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The RFP plasma exhibits a fascinating set of magnetic self-
organization phenomena
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The MST RFP at UW-Madison

• Magnetic induction is used to drive a large current in the plasma
– Plasma current, Ip < 0.6 MA  ;  B < 0.5 T
– Externally applied inductive ohmic heating is 5-10 MW (input to electrons)
– Ti ~ Te < 2 keV, despite weak i-e collisional coupling (n ~ 1019 m–3 )
– Minor radius, a = 50 cm ; ion gyroradius, ri ≈ 1 cm ; c/wpi ≈ 10 cm

b < 25% ;  Lundquist number S = 5 ´105-6



Reversed BT forms with sufficiently large plasma current, and 
persists as long as induction is maintained
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However, a reversed-BT should not be an equilibrium



An imbalance in Ohm’s law yields a similar conclusion

• Ohm’s law: ⇒ and

• There is less current in the core than could be driven by E||, and more current in 
the edge than should be driven by E||

⇒ current profile is flatter than it “should” be
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The RFP as a minimum energy configuration

• Minimize magnetic energy, with constrained

global “magnetic helicity”                            yields

constant

resembles an RFP equilibrium

(J.B. Taylor, 1974)

Solution in a cylinder: “Bessel Function Model”
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“Discrete event” dynamo illustrates tendency 
toward relaxed state.
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•  Sudden relaxation events result in toroidal flux generation

λ = J| | / B

radius, r a

MST

peaking from:
(1)           maximum on axis
(2) current diffusion to hot core
E ⋅B

Current profile exhibits a cycle of slow peaking followed by an 
abrupt flattening during impulsive relaxation events

magnetic relaxation cycles

Tendency toward a Taylor
state, but not fully relaxed 



Relaxation cycles result from quasi-periodic impulsive magnetic 
reconnection events (a.k.a. sawteeth)

Toroidicity allows distinct k|| = 0 resonant modes at many radii in the plasma:
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A dynamo-like emf arrests the peaking tendency of the current 
profile, i.e., this is how tearing instability saturates in the RFP

• With non-axisymmetric quantities, 
(i.e., tearing instability):
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• Then mean-field parallel Ohm’s law becomes:
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Nonlinear, resistive MHD provides a base model for the origin of 
the dynamo
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Plasma (ion) flow also affected during relaxation events

• Implies coupled electron and ion momentum relaxation
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Profile of the parallel flow also flattens during relaxation events
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Computational model for tearing-relaxation recently extended to 
include two-fluid effects

• Nonlinear multi-mode evolution solved using NIMROD

E = −V×B+ 1
ne J×B−

1
ne∇pe +ηJ+

me
ne2
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dV
dt

= J×B−∇p−∇⋅Πgyro −∇⋅νnmiW

Ohm’s law:

Momentum:

Relaxation process couples electron and ion momentum balance



Generalized Ohm’s law permits several possible mechanisms for 
dynamo action

• The MHD and Hall mechanisms are measured to be significant, summing together 
in a way that has not been completely diagnosed

⬆
“MHD”

⬆
“Hall”

⬆
“Diamagnetic” (∇⊥pe ) 

There’s also a “kinetic” dynamo, i.e., stochastic transport of current

~



Probe measurements in the edge region show that both the 
MHD and Hall dynamo emf terms are important
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Measurements of the “total” dynamo emf show a balance in 
Ohm’s law
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are negligible. The dynamo is multiplied by �1 and plotted with E � ⌘J in Fig.

5.7. A balance in Ohm’s law is observed to within a standard deviation whenever

the error bars of the two measurements overlap. Therefore, it is observed that Ohm’s

law balances to within one standard deviation over the entire sawtooth cycle. The

sawtooth cycle is ⇠ 3ms long but only 1.2ms is plotted to focus on the sawtooth

itself. The dynamo and Ek � ⌘kJk far from the sawtooth are similar to the periods

�0.6ms < t < �0.3ms and 0.2ms < t < 0.6ms.

