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Turbulence and bias-induced flows in simple magnetized toroidal plasmas
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Turbulence and bias-induced flows in simple magnetized toroidal plasmas are explored with global three-
dimensional fluid simulations, focusing on the parameters of the Helimak experiment. The simulations show that
plasma turbulence and transport in the regime of interest are dominated by the ideal interchange instability. The
application of a bias voltage alters the structure of the plasma potential, resulting in the equilibrium sheared flows.
These bias-induced vertical flows located in the gradient region appear to reduce the radial extent of turbulent
structures, and thereby lower the radial plasma transport on the low field side.

DOI: 10.1103/PhysRevE.83.056406

I. INTRODUCTION

Turbulence suppression by sheared flows is of considerable
interest in plasma physics and in fluid dynamics in general,
affecting such diverse fields as planetary atmospheres and
fusion plasma confinement [1,2]. The shear magnitude (the
gradient) of the flow is often expected to increase to suppress
plasma turbulence. However, recent Helimak experiments
observed that turbulence reductions can be driven by negative
biasing and the bias-induced equilibrium flows with shear
magnitudes comparable to the unbiased case are sufficient to
reduce plasma fluctuations [3]. This unexpected observation
is possibly because the nature of the interchange instability
in the Helimak device is radially global, and the mean
E x B flows are generated by an equilibrium electric potential
arising from the sheath boundary conditions [4,5]. In this
paper, we simulate the impact of an externally imposed bias
voltage on the interchange-driven turbulence and transport in
the Helimak device. The global nonlinear fluid simulations
presented here show similar bias-induced transitions to the
states of reduced turbulence and transport, consistent with
Helimak observations.

Simple magnetized torus (SMT) experiments [6—8] such as
the Helimak device [3,9,10] provide opportunities to study the
basic physics of plasma turbulence and transport in a simplified
magnetic configuration that is most similar to the scape-off
layer (SOL) of tokamaks. In the SMT configuration, a small
vertical field B, is added to a dominant toroidal field B,. The
helical, open field lines wind around the symmetry axis and
terminate on the top and bottom of the vessel. The pitch of
the field line is given by A =27 RB,/B, = L,/N where R
is the vessel major radius, L, is the vessel height, and N is
the total number of toroidal turns made by a field line from
bottom to top. Figure 1 shows the Helimak geometry: The
toroidal chamber has a rectangular cross section spanning the
major radius R from 0.6 to 1.6 m and a height L, of 2 m. The
field strength generated by external currents decreases with
the radius as B o 1/R. Four sets of four conducting plates are
installed radially at the top and bottom vessel walls. The plates
support a large number of Langmuir probes for measuring
plasma properties. In this device the plasma potential on the
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(open) field lines can be affected by biasing the plates on which
the field lines terminate. For a normal grounded operation, all
the plates are connected to the vessel ground. An equilibrium
electric potential ¢ o< 7, results from the sheath boundary
conditions [11], resulting in vertical, sheared E x B flows.
For the biased operation, the plates within a chosen range of
R are connected to a bias voltage. This bias induces a radial
electric field that can strongly impact the potential profile and
the vertical E x B flows. The time traces of plasma density
show that the fluctuations are reduced when the bias voltage,
and thus the sheared E x B flows, are made sufficiently large.
The experimental results from biasing are described in detail
in Refs. [3,9].

The magnetic curvature and pressure gradient on the low
field (large R) side of the chamber give rise to the interchange
instability with k; 2~ 0 and typical growthrates y ~ ¢,/,/RL,
where ¢; = /1. /m; is the sound speed and L, is the pressure
scale length. In the unbiased case, the interchange instability
in the SMT was initially simulated with the electrostatic two-
dimensional (2D) fluid model [5,12,13] that includes plasma
sources and parallel losses. Similar fluid models are also used
to study the interchange instability in the SOL of tokamaks
[14,15]. In the 2D simulations of the SMT configuration, the
vertical extent of the simulation domain is controlled by the
pitch of the field lines: assuming k; = 0, all quantities must be
periodic in the vertical direction on the length scale L, /N. In
the experiment, however, the periodicity is eventually broken
by the upper and lower walls. This has motivated more recent,
nonperiodic global three-dimensional (3D) fluid simulations,
in which the vertical simulation domain is the full height of
the chamber [4]. These simulations, like those presented here,
show that the transport driven by interchange modes is strong
enough to prevent the pressure gradients from ever steepening
into the drift-wave regime [4].

