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 Highly conducting and fast flowing

 Turbulent or laminar

 Kinetic energy dominated

  The Dynamo regime requires steady: 

Re =
V L

ν
! 1

Rm = µ0�V L Magnetic Reynolds

Kinetic Reynolds

Re =
V L

ν
! 1

J ⇥B

⇢V ·rV
⌧ 1 implies

1

2

⇢V 2 � B2

2µ0
or V/VA > 1 Alfvén Mach
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Magnetically Confined 
Plasmas

Inertially Confined 
Plasmas

• V = 100 km/s, T=1 keV, B=1 T

• high Rm

• strongly magnetized

• pressure and magnetically driven MHD

• τ ! µσL2

Most plasma experiments are not suitable for 
dynamo studies

• V ∼ 50 km/s, Te ∼ 100 eV

• modest Rm

• weakly magnetized

• τ ∼ a/V " µ0σL2
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  Review: Stirring Unmagnetized Plasma

LaB6 Plasma Source

Magnet Assembly

Helmholtz CoilECRH Plasma Source

Scanning Probes

Box Ports
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PCX Magnetic Geometry
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Axisymmetric Plasma Bucket Provides 
confinement
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Hot Cathodes

•Toroidally localized cathodes and 
anodes are differentially biased to 
create JxB torque
•Velocity couples inward to the 
unmagnetized region through viscosity

•Rotation (measured with Mach probe) is axisymmetric

Plasma Stirring from boundary using electrodes
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ECH 

CurrentPressure

Density

Te Rotation Driven 
At Magnetized Edge

Vϕ couples inward
through viscosity

Pm~10  Rm~50

High speed flows in unmagnetized core!
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Plasma Viscosity Depends on Magnetization

Helium is less viscous in 
the magnetized region

Helium has much smaller 
ionization fraction 
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Next Step: Plasma Dynamo Experiments

 Rm > 1000          Rm = 50 Te,10eV3/2 Vkm/s Lm

 Independent        Re = 8 μ1/2n1018m-3 Vkm/s Lm /Ti,eV5/2

 Rapidly Rotating
 Compressibility, stratification, buoyancy
 Plasma Effects beyond MHD: neutrals, kinetic 

effects, Hall MHD 

➞Study confinement and stirring in an
          unmagnetized  plasma
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Why Plasma Dynamos? complements LM 
experments, computationally accessible 

Rm~103

Re~109

Pm~10-6

Rm~108

Re~1011

Pm~10-3

Rm~1029

Re~1025

Pm~104

Rm~1014

Re~109

Pm~105

Liquid Na
Pm~10-5

Rm~103

Re~102

Pm~1-103
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Two vortex dynamo 
(minimum speed set by Rm > 50 )

Flow Magnetic Field

For sodium: Rm = 12 a[m] V[m/s]
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Dynamo is of the stretch-twist-fold type:  field 
line stretching and reinforcement leads to dynamo
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Electrostatic biasing controls edge rotation
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Rm=300, Re=100

Te = 9 eV,   n = 8 x1017 m-3

Umax = 5 km/s,   Helium

3
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FIG. 3: Energy versus time for the boundary condition given
in Figure 1. For this run Rm = 400.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Angle [Radians]

-1.0

-0.5

0.0

0.5

1.0

T
o
ro

id
a
l 
S

p
e
e
d
 [
a
rb

]

FIG. 4: Toroidal boundary condition based on odd-numbered
spherical harmonic components, ! = 1, 3, 5, 7.

spherical harmonic components, ! = 1, 3, 5, 7, is pre-
sented in Figure 4. In contrast to the boundary con-
dition presented in Figure 1, this boundary condition
has several large-amplitude sign changes. The result-
ing steady state velocity field is presented in Figure 5.
This boundary condition generates much more flow than
the previous example. Its poloidal flow is considerably
stronger, and toroidal velocity field fills whole sphere.
With such a stronger velocity field it comes as no sur-
prise that Rmcrit = 280 for this flow, much lower than
the previous example.

