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Electrically driven, unmagnetized plasma flows have been generated in the Madison plasma
dynamo experiment with magnetic Reynolds numbers exceeding the predicted Rmi,;, =200
threshold for flow-driven MHD instability excitation. The plasma flow is driven using ten thermally
emissive lanthanum hexaboride cathodes which generate a J x B torque in helium and argon plas-
mas. Detailed Mach probe measurements of plasma velocity for two flow topologies are presented:
edge-localized drive using the multi-cusp boundary field and volumetric drive using an axial
Helmbholtz field. Radial velocity profiles show that the edge-driven flow is established via ion vis-
cosity but is limited by a volumetric neutral drag force, and measurements of velocity shear com-
pare favorably to the Braginskii transport theory. Volumetric flow drive is shown to produce larger
velocity shear and has the correct flow profile for studying the magnetorotational instability.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978889]

I. INTRODUCTION

MHD fluid dynamics experiments necessarily rely on
some mechanisms for stirring flows in a controlled manner.
Techniques for flow drive range from highly localized
momentum injection via mechanical pumping or propulsion
to global body forcing via electromagnetic drives.' In addi-
tion, rotating tanks can be used to impose a boundary condi-
tion on an axisymmetric flow that then viscously couples to
the rest of the fluid.> However, the topic of plasma hydrody-
namics is relatively unexplored, as the regime in which plas-
mas are flow-dominated and yet highly conducting is a
major experimental frontier. The dynamics in such a system
are primarily governed by hydrodynamics, with the onset of
MHD physics only in the case where small magnetic diffu-
sivity and large Alfvén Mach flow result in the growth of a
flow-driven MHD instability and the magnetization of the
system.

A particularly intriguing application of stirred plasmas
is the investigation of astrophysical phenomena like the
dynamo effect and the magnetorotational instability (MRI).
Laboratory experiments have long been seen as a valuable
way to gain an empirical understanding of these flow-driven
MHD instabilities. The dynamo effect® is the mechanism
thought to be responsible for the generation of magnetic
energy in planetary cores, stellar convection zones, and the
interstellar medium, while the MRI is an MHD instability
that accelerates the accretion of matter in weakly magnetized
astrophysical disks.* Both theories are well established both
analytically and in numerical simulations,”® but lack
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experimental evidence to rigorously confirm these underly-
ing physical mechanisms. Previous experiments have used
both liquid metal”? and plasma'* as the conducting fluid
for achieving the large dimensionless parameters necessary
for exciting these instabilities, with magnetic bucket plasma
confinement devices succeeding in producing the largest
magnetic Reynolds number (Rm) flows to date. However,
these experiments have fallen short of achieving the critical
Rm required for positive instability growth rates as suggested
by numerical simulations of both the dynamo'>'® and the
MRI."” The Madison plasma dynamo experiment (MPDX) is
a new magnetic ring cusp device'® that has been constructed
with the goal of reaching and surpassing critical Rm thresh-
olds for instability excitation.

In order to observe the dynamo or the MRI in the labora-
tory, a plasma experiment must meet certain criteria, usually
expressed in dimensionless terms. The confined plasma must
have a large amount of kinetic energy stored in fluid flows,
but these flows cannot be initially magnetized; otherwise, the
Lorentz force will modify the global flow geometry and pre-
vent instability excitation. The confined plasma must also be
highly conducting so that plasma flows can easily advect the
magnetic field without appreciable magnetic diffusion.
These conditions are expressed using the Reynolds number
Re, the magnetic Reynolds number Rm, and the Alfvénic
Mach number Ma

n AZ4V m sRm
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where V, and R, are the characteristic velocity and length
scales of the experiment, v is the kinematic viscosity, and ¢
is the resistivity. These terms are defined above using plasma
transport parameters,'® where n,g is the plasma density in
units of 1018m73, T, and T; are in electron volts, and u is the
ion species atomic weight in amu. Z and / are the ion charge
and the Coulomb logarithm, respectively. Table I shows the
measured plasma parameters and global dimensionless
parameters for the four types of flow experiments detailed in
this article, where V,, is taken as the maximum measured
velocity Vinax and Rp= 1.3 m in the edge-driven flow results
or Rp=0.8m in the volumetric-driven flow results. These
calculations use an ion charge of Z=1 and a core magnetic
field of B=0.2-2.2 G (depending on the applied Helmholtz
field). An experiment capable of exciting flow-driven MHD
instabilities will be able to confine flowing plasmas with
Re>1,Rm > 1,and Ma > 1.