Comparison of Ohm’s Law Terms
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Figure 5.7: The dynamo, E, and ⌘J are compared to see if parallel Ohm’s
law is a good model for the edge of the plasma (neglecting other Ohm’s law
terms). The sign of the dynamo < Ẽ · B̃ > /B has been reversed so that
Ohm’s law balance is illustrated by E� ⌘J overlaying � < Ẽ · B̃ > /B.

This result is the best measurement of parallel Ohm’s law in the edge of the MST
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Figure 5.1: Ensemble averages of measurements that are combined to cal-
culate the parallel electric field during the standard 210 kA RFP at the
probe measurement location. Dotted lines are ±�.

standard deviations, �, will be plotted with dotted lines. �/
p
N is often too small for

the thin lines representing ±� to be distinguishable from the thick lines representing

the ensemble averages.

Next we will consider the resistivity and current density ⌘J. The current J is

measured using the four magnetic coil triplets in the Dynamo Probe as outlined in

Sec. 4.2. The resistivity is estimated using electron temperature measurements and

estimates of the other factors in the parallel Spitzer resistivity [51]

⌘k =
⌘?

2
=

1.03⇥ 10�4

2
Zeff ln⇤T

�3/2⌦m (5.3)
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Figure 5.5: The dynamo and the contributions from the separate compo-
nents of E and B. Smoothed versions of the signals and standard deviations
of the mean are overplotted in blue. All plots are contributions to the par-
allel dynamo regardless of the directions of the fluctuations.

each contribution. It is useful to look at the individual components from a diagnostic

standpoint. The probe has a corresponding geometry so each component came from

a subset of the signals from the probe.

The contribution to < Ẽ·B̃ > /B from parallel electromagnetic field fluctuations

is expected to be small (Sec. 1.1.1) and has been ignored in previous measurements

on MST [12]. The parallel and perpendicular contributions to the dynamo can be

calculated as

Measured Balance of Parallel Ohm’s Law

〈 !E ⋅ !B〉||
B

〈E〉||
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Figure 4.6: (left) Cartoon of the Dynamo Probe Bdot coil and capacitor
locations. The top four measurements are centered 1.5 cm from the end
of each stalk. The second set is centered 2 cm below the top set. (right)
Cross section view of a capacitive probe in one of the stalks of the Dynamo
Probe. The grey circle shows the capacitor electrode surrounded by the
boron nitride dielectric shield.

magnetic relaxation.

In MST, probe outer boron nitride shields show substantially more ablation and

wear on the side on which the fast electrons are incident. During experiments on

MST, the Dynamo Probe is rotated 90 degrees every ⇠ 20 shots in order to evenly

distribute this wear between the four stalks of the probe and extend the life of the

four boron nitride shields. It is also good to distribute this wear because the gains of

the capacitor measurements increase as the thickness of the boron nitride shields wear

away.

4.2.2 Helicity Probe

The Helicity Probe contains a Bdot triplet as well as a triple Langmuir probe

(TLP). The Langmuir probes are molybdenum with a boron nitride shield on one side

to block half of the electron and ion parallel temperature distribution, including the

⬆
“total” dynamo emf

〈E〉|| −η〈J 〉|| = −〈 !Ve × !B〉|| ≈ 〈 !E ⋅ !B〉|| / B



The Reynolds stress bursts in opposition to Hall emf, which is 
the Maxwell stress in parallel momentum balance

N/m3

Probe measurements
r/a=0.85

(edge region)



Relaxation events similar to those in MST are seen in NIMROD 
extended MHD simulations
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the MHD and Hall dynamos) is similar to just the MHD dynamo in our single-fluid MHD
computation. The MHD and Hall dynamos, which cooperate during the first event, each
account for roughly half of the total dynamo drive in the core. In the second event, however,
the total MHD dynamo is significantly stronger in the core, where it is largely opposed by the
Hall dynamo, and the total dynamo is only slightly smaller than in the first event. Similar
behavior is observed for the third event, although the magnitudes are much smaller as a
result of averaging over such intermittent activity.