III. MRI SIMULATIONS

Dynamo physics is not the only physics accessible with
such an experiment. Because the velocity field, to some
extent, can be fine-tuned, many velocity fields which re-
quire dedicated experiments to be generated can be pro-
duced. For example, a boundary condition that follows
a Keplerian profile is plotted in Figure 6. This boundary
condition is Keplerian (vφ ∼ ρ−

3

2 , where ρ is the cylin-
drical radial coordinate) in the range 0.3 ≤ θ ≤ π − 0.3.

-0.5 -0.2 0.0 0.2 0.5
V [arb]

Vφ Vpol

t = 2.62τσ

FIG. 5: Steady state velocity field generated by the toroidal
boundary condition given in Figure 4, before the magnetic
field energy becomes large. The plotting convention is the
same as in Figure 2.
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FIG. 6: Toroidal boundary condition which follows a Keple-
rian flow profile. Odd-numbered spherical harmonic compo-
nents, ! = 1 − 17, are used to generate this profile.

However, the flow generated by the boundary, presented
in Figure 7 with Rm = 300 and Pm = 1, is not Kep-
lerian. To show this, Figure 7 presents the toroidal ve-
locity field at the equator, as a function of radius. It is
clear that vφ

(

π
2

)

∼ r−0.76 for much of the radial range.
Nonetheless, the flow satisfies the conditions required to
be unstable to the MRI in much of the volume of the
sphere15.

Part of the time evolution of the instability is presented
in Figure 9, wherein is plotted the energy in the domi-
nant toroidal velocity field modes of the simulation, as
a function of time, in resistive units. Initially no ex-
ternal field is applied, and the dominant velocity field

Spence, Reuter, and Forest, A Spherical Plasma Dynamo 
Experiment, The Astrophysical Journal 700 470 (2009).

MHD Computation predicts laminar plasma dynamo
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Hydrodynamics: toroidal forcing drives 
poloidal flow

Rm=300, Re=300

Te = 9 eV,   n = 2.5 x1018 m-3

Umax = 5 km/s,   Helium

10−1 100 101 102 103
10−6

10−4

10−2

100

Re

PK
E/
TK
E

poloidal flow scaling

Monday, March 4, 13



The Plasma Dynamo Experiment
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MPDX Timeline

Vessel	
  
Construc-on

Vessel	
  
Assembly

Magnet	
  
Installa-on

First
Plasma!

Phase	
  2	
  
Plasma

Fully	
  
Opera0onal	
  
User	
  Facility

Today Future
2011

Lab	
  
Remodel

20122010 2013
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MPDX Facility

Remote	
  opera-on	
  
from	
  control	
  room

steady-­‐state	
  
opera-on	
  possible	
  
with	
  installed	
  
cooling

CONTROL ROOM

EXPERIMENTAL 
CHAMBER

DI WATER COOLING LOOP

3 TON CRANE

ELECTRICAL SERVICE

EXPERIMENTAL PREP ROOM

EXPERIMENTAL HALL

BUILDING DOOR 
AND ENTRY PATH

UTILITIES ROOM

OBSERVATION WINDOW

CHAMBER ACCESS PLATFORM

(3) 200V, 800A DC SUPPLIES
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Vessel Construction
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3000 4 kG SmCo magnets installed MPDX
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Madison Plasma Dynamo Experiment
Te=20 eV
ne=1017-1019 m-3

V=0-20 km/s
L=1.5 m
PECH=100 kw@2.45GHz
fionization~1
volume = 14 m3

Rm >1000
Re ~ 1-104
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Magnet Installation in MPDX

Lever 
designed 
by John 
Wallace
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cathode #1

thinner lines on 
limiters
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Hot LaB6 cathodes for heating and stirring plasma

Water&cooled,&RF&choked&
power&feedthroughs&

Aluminum&
vacuum&casing&

Coaxial,&quartz?insulated&moly&
rod,&copper&and&SS&tubes&

LaB6&cathode&Fp&with&
isolated&coaxial&graphite&
heater&
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Two cathodes have been constructed
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current setup

Vф 0.0

+1.0

-1.0

North pole faces plasma
South pole faces plasma

LaB6 cathode
Molybdenum anode

90º N

90º S

0º

45º N

45º S
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Even without microwave heating, LaB6 stirring 
cathodes create hot, dense plasmas

 Discharge powers of up to 20 kW 
result in ne= 5x1017 m-3,  Te = 5 eV 
plasmas. 

