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Differentially rotating flows of unmagnetized, highly conducting plasmas have been created in the

Plasma Couette Experiment. Previously, hot-cathodes have been used to control plasma rotation by a

stirring technique [C. Collins et al., Phys. Rev. Lett. 108, 115001 (2012)] on the outer cylindrical

boundary—these plasmas were nearly rigid rotors, modified only by the presence of a neutral

particle drag. Experiments have now been extended to include stirring from an inner boundary,

allowing for generalized circular Couette flow and opening a path for both hydrodynamic and

magnetohydrodynamic experiments, as well as fundamental studies of plasma viscosity. Plasma is

confined in a cylindrical, axisymmetric, multicusp magnetic field, with Te< 10 eV, Ti< 1 eV, and

ne < 1011 cm�3. Azimuthal flows (up to 12 km/s, M¼V=cs� 0.7) are driven by edge J�B torques

in helium, neon, argon, and xenon plasmas, and the experiment has already achieved Rm� 65 and

Pm � 0:2� 12. We present measurements of a self-consistent, rotation-induced, species-dependent

radial electric field, which acts together with pressure gradient to provide the centripetal acceleration

for the ions. The maximum flow speeds scale with the Alfv�en critical ionization velocity, which

occurs in partially ionized plasma. A hydrodynamic stability analysis in the context of the

experimental geometry and achievable parameters is also explored. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4872333]

I. INTRODUCTION

Circular Couette flow (or Taylor-Couette flow, hereafter

TCF) is one of the most fundamental systems in fluid

dynamics1–3 and was first investigated over 130 years ago. In

TCF geometry, a viscous liquid flows between two coaxial,

differentially rotating cylinders. The classic TCF profile is

purely azimuthal, though experiments in finite height cylin-

ders often suffer from secondary, non-azimuthal Ekman cir-

culation due to end effects. While seemingly simple, TCF

exhibits a large number of distinct flow states (which depend

on the rotation rates of the inner and outer cylinders), making

it the ideal testbed for detailed experimental and theoretical

studies of hydrodynamic instability thresholds, nonlinear

behavior, and transition to turbulence.4 Recently, TCF of a

conducting medium, such as liquid metal or plasma, has been

pursued as a model for understanding astrophysical systems,

and theoretical investigations using both ideal magnetohydro-

dynamics (MHD) and extended MHD in plasma5 have been

examined.

A TCF has recently been created using plasma, rather

than liquids, in a laboratory device named the Plasma

Couette Experiment (PCX) located at the University of

Wisconsin-Madison. The goal of PCX is to create a suffi-

ciently hot, steady-state, differentially rotating, weakly

magnetized plasma to study basic hydrodynamic and mag-

netic flow-driven instabilities and dynamics specific to plas-

mas, such as two-fluid effects and neutral collisions. In

PCX, toroidal plasma flow is controlled by electrostatic

stirring assemblies at both the inner and outer boundaries.

Flow profiles can be adjusted so that the angular velocity

decreases with radius and the angular momentum increases

with radius, and thus mimic the Keplerian-like flows of

accretion disks (where XðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=r3

p
).

A TCF of plasma operates in a regime distinct from ei-

ther liquid or liquid metal TCF. Specifically, the degree of

ionization introduces the possibility of momentum loss

through collisions with neutral atoms, and the resistive and

viscous dissipation varies with the plasma temperature Te

and density ne. The relevant hydrodynamic Reynolds number

characterizing the ratio of the momentum advection by the

flow to the momentum diffusion, Re¼V L=�, is governed by

the flow velocity V, the characteristic size L, and Braginski

viscosity; in an unmagnetized plasma, � ¼ 0:96v2
Ti
si, where

vTi
is the ion thermal speed and si is the ion-ion collision

time. Also of interest is the magnetic Reynolds number,

Rm¼V L=g, which describes the degree to which magnetic

fields are frozen into a moving plasma with magnetic diffu-

sivity g. In terms of plasma parameters,

Re ¼ 0:74 Vkm=sLmni;1011 cm�3 Z4 ffiffiffi
l
p

T
�5=2
i;eV ; (1)

Rm ¼ 0:84 T
3=2
e;eVVkm=sLmZ�1: (2)

The ratio of these quantities is the magnetic Prandtl number

Pm¼Rm=Re¼ �=g and is of order unity in PCX plasmas, a

significant advantage over liquid metal experiments where

Pm ¼ 10�5 � 10�6.