4.4 Two-Fluid with Ion Gyroviscosity, Pm = 0.1
Our two-fluid computation with ion gyroviscosity at Pm = 0.1 and with parallel, as opposed
to anti-parallel current (model D) shows a similar level of magnetic activity following the
initial relaxation event, though there is significantly higher kinetic energy in the fluctuations
and there are more relaxation events, as shown in Fig. 4.10. The most marked di�erence

Figure 4.10: Field reversal parameter F and magnetic and kinetic energy in dominant modes.
(Parameters: a⁄0 = 3.88, �e = 1, �i = 1, S = 20, 000, Pm = 0.1)

is the second relaxation event in this computation, which has a level of reversal that is

use right axes à

Toroidal field
“reversal parameter”



NIMROD simulations reveal the same tendencies as observed in 
MST plasmas



NIMROD simulations motivated probe measurements of the Hall 
dynamo over a larger portion of the plasma

• A deep-insertion capacitive probe for the total dynamo is in development

60 simultaneous
measurements

“Deep insertion” magnetic probe
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The measurements in MST are qualitatively similar to NIMROD 
predictions



Relaxation of parallel flow is also in good qualitative agreement



Magnetic self-organization creates the possibility to sustain a 
steady-state fusion plasma using induction

• Magnetic helicity balance motivated by success of Taylor relaxation
• Conventional induction maintains helicity balance with constant Vf & F
• “Oscillating field current drive” (OFCD) generates DC helicity injection using 

purely AC loop voltages

apply oscillating Vf & F :

&



Ç
prescribe AC loop voltages

in global power balance

• Evolve 1D equilibrium:

fixed shape
(marginal tearing-stable)

Energy balance with “relaxed” current profile for modeling OFCD
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OFCD on MST produces 10% increase in plasma current, as 
much as expected 

OFCD current drive efficiency measured the
same as for steady induction (≈ 0.1 A/W)
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Tearing instability at the global scale drives a cascade to gyro-
scale turbulence
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The cascade is anisotropic and hints at a non-classical 
dissipation mechanism

• The k⊥ spectrum is well-fit by a dissipative cascade model (P. Terry, PoP 2009)
• Onset of exponential decay occurs at a smaller k⊥ than expected for classical 
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Powerful ion energization occurs during the impulsive magnetic 
reconnection events

• Instantaneous heating rate can be as large as 10 MeV/s (50 MW!)

Time (ms)

(large-scale B)

Relative to Reconnection Event



Heating is anisotropic and species dependent 

• MST is equipped with several ion temperature diagnostics:
– Rutherford scattering for majority ion temperature
– Charge-exchange recombination spectroscopy (CHERS) for minority ions
– Neutral particle energy analyzers (energetic neutral loss from plasma)

the energy source for both the heating and the acceleration.
Previous measurements have shown that in deuterium
plasmas the impurity Cþ6 ions are heated to a higher
temperature than the bulk [21]; however, due to the lower
density of carbon (nC " 0:5%nD), the majority of the
thermal energy is carried by the bulk.

Localized measurements of the Cþ6 impurity ion tem-
perature are made by stimulating charge exchange emis-
sion of intrinsic carbon impurities with hydrogen neutrals
injected as a 50 keV diagnostic neutral beam [22]. The
Doppler broadening of this emission is measured from
orthogonal viewing chords to allow a comparison of T?
and Tjj in the core of MST during the reconnection heating
event. A simultaneous background measurement allows
radial spatial resolution of 1–2 cm and temporal resolution
of 100 !s [23,24]. The temperatures as a function of time
from many similar events are averaged together, aligned
such that t ¼ 0 is the maximum rate of change of magnetic
flux during reconnection, and grouped into 3 density
ranges. The result of this procedure is shown in Fig. 2.

