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CHAIR’S REPORT: ICC 2011

MIKE BROWN

1. Summary

The ICC community met in Seattle, WA August 16-19 for our 2011 meeting. Even
with the redirection of the program and several terminated projects, we were pleased
that there were 91 attendees down only slightly from our normal 100-120. There
were 5 sessions of 6 talks each broken into broad scientific areas (3D magnetic fields,
high β, first wall, computational modeling, etc). A few of the more compelling
new ideas presented were self-healing of magnetic islands due to flow (Hegna), two
talks on interesting topological changes at the edge of a fusion plasma (Kabantsev
and Soukhanovskii), and intriguing new results from HIT-SI (Ennis, Victor, Hos-
sack). There was a strong Japanese contingent participating through the US/Japan
partnership (Inomoto, Asai, Ono, Masamune, Nagata, and Takahashi). We had a
banquet Wednesday night with remarks from Sam Barish of OFES. There were tours
of facilities at the University of Washington on Tuesday. New chairman Mike Brown
held a town hall meeting on Thursday.

2. Next meeting

We are planning the next meeting of the group for early 2013. Two ideas are being
considered. One option is to hold the meeting in Texas (Dallas or Fort Worth) with
Wendell Horton and Saralyn Stewart making the arrangements. Another option,
brought up by Carl Sovinec, would be to coordinate with the APS April meeting in
April 13-16, 2013 in Denver, CO. This option might increase our attendance as well
as provide the infrastructure of the larger meeting. The new executive committee will
be streamlined for the next meeting. Currently there are 23 members in the executive
committee. A streamlined version could have nine total (four from universities, four
from labs, one from a private company). The new program committee and chair will
try to broaden the meeting by inviting scientists from the materials and high energy
density communities. The chair will work on a set of bylaws to establish procedures
for periodically changing the executive committee and cycling the chairmanship.

We also plan on meeting briefly at the APS-DPP meeting in Salt Lake City in
November 2011. The agenda will be to discuss proposed new directions for the

Date: August 22, 2011.
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MIKE BROWN

community and a new name. We also hope to reach out to other plasma scientists
at the DPP meeting interested in exploratory plasma and fusion science research.

3. Exploratory Plasma Research

At the community town meeting and at the executive committee meeting, we dis-
cussed future directions for the community. Among other things, we discussed a new
name for the group. Among them “Exploratory Plasma Research”, “Innovations in
Fusion Science”, and “Fusion Science Pathways”. The line item in the OFES bud-
get refers to this group as “Experimental Plasma Research” (close to “Exploratory
Plasma Research”) and its likely that the moniker ICC will persist in some circles
(including our website). Sam Barish is supportive of a name change. It appears that
“Exploratory Plasma Research” garnered the most support at the executive commit-
tee meeting. Apart from the name, we concluded that we should be broadly inclusive
of not only OFES sponsored projects but privately funded groups, materials scien-
tists, and plasma simulators. We recognize that privately funded exploratory fusion
endeavors are growing and our community could provide them a scientific home.
There was general support for the mainstream fusion program including ITER, but
we felt that a wise program should include some risk mitigation and have an active
university component.

Our community would be stronger if we made better connections with the main-
stream program, with the larger physics and technical community, and with the
simulation community. As Harry McLean put it we should “Value the mainline
program, value the science, value workforce development”.
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Plasma Flows and Currents in the HSX Stellarator and Future Directions 
David T Anderson, HSX Team 
Univ. of Wisconsin-Madison 
Abstract Text: 
The HSX stellarator at the University of Wisconsin has a quasi-helically symmetric magnetic 
field resulting in neoclassical transport algebraically equivalent to a tokamak. Low plasma flow 
damping is predicted in the symmetry direction. Recently, the radial electric field and intrinsic 
plasma flow parallel to the magnetic field have been determined from charge exchange 
recombination spectroscopy and compared to neoclassical values calculated using the PENTA 
code[1]. Intrinsic rotation velocities of up to 20 km/s in the symmetry direction have been 
measured. The measured radial electric field and flows agree with the neoclassically predicted 
values in the outer half of the plasma when a momentum conserving collision operator 
formulation is used in the calculations. Non-momentum conserving calculations (historically 
used to calculate flows in conventional stellarators), under-predict the parallel flows by an order 
of magnitude. This momentum conserving approach provides a tool which can be applied across 
toroidal configurations from pure tokamaks to rippled stellarators. 

Traditional axisymmetric toroidal devices determine the MHD equilibrium properties by solving 
the 2D Grad-Shafranov equation constrained by measured plasma profiles and magnetic 
diagnostic signals. For stellarators, and tokamaks with asymmetric fields (such as RMP/ELM 
suppression coils), 3D equilibrium reconstruction is necessary. HSX has been using the V3FIT 
code[2] to determine the plasma Pfirsch-Schluter (PS) and bootstrap current profiles. 
Reconstructions confirm that the PS current is helical due to the lack of toroidal curvature and 
reduced by the high effective transform. Later in the discharge the plasma currents are dominated 
by the bootstrap current which rises on a timescale comparable to the length of the discharge. 
The profile is consistent with calculations using the momentum-conserving PENTA code and 
when the 3D inductive response[3] of the plasma column are included.  

HSX has added a second 28 GHz gyrotron for plasma heating, effectively doubling the available 
heating power. With the first system with central resonance heating we have achieved Te(0) ~2.5 
keV, attributed to an internal transport barrier, although over a narrow central region. The 
launching antenna on the new system is steerable offering the ability to add off-axis heating to 
try and increase the ITB radius. Power modulation experiments will measure thermal diffusivity 
by heat-pulse propagation for comparison to previously determined power balance 
measurements. Impurity transport and accumulations are critical topics for the advancement of 
stellarators. A laser blow-off impurity injection system has been implemented on HSX and 
impurity transport characteristics will be determined from spectroscopic measurements and 
modeling. 

[1] D.A. Spong, Phys. Plasmas 12, (2005) 056114. 

[2] J.D. Hanson, et al, Nucl. Fusion 49 (2009) 075031. 

