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So many dynamos (sŌ men´ē dī´nuh-mŌz´), 1. a phrase which 
reads the same backwards and forwards, i.e. a palindrome.  
2. a whole slew of electric generators.
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So Many Dynamos

Mechanical
Astrophysical
Numerical
Liquid metal
Plasma
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What is a self-exciting dynamo?

feedback

~J = �
⇣

~E + ~V ⇥ ~B
⌘

Induction Equation

Faraday’s Law of Induction

µ0⇥LV

Magnetic energy from Kinetic energy
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The self-excited generator 
of Werner von Siemens (1866)

The “dynamo electric principle”
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MHD in the limit of high conductivity and weak 
magnetic fields

r⇥ V ⇥B

1
µ

o

�

r2
B

⇠ µ

o

�LV0 ⌘ Rm

Induction Equation

Equation of Motion

J ⇥B

⇢V ·rV
⌧ 1 implies

1

2

⇢V 2 � B2

2µ0
or V/VA > 1
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When Rm ≫ 1 and V/VA ≫ 1 
B is frozen into and stretched by moving fluid
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 Highly conducting and fast flowing

 Turbulent

 Kinetic energy dominated

  Astrophysical Dynamos

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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The Earth dynamo

Rm~500-1000, Re=109, Liquid Metal
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+ smaller scale fluctuations
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The Sun dynamo

Rm~108, Re=1011, Plasma 
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weak large scale field
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Rm~1014, Re=109, Plasma 

Galactic Magnetic Fields: weak large-scale 
field + much stronger small-scale 

Faraday rotation along 38000 lines of sight
In the Milky Way (NVSS survey)

M51
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How could a rotating body, such as the Sun 
become a magnetic?

‘‘ . . . possible for the internal motion to act as a 
self-exciting dynamo, and maintain a magnetic 
field at the expense of some of the energy of 
the internal circulation.’’

J. Larmor Br. Assoc. Adv. Sci. (1919)
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Standard Model of an MHD dynamo  
Step 1:  dipole field can be converted into strong toroidal field

The “Ω  effect” 
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The Dark Ages of Dynamos (1920-1955)

When the magnetic field and the fluid 
motions are symmetric about an 
axis...no stationary dynamo can exist.

 T.G. Cowling, The magnetic fields of sunspots, 
Monthly Notices Roy. Astron. Soc.  94 39 (1933).
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Standard Model of an MHD dynamo  
Step 2: Nonaxisymmetric, helical flows convert 
toroidal field back into dipole

The “α  effect”: 
generates current in 
direction of B 

 E.N. Parker, Hydromagnetic dynamo models, 
Astrophys. J. 122 293 (1955)
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Overarching Goal
Create a steady, large, hot, weakly 
magnetized flowing plasma in which the 
kinetic energy of the flow drives 
magnetic instabilities

Rm= μ0σUL≫1   
K.E.≫M.E.  (super Alfvénic: ρU2≫B2/μ0)
  

New regime for plasma experiments-
astrophysical applications
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Plasmas are Challenging
-difficult to stir
-some confinement required with weak B 
         (conductivity: plasma must be hot)
Use Liquid Metals  
-confinement is free
-easy to stir
-BUT power scaling is challenging: Pmech ~ Rm3 / L        
 [Rm=100, Pmech=100 kW]
-Re = 105 Rm (always turbulent)
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the case of counter-rotating disks studied here, the pres-
ence of a strong axial shear of azimuthal velocity in the
mid-plane between the impellers generates a high level
of turbulent fluctuations [12, 13]. The kinetic Reynolds
number is Re = KR2Ω/ν, where ν is the kinematic vis-
cosity and K = 0.6 is a coefficient that measures the
efficiency of the impellers [14]. Re can be increased up
to 5 106: the corresponding magnetic Reynolds number
is, Rm = Kµ0σR2Ω ≈ 49 (at 120 oC), where µ0 is the
magnetic permeability of vacuum and σ is the electrical
conductivity of sodium.