LaB6 cathodes draw up to 50A each 
during each 10 second plasma 
discharge.
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Argon and Helium plasmas are well confined by cusp field

Argon

Helium
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Flow observed with cathodes withdrawn into 
magnetized region

 Max velocity measured near anode 
location.

 Plasma spins up on neutral pump-out 
timescale.

3

(Te = 35 eV, Ti = 1 eV, Bcusp = 3000 G)

We = 2⇤h = 4
⌃
⇤e⇤i = 0.071 cm

1 >
⌃rf

�ce
=

⌃rfme

eB

Re ⇤ |(u·⇥)u|
|⇥⇥2u| ⇤ UL

⇥

Rm ⇤ |⇥�(u�B)|
|�⇥2B| ⇤ UL

� = µ0⌅UL

⌥B/⌥t = ⌥⇥ (u⇥B) + �⌥2B

Pm = Rm
Re = µ0⌅⇥

Ro = U
2L� sin⇤

⌥⌃/⌥t = ⌥⇥ (u⇥ ⌃) + ⇥⌥2⌃

⌥B

⌥t
= ⌥⇥ (u⇥B) + �⌥2B

mn
du⇤
dt

= (J⇥B)⇤ �
mnu⇤
⇧i0

+mn⇥ii[⌥2u]⇤

⇧i0 =
1

n0⌅⌅cxu⇧
⌥2u⇤
⌥r2

+
1

r

⌥u⇤
⌥r

�
�

1

L2
u
+

1

r2

⇥
u⇤ = 0

L2
u = ⇧i0⇥ii

u⇤(r) = AI1(r/Lu) +BK1(r/Lu)

Mach probe indicates 
spin-up

Mach 1
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Particle balance

V
plasma

= 10 m3

A
loss

= W
cusp

⇥ L
cusp

W
cusp

= 4
p
⇢
e

⇢
i

⇠ 1 mm

L
cusp

= 220 m

dn
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c
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ionization rate
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Power Balance:
Energy Balance (He)

0 20 40 60 80 100
Te [eV]

1

10

100

kW

Qtot
Qionization
Qcusp
Qrad
Qion rad
Qei

density:  5.0E+17 m -3 5

Loss Mechanism Expression [Energy/Time]

Ion losses at cusps ΓAcusp(e∆V + 3

2
Ti)

Electron losses at cusps ΓAcusp( 32Te)

Replacement ionization Qioniz ≡ ΓAcuspEioniz

Neutral radiation M(Te)Qioniz

Charge-exchange collisions 3

2
nn0〈σcxv〉e(Ti − T0)V ol

Ion radiation n2Ri(Te)V ol

TABLE I. Power loss mechanisms in magnetic bucket. Acusp

is the effective loss area at the magnetic cusps; M(Te) is the
radiation coefficient for neutral radiation; n0 is the neutral
density; σcx is the charge-exchange cross-section; V ol is the
plasma volume; T0 is room temperature; and Ri(Te) is the
ion radiation coefficient.

energy, but also the energy they gain as they fall through
the potential difference between the plasma and the cusp
(Eq. 2). This gained energy is much larger than the initial
ion thermal energy. The effective cusp area for plasma
losses, which is used in calculating ion power losses, is
not well-understood, and empirically is different for fast
electrons and for bulk plasma species [12]; here, we take
the loss width to be 4

√
ρiρe, proportional to the geomet-

ric mean of the ion and electron gyroradii at the mag-
net faces. As each ion is lost, we assume there must
be a new ionization to replace it and keep the density
constant; each ionization reduces the plasma’s stored en-
ergy by Eioniz. Power may also be lost due to ion and
neutral radiation. The radiation coefficients associated
with these processes, M(Te) and Ri(Te), were provided
by Dennis Whyte using the KPRAD code [13].
The procedure for energy balance is as follows: we start