[3] P.I. Strand and W.A. Houlberg, Phys. Plasmas 8 (2001) 2782 
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Plasma flow healing of magnetic islands in stellarators

C. C. Hegna
Departments of Engineering Physics and Physics,
University of Wisconsin, Madison, WI 53706

Recent experiments from the Large Helical Device (LHD) indicate that the plasma flow can play a
primary role in eliminating magnetic islands produced in the vacuum configuration of conventional
stellarators. The observed island healing occurs at a critical plasma β that varies with plasma
collisionality. A model explaining this phenomenon is developed based upon self-consistent island
evolution and torque balance equations. In conventional stellarators, neoclassical damping physics
plays an essential role in establishing the flow profiles. The balance of neoclassical damping and
cross-field viscosity produces a radial boundary layer for the plasma rotation profile outside the
separatrix of a locked magnetic island which decreases as the collisionality drops. This has the
consequence of enhancing healing viscous torques at low collisionality making healing magnetic
islands occur more readily in high temperature conventional stellarators.

I. Introduction
Magnetic island physics has been a major topic of in-

terest to the stellarator community. There is no general
solution to the 3-D magnetostatic equilibrium equations
that guarantee the existence of topologically toroidal
magnetic surfaces. Pressure induced magnetic islands
and their subsequent overlap is thought to be a primary
mechanism for equilibrium β limits. As such, 3-D equi-
librium codes are often implemented in an effort to elimi-
nate island formation in optimizing stellarator configura-
tions [1–3]. However, recent studies on the Large Helical
Device (LHD) have indicated that the elimination of im-
posed vacuum magnetic islands is observed [4] and corre-
lated with this island healing are abrupt changes to the
plasma flow [5]. These observations can be explained by
a recent theoretical advance that models self-consistent
island evolution and torque balance relations by account-
ing for neoclassical flow damping physics, cross-field vis-
cosity and electromagnetic effects [6]

In the LHD experiments, external 3-D coils are in-
tentionally applied to produce a magnetic island chain
at a low-order rational surface of the vacuum configura-
tion. Finite β plasmas are produced by neutral beam
injection. A dependence of the magnetic island evolu-
tion on plasma parameters is observed by varying the
field strength, density and heating power. As shown in
Fig. 1, both magnetic island growth and healing is seen
with the two disparate plasma responses distinguished
by a sharp boundary in a parameter space defined by the
plasma β and collisionality at the rational surface. For
a given collisionality, there exists a critical β for island
healing. This critical β drops as the collisionality at the
rational surface decreases. Associated with the loss of
the magnetic island is an abrupt change in the rotation
profile [5]. In the presence of a locked island, the plasma
rotation is inhibited at the rational surface. After the
transition to the no island state, rotation is observed at
the rational surface.

These results can be understood by considering the
coupled torque balance and island evolution equations
[6]. In the following, a theoretical formulation for use in
interpreting the experimental results is developed. The

theory generalizes previous analytic calculations in cylin-
drical geometry [7]. In the following calculation, partic-
ular emphasis is made on the important role neoclassical
physics has in describing the flow properties of conven-
tional stellarators.
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FIG. 1. From Narushima et al, 2008 Nucl. Fusion 48 075010.
Island growth and island healing are distinguished in a pa-
rameter space defined by the collisionality (ν∗) and plasma β
at the rational surface. Dark circles denote island growth and
open circles denote island healing.

The observations from the LHD island experiments
have similiarities to results from tokamak [8] and reversed
field pinch experiments [9] in the presence of externally
produced resonant magnetic fields. Intrinsic or applied
3-D resonant external magnetic perturbations affects the
growth and rotation properties of magnetic islands asso-
ciated with the resonant surface. In tearing stable toka-
maks, the problem that has governed the most attention
is the field error penetration problem whereby an exter-
nal resonant magnetic field can provide a source for pro-
ducing a magnetic island. The penetration of this field
is inhibited by plasma rotation. However, at sufficiently
large 3-D field amplitude, the resonant field produces a
forced reconnection at the rational surface. Associated
with mode penetration is a change in the rotation profile

4



with rotation at the rational surface abruptly changing
to zero. Mode penetration is to be avoided in tokamaks
as it often leads to disruptions.

The problem of interest here is an explanation for the
reverse process, the elimination or healing of magnetic
islands by the plasma flow. For this effort, a theoretical
paradigm for understanding the interaction of tearing
modes with resonant 3-D magnetic fields produced
from an external source in cylindrical plasmas [7] can
be adapted for stellarator applications. In this work,
the amplitude and phase of the magnetic island is
determined by coupled electromagnetic and fluid flow
information. The conventional matched asymptotics
procedure is used to calculate island evolution properties.
The plasma rotation properties enter through a torque
balance equation at the rational surface.

II. Magnetic Fields
The magnetic field is written as the sum of an equilib-

rium field with robust magnetic surfaces and an island
producing magnetic field.

B = B0 +B1. (1)

Here B0 satisfies B0 · ∇ψ = 0 where ψ labels topolog-
ically toroidal magnetic surfaces. The formation of an
island at the rational surface ι-o = no/mo is considered
due to a magnetic field of the form B1 · ∇ψ/B0 · ∇φ =
moAo sin(noφ − moθ) where θ(ζ) denote the poloidal
(toroidal) straight-field line angle. It is convenient to
switch coordinates from (ψ, θ, φ) to (ρ, α, ζ) given by

α = θ − ι-oφ, ζ = φ, (2)

and ρ a radial-like variable derived from ψ = ψ(ρ) ∼ ρ2.
With B1 = ∇χ×∇α+∇A×∇ζ [6], the total field can be
written using the (ρ, α, ζ) coordinate system in the form

B = ∇[ψ(ρ) + χ]×∇α+ ψ′∇ζ ×∇Ψ∗, (3)

where ψ′ ≡ dψ/dρ(ρ = ρo) and the helical flux function
Ψ∗ described magnetic surfaces in the island region B ·
∇Ψ∗ = 0. Using a single harmonic approximation for
A = A(ρo, α) = Ao cos(moα), the helical flux function
describing the magnetic island flux surfaces is written

Ψ∗ =
1

2
ι-′ox

2 − Ao

ψ′ cos(moα), (4)

where ι-′o ≡ dι-/dρ(ρ = ρo), x = ρ − ρo. and A =∮
dζ/2πA(ρ, α, ζ). From Eq. (4), the island width can

be derived and is given by

w = 4

√
| Ao

ι-′oψ′ |. (5)