The simulations of plasma dynamics in the Helimak
device, as in Ref. [4], evolve the various quantities with no
separation made between perturbations and equilibrium, and
can thus explore the self-consistent evolution of the plasma
and potential profiles in the presence of the plasma sources,
the transport produced by plasma instabilities, the (sonic)
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FIG. 1. Schematic cross section of the Helimak showing the
geometry and a helical field line. The plates labeled 1-4 are isolated
from each other and can be independently biased.

plasma losses at the sheaths, and the externally applied bias
voltage. In the unbiased case, the simulations show that the
turbulent structures of the density and temperature driven by
the interchange mode are bursty, and have relatively wide
radial extents on the low field (large R) side. In the case with
negative biasing, both the simulations and experiment show
that the bias-induced equilibrium flows with velocity shear
magnitudes comparable to the unbiased case are sufficient
to reduce the interchange-driven turbulence and transport.
Although the magnitudes of velocity shear appear to be not that
different globally, the snapshots of global simulations reveal
that the plasma potential structures are completely different
in the two cases: the streamlines of the E x B velocities are
mostly closed in the unbiased case, while in the biased case
the streamlines are completely open at the top and bottom
boundaries, indicating enhanced plasma losses at the bias
plates caused by the vertical flows. The simulations restarted
from the biased case show that once the bias voltage is removed
from the boundary condition, the plasma potential structures
quickly return to the normal unbiased state and consequently
strong convective transport of the plasma resumes on the
low field side. This indicates that in the biased case the
pressure profiles are still strongly unstable to interchange
instabilities. However, the application of the external bias
alters the structures of the plasma potential, resulting in the
equilibrium sheared flows. These bias-induced vertical flows
located in the pressure gradient region (the edge region of
plasma sources) appear to reduce the radial extent of turbulent
zone, and thereby also reduce the particle and heat transport
on the low field side.

This paper is organized as follows. In Sec. II, we review
the electrostatic fluid model used in the simulations. In
Sec. III we describe the nonlinear simulations of the Helimak
experiment for the grounded and biased cases. The final section
summarizes our findings.
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II. MODEL EQUATIONS

For singly ionized argon, typical Helimak plasma
parameters are n ~ 10" cm™3, T; ~ 0.1 eV, T, ~ 10 eV, and
B ~ 107>, The small B and T; values in the experiment lead
us to consider the drift-reduced Braginskii equation [16] with

cold ions 7; = 0 and an electrostatic electric field E = —V¢.
The resulting fluid model consists of the electron continuity
equation

dn

T + V- (nvg,) +nV -vg + Vi(ny) =0, (1)
the vorticity equation

V-(p,+Jid+ V=0, @)

the electron temperature equation

3 d’T, d’n 5 p.x 0.71 )

= =T,— + -—CT,+ —T.Vj, 3

2n dt dt 2 e + e &l )

the parallel component of the electron momentum equation
(i.e., Ohm’s law)

h _
g
and the parallel ion momentum equation

i

Vipe d
—eV ¢ + o +0.71v T, + meEU”g, @)

min V)i = =V Pe> 5)
where
d° d d d
75 =2 TueV =V
d 0 A ch
=g vV C:(VXE)-V,
vg = (¢/B)E x b is the E x B velocity, p, = nT, is the
electron pressure, j;, = —envy, = (¢/B)b x Vp, is the dia-

magnetic current with 7; = 0, v, is the electron diamagnetic
drift, jj = en(vj; —vj.) is the parallel current, o) is the
parallel conductivity, j, = env, is the polarization current,
v, =(c/B Q:)d'E | /dt is the ion polarization drift with T; =
0. In the presence of magnetic-field gradient and curvature,
V.vg=Co andV~jd=C’pe. For V x B = 0 with neg-
ligible local current V x (b/B) = 2(b x k)/B where k =
(b-V)b is the field line curvature. Here the divergence
of the polarization current is approximated as V. j,6 ~
(—enc/BQ;)d' Vid)/dt [5]. At the ends of the open field lines,
Bohm sheath boundary conditions are applied to the parallel
ion and electron velocities [11,17] vj; = +¢, and v, =
+csexp[A + e(Vy, — @)/ T.] where A = log/m;/2mrm, >~ 3
and V,, is the bias voltage. The plus and minus signs indicate
that parallel velocities are in opposite directions at the top and
bottom walls.