A first modification with respect to earlier VKS ex-
periments consists of surrounding the flow by sodium at
rest in another concentric cylindrical vessel, 578 mm in
inner diameter. This has been shown to decrease the
dynamo threshold in kinematic computations based on
the mean flow velocity [14]. The total volume of liquid
sodium is 150 l. A second geometrical modification con-
sists of attaching an annulus of inner diameter 175 mm
and thickness 5 mm along the inner cylinder in the mid-
plane between the disks. Water experiments have shown
that its effect on the mean flow is to make the shear layer
sharper around the mid-plane. In addition, it reduces
low frequency turbulent fluctuations, thus the large scale
flow time-averages faster toward the mean flow. However,
rms velocity fluctuations are almost unchanged (of order
40− 50%), thus the flow remains strongly turbulent [15].
It is expected that reducing the transverse motion of the
shear layer decreases the dynamo threshold for the follow-
ing reasons: (i) magnetic induction due to an externally
applied field on a gallium flow strongly varies because of
the large scale flow excursions away from the time aver-
aged flow [16], (ii) the addition of large scale noise to the
Taylor-Green mean flow increases its dynamo threshold
[7], (iii) fluctuating motion of eddies increase the dynamo
threshold of the Roberts flow [17].

The above configuration does not generate a magnetic
field up to the maximum possible rotation frequency of
the disks (Ω/2π = 26 Hz). We thus made a last modifica-
tion and replaced disks made of stainless steel by similar
iron disks. Using boundary conditions with a high per-
meability in order to change the dynamo threshold has
been already proposed [18]. It has been also shown that
in the case of a Ponomarenko or G. O. Roberts flows,
the addition of an external wall of high permeability can
decrease the dynamo threshold [19]. Finally, recent kine-
matic simulations of the VKS mean flow have shown that
different ways of taking into account the sodium behind
the disks lead to an increase of the dynamo threshold
ranging from 12 % to 150 % [20]. We thought that using
iron disks could screen magnetic effects in the bulk of
the flow from the region behind the disks, although the
actual behavior may be more complex. This last modi-
fication generates a dynamo above Rm # 30. The three
components of the field $B are measured with a 3D Hall
probe, located either in the mid-plane or 109 mm away

from it (P1 or P2 in Fig. 1). In both cases, the probe
is nearly flush with the inner shell, thus $B is measured
at the boundary of the turbulent flow. Fig. 2 shows
the time recording of the three components of $B when
Rm is increased from 19 to 40. The largest component,
By, is tangent to the cylinder at the measurement loca-
tion. It increases from a mean value comparable to the
Earth magnetic field to roughly 40 G. The mean values
of the other components Bx and Bz also increase (not
visible on the figure because of fluctuations). Both signs
of the components have been observed in different runs,
depending on the sign of the residual magnetization of
the disks. All components display strong fluctuations as
could be expected in flows with Reynolds numbers larger
than 106.
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FIG. 2: Time recording at P1 of the components of the mag-
netic field when the rotation frequency Ω/2π is increased as
displayed by the ramp below (Rm increases from 19 to 40).

Fig. 3a shows the mean values of the components 〈Bi〉
of the magnetic field and Fig. 3b their fluctuations Bi rms

versus Rm. The fluctuations are all in the same range (3
G to 8 G, at 30 % above threshold) although the corre-
sponding mean values are very different. The time aver-
age of the square of the total magnetic field, 〈 $B2〉, is dis-
played in the inset of Fig. 3a. No hysteresis is observed.
Linear fits of 〈By〉 or Bi rms displayed in Fig. 3 define a
critical magnetic Reynolds number Rc

m ∼ 31 whereas the
linear fit of 〈 $B2〉 gives a larger value R0

m ∼ 35. The latter
is the one that should be considered in the case of a su-
percritical pitchfork bifurcation. The rounding observed
close to threshold could then be ascribed to the imper-
fection due to the ambient magnetic field (Earth field,
residual magnetization of the disks and other magnetic
perturbations of the set-up). The actual behavior may
be more complex because this bifurcation takes place on
a strongly turbulent flow, a situation for which no rig-
orous theory exists. The inset of Fig. 3b shows that
the variance B2

rms = 〈( $B − 〈 $B〉)2〉 is not proportional
to 〈B2〉. Below the dynamo threshold, the effect of in-