In writing Eqs. (3) and (4), a small island width expan-
sion (δ = w/Leq � 1) is utilized.
In the absence of any plasma response, the perturbed

fields B1 are solutions to the vacuum equations (∇·B1 =

∇×B1 = 0) subject to a boundary condition describing
the external source. The vacuum island width can be de-
fined again assuming a dominant single harmonic approx-

imation to the vacuum solution, AV = AV
o cos(moα+Δφ)

with the vacuum island width given by

wV = 4

√
| A

V
o

ι-′oψ′ |. (6)

The quantity Δφ denotes the phase of the vacuum island
relative to phase of the magnetic island when plasma is
present.
The plasma response of interest is due to localized cur-

rents in the vicinity of the rational surface. Analytic is-
land theories for stellarator applications strongly resem-
ble that used in nonlinear tearing mode problems. As
in tearing mode theory, the plasma response is treated
differently in two distinct plasma regions and matched
asymptotically. The strength of the localized currents as
described by exterior region are quantified by the asymp-
totic matching parameter

Δ′
mn =

1

Amn(ρo)

dAmn

dρ
|ρo+
ρo−. (7)

In general three-dimensional systems, the matching
data is significantly complicated by the degree of cou-
pling between different rational surfaces. In order to
make analytic progress in the following, the responses
of each of the coupled surfaces is assumed negligible. As
such, the dynamics of a single isolated island chain at the
ι-o = no/mo is emphasized. The exterior region solution
is governed by a linear equation with the effect of the
exterior source entering through a boundary condition.
In particular, one can write Δ′

mono
= Δ′

o + Δ′
BC where

Δ′
o represents the asymptotic matching data in the ab-

sence of the external source and describes the inherent
stability properties of the plasma and Δ′

BC is propor-
tional to AV . Additionally, a finite phase shift between
the magnetic field associated with the locked island at the
rational surface and the external source is allowed. The
‘cosine’ component corresponds to a contribution that af-
fects the nonlinear island width and the ‘sine’ component
enters into torque balance. Denoting these two different
components Δ′

c and Δ′
s, we have

Δ′
c = Δ′

o[1− kv
AV

Ao
cos(Δφ)], (8)

Δ′
s = kvΔ

′
o

AV

Ao
sin(Δφ), (9)

where kv is an order unity parameter that is a function of
the plasma equilibrium. In vacuum, kv = 1. As viewed
from the exterior region, the quantities Δ′

c and Δ′
s denote

localized current responses at the rational surface that
denote the asymptotic behavior of the currents in the
exterior region. The conventional matching conditions of
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tearing mode theory are now identified.

−
∫

dx

∫ 2π

0

dα

π

∫ 2π

0

dζ

2π
cos(moα)

μoγ

gρρ
J1 ·B0

B2
= Δ′

cAo,

(10)

−
∫

dx

∫ 2π

0

dα

π

∫ 2π

0

dζ

2π
sin(moα)

μoγ

gρρ
J1 ·B0

B2
= Δ′

sAo,

(11)

where the island resolved currents used to describe the
plasma response are inserted in the integrals. Note that
in the vaccum limit (J1 ·B0 = 0), Δ′

c = Δ′
s = 0 describes

the expected solution Δφ = 0 and A = AV .
For the standard tearing mode approach, a boundary

layer theory is used to describe solutions in the vicinity
of the island where ρ derivatives on perturbed quantities
are assumed large. Currents are calculated in the island
region are then used in the matching conditions, Eqs.
(10) and (11). The primary problem of interest is the
suppression of vacuum islands which are typically large
compared to resistive layer scales [4, 5]. As such, Ruther-
ford theory is the appropriate approach to follow for the
’cosine’ component of current which describes nonlinear
evolution of the island width [10]. For simplicity a num-
ber of finite β effects [11, 12] are neglected in the deriva-
tion of the generalized Rutherford equation. From the
a resistive Ohm’s law, (E · B = ηJ · B) the standard
Rutherford results is derived k1(μo/η)dw/dt = Δ′

c where
η is the plasma resistivity and k1 ≈ 0.8. Island satura-
tion (dw/dt = 0)is given by Δ′

c = 0 which produces the
island width expression

w = wV
√
kv cos(Δφ). (12)

The complete theory requires an expression for Δφ
The ’sine’ component of the parallel current is associ-

ated with the presence of a net electromagnetic torque
on the plasma. A connection can be made between the
asymptotic matching condition Eq. (11) and torque bal-
ance [6]. To show this, we first define the flux surface
averaged torques as

TEMα =

∫ 2π

0

∫ 2π

0

eα · J×B

√
g

gρρ
dζdα, (13)

In the exterior region where ideal MHD governs the dy-
namics, these torques are identically zero. Hence, TEMα

is localized to the island region. From the magnetic field
representation and radial force, one can derive [6]

TEMα =
2πψ′

μoγ
moAo

∫ 2π

0

dα sin(moα)
∂2A

∂ρ2
. (14)

Integrating this equation in ρ to obtain TEM0 one finds

TEM0 ≡
∫

dx TEMα =
2π2ψ′

μoγ
moA

2
oΔ

′
s, (15)

which demonstrates a relationship betweem the asymp-
totic matching condition defined in Eq. (11) and the net

electromagnetic torque on the plasma. Using Eqs. (6),
(9) and (12), an expression for the electromagnetic torque
can be derived

TEM0 =
π2ψ′3

μoγ

mok
2
v(−Δ′

o)

256
(ι-′o)

2(wV )4 sin(2Δφ). (16)

This expression describes the integrated torque over
the island region produced by the external resonant
magnetic field as a function of the phase shift Δφ. A
self-consistent for Δφ is obtained by calculating Δs from
the ‘sine’ component of the parallel current in the island
region.