If rotation is driven exclusively at the inner boundary,

TCF can become hydrodynamically unstable above a certain

critical threshold (set by the viscosity) and consequently

exhibits large-scale, secondary flows in the form of axisym-

metric “Taylor” vortices, first studied in detail by Taylor in
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1923.1 Exploring the onset threshold for hydrodynamic insta-

bility is important in PCX, since Taylor vortices govern the

rate of momentum transport across the sheared flow of

plasma. Envisioning the use of this device for experiments

concerning other instabilities, such as the magnetorotational

instability or generating a dynamo in TCF,6 requires a thor-

ough understanding of the important dynamical effects and

thresholds for hydrodynamic instability.

This article reports on a number of recent advancements

to the experiment. Uniform, solid-body rotation spanning the

entire height of the plasma is achieved by extending the rota-

tion drive system to include all four cathodes at the outer

boundary. Plasma parameters, such as velocity, Te, ne, Vfloat,

are measured with probe-based diagnostics, and a non-

perturbative method of line ratio spectroscopy is also used to

measure Te. A newly constructed center post assembly pro-

vides stirring on the inner boundary, resulting in a controlled,

differentially rotating flow which we use to explore the rele-

vant dynamics of plasma TCF. Measurements of a self-

consistent, rotation-induced radial electric field are also

presented. Much effort was made to maximize the induced

flow, and apparent velocity limits have been observed for

various gas species (He� 12 km/s, Ne� 4 km/s,

Ar� 3.2 km/s, and Xe� 1.4 km/s), which scale with a criti-

cal ionization velocity (CIV) limit reported to occur in par-

tially ionized plasmas. Finally, a hydrodynamic linear

stability analysis is performed to estimate the critical veloc-

ity for the appearance of Taylor vortices at current experi-

mental geometry and parameters.

II. DESCRIPTION OF EXPERIMENT

In PCX, plasma is confined by a cylindrical “bucket” as-

sembly of permanent magnets, arranged in rings of alternating

polarity, to form an axisymmetric cusp magnetic field.7 The

field is localized to the boundaries, leaving a large, unmagne-

tized plasma in the bulk, with aspect ratio C ¼ height
=ðR2 � R1Þ� 3. Plasma is produced with 2.45 GHz micro-

wave heating to reach Te< 10 eV and ne ¼ 1010 � 1011 cm�3.

The waveguide launches mostly O-mode, implying a cutoff

density limit at ne ¼ 7:4� 1010 cm�3. Similar to other micro-

wave powered multicusp plasmas,8 the PCX plasma is

observed to have two distinct states. In the overdense state,

the plasma is produced by a surface wave discharge, exhibit-

ing bright emission from the central, field-free region of the

plasma, and cusp losses can clearly be seen. When the plasma

is underdense, bright rings of emission are observed, espe-

cially around the center core magnets near the electron cyclo-

tron heated (ECH) resonant zone (Fig. 1(e)), indicating

resonant electron heating and trapping. These emission rings

are absent at locations where center post electrodes are in-

stalled due to increased loss area.

Electron temperature is routinely measured with single-

tip swept or triple-tip Langmuir probes and has been con-

firmed using Optical Emission Spectroscopy (OES), a

non-invasive diagnostic which uses emission line ratios to

determine the electron temperature. The OES method9 has

previously been developed by collaborators on an induc-

tively coupled argon plasma used in plasma processing with

1< Te< 6 eV, but this is the first application to plasma with

both higher electron temperature (up to 15 eV) and ionization

fraction (30%). The OES electron temperature measurements

in PCX (Fig. 2) agree within 15% of Langmuir probe

measurements.10

The plasma is stirred using J�B forces in the magne-

tized edge region, where current is driven by toroidally local-

ized, electrostatically biased hot cathodes. Viscosity couples

the azimuthal flow inward to the unmagnetized region, and

the flow is optimized at low density (where viscosity is larg-

est) and a low neutral pressure (where neutral drag is mini-

mized). Mach probes measure flow using the ratio of

FIG. 1. Newly installed center core assembly of magnets and stirring

electrodes.