VKS Liquid Sodium Dynamo at 
Cadarache

Counter Rotating 
Iron Disks and Impellers
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Two vortex flow is simplest flow which  
generates a stationary dipole  (Rmcrit~50)

Flow Magnetic Field

For sodium, L=0.5 m, 
Rm = 6 x V[m/s]
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Dynamo is of the stretch-twist-fold type:  field 
line stretching and reinforcement leads to dynamo

For sodium, L=0.5 m, 
Rm = 6 x V[m/s]
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The Madison Dynamo 
Experiment
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Turbulence makes homogeneous dynamos 
notoriously difficult 

 For liquid metals Re~105 Rm 

 Re~2000 
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 Transport of B is controlled by turbulent EMF

 closure ansatz:  

 Modifies induction equation 

Long Standing Prediction:  
Turbulent transport of magnetic field

⌘turb =
1

µ0�
+ ṽ`

3

E =
D
ṽ ⇥ b̃

E

E = ↵B� �r⇥B
↵ / flow helicity

� = 1
3 ṽ

2⌧
corr

⌘ ṽ`

3

@B
@t = r⇥V ⇥B+r⇥ ↵B+ ⌘turbr2B
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Turbulence Enhances Effective Resistivity

Rm ≥ Rmcrit(1 + RmT /3)

Definitions

Self-Excitation Requirement

Rm = V L/⌘ ⌘ = 1
µ0�

RmT = ṽ`/⌘

⌘T = ⌘ (1 +RmT /3)

Mean-Field Electrodynamics predicts 
(confirmed by measurements)
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Numerical simulations show turbulence 
suppresses the dynamo for Unconstrained Flows
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laminar transverse 
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Turbulent MHD dynamo action in a spherically bounded von Kármán flow at 
small magnetic Reynolds number
Reuter, Jenko, and Forest,  New Journal of Physics 13 073019 (2011).
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Localized measurement of the turbulent EMF
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Three-axis velocity and magnetic field probe 

latitudinal,
longitudinal
electrodes
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The turbulent EMF opposes the local current, 
equivalent to increase resistivity

sim

meas

meas

meas
sim

⌘eff = ⌘ +
ṽ`

3
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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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Plasma Couette Experiment Madison Plasma Dynamo Experiment

•Challenge: 
     -Need confinement for plasma to be 
      hot (σ) and dense (ρ)
     -Difficult to drive flow in an unmagnetized plasma

Flowing, unmagnetized plasmas in the Lab
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SIDEWALL 
STIRRING 
ELECTRODES

VERTICAL PROBE DRIVE

RF FEED

CENTER CORE

HELMHOLTZ COILS

HORIZONTAL PROBE DRIVE

CUSP FIELD 
MAGNET RINGS

BOXPORT

COUETTE 
STIRRING 
ELECTRODES

Plasma Couette Experiment is a prototype
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Mirror 
losses 
leave 

deposits

Multicusp confinement reduces loss area 

diameter = 82 cm
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The Concept: Create Plasma Rotation Using Biased Cathodes 
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Hot Cathodes

Initial Setup for Spinning 
from Outer Boundary

•Toroidally localized electrodes are biased 
to create JxB torque

 

•Velocity couples inward through viscosity

•Rotation is axisymmetric

Cathode

Mach Probe
unmagnetized
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He Velocity Profile
2 Outer Cathodes Biased 550 V

(measured with Mach probe) 
ECH 

Current
Pressure

Density

Te
Rotation Driven 

At Magnetized Edge

Vϕ couples inward
through viscosity

The Rotation Scheme Works!