III. Plasma Flows and Viscous Torques
The ’sine’ component of parallel current in the island

region is typically associated with dissipative physics in
steady state. For sufficiently large islands, density, tem-
perature and electrostatic potential profiles are constant
within the island region but nonzero outside the separa-
trix. These gradients are associated with flow velocities
that influence the island rotation properties.
For nonlinear islands, no net plasma flow is allowed

through the separatrix. This is often referred to as the
no-slip constraint [7]. Since the dominant dissipation in
the model to follow is that described by the ion-root dom-
inant neoclassical damping and cross-field viscous forces,
the phase velocity of the island is determined by the
ion rotation rate. However, electron diamagnetic effects
can affect the island phase velocity in more sophisticated
plasma models [12].
The no-slip constraint and the requirement that locked

islands have zero phase velocity uniquely determine the
plasma flow at the rational surface. The requirement
that the flow be fixed at ι- = no/mo is generally not con-
sistent with the value of the flow profile calculated from
a transport equation that accounts for neoclassical and
turbulent transport and momentum sources. Noting that
the electromagnetic torque calculated in Eq. (16) is local-
ized to the island region, steady state momentum balance
is established by balancing this torque with a similarly
localized viscous torque in the island region. The viscous
torque is characterized by a phenomenological cross-field
viscosity coefficient [7]. Torque balance determines a self-
consistent value for Δφ.
What is demonstrated in the following is that currents

of relevance to the torque balance equation are due to
properties of the plasma flows outside the island separa-
trix. The flow profile is established by a transport equa-
tion that accounts for the competition between neoclas-
sical and viscous transport properties. Unlike tokamaks,
neoclassical flow damping physics plays a primary role
in determining the self-consistent flow profiles in conven-
tional stellarators. Poloidal and toroidal rotation damp-
ing rates are typically comparable in conventional stel-
larators whereas there is generally a vast disparity of
these two rates in tokamaks with weak 3-D magnetic
fields [13]. This difference in the neoclassical physics
translates to different amplitudes of the viscous torque
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in conventional stellarators relative to axisymmetric con-
figurations. In particular, a radial boundary layer in the
rotational profile in the vicinity of the magnetic island
develops due to the competition between viscous and neo-
classical flow effects. As the boundary layer shrinks, the
viscous torque on the plasma becomes larger. The width
of the boundary layer is determined by the strength of
the non-ambipolar neoclassical transport. In high tem-
perature stellarators, the flow damping rates scale in-
versely with the collision frequency (corresponding the
1/ν regime of neoclassical transport theory [14]). Hence,
a smaller collisionality produces a larger viscous force.
For the same natural rotational value and external field
strength, it is easier to heal magnetic islands in a con-
ventional stellarator than in the corresponding tokamak.

To describe the evolution of the flow profile, a momen-
tum balance equation of the form

ρM
dv

dt
= J×B−∇p−∇ · ��π+∇ · (ρMν⊥∇v) +S, (17)

is used where ρM is the mass density, ��π the viscous stress
tensor and S external momentum sources. The cross-field
viscous force uses a phenomenological viscosity coefficient
ν⊥ meant to model turbulent and collisional processes

that are not described by ∇ · ��π.
Before preceding to the island case, let’s consider the

no island limit first. For this case, B · ∇ρ = 0 and the
lowest order momentum balance equation E + v × B =
∇pi/niqi allows one to write the flows

v = (
dΦ

dρ
+

1

niqi

dpi
dρ

)
B×∇ρ

B2
+

v||
B

B, (18)

where Φ is the electrostatic potential and pi, ni and qi are
the ion’s pressure, density and charge. Alternatively, the
flows can be written using the coordinate system given
by Eq. (2)

v = Ωαeα +Ωζeζ , (19)

where Ωα and Ωζ are related to Φ′ = dΦ/dρ, p′i = dpi/dρ
and v|| by

Ωα =
1

ψ′ (Φ
′ +

p′i
niqi

) +O(δ), (20)

Ωζ = − I

γ
Ωα +

v||B
γ

. (21)

A transport equations for the steady state flow profiles
are established by taking the flux surface of ei compo-
nents of the next order momentum balance equation. In
particular, the flux surface average of the eα projection
of the steady state momentum balance yields

0 = −ψ′ < J · ∇ρ >o − < eα · ∇ · ��P >o

+ < eα · ∇ · (ρMν⊥∇v) >o + < eα · S >o, (22)

where
��P = p

��I + ��π and

< f >o=
1

V ′

∫ 2π

0

∫ 2π

0

dαdζ
√
gf, (23)

and V ′ =
∫ 2π

0

∫ 2π

0
dαdζ

√
g. Here, the general function f

is expressed as a function of ρ, α and ζ so that < f >o is
purely a function of ρ. By requiring < J · ∇ρ >o= 0 in
steady state, the above expression can be used to deter-
mine the radial electric field profile from the combination
of cross-field viscosity, neoclassical damping and sources.
The second term in Eq. (22) describes neoclassical trans-
port in three-dimensional configurations and can be iden-
tified with the non-ambipolar component of the particle
flux.

< eα · ∇ · ��P >o= −ψ′ ∑
s

qs < �Γneo
s · ∇ρ >o . (24)

In conventional stellarators, generally the requirement of

non-ambipolar neoclassical transport �Γneo
i = �Γneo

e pro-
duces an equation for the radial electric field or alterna-
tively Ωα as functions of the plasma density and temper-
ature gradients. In stellarator configurations, due to the
lack of intrinsic ambipolar transport, mulitple solutions
to the radial electric field profile can be obtained [15, 16]
which complicate this analysis. Nevertheless, formally a
solution to the equilibrium flow profile transport equa-
tions can be deduced.
To make analytic progress, we specialize our calcula-

tion to regimes of interest in high temperature conven-
tional stellarators. In the absense of a radial electric field,
the neoclassical transport is in the 1/ν regime where the
cross-field transport coeffients scale inversely with colli-
sion frequency. As such, the neoclassical transport can
be written

e < �Γneo
s · ∇ρ >o

= −C1/νρM
ω2
ts

νs
<

gρρ

B2
>o [Φ′ qs

e
+

p′s
nse

+ ks
T ′
s

e
]

= −C1/νρM
ω2
ts

νs
<

ψ′gρρ

B2
>o

qs
e
[Ωα − Ωα

amb,s], (25)

where νs is the collision frequency, ωts = vts/Ro is the
transit frequency with vts the thermal velocity of species
s, Ro the major radius, T ′

s = dTs/dρ and ks ∼ 1. The
dimensionless parameter C1/ν in the zero radial electric

field limit scales as C1/ν ∼ ε
3/2
eff where εeff is a mea-

sure of the effective helical ripple [17]. These high trans-
port rates are generally reduced in the presence of a suffi-
ciently large radial electric field (or Ωα). However, since
the problem of interest is a description of the flow pro-
file in the vicinity of a locked island, these electric field
corrections are ignored for simplicity.
Using the expression as given in the second form for