FIG. 2. Electron temperature vs. radius measured by the swept Langmuir

probe and Optical Emission Spectroscopy suggest uniform temperature in

the bulk, unmagnetized region (0.1< r< 0.3 m). Measurements were taken

in a flowing argon plasma with 3 km/s solid body rotation (similar to Fig.

6(e)). Error bars are standard error of time-averaged measurements.
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upstream to downstream ion saturation current, jþ=j�

¼ expðKV=csÞ, with K¼ 1.34. Measurements of the flow pro-

files match the profiles predicted by a model that includes

Braginskii viscosity and momentum loss through ion-neutral

charge exchange collisions.11

Rotation drive at the outer boundary has been extended

to cover the entire vertical height of the plasma. In Fig. 3, azi-

muthal velocity measurements were made with a vertically

scanned, 4-tipped Mach probe in argon. The plasma parame-

ters (measured by the triple probe) were similar for each case,

with ne ¼ 3� 1010 cm�3; fion ¼ 10%; Te ¼ 6:5 eV, and

Ti¼ 0.1 eV (from fitting the velocity profile). If all four outer

cathodes are biased, the entire column of plasma spins. If

only the two central cathodes are biased, rotation is induced

exclusively at the midplane and exponentially decreases

away from the midplane. Vertical shear is expected, since the

kinematic viscosity of plasma is relatively high, �� 3 m2/s,

and Remax< 400. For reference, the kinematic viscosity of

inviscid fluids such as water or liquid metals12 is

� � 10�6 � 10�7 m2=s. The plasma in PCX is more compa-

rable to molasses, which has � � 3� 7 m2=s.

III. ADDITION OF INNER BOUNDARY FLOW DRIVE

In order to control the shear flow necessary to excite

flow-driven instabilities, rotation must also be induced at the

inner boundary. Therefore, a center core assembly of mag-

nets and stirring electrodes (pictured in Fig. 1) was installed,

consisting of 22 radially magnetized (Br¼ 2.3 kG), NeBFe

magnet rings (OD¼ 5.5 cm), stacked in alternating polarity

and separated by aluminum clamps. Each inner cathode has

a total surface area of 1:6 cm2, constructed from loops of

0.038 cm diameter thoriated tungsten wire. Filaments are

mounted by press-fit connections in double bore alumina

tube with copper leads, and each cathode plugs in to a recep-

tacle mounted on an aluminum clamp. Wiring was gauged to

ensure that the filaments are the most resistive part of the cir-

cuit. Six out of the possible ten cathodes are installed; addi-

tional cathodes would require modification to both the center

post and electrical vacuum feedthroughs. The inner anodes

are 2 cm long cylinders of 0.64 cm diameter molybdenum,

mounted on molybdenum threaded rod insulated by quartz

tubes. All inner anodes are mounted to a copper bus bar and

biased together. Cathodes are ohmically heated to tempera-

tures around 1700 �C using variable-voltage AC power sup-

plies and isolation transformers. The cathodes are negatively

biased up to 600 V with respect to the cold anodes, and the

entire electrode assembly is floating relative to ground (the

chamber wall). The inner and outer electrode assemblies are

biased independently with separate DC power supplies.

The center post magnets were initially covered by a

clear quartz tube (OD¼ 6.02 cm). The aluminum center rod

is water cooled to prevent magnets from overheating, but

magnet surfaces still reached high temperatures of �120 �C
due to the radiant heat flux from filaments. Therefore, the

inside of the clear quartz tube was coated with silver to act

as a heat shield, resulting in acceptable magnet temperatures

of <60 �C during operation. Over time, the quartz tube

becomes coated with a conductor, e.g., tungsten evaporating

from hot filaments. In order to facilitate efficient cleaning

and filament replacement, a gate valve system has been in-

stalled to isolate and remove the center core while preserving

vacuum in the main chamber (see Fig. 4).