The importance of Re and Rm is evident in the dimen-
sionless forms of the Navier-Stokes equation and the induc-
tion equation

av
ot

lv,
Re

1
=—Viv—(v-V)v-Vp— @)
Re

%—I:ZR—;VZB—FVX(VXB), )
where v=V/V, and p = P/(p,V}) are the normalized veloc-
ity and normalized pressure; the length and time have been
normalized by R, and Ry/V,.

A third dimensionless parameter y has been added to the
Navier-Stokes equation, describing the loss of ion momen-
tum via charge-exchange collisions with stationary neutrals.
As cusp-confined plasmas are typically not 100% ionized,
this term can have a large effect on the equilibrium velocity
field v, especially at high densities. The dimensionless neu-
tral drag is a function of the viscosity and the ion-neutral col-
lision time

Ry 0.52 T in, 1818118/ HAZ?V 15 R,
Vlin TZ,, '

b4 (6)

where 0, 15 is the ion-neutral charge-exchange cross section
in units of 107'®* m? and n,.1s 1s the neutral density in units of
10" m™. While the linear dependence of neutral drag on
flow velocity as seen in Eq. (4) does not apply to turbulent
flow at very high Re, it is sufficient to describe the laminar
flows presented in this report.
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This report details the results of four plasma flow experi-
ments conducted on the Madison plasma dynamo experi-
ment. Section II outlines the experimental device and the
confinement and heating techniques utilized. Section III
presents flow data generated by electromagnetic stirring at
the plasma edge, incorporating a hydrodynamic model that
uses the measured values of Re and y to predict global vis-
cously driven flows. Section IV presents a second type of
flow drive, using a weak axial magnetic field to drive the
flow through the entire plasma volume. Section V summa-
rizes these results as the first experimental demonstration of
controlled plasma hydrodynamics.

Il. DESCRIPTION OF THE EXPERIMENT

The Madison plasma dynamo experiment (MPDX) is a
large multi-cusp magnetic confinement plasma experiment
located at the University of Wisconsin-Madison."® A 3.0m
diameter spherical vacuum chamber is fitted with over 3000
permanent SmCo magnets bolted to the inner wall in an axi-
symmetric ring cusp geometry. The magnetic polarity of
each of the 36 magnetic rings is oppositely oriented with
respect to the two neighboring rings, resulting in a wall-
localized field that drops off exponentially with the decreas-
ing spherical radius. The plasma is produced using a set of
emissive lanthanum hexaboride (LaBg) cathodes which are
inserted through vacuum ports past the cusp magnetic field
and biased with respect to molybdenum anodes located on
the opposite side of the device. DC power supplies provide a
constant discharge bias between 200V and 500V, and each
cathode can source up to 120 A. The total discharge heating
power is also controlled via cathode temperature, which
ranges between 1100 °C and 1300 °C.

The ring cusp magnetic field is used to confine steady-
state helium and argon discharges, wherein the narrow mir-
ror cusp loss width allows for the sustained generation of
dense, warm plasmas.?’ Scanning Langmuir probe measure-
ments show that the bulk of the plasma is homogeneous,
with no gradients in electron temperature or density. The
sharp gradient that defines the plasma edge is typically
10cm wide, and the plasma density drops to zero about
10cm from the vessel wall when measured along a radial
chord bisecting two magnet rings. Fig. 1 shows a cross-
sectional view of the cusp field geometry, electrode posi-
tions, and typical plasma radial profiles measured along
probe chords.

