma. At low neutral
density, the radial current drops and a jump in the radial electric field occurs at a poloidal Mach number
in the range—10 to —15, in reasonable agreement with a model based on nonlinear viscosity. The
nonlinearity of viscosity diminishes as the neutral density is increased. [S0031-9007(98)05995-X]

PACS numbers: 52.55.Hc, 52.25.Fi

Improving the confinement in toroidal magnetic devicesdensities, and larger bias voltages contributed to the higher
has been a central focus of the fusion program since thitation speeds observed in this paper compared to previ-
discovery of theL.-H transition in ASDEX [1] in the early ous experimental results.
1980s to the more recent dramatic reduction in core turbu- IMS is a seven field period, = 3 modular stellarator
lent transport with reverse magnetic shear in the TFTR [2]where! is the poloidal mode number), with 40 cm ma-
and DIII-D [3] tokamaks. In the past few years, sponta-jor radius and~4 cm average plasma radius. Hydrogen
neousL-H transitions have also been reported in the Wenplasmas are produced with an electron cyclotron heating
delstein VII-AS [4] and CHS [5] stellarators, and recently source (0.5-5.5 kW) operating at 9.31 GHz and a mag-
in the H-1 heliac [6]. Pioneering efforts to improve con- netic field strengttB, = 0.31 T. The neutral density can
finement in toroidal machines using biased electrodes daté varied in the rang¥,, = 18-260 uTorr. Calculations
back to 1966 and the B-3 stellarator [7]. Biased electrodéndicate that the neutral density profile is fairly uniform
experiments in tokamaks [8—10], meanwhile, have showsince the mean free path for ionization (due to electron
that there is a sudden jump in the radial electric field duringmpact ionization and dissociation) is much greater than
the L-H transition about a poloidal Mach numbeée{ =  the minor radius. Typical plasma parameters are electron
—E,/B,v; where E, is the radial electric fieldB, is  temperatures in the range of 6—20 eV, ion temperatures in
poloidal magnetic field, and, is the thermal velocity of the 2—8 eV range, and line average densitied-e3 X
ions) of unity. It has been suggested that the jump in tha0'! cm™3. Plasma and floating potentials as well as
radial electric field is a result of the nonlinearity of viscos- electron density and temperatures are measured with a
ity at highE X B flow speeds [11]. Langmuir probe. lon temperatures are measured with an

In this Letter, we show the first results of a sudden jumpElectrostatic Gridded Energy Analyzer. For the data pre-
in the radial electric field at a poloidal Mach number muchsented here, the bias probe is positioned at minor radius
greater than one, in reasonable agreement with an expres= 3.2 cm.
sion by Shaing for the parallel viscosity in stellarators [12]. Plasma flows are induced in two ways: (a) By applica-
The unity poloidal Mach number in tokamaks occurs be+ion of a triangular signal to the bias electrode. The dy-
cause of the purely toroidal modulation of the magneticnamics of changes in the radial electric field profile and the
field; the higher poloidal Mach number in stellarators oc-bias current can be observed as the bias voltage varies us-
curs because of the additional helical modulation of theéng this technique. Measurements have indicated that the
magnetic field. Furthermore, we show that the bifurcatiorelectron temperature profiles are flat in the IMS. There-
of the radial electric field due to the nonlinear viscosity canfore, the difference in the floating potential (3 mm incre-
be suppressed by an increase in the neutral density. Thments) is used to determine the radial electric field in this
competition between neoclassical parallel viscosity anadase. (b) By application of a dc voltage during a shot and
ion-neutral collisions in a stellarator has been describe#arying the bias voltage from shot to shot. In this case,
theoretically for low speed [13] when the viscosity is lin- radial electric fields are determined by measuring plasma
ear with the flow, and for high rotation speed [12] when thepotentials using the swept Langmuir probes. Up to ten dis-
viscosity becomes nonlinear. Previous experiments [14] itharges have been performed to verify the reproducibility
the Interchangeable Module Stellarator (IMS) [15] measureof the results.
ing the radial conductivity, flow speed, and damping rate Figure 1 shows the temporal evolution of the triangular
confirmed the neoclassical model at low rotation speedsias voltage, plasma radial current, and the radial electric
The work described here confirms the model at high rotafield at » = 3.3, 3.6, and 3.9 cm for the neutral pressure
tion speed. A higher power plasma source, higher plasm&,, = 18 uTorr and input poweP,; = 2.0 kW. There is
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IG. 2. Top: The bias voltage (dashed line) and the plasma
adial current (solid line). Bottom: The radial electric field at
r = 3.3 (solid line), 3.6 (dotted line), and 3.9 (dashed line) cm
for 2.0 kW input power an@0 wTorr neutral pressure.