In general, filaments most often fail in the overdense

state of the plasma discharge (ne > 7� 1010 cm�3), during

which large spikes in currents between biased cathodes and

adjacent anodes are often observed (see Fig. 5(a), t¼ 0.8 s).

FIG. 3. Argon azimuthal velocity

measured with vertically scanned,

4-tipped Mach probe, with 450 V for

�1 A from each biased cathode with

(a) two biased cathodes vs. (b) four bi-

ased cathodes. Triangles mark the

location of magnets, anodes (solid

lines), and cathodes (stars) are located

around r¼ 0.37 m.

FIG. 4. Major hardware components and cut-away view of the vacuum

chamber.
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The inner cathodes were particularly vulnerable and tended

to be destroyed by a single “arc” event. It is not clear if this

was caused by shorting across the face of the magnets due to

contamination by deposition of conducting material, or if it

was a property of the cathodes themselves. One possibility is

that higher plasma density could cause increased and possi-

bly non-uniform heating through ion bombardment on the

tungsten filaments, leading to localized hot spots and sudden

bursts of emission current. Similar effects might occur

because the coil shaped filaments could pick-up strong

E-fields from microwaves in the edge region.

Cathode behavior might be better understood through

further studies of the edge region in overdense plasmas.

Perhaps this problem can be solved by using a different cath-

ode material and design, such as the LaB6 cathode design

currently being tested on the recently constructed, much

larger Madison Plasma Dynamo Experiment.13

Basic characteristics of the microwave-heated, differen-

tially rotating plasma are presented in Fig. 5. Plasma is created

using simultaneous gas puff and microwaves, and cathode bias

is applied to both inner and outer cathodes. Density and elec-

tron temperature are measured with a triple probe. Azimuthal

rotation profiles are measured with a radially scanned

Mach probe at the midplane, and profiles are fitted with the

Bessel function solution based on measured parameters.11 In

the beginning of the shot, the plasma is overdense with

P ¼ 2:8� 10�4 Torr, ne ¼ 1:2� 1011 cm�3; Te ¼ 6:8 eV,

and Ti¼ 1.1 eV (found from the fitted velocity profile), result-

ing in Pm¼ 12 and Rm¼ 30 with peak flow speeds of

V1¼ 2.3 km/s and V2¼ 5.7 km/s at the inner and outer bounda-

ries, respectively. Later in the shot, the plasma is underdense

with P¼ 1:1� 10�4 Torr; ne ¼ 2:3� 1010 cm�3; Te ¼ 7:5eV,

and Ti¼0.3eV. At these parameters, peak flow speeds reached

V1¼3.4km/s and V2¼12.3km/s, with Pm¼2.5 and Rm¼65.

Maximum flow in the bulk was obtained when the neutral

drag is minimized (at low neutral pressure and high ionization

fraction) and ion viscosity � is maximized (at low density,

since � / T
5=2
i n�1

i l�1=2 for unmagnetized plasma). For the

J�B flow drive to be effective, the current has to be large

enough and the electrode position in the magnetized edge

must be optimized. The radial location for the center post stir-

ring electrodes (r� 7 cm) was found through a series of trial-

and-error experiments to test cathodes of various lengths.

IV. MEASUREMENTS OF ROTATION-INDUCED
RADIAL ELECTRIC FIELD

In a strongly rotating plasma, where the magnitude of

the toroidal velocity of the plasma is comparable to the ther-

mal velocity, the centrifugal force causes ions to move to

larger radii. As with any gas centrifuge, the outward dis-

placement of ions creates a pressure gradient, resulting in an

inward force to balance the outward centrifugal acceleration.

In a rotating plasma, however, a radial electric field arises to

prevent charge separation from the difference in centrifugal

forces.14 The ions are thus held in orbit by both the ion pres-

sure gradient force and the electric field as determined by the

electron pressure.