The spherical geometry of MPDX is described using the
regular r, 0, ¢ coordinate system, but a latitude/longitude
coordinate system is also used to specify port locations
on the vessel wall. Cathode, anode, and scanning probe

TABLE I. Measured and dimensionless parameters for each stirring experiment, evaluated at a timepoint of maximum Rm.

Flow type Te (eV) T; (eV) n, x 10" (m™) fion (%) Vinax (km/s) Rm Re Ma 7

Counter-rotating 9.2 0.76 7.8 61 6.2 210 170 10 55
Co-rotating 10.0 0.7 2.5 49 59 215 67 14 11
MRI He 4.9 0.36 14.4 23 1.2 10.7 219 2.65 423
MRI Ar 3.5 1.29 16.5 63 0.7 4 18 12 17
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positions in this report are given using this system, where the
north pole (+90, 0 =0) is at the top of the poloidal cross-
section in Fig. 1 and the south pole (-90, 0 = 7) is at the bot-
tom. Vacuum ports are located at multiples of 5° (90, 85, and
80, excluding the equator) with magnet rings offset by 2.5°
(87.5, 82.5, and 77.5).

The scanning probe array installed on MPDX consists of
up to nine combination Langmuir/Mach probes. Each probe
tip contains four planar Mach faces and a Langmuir wire tip
so that the local electron temperature and density are mea-
sured along with up to two components of the local ion flow
Mach number. Thus, each probe measures the absolute ion
flow velocity in two directions: the 0 (north-south) and ¢
(east-west) components of the plasma flow. In order to obtain
a global picture of the plasma flow, velocity probes are distrib-
uted between the north pole and the south pole of the vacuum
vessel and are scanned between the plasma edge (r ~ 140 cm)
and their maximum insertion depth of 7 =90 cm.

In addition to the velocity probe array, several non-
invasive diagnostic systems are used to measure core plasma
parameters. A mm-wave heterodyne interferometer is used
to measure the line-averaged electron density, a Fabry-Perot
interferometer measures the core ion temperature, and a
pyrometric bolometer measures the radiated power at the
vessel wall. The neutral pressure is measured at the vessel
wall with two cold-cathode vacuum gauges, and an array of
survey spectrometers measures the radial neutral density pro-
file via optical emission spectroscopy.

lll. EDGE-DRIVEN FLOW

The first method of injecting momentum into the bulk
unmagnetized plasma uses the application of a J x B torque
at the plasma’s magnetized edge, as shown in Fig. 1(c). The
emissive LaBg cathodes are retracted to a radial position
closer to the vessel wall (130 <r < 135 cm) where the mag-
netic cusp field is approx. 20 G, while the molybdenum ano-
des are inserted well beyond the cusp field (r~ 115cm)
where the uncorrected component of Earth’s field is less than
0.2 G. The bulk unmagnetized plasma is thus maintained at a
uniform electric potential close to the grounded anodes, and

Phys. Plasmas 24, 056502 (2017)

FIG. 1. Cross-sectional schematic of
the MPDX vessel. (a) The ring cusp
magnetic field is axisymmetric about
the z-axis, and electrodes and probes
are inserted through ports between
magnet rings. (b) The cusp field
decreases exponentially with the radius
and confines a homogeneous plasma.
(c) Edge toroidal flow is driven by the
J X B torque near retracted cathodes
(gold), where the current is sourced by
inserted anodes (grey).