Γneo
s demonstrates that Eq. (22) can by viewed as a trans-

port equation for Ωα as a function of the sources and
equilibrium density and temperature profiles.
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The density, temperature and electrostatic potential
profiles equilibrate on the helical magnetic surfaces of the
island Ψ∗ given in Eq. (4) for sufficiently large magnetic
island width. This result comes from the leading order
parallel Ohm’s law, density and pressure evolution which
yield B · ∇Φ+B · ∇pe/nee = 0,vE · ∇n = vE · ∇ps = 0.
In this limit, Ωα is given by

Ωα =
1

ψ′ [
dΦ

dΨ
∗ +

1

niqi

dpi

dΨ∗ ]ι-
′x =< Ωα >

x

< x >
, (26)

where the flux surface averaging procedure in the pres-
ence of an island is given by

< f >=

∫ 2π

0

∫ 2π

0
dαdζ

√
gx−1f(Ψ

∗
, α, ζ)∫ 2π

0

∫ 2π

0
dαdζ

√
gx−1

, (27)

with< f > being a function of Ψ
∗
only. In this expression

all quantities are expressed as functions of Ψ
∗
, α and ζ.

To calculate a transport equation, the same procedure
used to construct Eq. (22) can be followed with the result

0 = −ψ′

ι-′
< J · ∇Ψ

∗
> − < xeα · ∇ · ��P >

+ < xeα · ∇ · (ρMν⊥∇v) > + < xeα · S > . (28)

By setting < J · ∇Ψ
∗
>= 0, a transport equation for

< Ωα > is obtained. In the vicinity of the magnetic
island, this equation can be written

< Ωα >= Ωα
0

+δ2r
ι-′2 < x >2

cr < x2gρρ/B2 >

d

dΨ∗ [
< x4(gρρ)2/B2 >

< x >

d

dΨ∗
< Ωα >

< x >
],

(29)

where cr =< (gρρ)2/B2 > / < gρρ/B2 > and Ωα
0 given

by

Ωα
0 =< Ωα

amb,i > +
νi < xeα · S >< x >

ω2
tiρMC1/νi

< x2ψ′2gρρ/B2 >
, (30)

is the rotation profile as determined by sources and neo-
classical transport. An important parameter in Eq. (29)
is the distance δr defined by

δ2r =
crν⊥νi
ω2
tiC1/νi

, (31)

which is a measure of the cross-field viscosity relative
to the strength of the neoclassical damping. In writing
down Eq. (29), the ’ion root’ is assumed which is the
relevant case for solutions with small Er. In writing the
above, it is assumed that the basic functional form for
the neoclassical transport is unaffected by the presence
of the island. However, the coefficient for the neoclassical
transport C1/ν is modified by the island [18].
For large enough εeff , the inequality δ � Leq is ex-

pected noting the prominence of neoclassical physics. In

this case, the cross-viscosity plays a small role and the so-
lution < Ωα >= Ωα

0 is predicted. However, with a locked
island, the rotation at the island separatrix

< Ωα(Ψ
∗
= Ψ

∗
sx) >must be consistent with the no-slip

constraint. This condition provides an internal boundary
condition for the flow profile which is generally in con-
flict with the zero δr solution described above. As such, a
boundary layer of width δr develops outside of the separa-
trix. In the simple asymptotic limit limit δr ∼ X∗ 	 w,
the transport equation Eq. (29) reduces to

< Ωα >= Ωα
0 + δ2r

d2 < Ωα >

dX2∗
, (32)

where the radial-like coordinate X∗ is defined by Ψ
∗ −

Ψ
∗
sx = ι-′X2

∗/2. The solution to this expression subject to
the locked island boundary condition described above is
given by

< Ωα >= Ωα
0 (1− e−|X∗|/δr ), (33)

For the more general case where the island width is
not assumed small, there is no simple analytic solution
for Eq. (29). Nonetheless, it is clear that δr sets the radial
scale for the boundary layer solution for the flow profile.
Hence, we can formally write the solution to Eq. (29) as

< Ωα >= Ωα
0 [1− fr(

X∗
δr

,
w

δr
)], (34)

with the asymptotic solution fr = e−|X∗|/δr in the small
island limit. The flow profile described in Eq. (34) is
similar to the equivalent locked island calculation for
the toroidal flow velocity in tokamaks when neoclassical
toroidal viscosity is present [19].
The calculated flow profiles produce perpendicu-

lar currents from the momentum balance equation.
When coupled with the quasineutrality condition B ·
∇(J1 ·B0/B

2) = −∇ · J⊥, the flow effects produce par-
allel currents that enter into the torque balance relation.
The condition of interest is Eqs. (11) which can be writ-
ten in the form

TEM0 =
2ψ′

ι-′

∫ ∞

−Ao

dΨ∗
∫

dα

∫
dζ

√
g

gρρ
∇ · J⊥. (35)

Using the momentum balance equation to determine J⊥,
and symmetry arguments, the torque balance equation is
given by

TEM0 =

∫ ∞

−Ao

dΨ∗ 2V ′

ι-′ < x >
(<

eα · ∇ · ��π
gρρ

> − <
eα · S
gρρ

>).

(36)
Using properties of the model previously discussed and
the solution to the transport equation for Ωα, Eq. (34),
one obtains

TEM0 =

∫ ∞

Ao

dΨ∗[−2V ′C1/νρMω2
ti < ψ′2x/B2 >

νiι-′ < x >2
Ωα

0 fr

− 2V ′

ι′ < x >
<

eα · S
gρρ

(1− xgρρ < x/B2 >

< x2gρρ >
) >]. (37)
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If the source function is taken to be small in the island
region and the resonant component of the magnetic spec-
trum is small (so that < x/B2 > / < x >≈< 1/B2 >),
the important spatial dependence of the integrand is con-
tained in the function fr describing the boundary layer
solution for the flow profile in Eq. (34). This function
effectively limits the radial extent of the integration to
the characteristic scale δr. Utilizing this, the torque bal-
ance condition TEM0 + TV 0 = 0 can be derived with the
viscous torque described by

TV 0 = 2kfV
′ρMν⊥cr <

ψ′2

B2
>

Ωα
0

δr
, (38)

where the dimensionless coefficient kf is defined as a func-
tion of the quantity z = w/δr by

kf (z) =

∫ ∞

0

dyfr(y, z)
2K(k)

π

y√
y2 + z2/4

, (39)

where K(k) is the complete elliptic integral of the first

kind, k =
√
z2/(4y2 + z2) and fr is defined with respect

to the variable y = X∗/δr. In the limit z = 0, kf = 1.
While TV 0 is used to denote the ’viscous’ torque,

it should be noted that both cross-field viscosity and
neoclassical damping physics are used to calculate this
contribution to the steady-state torque balance relation
[20].