Pm~10  Rm~50
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Electrostatic biasing controls edge rotationplasma will require 0.5 MW.

            S                 N
                S                   N

                S                 N

+-

B
E

V

Figure 3: Electrode drive for flow. Alternat-
ing positive and negative electrostatic bias is
applied to electrodes between cusp rings. The
resulting �E� �B velocity is purely toroidal and
controllable.

Plasma Rotation Control. The multidipole geom-
etry allows a simple and robust electrode scheme
to drive the velocity field in this geometry. The
geometry is shown in Fig. 3. The concept is to
use toroidally symmetric electrodes between each
of the cusp rings, and to apply alternating pos-
itive and negative potentials to these electrodes.
The resulting electric field alternates in polarity,
which, together with the alternating direction of
the magnetic field gives a uniform �E � �B veloc-
ity in the toroidal direction. The electrode scheme
mimics the boundary conditions that a rotating ves-
sel would provide in fluid mechanics experiments
(where no slip conditions can be assumed).

Since the UE�B velocity can be estimated on
the surface of the magnets from the magnitude of
the potential drop, the distance between the flux
surfaces, and the strength of the magnetic field on
the surface of the magnets, it can be projected in to
field lines deeper in the sphere. We plan to insert
the cathodes into magnetic field lines which are separated by 1 cm on the surface of the magnetics.
A potential di⇤erence of 100 volts between positive and negative sides of the magnets gives a 10
km/s velocity which should exist in the magnetized region of the plasma. We assume that there will
be a viscous coupling of the magnetized region with the unmagnetized region. The peak velocity
UE�B = 20 km/s is assumed to come from a 200 volt di⇤erence between the electrodes.

The experimental flexibility of the rotation control proposed here is remarkable in that the
experimenter can precisely control the boundary condition ⇥(r = a, �) by adjusting the voltages
between each of the electrodes. So, for example, conditions like the free-slip surface of the sun can
be investigated for the first time; at the equator the surface of the sun completes a rotation once
every 25.4 days while near the poles it’s as much as 36 days. Rigid rotation should be easy to
accomplish by adjustment of the electrode voltages at each latitude to impose a uniform rotation
rate on the surface. Assuming that the magnets are uniformly separated poloidally and that they
have identical strengths, an electrode voltage �U(�) ⇥ sin � will give uniform rotation.

One might ask whether more complex flow geometries are possible with such a simple flow drive
or if the axisymmetric geometry precludes more complicated flow. The flexibility of controlling the
rotation profile gives a knob, however, which can be used to drive poloidal flows. For example, ro-
tating regions near the poles in opposite directions, with relatively little rotation near the equatorial
region is exactly the type of geometry using in the Von Karman flows regularly investigated in fluid
mechanics experiments. In those experiments disks at each end of a cylindrical vessel are rotated
in opposite directions making each hemisphere rotate in opposite directions and strong centrifugal
pumping that gives poloidal flows with inflow at the equator and outflow along the poles. This is
exactly the topology used in the liquid sodium version of the Madison Dynamo Experiment and is

7

Arbitrary
  Vφ (r = a, θ)
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Two Vortex Plasma Dynamo Flow can be driven at 
boundary (spherical Von Karman Flow)

2

merous physical phenomena.
In this paper we present simulations of such an exper-

iment, using a 3D nonlinear MHD simulation code de-
veloped to simulate the Madison Dynamo Experiment12.
The relevant parameters which describe these simula-
tions are the magnetic Reynolds number, Rm = µ0σv0a,
where σ is the conductivity of the fluid, v0 a charac-
teristic speed, and a the radius of the sphere, and Pm,
the magnetic Prandtl number, which describes the ra-
tio of viscous to magnetic diffusion. No-slip boundary
conditions are used, and an electrically-insulating outer
boundary is assumed. By varying the outer toroidal
velocity field boundary condition different flow regimes
have been studied. In Section II we present boundary
conditions which result in flows which display dynamo
action. In Section III we describe how Keplerian flow pro-
files have also been simulated. These simulations are un-
stable to the Magnetorotational Instability (MRI) when
exposed to an axial applied magnetic field.