There are two features of the data that appear indepen-
dent of changes to plasma density and one that does not.
First, far in time (> 2 ms) from the reconnection event,
T? ¼ Tjj. Second, the change in the perpendicular
temperature, !T?, defined as the maximum temperature
minus the equilibrium temperature, is always larger than
!Tjj. This implies that the reconnection heating mecha-
nism favors the perpendicular degree of freedom. It can
also be seen that as the plasma density is increased, !Tjj
decreases while !T? remains unchanged, so that the an-
isotropy increases with increasing plasma density. This
observation is contrary to intuition of collisional isotrop-
ization and contrary to the density dependence of anisot-
ropies seen elsewhere [25].
We have adapted the equations of Cranmer, Field, and

Kohl [7] as in Tangri, Terry, and Fiksel [11] to test a simple
model in which (i) the heating acts purely on the perpen-
dicular degree of freedom during the short burst of
magnetic reconnection and (ii) the temperatures evolve
due only to collisional isotropization and equilibration
and finite energy confinement time. The carbon tempera-
ture is evolved according to

dT?;C

dt
¼ 1

knC

!
C?;CDðT?;D % T?;CÞ þ

X

i

miJ?;Ci

"

% T?;C

"
þQ?; (1)

dTjj;C
dt

¼ 2

knC

!
Cjj;CDðTjj;D % Tjj;CÞ þ

X

i

miJjj;Ci

"
% Tjj;C

"
;

(2)

where the C operators represent collisional equilibration
between the majority deuterium and carbon and the J
operators represent the collisional isotropization of the
carbon on all known MST impurities: B, C, N, O, and Al
(see Ref. [7] for definitions of the C and J operators). The
effect of the bulk ion heating is included by using the TD;?
as measured by the Rutherford scattering diagnostic [26],
and we assume TD;jj ¼ TD;? (measurements of TD;jj are
not currently available). We also assume that all impurities
have the same temperature. Q? is an ad hoc heating
term active from %0:05< t <þ0:1 ms. We use Q? ¼
10 MeV=s to reproduce the observed temperature increase.
Finally, the finite energy confinement is modeled with the
last term, with " ¼ 1 ms.
It is found that this model reproduces some but not all of

the features of the data. It is seen in Fig. 3 that !TC;? >
!TC;jj, which we interpret as evidence that the heating
mechanism does in fact favor the perpendicular degree of
freedom. Furthermore, we have uncovered a relatively
simple explanation for the inverse density dependence of
!TC;jj—varying impurity concentration in the plasma. The
heavy carbon ions are scattered more efficiently by other
impurities than by deuterium, so the isotropization rate is

n = 0.7 x 1013 cm-3
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FIG. 2 (color online). The event-averaged local Cþ6T? (black
line) and Tjj (red line) as functions of time, where t ¼ 0 is the
reconnection heating event. Three density ensembles are plotted,
with density increasing from left to right. The error bars repre-
sent event-to-event variation.
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FIG. 1. Signatures of tearing mode reconnection in a typical
MST discharge. The amplitude of the core mode magnetic
fluctuations increases (top) and the magnetic energy decreases
(bottom).
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between the majority deuterium and carbon and the J
operators represent the collisional isotropization of the
carbon on all known MST impurities: B, C, N, O, and Al
(see Ref. [7] for definitions of the C and J operators). The
effect of the bulk ion heating is included by using the TD;?
as measured by the Rutherford scattering diagnostic [26],
and we assume TD;jj ¼ TD;? (measurements of TD;jj are
not currently available). We also assume that all impurities
have the same temperature. Q? is an ad hoc heating
term active from %0:05< t <þ0:1 ms. We use Q? ¼
10 MeV=s to reproduce the observed temperature increase.
Finally, the finite energy confinement is modeled with the
last term, with " ¼ 1 ms.
It is found that this model reproduces some but not all of