IV. Healing a locked island

With the information derived above, we are now in a
position to

predict the conditions for healing a locked island. The
torque balance equation TEM0 + TV 0 = 0 and and Eqs.
(16) and (38), one can write the equation

DA sin(2Δφ) = DΩ, (40)

where

DA = ω2
A

m2
ok

2
v

kfcr

(−ρoΔ
′
o)

2mo

(ι-′o)
2(wV )4

512
, (41)

DΩ = −ν⊥ρo
dΩα

dρ
|ρo+
ρo− = −2ν⊥

ρo
δr

Ωα
0 , (42)

and ω2
A = 4π2ψ′/V ′γρMμo < 1/B2 >≈ v2A/R

2
o is the

Alfven frequency.
In the absence of a plasma response DΩ = 0, the island

is locked to the external source with Δφ = 0. AsDΩ rises,
a finite phase shift is predicted given by

sin(2Δφ) = DΩ/Dw. With yet larger |DΩ|, the ampli-
tude of the phase shift becomes larger until | sin(2Δφ)|
reaches its maximal value at unity corresponding to
|Δφ| = π/4. At this point |DΩ| = Dw. At higher
|DΩ| > DA, steady state momentum balance can no
longer be satisfied. At this point, finite inertia now plays
a role and the torque balance equation becomes∫

dx

∫ 2π

0

∫ 2π

0

√
gdαdζ ρM

∂Ωα

∂t

ψ′2

B2
= TEM0 + TV 0.

(43)

When |DΩ| > Dw, the viscous torque overwhelms the
electromagnetic torque and the plasma at ρ = ρo starts
to rotate. At this point, the island is no longer locked
to the wall. Eddy currents are produced at the ratio-
nal surface that shield the external magnetic field from
penetrating; the large magnetic island disappears. The
condition |DΩ| = Dw is the criteria for healing a mag-
netic island with plasma flow.
The flow healing criteria can be used to predict a criti-

cal β for island suppression as a function of collisionality.
The collisionality dependence enters naturally through
the flow boundary layer solution described in Eq. (34).
For scaling arguments, we require a model for the cross-
field viscosity. Using a gyro-Bohm scaling for cross-field
viscosity [ν⊥ ∼∼ (ρi/Leq)(T/eB) where ρi is the ion
gyro-radius] and diamagnetic level flows, the healing cri-
teria |DΩ| = Dw produces a scaling for the critical β
given by

βcrit ∼ (ν∗)1/4(
wV

Leq
)2
Leqωpi

C
1/4
1/νc

, (44)

where ν∗ = ε3/2νi/ωti is the normalized collisionality

and ωpi/c =
√

ne2μo/mi is the ion skin depth. For
fixed vacuum island width, the above scaling indicates
that the critical β for island healing scales weakly
but monotonically with collisionality. This result is
qualitatively consistent with the results from LHD [4, 5]
shown in Fig. 1.

V. Summary and discussion
In this work, a theory describing the interaction of

a tearing stable conventional stellarator with an exter-
nally produced resonant magnetic field perturbation is
provided. The calculation highlights the important role
plasma rotation can have in healing vacuum magnetic is-
lands. The model used is a stellarator-specific extension
of an earlier theoretical effort describing the interaction
of tearing modes with resonant magnetic perturbations
in cylindrical geometry [7]. In this work, transitions be-
tween different asymptotic states of the plasma are de-
scribed by coupled electromagnetic and fluid flow physics.
The results of the present model can used to interpret

the island healing experiments of LHD [4, 5]. In particu-
lar, this model explains the basic phenomenology of how
plasma flow physics can heal islands in stellarators. The
model provides a theoretical explanation for the empir-
ically derived scaling of the critical β as a function of
plasma collisionality. Additionally, a hysteresis effect is
predicted whereby the criteria for the reappearance of a
healed island differs from the criteria for island healing
[6].
An important distinction between conventional stel-

larators and tokamaks lies in the treatment of neoclassical
physics. In high temperature conventional stellarators,
the viscous force associated with non-ambipolar neoclas-
sical transport plays an important role in establishing the
flow profile in the vicinity of a locked mode. A model for

Plasma flow healing of magnetic islands instellarators C. C. Hegna

9



the rotation profile is provided that accounts for a bal-
ance between cross-field viscosity and neoclassical flow
damping. The presence of 1/ν neoclassical transport in
high temperature conventional stellarators produces a ra-
dial boundary layer in the flow profile outside the sepa-
ratrix of a locked island. This has the consequence of
effectively raising the viscous torque as the plasma be-
comes less collisional. Therefore, island suppression by
plasma flow becomes easier at lower collisionality.

The healing criteria is given by |DΩ| = DA where DΩ

and DA are measures of the viscous and electromagnetic
torques, respectively as described in Eqs. (41) and (42).
This theory produces a critical β for island healing as a
function of collisionality and external 3-D field resonant
field amplitude described in Eq. (44). The scaling indi-
cates a weak but monotonic dependence of the critical β
for healing with plasma collisionality, a prediction which
is in qualitative agreement with the experimental results
from LHD [4, 5].