all current drawn from the cathodes is directed radially.
Because the cusp field is aligned in the theta direction at the
cathode locations, the resulting J x B torque due to the dis-
charged current is in the phi direction. This spins up the edge
of the plasma in the direction determined by the polarity of
the cusp field: at co-latitudes of =85, =75, =15, and =5,
the torque is in the —q?) direction, while at co-latitudes of
+80, =70, =20, and *=10, the torque is in the +(Ab direction.
Momentum is transported from the spinning edge into
the core via ion-ion viscosity but is lost to charge-exchange
collisions with unconfined neutrals. A simple 1D form of the
momentum equation is
% = % (/: X Bo)y — Z—“b + 03[V, (7)
where the J x B torque is only non-zero at the plasma edge.
A 2D hydrodynamic numerical code has been developed'® to
solve the axisymmetric version of this momentum transport
equation, in which the toroidal velocity boundary condition
at the plasma edge vy(r = R, 0) is an arbitrary function of
the polar angle. The transport of momentum inward is calcu-
lated using a global value of Re, where the classical unmag-
netized plasma ion viscosity is calculated using measured
density and ion temperature

2 ®
ny/p’

where the neutral drag term is calculated using the 1D neu-
tral diffusion theory benchmarked against optical emission
spectroscopy measurements. This transport model predicts
the neutral burn-out in the plasma core

2
V= O.96U”-‘E,‘,' 0.8

sinh(r/ Zmgp)
n,(r)y=A————=, 9)
) I/ Znfp
Jmfp = Ufh,n/(”l‘: + Ver), (10)
_ NuRR [ Jonp

- sinh(R/i,,vc,,) ’ (n
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where /,,, is the total neutral mean free path for ionization
and charge-exchange collisions, vy, is the neutral thermal
velocity (based on room temperature 7,, = 0.025eV), and 1,
is the neutral density at the wall (r=R). Thus, the amount of
neutral burn-out is encoded in the radial profile of the dimen-
sionless neutral drag y. The details of this hydrodynamic
solver are discussed further in the Appendix.

The strategic placement of cathodes allows the edge
plasma flow to be arbitrarily controlled and permits the reali-
zation of a wide possibility of flow geometries. The edge
flow is primarily a function of cathode latitudinal location
and cathode discharge power, as well as the strength of the
edge field at the cathode radial position. The two main flow
geometries established using this technique are (a) counter-
rotating hemispheres and (b) co-rotating hemispheres. These
correspond to the T, and T, toroidal flow harmonics in the
spherical expansions of Bullard and Gellman,?' and at lower
enough viscosity, both result in one poloidal circulation cell
in each hemisphere. The only hardware limitation on the
edge rotation profile is the presence of Helmholtz coils
which block cathode installation at latitudes of 35° and 30°
in both the northern and southern hemispheres. This explains
the conspicuous gap in cathode placement evident in the
experimental setups presented in Secs. IIT A and III B.

A. Counter-rotating hemispheres

Resistive MDH simulations have shown that counter-
rotating hemispheres in a sphere generate a laminar flow

Phys. Plasmas 24, 056502 (2017)

geometry that is capable of exciting the dynamo instability.'®
In a spherical analog to the von-Karman flow, the oppositely
directed toroidal flow in the north and south hemispheres can
drive two poloidal flow cells, with a strong radial outflow
from the equator to the poles and a weaker inflow at the
equatorial plane. This so-called “two-vortex” flow can, at
large enough Rm (=300), advect and amplify a weak trans-
verse seed magnetic field through a stretch-twist-fold mecha-
nism. The transition to positive magnetic growth rates has
been shown to be very sensitive to details of the flow geome-
try, and so the well-established flow control is important in a
dynamo experiment.

To drive the counter-rotating flow in MPDX, 8 cathodes
were distributed at mid-to-high latitudes in both the north
and south hemispheres and were retracted into the cusp, and
so the LaBg spanned the radial interval 130 <r < 135cm.
Two additional cathodes near the equator were not retracted
and were used only to provide additional heating power
without affecting the edge flow. Nine velocity probes were
scanned between r=90cm and r=130cm, and their elec-
tron density measurements in the plasma core were cali-
brated to the line-averaged mm-wave interferometer
measurements.