FIG. 1. Top: The bias voltage (dashed line) and the plasm
radial current (solid line). Bottom: The radial electric field
at r = 3.3 (solid line), 3.6 (dotted line), and 3.9 (dashed
line) cm for 2.0 kW input power andi8 wTorr neutral
pressure.

maximum and the negative slope of the curve diminish as
a drop in the radial current,, from ~800 to 620 mA at the neutral pressure is increased.
t ~ 5.4 msec. The drop occurs only during the increasing Similar behavior in the radial currents and radial electric
slope of the bias voltage. Concurrently with or a fewfields are observed when dc bias voltages are applied and
hundred microseconds after the drop in the radial currenthe plasma potentials are measured. Figure 4 shows the
sudden changes in the radial electric profiles occur: Thelasma radial current vs the normalized electric field at
radial electric field,E,, atr = 3.3 cm jumps from~2.2 3.3 cm for N, = 18, 40, and80 pTorr. No drop in the
to 4.2 kV/m, and the radial electric field at = 3.6 cm  radial current is observed fof, = 40 and80 uTorr. For
shows a similar jump from~2 to 4 kV/m [16]. The N, = 18 uTorr a drop in the radial current from 1350

gradient of the radial electric field at= 3.6 cmis small to 1150 mA is observed &tf, ~ —12 = 2. An increase
in the + = 2.5-5.3 msec interval and increases after thein the gradient of the radial electric field and the electron
drop in the radial current. density atr = 3.3 cm is observed~100 usec after the

Figure 2 shows the same set of data as indicated iradial current drops.
Fig. 1 forN, = 80 uTorr. There is no noticeable sudden
change in the radial current during the entire biasing
period. There are no signs of a jump in the radial electric
fields afterr ~ 4 msec. The gradient of the radial electric i
field at r = 3.6 cm is small in ther ~ 3.5-4.4 msec aool-
period, and it increases at~ 4.6 msec. The transition
to a high gradient regimg ~ 4.5-9 mseg is gradual (no s0of
drop in the radial current or jump in the radial electric b
field), rather than sudden, as was the case in Fig. 1. T 400f *{\L .

Figure 3 shows the plasma radial current versus the Co
poloidal Mach number at = 3.3 cm (with rotational 200_‘){'
transforms = 0.27, inverse aspect ratie = 0.066, and ol . ,
ion temperaturel; = 3.5 eV) for N, = 18 (solid line), o 20 w0 s 8o
40 (dotted line), and 80 (dashed lineYorr, respectively. -M,

There is a distinct local maximum in the radial current atc;5 3 plasma radial current versus (minus) poloidal Mach

M, ~ —15 for N, = 18 uTorr. The slope of this curve numper for 2.0 kW input power and 18 (solid line), 40 (dotted
is negative in the rang#/, = —20 to —30. The local line), and80 wTorr neutral pressure.