II. DYNAMO SIMULATIONS

Liquid metal experiments have recently succeeded in
magnetically self-exciting. The first two of these cases2,3

used pipes and baffles to carefully prescribe the flow. The
systems were not simply connected and the role of tur-
bulence in the experiments was unclear. The latest ex-
periment to dynamo is based on the Von Kármán flow13.
It is simply connected, impeller driven, and is very tur-
bulent. No experiments based on the Couette flow have
magnetically self-excited.

That a flow generated by a differentially rotating outer
boundary might magnetically self-excite is a bit of a sur-
prise. It is difficult to generate the poloidal flow needed
to sustain dynamo action14. This difficulty manifests it-
self in the very large critical magnetic Reynolds numbers,
Rmcrit, required for these flows to self-excite.

A. Von Kármán Flows

The first category of flows which magnetically self-
excite is based on the Von Kármán flow. In this case
the outer boundary rotates in opposite directions near
the poles of the sphere and rotates relatively little near
the equator. The boundary condition is presented in
Figure 1, and is constructed by having non-zero bound-
ary conditions for the even-numbered spherical harmonic
components, " = 2, 4, 6, 8. The steady state velocity
field which results from this boundary condition, for
Rm = 400 and Pm = 1, is given in Figure 2. The ve-
locity field is counter-rotating in the toroidal direction,
with a poloidal flow which rolls inward at the equator
and outward at the poles. The flow is axisymmetric.

The magnetic energy of this simulation, as a func-
tion of time, is given in Figure 3. The critical magnetic
Reynolds number for this flow, based on linear analysis, is
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FIG. 1: Toroidal boundary condition which generates a Von
Kármán-type flow.
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t = 2.62τσ

FIG. 2: Steady-state velocity field generated by the toroidal
boundary condition given in Figure 1, before the growing
magnetic field becomes important. In the left hemisphere are
the contours of toroidal speed, and in the right hemisphere
are the contours of the poloidal stream function. Note that,
as indicated in Figure 1, the peak speed is 1, but the scale
range has been reduced for clarity.

Rmcrit = 375, which explains the very slow growth rate of
the magnetic field. As is required for axisymmetric veloc-
ity fields, the excited magnetic field is non-axisymmetric,
dominated by m = 1 modes.

B. Equatorially Symmetric Boundaries

Equatorially-symmetric boundary conditions also ex-
ist which generate velocity fields which magnetically self-
excite. A boundary condition built using odd-numbered
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merous physical phenomena.
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FIG. 1: Toroidal boundary condition which generates a Von
Kármán-type flow.
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FIG. 2: Steady-state velocity field generated by the toroidal
boundary condition given in Figure 1, before the growing
magnetic field becomes important. In the left hemisphere are
the contours of toroidal speed, and in the right hemisphere
are the contours of the poloidal stream function. Note that,
as indicated in Figure 1, the peak speed is 1, but the scale
range has been reduced for clarity.

Rmcrit = 375, which explains the very slow growth rate of
the magnetic field. As is required for axisymmetric veloc-
ity fields, the excited magnetic field is non-axisymmetric,
dominated by m = 1 modes.

B. Equatorially Symmetric Boundaries

Equatorially-symmetric boundary conditions also ex-
ist which generate velocity fields which magnetically self-
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FIG. 3: Energy versus time for the boundary condition given
in Figure 1. For this run Rm = 400.
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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.
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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

 Plasma Rm=300, Re=100
 Te=10 eV
 U=10 km/s,
 n=1018 m-3

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

L=1.5 m
PECH=100 kw@2.45GHz
Pcathodes=250 kW 

fionization~1
Te=20 eV
ne=1017-1019 m-3

V=0-20 km/s

Rm >1000
Re ~ 1-104
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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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3000 4 kG SmCo magnets installed MPDX
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First Plasmas use hot cathodes