In the case of an unmagnetized flow with uniform tem-

perature, the radial force balance equation for ions can be

written

�niMi
V/ðrÞ2

r
¼ �Zeni

dU
dr
� Ti

dni

dr
; (3)

where U is the electrostatic potential. Neglecting the small

centrifugal force on the electrons, the electrons simply

obey the Boltzmann relation, ne ¼ n0 expðeU=TeÞ. Since the

FIG. 5. (a) Plasma is created with a neutral gas puff and ECH heating. Rotation is induced with four outer cathodes (each 350 V, �1.1 A) and five inner catho-

des (each 575 V, �0.75 A). (b) Plasma density and electron temperature vs. time, measured with the triple probe. (c) Angular velocity profile at two different

times during plasma discharge (times marked by dashed line in (a) and (b)), along with corresponding azimuthal velocity (d) and angular momentum (e) pro-

files. Error bars are standard deviation of fluctuation in time.
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electron density must match the ion density to maintain qua-

sineutrality, a radial electric field arises. The resulting

rotation-induced, mass-dependent plasma potential profile is

UðrÞ ¼ 1

eðZ þ Ti

Te
Þ

Mi

ðR2

R1

V/ðrÞ2

r
dr; (4)

where the inner and outer radii are denoted by R1 and R2.

The PCX rotation drive scheme is unique in that it does

not require external radial electric fields applied to the bulk,

in contrast to most homopolar-type devices that create E�B
flow. It would therefore be expected that a radial electric

field appearing in the PCX plasma would be self-generated.

The thermal diffusion gradient scale-length is much larger

than the machine size and much smaller than the particle dif-

fusion gradient scale-length in PCX, justifying the isother-

mal model assumed in Eq. (4). In the bulk, unmagnetized

region away from any possible sources of electron heating

(ECH resonance, joule heating due to biased cathodes), the

electrons undergo multiple bounces, or reflections by the

mirror force at the cusps, resulting in uniform distribution in

the bulk. Uniform electron temperatures in the bulk, unmag-

netized region (0.1 m< r< 0.3 m) in both rotating and non-

rotating plasmas have been confirmed with both a radially

scanned, swept Langmuir probe and OES, as shown in

Fig. 2.

Potential profile measurements were obtained with a

rake probe consisting of a single Mach probe along with

multiple radially spaced tips to measure floating potential.

Assuming constant Te, Uf l and Up vary by a constant sheath

potential Ush, and Uf l can be substituted into Eq. (4) by

absorbing Ush into the integration constant.15 The rake probe

measurements could be used to derive the radial electric

field, however, the measurements tended to be very noisy

(jUf lj < 10 V, with 62 V fluctuations) and better results

were obtained by simply measuring the potential profile and

comparing to Eq. (4). Over the course of many plasma

pulses, a number of measurements were recorded at each

radial location, and the floating potential was then taken as

the mean value between multiple shots. Efforts were made to

maintain consistent plasma conditions, but the bulk plasma

potential still varied slightly from shot-to-shot. To adjust for

these shot-to-shot differences, the floating potential was

simultaneously measured by the fixed triple probe and sub-

tracted from the rake probe floating potential measurements.

In order to extract the meaningful potential data (which is

DC in character), a first order Savitzky-Golay smoothing

routine (sgolayfilt in Matlab) has been applied to reduce the

magnitude of the time-varying fluctuations and remove large

voltage spikes from the data, which are often encountered in

discharges with strongly biased cathodes.

Measurements of the radial floating potential show the

presence of an outward rising potential, which only arises

when the plasma is flowing. The velocity and corresponding

floating potential measurements in helium, neon, and argon

are shown in Fig. 6. The Mach probe velocity measurements

are fitted with the Bessel function model based on the meas-

ured plasma parameters for each dataset. The floating poten-

tial measurements are fitted with the predicted potential

according to Eq. (4), where the velocity profile is the Bessel

function fit of the Mach probe velocity data.