, MA

100

3977



VOLUME 80, NUMBER 18 PHYSICAL REVIEW LETTERS 4 My 1998

1600 prrrrrr—rr 0.10
1400 F 3
1200 F r 0.08
_1000 F ]
% 800F 3 g
Eh ‘B 0.06
- 600 F 4 g
o]
400 F 3 =
200F ] 3 0.04
z 5 SR
0 '-. PR TS SN S | P | 1 1 --' F
-10 0 10 20 30 40 50 0.02
.Mp
FIG. 4. Plasma radial current vs (minus) poloidal Mach 0.00 s el .
number atr = 3.3 cm for 5.5 kW input power anav, = 18 0 10 20 30
(triangle), 40 (diamond), and 80 (squaygJorr. M,

FIG. 5. Total damping versus poloidal Mach number for zero
(solid line), low (dotted line), and high (dashed line) neutral
In steady state, the poloidal momentum balance equatiopressure.

in the Hamada coordinate system [17] can be written as

B°B¢ (J-VV)=—(B, V-7 — v, ,NM(B, - V) in this figure. Anincrease in neutral density diminishes the
c b o P " local peaks.
(1) The drop in the radial current is observed only when the
bias probe is located in a narrow range at the plasma edge
whereB? and B¢ are poloidal and toroidal contravariant (» = 3.1-3.5 cm). One explanation of this observation is
components of the magnetic field,is the speed of light, the following: Since the size of the magnetic ripples de-
J is plasma current density;, is the volume7 is viscous  creases at smaller minor radii, damping due to the viscosity
stress tensory;_, is the ion-neutral collision frequency, diminishes as the bias probe is moved toward the plasma
N and M are ion density and mass, respectively, 8hd center. On the other hand, the plasma density decreases for
is the fluid velocity. The left side of Eq. (1) is the drive » > 3.1 cm. Forr > 3.5 cm, the radial current saturates
term which causes thp X B torque. In biased electrode at higher bias voltages and the higher poloidal Mach
experiments, the radial plasma current is drawn by the@umbers are not achievable.
bias probe(J, = —Jpizs). The terms on the right side In conclusion, we have observed experimental evidence
of Eg. (1) are the damping terms due to the viscosityof the nonlinearity of viscosity in IMS. The characteristics
and ion-neutral collisions. Damping due to ion-neutralof this nonlinearity are similar to those observed in other
collisions depends linearly ai,, and, hence, is dominant biasing experiments in tokamaks. These include a drop
at higher flow speeds. Damping due to the viscosityjn the plasma radial current, a jump in the radial electric
however, is nonlinear i/, and has local peaks 8, ~  field, and an increase in the gradient of the radial electric
|m — ngl/m, wherem andn are the poloidal and toroidal field. The nonlinearity of viscosity in tokamaks occurs at
mode numbers of the magnetic field spectrum angithe  a poloidal Mach number on the order of unity, whereas in
safety factor on a magnetic flux surface [12]. Accordingly,IMS it occurs atM, ~ —10 to —15, which is close to the
the dependence of the plasma radial current on the radiahlue predicted by Shaing’s model. With an increase in
electric field characterizes the total damping (the sum othe neutral density, the nonlinearity of the viscosity is no
the damping due to viscosity and ion-neutral collisions). longer observed.
A calculation of the viscous and ion-neutral damping in
IMS was done based on a Fourier decomposition of the
magnetic field strength in Hamada coordinates. Figure 5[1] F. Wagneret al., Phys. Rev. Lett49, 1408 (1982).
shows the total damping versus poloidal Mach number at% E gﬂ'sl-t?;’;gfgletpill'};sphg:\'/ Rl_e(;lt.t 7'-:‘2152’14‘(‘11;9(51)995)'
2 high (dashe ine) nevra densies, espectvely. Thel] V- rckmannet al. Py Rev: Letza 2086 (1993)
. Lo : 5] K. Toi et al., Plasma Phys. Controlled Fusi@b, A117
poloidal component of the parallel viscosity has two local (1994).
peaks, one a¥/, ~ 2 due to toroidal curvature and another (g] . G. Shatset al., Phys. Rev. Lett77, 4190 (1996).
atM, ~ 10 due to the helical components of the magnetic [7] J.G. Gorman and L. H. Th. Rietjens, Phys. FluRj2504
field spectrum. There are also peaks in viscosity at the — (1966).
corresponding negative poloidal Mach numbers, not shown[8] R.J. Tayloret al., Phys. Rev. Lett63, 2365 (1989).
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