Fig. 2 shows the results from the counter-rotating experi-
ment, including the results of 2D hydrodynamic modeling.
The maximum flow velocity was measured to be 6km/s,
resulting in dimensionless parameters of Re = 170, Rm = 210,
and .y =355. The results of the hydrodynamic simulations
compare favorably with velocity probe measurements in
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FIG. 2. Counter-rotating flow measurements in helium. (a) Global plasma parameters; error bars indicate the shot-to-shot variation. (b) Globally averaged
radial profiles from scanning Langmuir probes. (c) Electrode and probe placement with the modeled flow: poloidal flow contours and streamlines are shown on
left and toroidal flow contours on right. (d) Velocity probe radial profiles, showing counter-rotating hemispheres. Colors correspond to probe positions in (c),

and the solid lines correspond to the modeled flow.
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MPDX. The two hemispheres are clearly rotating in opposite
directions, with the edge momentum transported inward at
rates predicted by classical viscous diffusion. At this moderate
ionization fraction of ~60%, the neutral drag is a significant
factor in the momentum transport equation, limiting toroidal
flow penetration and forcing flow below measurable levels by
r=90cm. In contrast to the large toroidal flows, poloidal
velocity flows are too slow to be resolved above the ~1km/s
probe error; this matches the simulated vy values which are
less than 500 m/s throughout the spherical volume.

B. Co-rotating hemispheres

A second stirring geometry was tested in MPDX in
which all cathodes were installed so as to drive the flow in
the same (toroidal) direction. This co-rotating flow is
designed to be a simple model of the differential flow
observed in the solar convective zone, where the equatorial
period of 25 days is much shorter than the polar period of 34
days.?? For this experiment, ten cathodes were distributed
between the north and south poles and retracted into the cusp
field to 130 <r < 135cm. Unlike the counter-rotating flow
experiment, there is no velocity null between the two hemi-
spheres, and so stirring cathodes can be placed at the equator
and at mid-to-high latitudes. Five velocity probes were
scanned, with four of them located in the same magnet ring
as a stirring cathode.

Fig. 3 shows the results of the co-rotating experiment
and their comparison to the hydrodynamic model results.
While these helium plasmas had a smaller ionization fraction
in comparison to the counter-rotating experiment, the
depressed values of the core electron density and neutral fill

Phys. Plasmas 24, 056502 (2017)

pressure resulted in lowered dimensionless parameters of
Re =67 and y=11. However, the magnetic Reynolds num-
ber was still quite high at Rm =215 due to comparable meas-
urements of 7, and maximum velocity. The Langmuir probe
radial profiles in Fig. 3(b) once again indicate a homoge-
neous core, albeit with a slight increase in electron tempera-
ture and density at the radial position of the LaBg cathodes.
This local increase is frequently observed in magnet rings
with retracted stirring cathodes and is presumably present in
the counter-rotating experiment as well. It is more evident
here only due to the increased number of probes in cathode
rings. Thus, the inputs to the hydrodynamic simulations for
both edge-drive experiments were calculated using
R =130cm, taking into account the observation that the core
volume of homogeneous viscosity and Re extends out only
as far as the volume of constant 7, is concerned.

The measured velocity profiles in Fig. 3(d) show a uni-
form rotation direction with relatively small gradients and a
non-zero flow in the plasma core. This is partially attribut-
able to the lack of a velocity null near the equatorial plane,
which in the counter-rotating case served to further suppress
the flow far from the vessel wall. In addition, the smaller val-
ues of Re and y here increased the radial momentum flux and
decreased the loss of momentum to charge-exchange colli-
sions. A downside to decreased Re is the decreased poloidal
flow, and the modeled flows agree with probe measurements
of vy insofar as both are below the Mach probe noise level.
The measured velocity gradients are a poorer match to simu-
lation results, at least at radial positions closer to the edge
cusp field; this may be due to a lack of spherical symmetry
in neutral out-gassing or some other transport-induced local
change in neutral drag.
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FIG. 3. Co-rotating flow measurements in helium. (a) Global plasma parameters; error bars indicate the shot-to-shot variation. (b) Globally averaged radial
profiles from scanning Langmuir probes. (c) Electrode and probe placement with the modeled flow: poloidal flow contours and streamlines are shown on left
and toroidal flow contours on right. (d) Velocity probe radial profiles, showing co-rotating hemispheres. Colors correspond to probe positions in (c), and the

solid lines correspond to the modeled flow.
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IV. VOLUMETRIC-DRIVEN FLOW