Anode

Emissive	
  
LaB6

Plasma	
  
Cusp

Anode

Emissive	
  
LaB6

Plasma	
  fills
machine

Vdisch	
  =	
  350	
  V,	
  Idisch	
  =	
  30	
  A,	
  Pdisch	
  =	
  10.5	
  kW

LaB6	
  30	
  cm	
  inside	
  magnets	
  in	
  unmagne;zed	
  region

Final Phase: 16 LaB6 x 10 kW > 150 kW heating
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High Ionization fraction and rotation observed

• LaB6	
  injects	
  power	
  as	
  
electron	
  beam

• Te	
  rises,	
  ne	
  drops	
  as	
  nn	
  
drops

• nn	
  depleted	
  by	
  pumps,	
  
Ioniza9on	
  %	
  climbs,	
  
drag	
  lessens	
  and	
  vp	
  
rises	
  (~2	
  km/s)
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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
dt = 1

2
c
s

nA
loss

V
plasma
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Unmagnetized plasma confined by ring cusp

2	
  LaB6	
  cathodes,	
  400	
  V	
  @	
  45	
  A	
  =	
  18	
  kW,	
  nn=5.2x1011/cm3	
  Ar,	
  Ti=1	
  eV

Wall
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Power balance 
consistent with 
first results

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.

1016 1017 1018
100

101

102

103

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 
with hot cathode
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Operational space set by power, density, and 
ion species

Re/V
1017 1018 1019

density (m  )
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100
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Electron Temperature
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P=200 kW
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-3

eV heliumargon

helium
argon
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Khalzov	
  et	
  al,	
  Phys	
  of	
  Plasmas	
  19	
  112106	
  (2012)

Dynamo	
  growth	
  rate

Rm=300

Steady	
  state	
  flows	
  
with	
  DC	
  LaB6	
  bias	
  
set	
  vφ (θ)

Von	
  Karman	
  type	
  dynamoVon	
  Karman	
  type	
  dynamoVon	
  Karman	
  type	
  dynamo
Re=150,	
  Rm=300Re=150,	
  Rm=300Re=150,	
  Rm=300

Parameter Argon Helium
ne	
  	
  (1/cm3) 2X1011 1.2X1012

Te	
  	
  (eV) 7.5 12
power	
  (kW) 100 140
vedge	
  	
  (km/s) 6 3
Beqp	
  	
  (G) 8 3

Von Kármán Flow Dynamo Scenario
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Time dependent flows are also feasible
 MPDX Galloway-Proctor Flow gives smooth but 

chaotic flow
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Khalzov	
  et	
  al,	
  PRL	
  in	
  process	
  of	
  submission

Dynamo	
  growth	
  rate

Rm=1000

Time	
  dependent	
  
flows	
  and	
  LaB6	
  bias	
  
set	
  vφ (θ,t)

Galloway	
  and	
  Proctor	
  type	
  dynamoGalloway	
  and	
  Proctor	
  type	
  dynamoGalloway	
  and	
  Proctor	
  type	
  dynamo
Re=100,	
  Rm=1000Re=100,	
  Rm=1000Re=100,	
  Rm=1000

Parameter Argon Helium
ne	
  	
  (1/cm3) 1X1011 8X1011

Te	
  	
  (eV) 12 27
power	
  (kW) 50 250
vedge	
  	
  (km/s) 10 3
Beqp	
  	
  (G) 9 3
fdrive	
  	
  (Hz) 637 191

Fast Dynamo Scenario
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Helmholtz coils (50 G)

2D Automated Probe Drives

Fabry-Perot Interferometer,
LIF, and Line Spectroscopy

Edge Mach Probe Array

320 GHz Interferometer

18 x LaB6 Stirring Electrodes

5 x 20 kW 2.45 GHz Magnetron

2013:  Diagnostics and ECH will be installed
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Thank You
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