In the simulations, 7, and e¢ are normalized to a fixed
reference value T, the density n to ng, the time to R/c,, the
parallel length to R, the parallel speed to c;, the perpendicular
lengthto p, = ¢,/ Q2 where ¢y = /To/m; and Q; = eB/m;c.
The simulations use field-aligned coordinates in which Z is
the parallel direction along the field line, X is the radial
direction of major radius, and j is perpendicular to both
X and Z (for strong toroidal fields ¥ is approximately the vertical
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direction). For consistency with the experiment the magnetic
field direction is taken as b = —Z and thus the the curvature
operator is C = 29/dy [5]. Spatially localized source terms
S, and St are added to the density and temperature equations
to model the particle and heat sources in the experiments.
The final dimensionless equations for the full plasma density,
electric potential, electron temperature, and parallel velocities
are [4,18]

dn

i Cp. —nCe — Vy(nvy,) + Sy, (6)
d' o) v J
—V2¢ _ SPe + L7 (7)
dt n n

d¢ 2 ¢
der —n( Pe )
dt 3 n

2 5. viJ
+-T,( =CT, +0.71— | + S7, 8)
3 2 n

e d V e
Tl e =vi+Vp— L _omvr., 9
m; dt
di _V||pe
P = , 10
dt Vi n (10)

where d/dt =d/dt + (R/ps)vg -V, vg=V¢ xZ, J=
I’Z(UH,' - vHe): V= €2n0R/(Csml'O'||), VH = 8/8Z, and Vl =
X0/0x + y3/dy. The source profiles S, and ST are assumed
to have the Gaussian form: Sy exp[—(x — x;)? /xo] where Sy is
the source production rate. The bias profile takes the form
of a step function: Vj{tanh[(x — Xxuin)/xp] + tanh[(xpax —
x)/xp]}/2. The global simulation domain encompasses the
full radial, vertical, and toroidal extent of the device. At x =0
and x = L,, Neumann boundary conditions are imposed for
the parallel velocities and Dirichlet boundary conditions for
the other quantities. At y =0 and y = L, for the parallel
velocities we use Bohm boundary conditions vj; = +/7,
and v, = +/T, exp[A + (V, — ¢)/T,]; for the plasma po-
tential we impose ¢ = AT, + V,, (implying vj, = vy;). In the
simulations, small perpendicular diffusion terms are added
to the evolution equations for each quantity, and a constant
nominal pitch is used across the radius. For the biased case,
we vary only the strength of the bias voltage in the simulation,
represented by the parameter V. In both the grounded and
biased cases, extra diffusion layers are added at the top and
bottom edges to remove the accumulation of plasma at the
vertical boundaries due to the vertical flows. This may cause
the observed smaller values of density and temperature in
the simulations with bias. Assuming k; = 0, the 3D model
equations reduce to the electrostatic 2D models noted earlier
[5,12]. The code used here has already been applied to the
simulation of the toroidal plasma experiment (TORPEX) SMT
configuration [4,18]. Equations (6) through (10) are solved
using a finite difference scheme. The E x B convective term is
treated using the Arakawa advection scheme, while the parallel
convective terms are discretized with a second-order centered
difference method. Time is advanced using a standard explicit
Runge-Kutta stepping.

For typical Helimak argon discharges, T, ~ 10 eV, p; >~
2 cm, ¢, ~4.9x 10> m/s, R/c; ~ 0.2 ms, the electron
collisional time t, ~ 0.01 ms, which gives the dimensionless
resistivity parameter v ~ 107#. The parameters used in the
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simulations are R = 550;, Ly = 50p,, and L, =2L,. The
number of field line turns N = 8 corresponds to a nominal
pitch of about 12p; >~ 0.2 m. For the source profiles, we set
S, = St with the source strength Sy = 0.1, the maximum
location x; = 0.9 m, and the width xo = 0.1 m. Following
the experiment, the bias is applied near the source locations
from xpip = 0.86 m to X = 1.06 m with the edge width
xp = 0.1 m. The mass ratio m,/m; arises in the parallel
electron momentum equation (9) due to the normalization.
The nominal small values m,/m; = 1/200 and v = 0.01 are
used to ensure numerical convergence. The simulation results
are independent of m,/m; and v because the simulations
are dominated by ideal interchange dynamics, which is not
affected by these parameters.