The second method of stirring MPDX plasmas is
designed to generate flow profiles appropriate for the study
of the MRI. In astrophysical accretion disks, the plasma in
the disk itself follows a Keplerian angular velocity profile*

Q(r) =\/GM/r3. (12)

Observations of disk luminosities indicate an accretion
rate that far exceeds the expected rate due to classical vis-
cous momentum transport, and the MRI acts to facilitate tur-
bulent transport through an MHD instability that arises from
the combination of a weak seed magnetic field and shear
flow. In order to observe this effect in the laboratory, other
sources of plasma turbulence must be avoided while main-
taining the correct direction of flow shear. The MRI is desta-
bilized by an angular velocity profile that decreases with the
radius, while hydrodynamic turbulence is avoided if the
angular momentum increases with the radius”

dQ d(?Q)
o <0, ar > 0, (13)
where 7 in this section refers to the cylindrical radius.

This velocity profile is opposite to that of the edge-
driven flows described in Section III and requires a different
flow drive technique. Instead of limiting the J x B torque to
the magnetized edge region of MPDX plasmas, a uniform
axial magnetic field is externally applied using the 4.07 m
diameter Helmholtz coil set. The discharge current that flows
in the cylindrical radial direction will generate a J x B tor-
que throughout the entire volume of the plasma. In order to
force the current to flow perpendicular to the applied axial
field, LaB¢ cathodes are installed near the machine equator,
while anodes are inserted near the north and south poles, as

(b)
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shown in Fig. 4. A weak axial field is applied (B, =0.5G for
helium stirring; B, =2.0 G for argon stirring) and maintained
throughout the duration of the discharge. The current density
is larger close to the cylindrical axis of symmetry due to the
geometric effects of current continuity, and the resulting tor-
que profile decreases with the cylindrical radius. This flow
drive technique produces a velocity profile that has a maxi-
mum flow near the axis of rotation and slows to a nearly sta-
tionary boundary condition at the equatorial plasma edge.

Eight velocity probes were used to measure the plasma
flow in both hemispheres, in both helium and argon plas-
mas. Velocity probe measurements are shown in Figs. 5
and 6, where data points are identified by the probe latitude
and hemisphere and correspond to the colored radial chords
shown in Fig. 4. The probes were distributed so as to
completely cover the interval in the cylindrical radius
spanned by the polar anodes and the equatorial cathodes. It
is apparent that the measured flows are symmetric about the
vessel equator. This is not a result of the well-balanced
input current from the anodes; instead, it suggests that Re is
large enough for Ferraro’s theorem?* to apply. In this limit
of the inviscid flow, this predicts that contours of the con-
stant magnetic flux are also contours of the constant angular
velocity. Since the magnetic field is symmetric about the
machine equator, this would make the toroidal flow simi-
larly mirrored.

Core measurements for the volumetric flow experiments
are shown in Fig. 7. The two ion species are an interesting
contrast, both in dimensionless parameters and velocity pro-
files. Helium, with a low ion temperature of 7;=0.36¢eV,
has a relatively high Re, indicating that the viscosity is low.
The resulting flow is well-fit by the Couette flow in a
cylinder

vy =Ar+B/r. (14)

FIG. 4. Experimental setup for the
volumetric-driven  flow:  cathodes
(gold) are at the equator and anodes
(grey) are at poles. (a) Discharge cur-
rent is forced across the axial field
=~ (B,=2.0G). (b) Scanning probes are
~ distributed across the northern and
southern hemispheres.
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FIG. 5. Velocity probe measurements of the toroidal flow in the helium
plasma.