the features of the data. It is seen in Fig. 3 that !TC;? >
!TC;jj, which we interpret as evidence that the heating
mechanism does in fact favor the perpendicular degree of
freedom. Furthermore, we have uncovered a relatively
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FIG. 1. Signatures of tearing mode reconnection in a typical
MST discharge. The amplitude of the core mode magnetic
fluctuations increases (top) and the magnetic energy decreases
(bottom).
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Heating depends on mass and charge
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An energetic ion tail is generated and reinforced at each 
reconnection event

• Distribution is well-fit by a Maxwellian plus a power-law tail
• Reminiscent of power laws observed for astrophysical energetic particles

Before
Event

After
Event

fD+(E) = A e –E/kT + B E –γ



Proposed Ion Heating Mechanisms



Existing models for ion heating in the RFP are based on distinct 
mechanisms

• Cyclotron-resonant heating:
– Feeds off the turbulent cascade to gyro-scale
– Preferential perpendicular heating, but with collisional relaxation
– Preferential minority ion heating, since              is larger where wci is smaller
– Mass scaling is predicted with dominant minority heating and collisional 

relaxation 

!B2 (ωci )

Tangri et al., PoP 15 (2008)
(similar to Cranmer et al) 

Time (ms)

the magnitude of heating is comparable to experiments. As
mentioned in the Introduction, these are the main features of
experiments. The impurity temperature rises above the bulk
ion temperature, despite the fact that bulk ion growth rates,
as seen from Eq. !11", tend to be larger. The growth rates are
proportional to density through the !p"

2 dependence of Eq.
!11". As seen from Eq. !22" the time rate of change of tem-
perature is proportional to #" /n", so the density scaling of
!p"

2 cancels out. The stronger heating of impurities relative
to bulk ions comes essentially from the larger wave fluctua-
tion energy at the lower resonant wavenumber.

In the MST, the ion temperature has been reported to be
isotropic away from a crash possibly due to thermal equili-
bration. However in the EXTRAP-T2 plasmas, the parallel
temperature is found to dominate the perpendicular tempera-
tures !T# $T!" for low density plasmas.4 This may suggest
that some additional parallel heating mechanism is present.
However an alternate possibility may be found in Figs. 8.
Notice that in this figure, T!!D" is lower than T#!D" but
T#!C"%T!!C". In a complex system like the EXTRAP-T2
where several species are present, it may be possible to have
a higher parallel temperature.

VI. SUMMARY AND CONCLUSIONS

Anomalous ion heating in reversed field pinches is not
understood despite extensive work on the subject. Recent
observations, e.g., T"$Ti$Te, are difficult to explain using
known conventional theories. In this article, impurity ion
heating during a sawtooth crash by a cascade of Alfvén
waves has been investigated. This mechanism was previ-
ously proposed8 for anomalous bulk ion heating but met dif-
ficulty in explaining bulk ion temperature. In this mecha-
nism, the energy is distributed according to the energy

budget and the branching ratios of Fig. 1. During a sawtooth
crash, the energy in the fluctuations increase dramatically.
The energy budget dictates that only a part of this energy is
available for ion heating !through a cascade of shear Alfvén
waves driven at large scale by the unstable global tearing
modes". The heavier mass of some species allows them to be
gyro-resonant at lower frequencies, where more energy is
present in the fluctuations. We have used isotropic and an-
isotropic heating rates from the plasma dielectric tensor to
numerically calculate heating rates. Collisional transfer dy-
namics are solved using a 0D thermal equilibrium model.