with given density n and heating power and we calculate
Te by setting the heating power equal to the sum of the
power losses listed in Table I. We neglect ion radiation
and charge exchange losses, and we also ignore Ti in the
expression for ion losses at cusps since it is small relative
to e∆V . The results for helium and argon are shown
in Fig. 4 for two different heating powers. Comparison
with Fig. 3 shows that we must assume only a fraction of
the heating power couples to the plasma. For example,
in Fig. 3, at n = 7 × 1016 m−3, we measure Te = 5
eV with 4 kW of heating power, similar to the power
balance calculation with only 1 kW of heating power (see
Fig. 4). In other words, if we assume that only 1/4 of
the microwave power couples to the plasma, we are able
to account for the electron temperature.
The ion temperature is more difficult to model. Ion

power loss is given by the last two terms in Table I, while
ions are heated by collisions with electrons and by the
combination of ion acceleration through ∆V and ion-ion
collisions in the edge region. This last heating mecha-
nism is thought to be the dominant one, but it is not
well understood. Instead, we may estimate the ion tem-
perature [8] to be 0.25-0.75 eV, consistent with previous
multicusp plasma experiments.
The implications of this power balance calculation for

1016 1017 1018 1019
100

101

102

n [m−3]

Te
 [e

V]

 

 

1kW 10kW

He
Ar

FIG. 4. Power balance calculation for helium and argon with
1 kW of heating power; electron temperature decreases with
density. Argon has no solution above certain density because
of large radiation power losses.
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102
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n [m−3]

v
φ
=3 km/s, Ti=0.5 eV, PECH=1kW

 

 

Rm

Pm

Re

He
Ar

FIG. 5. Power balance calculation of Rm, Re, and Pm as
functions of density for 1 kW heating power; Rm uses electron
temperature from Fig. 4.

Re, Rm and Pm are shown graphically in Fig. 5. We
take the case of 1 kW heating power and use the re-
sults of Fig. 4. It is seen that Rm can reach 103 at low
densities, a value much larger than in liquid metal exper-
iments. In addition, Pm can now vary over a large range,
as opposed to being fixed at ∼ 10−6 as in liquid metals.
With extra power, the magnetic Reynolds number is ex-
pected to reach even higher values, as Te is increased.
This scaling will be tested in an upcoming experiment,
which has recently been constructed in Madison [14].

First Results
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Soon (May, 2013) …  eventually (Fall, 2013)
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Additional Heating from Microwaves
• Magnetrons	
  produce	
  
Microwave	
  radia-on	
  at	
  
2.45	
  GHz	
  (like	
  at	
  home)

• May,	
  2013

5	
  x	
  20	
  kW	
  =	
  100	
  kW

• Total	
  hea-ng	
  power:
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SCANNING PROBES

HELMHOLTZ 
COILS (50G)

SmCo MAGNET 
RINGS WITH 
ALUMINA TILE 
LIMITERS

CRYO AND 
TURBO PUMPS 20 KW 2.45GHz

RF MAGNETRONS

INTERNAL HALL 
PROBE ARRAY (RED)

BOXPORTS

LaB6 STIRRING 
ELECTRODES

mm WAVE 
INTERFEROMETER

LaB6 STIRRING 
ELECTRODES

Diagnostics
• 3-­‐D	
  Probes	
  (n,	
  V,	
  B)
• 1	
  mm	
  inteferometer/
polarimeter	
  (n,	
  B)

• line-­‐ra-o	
  spectroscopy	
  
(Te,	
  n)

• Fabry-­‐Perot	
  Ion	
  Doppler	
  
Spectroscopy	
  (Ti,	
  V)

• Laser	
  induced	
  
Fluorescence	
  (Ti,	
  V)

• Neutral	
  Par-cle	
  Analyzer
• Fast	
  imaging	
  camera
• edge	
  magne-c	
  array	
  
B(a,theta)

• edge	
  Mach	
  Probe	
  Array	
  
Vphi(a,theta)
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Operational space set by power, density, and 
ion species

Re/V
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argon

Monday, March 4, 13



At low density, low collisionality plasma effects will 
play role

⇢i = 1.02
p

µTi,eV

Bg
m

⇢e = 0.023
p

Te,eV

Bg
mm

Lengths for Helium

1017 1018 1019

density

0.001

0.010

0.100

1.000

10.000

100.000
l neutral
lii (Ti=1 eV)
li,cx (edge)
lre-ion 
di 
lei 

Power: 200 kW
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Boundary-driven flows

• Which flow can result in dynamo?