According to Fig. 6, the measured radial increase in

potential is not much more than 0.8 V, and the corresponding

density displacement is 10%–20% of the core density,

according to ne=no ¼ expðeU=TeÞ. A density gradient has

not yet been observed, because the interpretation of probe

measurements based on collection of ion saturation current

in a rotating plasma were ambiguous, and shot-to-shot varia-

tion in the measurement also tends to be on the order of

10%–20%.

A. Mass dependence

The best evidence for mass-dependent, outward dis-

placement of spinning plasma in PCX is found by comparing

the profiles for flow and potential of various gases. One can

FIG. 6. Floating potential profiles (b), (d), and (f) are measured for various flow profiles (a), (c), and (e) generated in helium, neon, and argon. As the flow ve-

locity increases, the radial floating potential increases as predicted by Eq. (4).
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solve for the ion mass using the measured potential and fitted

velocity profiles

Mi ¼
eUðrÞðZ þ Ti

Te
ÞðR2

R1

V/ðrÞ2

r
dr

: (5)

In Fig. 7, experiments with four different gases (helium,

neon, argon, and xenon) were performed. Since the centrifu-

gal force is stronger on heavier ions, lower rotation speeds

are required to obtain radial potentials that are equivalent to

those of the faster rotating, lighter species. The measured

values of the potential and velocity are used to calculate the

ion mass to within a factor of two for the distinct species.

V. VELOCITY LIMITS

The velocities measured in the PCX experiment have

increased through the optimization of electrode locations and

realization that plasma conditions are optimized at low den-

sity and high ionization fraction. It seems, however, that as

long as the plasma remains partially ionized, velocity limits

do exist and are consistent with the species-dependent criti-

cal ionization velocity first proposed by Alfv�en in 1954.

Alfv�en hypothesized that if the ion flow kinetic energy

exceeds the ionization potential of the neutrals, the ioniza-

tion rate of a neutral gas should strongly increase. The CIV

is reached when the relative velocity between the plasma

ions and neutral gas reaches the value

Vcrit ¼
ffiffiffiffiffiffiffiffiffiffi
2eUi

mn

r
; (6)

where Ui is the ionization potential and mn is the mass of the

neutral atom. Rather remarkably, the simple velocity limit

set by Eq. (6) has been confirmed in numerous experiments

with a variety of geometries, spanning orders of magnitude

in various neutral gas, plasma, and magnetic field conditions,

as summarized in several extensive review articles.16,17

Laboratory experiments that have been designed especially

to study CIV generally create flowing plasma with either

homopolar-type devices that implement cross-field dis-

charges, or with coaxial plasma guns to create a plasma

beam colliding with neutral gas. Investigations of many gas

species found that the maximum E/B velocity was typically

within 50% of Vcrit (as long as the plasma remained partially

ionized), where the magnitude of the velocity was inferred

by jE=Bj or by the Doppler shift of spectral lines.

The peak velocities measured in PCX for four different

gas species (helium, neon, argon, and xenon) are listed in

Table I. The velocities were measured with a Mach probe at

the midplane near the outer edge of the unmagnetized region,

around r¼ 0.34 m. Density and electron temperature were

measured with both the single swept Langmuir probe and tri-

ple probe. In all cases, the peak speeds were always less than

the calculated Vcrit for each species. While Vmax<Vcrit, it is

conceivable that peak velocities reached higher speeds in

regions of the plasma that were not measured by the Mach

probe, for example, directly in front of the permanent mag-

nets where J�B forces are large. Attempts were made to

further increase the velocity by increasing J (by increasing

the filament temperature and bias). This resulted in increased

density and often caused the plasma to switch from the

underdense to overdense state in microwave discharges,

leading to undesirable filament arcing. Interestingly, the ratio

of Vmax=Vcrit � 0:3 for all gases tested. Thus, it seems that a

velocity limit which depends on the species mass and ioniza-

tion potential, consistent with CIV phenomenon, is observed

in PCX.