The neoclassical physics of conventional stellarators
have been emphasized. For these devices, the flow damp-
ing rates in the toroidal and poloidal directions can for-
mally have comparable values. The flow properties of
quasisymmetric configurations are different than those
considered here [21, 22]. These devices have weak neo-
classical flow damping in the symmetry direction. The
equivalent calculation for the healing of magnetic islands
by plasma flows requires a procedure more akin to the
theories used for axisymmetric (or nearly axisymmet-
ric) tokamak plasmas [19]. One of the purported ad-

vantages of quasisymmetric stellarators is the presence
of undamped flows in the symmetric directions which are
known to have a variety of beneficial effects on stability
and transport in tokamaks. However, for the conven-
tional stellarator case discussed here, it is the presence
of the 1/ν transport and the associated neoclassical vis-
cous force that enhances the viscous torque that heals
the magnetic island.
An important implication of this work is that plasma

rotation physics can play a crucial role on magnetic island
physics and surface fragility in stellarator configurations.
The requirement of ambipolar neoclassical transport or
external momentum sources can produce self-consistent
plasma flows of sufficient magnitude to eliminate vacuum
magnetic islands. The physics of flow suppression is not
incorporated in 3-D MHD equilibrium codes [1–3]. These
tools are unduly pessimistic in predicting the topologi-
cal breakup of magnetic surfaces. Initial value extended
MHD codes are capable of describing magnetic island
healing due to plasma flows. However, in order to obtain
correct quantitative solution, extended MHD modeling
would need to include 3-D field induced non-ambipolar
neoclassical particle fluxes and the viscous forces they
induce.
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Stellarators as Pilot Plants and Power Plants 
G. H. Neilson, M.C.Zarnstorff 
Princeton Plasma Physics Laboratory 
Abstract Text: 
With the “ITER era” now well under way, the world fusion community is considering the next 
major steps in magnetic fusion energy (MFE) R&D. In the U.S., there is interest in a class of 
facilities, called fusion nuclear science facilities (FNSF), with missions that include development 
of steady-state DT operating scenarios, first wall and blanket technology, and tritium self-
sufficiency. A scoping study led by PPPL has been examining options for an MFE pilot plant, a 
device that would support those missions and in addition would generate net electricity and 
prototype the machine configuration and maintenance scenario of a power plant. Net electricity 
generation requires a level of overall plant efficiency that is challenging, given realistic 
assumptions about plasma current drive efficiency and the wall plug efficiency of heating 
sources, for the advanced tokamak (AT) or spherical tokamak (ST). This is because external 
current drive and/or profile control is required to sustain these magnetic configurations. 
Stellarators are found to have a large advantage in this regard, since they require no current 
drive. A stellarator pilot plant design based on a quasi-axisymmetric (QA) configuration with 
aspect ratio 4.5, major radius 4.75 m, and magnetic field on axis of 5.6 T has a Qeng (ratio of 
electricity produced to electricity consumed) of 2.7 and an average neutron wall load greater than 
1 MW/m2. The QA design is comparable in size to an AT pilot plant design having similar 
neutron wall load but Qeng of only 1, and can rely extensively on the tokamak data base since it 
shares many confinement physics properties with tokamaks. Currently, the lack of a magnet 
design compatible with rapid changeout of internal components is a disadvantage for the QA 
stellarator but a two-year ICC-supported program identified several feasible strategies for 
improving the engineering characteristics of stellarator magnets. The absence of an experimental 
test of QA stellarator physics properties is also a disadvantage, but the existence of a practical 
experimental device design and research program to develop the basic information has been 
demonstrated. If there were a decision to move rapidly toward a net-electricity generating MFE 
system such as a power plant, the stellarator would be a logical candidate, and the R&D 
programs needed to resolve these issues would be readily justified. 
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and the W7-X Team 
Max Planck Institut für Plasmaphysik, Greifswald, Germany 

E-mail: wurden@lanl.gov 

ABSTRACT 

The new American-German collaboration on the W7-X stellarator in Greifswald, Germany, is in its first 
year as an ICC project. Los Alamos, Princeton, and Oak Ridge have organized an effort centered on 
applications of 3D magnetic fields to improve the performance and design of toroidal confinement 
devices. In particular, presently we have three focus areas: providing copper trim coils to be mounted 
externally on the W7-X cryostat, developing a scraper element for the divertor, and working control issues 
under the theme of 3D Diverted Plasmas. The trim coils must be designed and built on a fast schedule, to 
meet assembly timelines. The LANL effort involves theoretical modeling of whether the stellarator 
bootstrap current depends on the radial electric field, and an experimental investigation (IR imaging) of 
the heat loading and wall interactions in the W7-X 3-dimensional divertor. W7-X is a modular niobium-
titanium superconducting stellarator of the helias type, with 5-fold symmetry, and the outer vessel is 16 
meters in diameter, not including port extensions. It is presently 4/5 assembled, with the last module being 
moved into place this year. There are more than 250 ports (being insulated and welded into place now), 
although only ~150 are available for diagnostics...i.e., 30 per sector. Completion of construction is 
scheduled for late 2014. Other opportunities for increased collaboration scope abound. 

We report on the establishment of a new collaboration which began in FY11, between the US 
and German fusion research programs, under the auspices of the recently recompeted OFES 
Innovative Confinement Concepts program, formally known as SC Program Announcement 
LAB-10-286 “Research in Innovative Approaches to Fusion Energy Sciences”. This 
US/German collaboration is entitled “Control of 3D Diverted Plasmas: Partnership with W7-X”, 
and is the outcome of a set of discussions and negotiations amongst partners at the Princeton 
Plasma Physics Laboratory (PPPL), Oak Ridge National Laboratory (ORNL), Los Alamos 
National Laboratory (LANL), and the Max Planck Institute for Plasma Physics at Greifswald 
(IPP-Greifswald), as well as follow-on discussions with OFES to resize it within available 
resources. 

The W7-X stellarator is a large (R = 5.5 m, B ~ 3 T) superconducting device (see Fig. 1) based 
on an optimized quasi-omnigenous configuration1. The second adiabatic invariant, J*(�)
isocontours for trapped particles are aligned with flux surfaces, to minimize neoclassical 
transport.
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Figure 1:  A schematic of the superconducting W7-X stellarator, presently under construction in 
Greifswald, Germany, and a table of design parameters. 