Driving velocity vϕ(θ)  
at the boundary 

Flow structure (Re=150)

(v ·r)v +rp� 1
Rer

2v = 0, r · v = 0
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(v ·r)v +rp� 1
Rer

2v = 0, r · v = 0

Boundary-driven flows

• Which flow can result in dynamo?
• Only flow III [from Spence et al., 2009]!

vϕ(θ)  
at the boundary 

Flow structure (Re=150)

Dynamo!
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⌧� = R0

⌘ ⇡ 0.13 sec

Dynamo in flow III 
Boundary drive

vϕ(θ)

Flow structure, Re=150

Growth rate vs. Rm
(mode m=1)

Dynamo field, Rm=400

-­‐ This is achievable in MPDX with argon plasma, 
V0=5 km/s, n0=1018 m-3, Te=10 eV, Ti=1 eV

-­‐ Growth rate γ is normalized by resistive time
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What determines dynamo onset? 
• Pure toroidal flow cannot support dynamo [Elsasser, 1946]
• Dynamo onset depends on poloidal flow

• Poloidal flow is necessary for dynamo, but not sufficient
• Details of flow structure play important role:  

Flow reversals

Monday, March 4, 13



Optimized flow
Boundary drive

vϕ(θ)

Flow structure, Re=150

Growth rate vs. Rm

Dynamo field, Rm=400

-­‐ - The lowest Rmcr≈200 
achieved at Re≈240

Monday, March 4, 13



Spherical von Karman flow
• Idea: create a hydrodynamically	
  unstable	
  flow, so non-

axisymmetric modes are induced 
• Solve full MHD system:

Boundary drive	
  
vϕ(θ)=sin(2θ) 

Axisymmetric flow structure, 
Re=150

- This flow is unstable 
hydrodynamically with 

respect to mode m=2 when 
Re>115

@v
@t + (v ·r)v +rp� 1

Rer
2v = 0, r · v = 0, Re = R0V0

⌫

Monday, March 4, 13



Dynamo in non-axisymmetric flow
(Re=150, Rm=2000)

Magnetic field lines at t=237.9

-­‐ Saturated state is time-periodic
-­‐ Both flow and field have only even harmonics 

with m=0, 2, 4,...
-­‐ Regime corresponds to argon plasma with V0=10 

km/s, n0=1018 m-3, Te=18 eV, Ti=1.3 eV

Kinematic 
dynamo

Non-axisymmetric 
steady flow (m=0,2…)

Saturation
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High Pm Domain of dynamo parameters
(conducting wall, steady von Karman flows)

• Dynamo excited in non-axisymmetric von Karman flows (Re>115) for 
sufficiently high Rm (Rm>1500) 

Hydrodynamical 
instability threshold
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Galloway-Proctor flow in sphere driven by 
time dependent boundary flow

• Consider driving velocity:
Re=100, a=1, ω=1

V�(✓, t) = sin 2✓ + a sin ✓ sin!t

@v

@t
+ (v ·r)v +rp =

1

Re
r2vsolves Navier-Stokes:
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Chaos in time-periodic flow 

• Boundary: Re=200, ω=0.6 V�(✓, t) = sin 2✓ + a sin ✓ sin!t
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Growth rate vs. Rm shows dynamo is a 
fast dynamo

• Floquet Theory Eigenmode code (Khalzov)

Unit of time: t0=R0/V0 Drive: V�(✓, t) = sin 2✓ + a sin ✓ sin!t

a = 1, ! = 0.6, Re = 200

0 2000 4000 6000 8000 10000
−0.03

−0.02

−0.01

0

0.01

0.02

0.03

0.04

Rm

γ
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V�(✓, t) = sin 2✓ + a sin ✓ sin!t

a = 1, ! = 0.6, Re = 200, Rm = 5000

Small-scale dynamo 
Energies of modes vs. time

Dynamo field at t=300
(m=1 mode)
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Fast dynamo eigen-mode structure
(Re=200, Rm=5000, m=1)  

• Dynamics during one period T=2π/ω=10.47  (unit of time: t0=R0/V0)    
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