VI. HYDRODYNAMIC STABILITY
OF TAYLOR-COUETTE FLOW OF PLASMA

In PCX, flow which is driven exclusively at the outer

boundary results in nearly solid-body rotation, resembling a

centrifuge. Such profiles are hydrodynamically stable

because the angular momentum increases with radius, and

the outward centrifugal force is balanced by the inward pres-

sure gradient force in accordance with the Rayleigh stability

criterion. As sheared flow is driven by inner boundary flow

drive, the flow can become hydrodynamically unstable above

FIG. 7. The measured values of velocity and potentials in four different

gases (helium, neon, argon, and xenon) result in derived ion masses (based

on Eq. (5) with Z¼ 1) which are close to the expected values (dashed lines).

TABLE I. Summary of ionization energy, mass, critical ionization velocity,

maximum induced velocities for different gas species in PCX as measured

by the Mach probe. Also listed for reference are the corresponding ne, Te,

and the ionization fraction fion � n=no. Note that Vmax is always less than

Vcrit, with Vmax=Vcrit � 0:3 in all cases.

Ui Mi Vcrit Vmax ne � 1010 fion Te Tifit

Gas (eV) (a.m.u) (km/s) (km/s) (cm�3) (%) (eV) (eV)

He 24.6 4 34 12 2.3 0.7 6.9 0.21

Ne 21.6 20.2 14 4 3.4 1.2 7.7 0.3

Ar 15.8 40 8.7 3.2 3 9.5 5.9 0.135

Xe 12.1 131.3 4.2 1.35 6 32 3.6 0.15
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a certain critical threshold. The fluid stability problem of

TCF can be formulated using traditional linear stability

methods,2 except with the inclusion of the plasma-specific

ion-neutral drag term. In the unmagnetized bulk region, the

toroidal force balance is given by

@V

@t
þ ðV � rÞV ¼ �rP

q
� V

si0
þ �r2V; (7)

where � is viscosity due to ion-ion collisions and si0

� ðn0hrcxviÞ�1
is the ion-neutral collision time; rcx is the

charge-exchange cross-section. Assuming axisymmetry with

a perturbed flow Vþ u ¼ ½ur;V0 þ uh; uz	 and �x ¼ dP
q , the

linearized momentum equation is

@ur

@t
� 2

V0uh

r
¼ � @ �x

@r
� ur

si0
þ � r2ur �

ur

r2

� �
; (8)

@uh

@t
þ V0

r
þ @V0

@r

� �
ur ¼ �

uh

sin
þ � r2uh �

uh

r2

� �
; (9)

@uz

@t
¼ � @ �x

@z
� uz

sin
þ �r2uz: (10)

As shown previously, TCF of partially ionized plasmas is

modified by drag induced from plasma ion-neutral charge

exchange collisions. Hence, the base flow V0 is the equilib-

rium ion-neutral damped plasma TCF profile given by modi-

fied Bessel functions11

V0ðrÞ ¼ AI1ðr=LvÞ þ BK1ðr=LvÞ; (11)

where the constants A and B are determined by the boundary

values of the velocity and Lv ¼
ffiffiffiffiffiffiffiffi
si0�
p

. Suppose perturbations

of the form

ur ¼ ectuðrÞcosðkzÞ; (12)

uh ¼ ectvðrÞcosðkzÞ; (13)

uz ¼ ectwðrÞsinðkzÞ; (14)

�x ¼ ect �xðrÞcosðkzÞ; (15)

where the growth rate is c, the system is periodic in the z-

direction (described by the axial wavenumber k), and the

perturbation amplitudes depend on the radial position.

Assuming incompressible flow and using the notation d
dr !

D and d
dr þ 1

r ! D
, we find

�

k2
DD
 � k2 þ 1

L2
v

þ c
�

� �� �

� DD
 � k2
� �

u ¼ 2V0

r
v; (16)

� DD
 � k2 þ 1

L2
v

þ c
�

� �� �
v ¼ ðD
V0Þu: (17)

These equations can then be normalized, discretized,

transformed into an eigenvalue problem at marginal stability

(where c¼ 0), and solved numerically. The numerical calcula-

tion is in terms of the normalized momentum diffusion length

parameter, a¼L=Lv, or

a ¼ 153 LmZ2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rcx;10�19 m2 ni;1011 cm�3

p
T�1

i;eV; (18)

where rcx;10�19 m2 is the charge exchange cross-section in

units of 10�19 m2. The assumed axial wavenumber is k¼p
=(R2–R1) with PCX dimensions R1¼ 0.1 m and R2¼ 0.3 m.