The inner region is marginally stable to the hydrody-
namic instability, but the radial gradient in angular momen-
tum becomes negative outside of r~90cm. This indicates
that the MRI may be active in the inner core of the rotating
plasma column and could even be modifying the equilibrium
velocity profile to push the outer core into a hydrodynami-
cally unstable regime. A dearth of modeling on this flow
drive geometry limits the physical intuition that can be
applied to these measurements, but in general, the data show
promise for future MRI studies in helium plasmas. The
Alfvén Mach number Ma is consistently larger than unity,
and Re is large, indicating that the axial field is weak com-
pared to the generated flows and that the viscosity is negligi-
ble. Both of these conditions are requirements for the
measurement of an MRI mode that is strong enough to over-
come both viscous damping and Lorentz force saturation.
Such a saturated mode could be detected by measuring the
turbulent spectrum of the small-scale radial magnetic field in
the plasma core: a marked increase in turbulent magnetic
energy at a specific threshold Rm would be strong evidence
for the onset of an inductive instability. These in-situ meas-
urements are currently outside the capability of the MPDX
diagnostics, but an improvement in magnetic probe sensitiv-
ity is a high priority for future research.

In contrast to the helium MRI data, measurements in
argon plasmas have a much smaller Re due in part to the
higher ion temperature of 7; =1.29eV. This plasma flow is
more viscous, and so momentum diffusion plays a larger role in
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FIG. 6. Velocity probe measurements of the toroidal flow in the argon
plasma.

limiting velocity gradients. The measurements show a flat veloc-
ity profile out to =90 cm, which is not well-fit by a Couette-
driven flow profile. The inner flow is linearly stable to hydrody-
namic instability, but the outer core of the rotating plasma
column should undergo a transition to non-axisymmetric modes
due to the Rayleigh criterion.

It should be emphasized that no velocity fluctuations
have been measured over the course of all MPDX flow
experiments. The lack of fluid instability signatures in the
Mach probe data points to the possible role of neutrals and
viscosity in damping fluid turbulence. In the case of the volu-
metric helium flow, there is minimal neutral burn-out in the
plasma core, leading to significant neutral drag on the flow-
ing ions. The momentum source term corresponding to the
global J x B torque is large compared to the neutral drag,
but smaller-scale turbulent fluctuations could be more sus-
ceptible to damping. A similar argument can be applied to
the volumetric argon flow which, while being highly ionized,
has a small Re~ 18. The larger viscosity could serve to
increase the threshold angular momentum gradient for the
transition to hydrodynamic turbulence, permitting the
observed profiles to exist in a laminar state.

V. CONCLUSIONS

A novel multi-cusp plasma device was built to investi-
gate flow-driven MHD instabilities, and initial experiments
have been successful at generating high Rm plasma flows.
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Plasma ionization fractions are in excess of 50% in both
helium and argon discharges due in part to the improved con-
finement afforded by the axisymmetric multi-cusp geometry.
The recent innovations both in permanent magnet energy
density and LaBg¢ cathode fabrication allow MPDX plasmas
to occupy new regions in the Re, Rm parameter space, out-
performing the previous magnetic bucket devices and for the
first time reaching conditions amenable to generation of the
dynamo and MRL

The various flow geometries presented here are designed
to investigate the physical processes that underlie astrophysi-
cal instabilities. However, the measured flows and dimen-
sionless parameters are not sufficient to match numerical
models that predict magnetic mode growth. In all cases, the
ratio y/Re is too large, that is, the momentum sink due to
neutral collisions is the dominant effect in determining the
momentum diffusion into the plasma core. The resulting
velocity profiles do not have gradients steep enough for
dynamo excitation at the measured Rm values. While optfi-
mized flow geometries were found to require Rm values
between 200 and 300 in Khalzov er al.'® as shown in Fig.
8(a), these optimized flows have steep gradients in the toroi-
dal flow and high poloidal flow, both of which are essential
for laminar dynamo activity. The measured flows presented
here are significantly weaker, having smaller gradients and
less radial penetration and no measurable poloidal flow, and

08 10 12 14 16

Time (s)

thus their critical magnetic Reynolds number is likely to be
much larger than the optimized Rm,,; shown in Fig. 8(b).
Specifically, the hydrodynamic flow model results shown in
Figs. 2 and 3 were used as the equilibrium velocity field in a
numerical induction equation solver as described in Khalzov
et al. The results are as expected: all magnetic eigenmodes
are found to have negative growth rates, and no magnetic
amplification is predicted.