III. NONLINEAR SIMULATION

The simulations are normally started from small random
perturbations with initial profiles that are uniform in the
y direction. The pressure profiles steepen due to the sources
until the interchange instabilities are triggered. These insta-
bilities produce intermittent convective transport of plasma
from the source region to the low field side, and the plasma
is eventually removed from the system by the parallel flows
to the ends of the open field lines. After a transient period,
a nonlinearly saturated stationary state is reached in which
the fluctuations have broad frequency spectra [19,20] and
non-Gaussian probability distributions [5]. The simulation
results described here focus on the statistically steady state.

Figure 2 shows typical snapshots of density n, electron
temperature 7,, plasma potential ¢ in the cross section of the
device. Away from the walls of the plasma chamber, the spatial
structures at these parameters are approximately periodic over
a vertical distance L, /N and have toroidal wavelengths 27 R,
consistent with the kj 2~ 0 nature of the interchange modes
noted earlier [4]. The evolution of turbulence driven by the in-
terchange instability displays an intermittent (bursty) character
[14]. During the burst shown in Fig. 2, the particles and heat are
lost by convective transport from the source region to the low

n Te ¢
2 12 35
15 1 12 8
£ 0.8 ! 25
= 06 08 2
0.5 0.6 15
0.4 04 1
0
2 1 1
s 0.8
Rt 0.8 05
E 0.6 0
> ! 0.6
0.4 -05
0.5 0.4
0 0.2 -

061116 061116 061116

FIG. 2. (Color online) Typical snapshots of density n (left),
electron temperature 7, (center), and plasma potential ¢ (right) in the
cross section for zero bias (upper panels) and bias V, = —3 (lower
panels).

056406-3



LL ROGERS, RICCI, GENTLE, AND BHATTACHARIJEE

field side. This produces large fluctuations and strong profile
relaxation. Such bursts of density and temperature transport are
followed by a relatively quiet period during which the unstable
density and temperature structures rebuild. The process then
repeats. In the grounded case, the contours of the plasma poten-
tial exhibit large-scale velocity eddies or convection cells. The
streamlines of the E x B velocity are nearly closed loops. The
coherent turbulent structures of density and temperature have
relatively wide radial extents on the low field side. In the biased
case, the closed potential contours progressively open up at the
upper and lower bias locations since the bias voltage induces
equilibrium radial electric fields between the biased region and
the adjacent plasma. When the bias voltage is made sufficiently
large (here V;, = —3), the biased state is reached in which the
bias-induced vertical E x B flows pass through the plasma
interior from the top and bottom boundaries. These equilibrium
sheared flows appear to reduce the radial extent of turbulent
structures; that is, the bias tends to reduce the radial correla-
tions and increase the vertical correlations, as observed in the
experiment [3]. Following the experiment, the transitions of
plasma dynamics between the biased and grounded states are
also simulated. The simulations restarted from the biased state
show that once the bias is turned off the structures of potential
and pressure quickly return to the original grounded state.
Figure 3 shows typical time-averaged profiles of density
(n), electron temperature (7,), and plasma potential (¢).
Here (- --) indicates the averages over time and the vertical
direction. The density and temperature peaks follow the source
maximum, and the radial convective transport broadens the
density and temperature profiles. In the unbiased case, the

bias 0
- — — bias -3|]

0.8}

c 061

0.4}

FIG. 3. (Color online) Typical profiles of density n, electron
temperature 7,, and plasma potential ¢ for zero bias (solid line)
and bias V,, = —3 (dashed line).
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7 08 09 1 11 12 13 14 15
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FIG. 4. (Color online) Typical experimental profiles of density n
and electron temperature 7, for zero bias (solid line) and bias voltage
—20 V (dashed line).

potential maximum follows the electron temperature ¢ ~ AT,
due to Ohm’s law and the sheath boundary conditions. In
the biased case, the plasma potential moves in the direction
of biasing with ¢ ~ AT, + V,,. The negative bias produces a
potential minimum in the biased region.