Our simulations reveal several features consistent with
experiment. Impurity ions are found to be hotter than the
bulk species.1 The calculated heating rates are sufficient to
account for the observed rise in impurity temperatures, pro-
vided ions are primarily heated by ion cyclotron resonance.
We have computed the various branching ratios that deter-
mine relative heating rates of electrons versus the bulk and
impurity ions !i.e., electron Landau and ion cyclotron damp-
ing". The contribution to total heating from electron Landau
damping is small; electrons are heated predominantly by re-
sistive heating. We have shown that if one impurity species is
heated to a high temperature, it can collisionally transfer a
large portion of its energy to the bulk species, even though
the density is low. The energy transfer rate is compatible
with rise times of bulk ion temperature in MST after a saw-
tooth crash. Hot electrons cannot efficiently transfer their
energy to the bulk. The above observations can be attributed
to the following physical properties: !i" predominantly per-
pendicular ion cyclotron heating, !ii" density dependence of
the Alfvén wave dispersion relation, and !iii" significant
amount of fluctuations being present at the impurity cyclo-
tron frequency.

We have also studied the anisotropic relaxation of a con-
taminated bi-Maxwellian plasma and reproduced several fea-
tures generally observed in discharges,1,4,31,35 particularly
those associated with density dependence. We have found
that a higher density plasma tends to be more colder and
more isotropic. The parallel temperature T# can be significant
and comparable to the perpendicular temperature T!. This
can be attributed to the presence of collisions in the system.
The anisotropy of temperature T# /T! increases as density is
decreased. Furthermore, the model also explains why experi-
ments on HBTX-1B gave a higher temperature31 when the
limiter was inserted into the plasma.

The model has several limitations based on the assump-
tions that have been made. Most importantly, it is based on
the assumption that parallel propagating Alfvén waves are
responsible for the observed ion heating. It assumes k!&i
'1 and k!'k#. It assumes constant confinement time which
may not be true in reality. The absolute relative drift between
various species is assumed to be negligible. It assumes that
parallel heating is negligible. It assumes collisions do not
modify the dielectric tensor. The results derived herein will
change if k! finite is allowed. While testing for such changes
will be instructive, it is not clear that they will lead to a more
accurate estimate of ion heating in the RFP. This is because
refinements to the wave idealization do not address the more
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Existing models for ion heating in the RFP are based on distinct 
mechanisms

• Stochastic heating:
– Feeds off large electrostatic electric field fluctuations and the distinct 

stochastic magnetic diffusion process
– Monte Carlo modeling yields MST-like heating rates (Fiksel et al, PRL 2009)
– Predicts mass scaling close to that observed

• Emerging story: measurements not shown here suggest the electrostatic 
fluctuations for f ≳100 kHz are drift waves excited in the turbulent cascade
– Importance of non-uniformity and gradients at the system scale and coupling 

of different types of modes/waves
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Figure 5.4: Probe fluctuation RMS amplitudes. Smoothed versions of the
signals and standard deviations of the mean are overplotted in red.

parallel current in MST is the opposite direction of the magnetic field, so this measured

negative EMF supports the current. It is reasonable for the unsmoothed measurement

to have points outside one standard deviation of the smoothed measurement since each

time point is an independent calculation. The smoothed measurement is believed to

be a more accurate representation of the actual dynamo, since each time point is an

independent calculation.

The individual contributions to the parallel dynamo from the radial, poloidal,

and toroidal electromagnetic field fluctuations are also plotted in separate graphs in

Fig. 5.5. All three are contributions to the parallel dynamo. The physical meaning of

the individual contributions to the dynamo is which component of Ẽ and B̃ creates
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Existing models for ion heating in the RFP are based on distinct 
mechanisms

• Viscous heating:
– No clear experimental evidence for the required large sheared flow
– Perpendicular flow is dominant for tearing modes for which the classical 

viscosity is small
– A “reliable” dissipation mechanism, but difficult to achieve the large heating 

rates seen in MST plasmas
– See, e.g., Svidzinski et al, PoP 15 (2009)



The RFP plasma exhibits a fascinating set of magnetic self-
organization phenomena
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