It remains to be seen whether improvements towards an
ideal flow structure will produce experimental flows that can
generate growing magnetic modes. The most obvious goals
are to decrease neutral drag and increase plasma conductiv-
ity, resulting in a closer approximation to the optimized
flows studied previously. New plasma heating systems will
certainly help, as the ohmic discharge heating scheme used
here makes it difficult to increase Re while minimizing y due
to their joint dependence on electron density. An electron
cyclotron resonant heating system has been installed on
MPDX and should permit simultaneous improvements in Re,
Rm, and the ionization fraction. It is hoped that electron
cyclotron heating will also allow higher electron temperature
without a corresponding increase in ion temperature, which
also serves to limit Re. Future work will take advantage of
both these improvements and a significant upgrade in mag-
netic diagnostics, moving forward towards the experimental
detection of these elusive flow-driven MHD instabilities.

. Critical Rm : FIG. 8. Optimized counter-rotating
: : flow for N=4 poloidal terms in the
edge boundary drive. (a) Hydrodynamic
model with varying Re and zero neutral
drag. Scaling and layout are the same as
in Fig. 2(c). (b) Critical magnetic
Reynolds number for kinematic
dynamo excitation as a function of Re.
Optimized terms and Re-Rm plot (b)
from Khalzov er al.'®

150 200 250 300
Re
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APPENDIX: 2D HYDRODYNAMIC MODEL

Numerical modeling of axisymmetric flows in the
MPDX spherical geometry is a valuable tool in analyzing the
experimental results. Previous work has established a two-
dimensional quasi-spectral code that solves the Navier-
Stokes equation (Eq. (4)) using the boundary condition
V(R) = vy(0) at the plasma edge, which is expressed as a
sum of spherical harmonics

L
Z 8P1 cos 9) (AD)

The discrete polar locations of the stirring cathodes are
decomposed into Fourier harmonics

N
vy = Y _ aysin2n0 + b, cos 2n0, (A2)

n=1

which are integrated to give the spherical harmonic coeffi-
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7= i(man + Giub), (A3)
n=1
where the coefficients F;, and Gy, are the integrals
Fi, = % JO sin 210 sin®6 W do, (A4)
G = %L cos 210 sin%?%d@. (A5)

Fig. 9 shows the discrete and spherical harmonic forms
of the edge boundary conditions used for the counter- and
co-rotation models discussed above. Also shown are the
measured cathode discharge powers used to scale the edge
boundary conditions. The red and blue curves indicate edge
profiles where the flow between cathode rings has been
scaled by 0.8 and 0.2 of the cathode drive amplitude, respec-
tively. The black curve is the 0.5 scaling used in the models
shown in Figs. 2 and 3.

The axisymmetric hydrodynamic equilibrium is com-
puted using the technique outlined in Khalzov et al.'® The
spherical harmonic expansions of the equilibrium velocity
components v,, vy, and vy are truncated at L =72 to reflect the
36-pole geometry of the multi-cusp edge field, and a uniform
radial grid with N, =50 intervals is used to discretize and
solve the dimensionless Navier-Stokes equation. The remain-
ing two equilibrium velocity components are defined as

T —

U

L
i s ) . P; (cos 0)
cients 1, that are the main input into the hydrodynamic Z , (A6)
Navier-Stokes solver I=1
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(A7)

Z 1 9s:(r) OP;(cos 0)
o r or 00

where s5/(r) is the radial function for the corresponding poloi-
dal mode expansions.
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