The eigenvalue solver then finds the critical Reynold’s num-

ber at the inner boundary (Re1 ¼ V1L=�) for each prescribed

Re2.

The results of the marginal stability analysis are shown

in Fig. 8. Stability curves for several values of a are plotted

in the parameter space of dimensionless fluid Reynold’s num-

bers of the inner and outer cylinders (Re1, Re2). At small val-

ues of a, ion-neutral collisions are unimportant, and the

azimuthal velocity profile takes on the classical form for TCF

of a viscous fluid, where a¼ 0. In this limit, the minimum

critical Re1� 330 is determined by viscosity, and the stability

curve asymptotes to Rayleigh’s prediction for stability of

inviscid fluid (X1R2
1 ¼ X2R2

2), which is plotted as a dashed

line in Fig. 8.

As a increases, ion-neutral collisions become more impor-

tant, and the plasma flow becomes unstable in regions that

would otherwise be Rayleigh stable in classical fluid flows.

This is due to the increased shear in the velocity profile created

by momentum loss in ion-neutral collisions. In Fig. 9, profiles

of flow and d(r2X)=dr are plotted for various neutral gas pres-

sures (8� 10�6 � 2� 10�4 Torr), which correspond to differ-

ent values of a. In this example, Re1¼ 800 and Re2¼ 300, and

azimuthal velocity profiles are calculated based on fixed he-

lium parameters L¼ 0.3 m, n ¼ 4� 1010 cm�3; Te ¼ 8 eV,

and Ti¼ 0.1 eV. Centrifugal instability can occur in regions

where d(r2X)=dr< 0. Note that high neutral pressure can also

increase the instability threshold for rotation driven exclu-

sively at the inner boundary. Thus far, shear flows in PCX

FIG. 8. Marginal stability diagram for Taylor-Couette flow. As the momen-

tum diffusion length decreases, flow becomes unstable in regions which

would otherwise be Rayleigh stable.
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have been generated at high helium neutral pressures (>104)

and lower inner boundary velocity, where Re1< 10.

According to the marginal stability analysis, the achieved

flows would be expected to be hydrodynamically stable.

VII. SUMMARY

The demonstration of sheared flow of plasma in the

unmagnetized core region, driven by biased electrodes in the

magnetized plasma edge, is a major advance for carrying out

future flow-driven MHD experiments. A number of experi-

mental observations have been reported here:

• A self-consistent, rotation-induced radial electric field is

measured. It only appears when there is flow, it scales

with the magnitude of the flow and the ion mass, and it is

in agreement with the predicted profile calculated from fit-

ted velocity measurements.
• The Te measurements of Langmuir probes have been inde-

pendently confirmed by a newly developed Optical

Emission Spectroscopy technique, leading to further confi-

dence in the magnitude of the Mach probe velocity meas-

urements. Furthermore, the Te profiles are flat, so the

changes in potential profiles are an important confirmation

of Mach probe measurements.
• Maximum velocity limits have been observed for various

gas species (He� 12 km/s, Ne� 4 km/s, Ar� 3.2 km/s,

and Xe� 1.4 km/s), consistent with the well documented

critical ionization velocity limit phenomenon, which exists

in partially ionized plasma.
• Flow can also be driven at the inner boundary, where the

geometry is slightly different with smaller cathodes and

stronger center stack magnets.

The next step for the experiment is to expand the param-

eter space by further maximizing flow speeds at the inner

boundary and driving flow at higher densities. Rotation

would improve at increased ionization fractions, which could

be accessed through additional vacuum pumping and

improving confinement, for example, by replacing the first

generation of ceramic magnets on the endcaps and outer

boundaries with a second generation of the high-field, neo-

dymium type. Spinning at higher density may also require

improvements to cathode design. Additional microwave

power and launching of X-mode waves (E?B), which are

not restricted by density cutoffs, could also be explored.
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