Figure 4 shows the typical density and electron temperature
profiles in the experiment. The plasma potential cannot be
directly measured in the experiment. Alternatively, as shown
later, one can compare the E x B flows resulting from the
potential. In the Helimak, parallel flows to the top and bottom
constitute a strong loss channel that is independent of radial
turbulent transport. Thus the density and temperature profiles
show only modest changes with transport reductions induced
by biasing. The pressure profiles change slightly and the
gradients of experimental profiles are larger with bias. That is,
the drive for the interchange instability is not reduced in the
biased case. The breadth of the plasma profiles in the Helimak
experiment involves some complex physics including
the electron-cyclotron and upper-hybrid resonances [9].
The source mechanisms and boundary conditions in the
simulations are much simpler than those in the experiments.
For this reason, our results should be regarded as only the first
step toward modeling the biasing experiments.

The potential fluctuations generate the fluctuations in
the vertical electric field and the radial E x B velocity
vy = 0¢/dy. This leads to turbulent convective transport
of plasma across the magnetic field. Figure 5 shows typical
time-averaged profiles of the radial particle flux I'), = (nv,)
in units of ngcy and heat flux I'r = (T,v,) in units of T,c;.
In the grounded state, the outward (positive) particle and
heat fluxes increase sharply in the source region and reach a
maximum on the low field side. In the biased state, the radial
convective transport of the density and temperature is clearly
reduced on the low field side.

Figure 6 shows typical time-averaged profiles of vertical
E x B flow vg = —d{(¢)/dx in units of ¢, and velocity
shear v}, = dvg /dx in units of ;. In the grounded case, the
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bias 0

a4l - — - bias -3||
[_'C
2,
0,
0.7 0.8 0.9 1 1.1 1.2 1.3
x10°

FIG. 5. (Color online) Typical profiles of radial particle flux ',
and heat flux I'7 for zero bias (solid line) and bias V,, = —3 (dashed
line).

vertical flows reverse directions from upward on the low field
side to downward on the high field side and thus produce a
dominant positive velocity shear. The radial distance between
the minimum and maximum of the flow indicates the radial
extent of turbulent eddies (here about 0.25 m). In the biased
case, the bias-induced radial electric fields change directions
across the biased region and thus generate vertical, sheared
E x B flows. The radial distance between the maximum and
minimum of the bias-induced flow reflects the width of the
biased region (here about 0.2 m). The negative bias produces
a negative velocity shear at the bias location.

Figure 7 shows typical experimental profiles of vertical
plasma flow and velocity shear. The mean flow is measured
from the Doppler shift of the argon ion lines and the velocity
measurement is vertically and time averaged. The observed

0.2
0.1}
O L.

—0.2}
-0.3

0.041
0.02r

shear
o

-0.02r
-0.04;

0.7 0.8 0.9 1 1.1 1.2 1.3

FIG. 6. (Color online) Typical profiles of vertical E x B flow vg
and velocity shear for zero bias (solid line) and bias V, = —3 (dashed
line).
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flow

0.9 1 11 1.2 1.3

FIG. 7. (Color online) Typical experimental profiles of vertical
flow and velocity shear for zero bias (solid line) and bias voltage
—20 V (dashed line). The flow is normalized to ¢; >~ 4.9 x 10° m/s
and shear to €; ~ 2.4 x 10° s~.

profiles are quite similar to the simulations. In the biasing
experiment, the plates second from the inside were connected
together and biased over the radius R from 0.86 to 1.06 m.
Applying a negative bias voltage ~—20 V leads to the
transition to a state in which plasma fluctuations decrease to
a much lower level [3]. The global 3D simulations exhibit
similar transitions: the negative bias V;, = —3 (corresponding
to a physical voltage ~20 V in the Helimak) leads to the
biased state in which radial convective transport is reduced.

IV. CONCLUSION

We have simulated the impact of an externally imposed bias
voltage on the interchange-driven turbulence and transport in
the Helimak device. The global 3D fluid simulations show that
plasma turbulence and transport in the regime of interest are
dominated by the ideal interchange instability. In the grounded
case, the turbulent structures of the density and temperature
driven by the interchange mode are bursty, and have relatively
wide radial extents on the low field side. In the biased case,
a bias voltage is applied to the upper and lower boundaries
over a small range of R. The structures of plasma potential
are changed in response to the bias voltage, resulting in the
equilibrium sheared flows. These bias-induced vertical flows
located in the region with steep pressure gradients appear to
reduce the radial extent of turbulent structures, and thereby
lower convective transport of particles and heat on the low
field side, consistent with Helimak observations.
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