The first three years of operation will aim to optimize operating scenarios for realization of the 
W7-X goal of steady-state operation of high-density (n ~1020 m-3), high temperature (multi-keV) 
high-beta (~5%), stellarator plasmas. Thereafter, the inertial divertor structures will be replaced 
by a water-cooled system which will enable W7-X to increase its pulse length to its design value 
of 30 minutes at peak steady-state heat fluxes of 10 MW/m2. Since the W7-X magnetic 
configuration has strongly reduced equilibrium currents, the finite-beta flux surfaces shift very 
little with respect to the vacuum configuration, and the MHD equilibrium should rapidly 
approach that of a true steady state plasma. Large driven plasma currents are neither required nor 
expected in W7-X, though modest ECH current drive will be used to tune the magnetic 
configuration. This obviates the need to generate and manage large populations of supra-thermal 
electrons, and so avoids the most frequent cause of failure of plasma-facing components on Tore 
Supra, the world’s most developed  superconducting tokamak with actively cooled in-vessel 
components. The maximum plasma density that can be attained in stellarators is determined not 
by instabilities, as in tokamaks, but by the balance between input power and radiation losses. 
Multi-device studies2 have established density-limit scalings which predict that W7-X easily 
achieve reactor- like densities > 1020 m-3.

The W7-X facility is the product of major investments in fusion research by the German 
government and EURATOM, and of decades of IPP experience in stellarator physics and 
engineering. A research team of ~200 scientists is envisioned for W7-X, half of whom will come 
from research institutions other than IPP. So far, IPP has concentrated its own efforts on the 
enormous job of constructing the W7-X device and its largest subsystems (e.g., heating). Work 
is less advanced in several other areas that are critical to timely achievement performance goals 
of W7-X: 

� Effective particle exhaust in a 3D divertor subject to reactor-level heat fluxes. 
� Integrated control of plasma and divertor performance in steady-state operation. 
� Efficient analysis of the 3D, finite-beta W7-X magnetic configuration. 
� Steady-state pellet fueling to maintain high densities without excessive gas build-up 

(now an out-year effort). 

US Collaboration on the W7-X Stellarator 
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Elements of the new collaboration presently include: 

1. Pressure-Induced Stochastization of Equilibrium Flux Surfaces 
Developing a predictive understanding of beta-limiting mechanisms is a critical scientific issue 
for stellarators. Research on the W7-AS stellarator has indicated that, in at least some regimes, 
the beta limit is likely caused by the stochastization of an increasingly large volume of field lines 
with increasing beta. The strong influence of the divertor control coils on the width of the 
stochastic region3, and the expectation that the edge stochastic region will in turn affect the 
divertor performance, imply that there will be a close coupling between research in this area and 
that on divertors. We will remove the stellarator symmetry constraint from PPPL’s PIES code, 
and will begin work on developing an equilibrium reconstruction code for W7-X, based on the 
PIES and SIESTA codes.  

2. Trim Coil System 
The trim coil system (coils and power supplies) fills a mission- and time-critical need in the 
W7-X project. PPPL is leading this task, with strong involvement by ORNL. IPP has supplied 
coil and power supply technical specifications, magnetic load cases, space envelopes, and 
locations of all leads and coolant interfaces. The U.S. team has developed detailed designs and 
manufacturing drawings for the coils, performed structural and thermal hydraulic analyses, 
completed preliminary and final design reviews, and initiated procurement. The first two coils 
will be delivered to IPP in June, 2012. In conjunction with the control coil design activities, the 
U.S.-IPP team has updated the power supply technical specification.  The U.S. team has begun 
design work on the power supplies, with the goal of manufacturing and delivering them to IPP 
by April, 2014, so as to be available to support W7-X commissioning activities.  The budget for 
the coil project is $2.9M, and the preliminary estimate for the power supplies is $2.7M. 

Figure 2: PPPL/ORNL are designing and building five normal-conducting trim coils , which will 
allow individual adjustment of the divertor heat patterns in the five modules of W7-X. Shown is a 
CAD drawing of the W7-X outer vacuum vessel, with attached trim coils (in blue).  

3. Divertor Science and Technology 
The W7-X configuration includes a magnetic island divertor with a 3D structure, which leads to 
local heat flux concentrations on divertor elements greater than 10 MW/m2, comparable to those 
expected in a magnetic fusion reactor. The structures must be shaped and actively cooled in 
these conditions, and the required technology solutions are of broad importance for fusion 
energy science, not only W7-X. We will perform the design of a new internal structure, the 
“scraper element,” which will expand the high-heat-flux (HHF) coverage area of the W7-X first 
wall and is expected to use ITER-relevant monoblock technology. This recent addition to the 
W7-X design will increase the safe steady-state operating space of the machine and allow greater 
flexibility for control optimization. 

US Collaboration on the W7-X Stellarator 
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Figure 3:  Divertor scraper elements will protect the throat (narrowest part) of the divertor against 
heat transients during evolution of the plasma beta. The magnetic configuration near the island 
divertor plates is shown on the right.  

4. Plasma Control 
W7-X is the first optimized stellarator that will operate at high power for long pulse. As a result 
of long pulse operation, it will also be the first optimized stellarator that will need to manage the 
resultant heat and power fluxes in true steady state. The design of W7-X incorporates an island 
divertor that will distribute the heat on water cooled carbon divertor tiles. In some scenarios, the 
bootstrap current may affect the interaction between the divertor tiles and the heat and particle 
fluxes, causing undesirable concentrations of the heat leading to a potential over-temperature of 
the tiles. The predictive models that will be used to develop control scenarios and design 
controllers4 require calculations of the bootstrap current (LANL theory effort) and divertor 
response. The proposed control activities consist of 1) developing simplified models of the 
physics which determines the transient behavior of the plasma including; the bootstrap current, 
the response of the plasma to the control actuators, and the effect of the plasma motion on heat 
flux distribution on the divertor, and 2) developing controllers to maintain the heat flux within 
desired parameters. To measure the heat fluxes, full IR coverage of the divertor is planned. 
LANL expertise in visible and IR imaging systems5, 6 will be aimed at imaging the interior of 
W7-X in multiple wavelength bands (visible and IR simultaneously). We will utilize the U.S. IR 
system on Alcator C-Mod as an initial test platform, and provide high resolution IR “science” 
cameras to the W7-X endoscopes. Real-time image analysis algorithms to quickly & reliably 
respond to the heating will be developed for integration into the W7-X plasma control system.
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MITIGATION OF COLLISIONAL NEOCLASSICAL TRANSPORT BY FLUSHING 
PARTICLES THROUGH A RUFFLED SEPARATRIX A.A. Kabantsev, et.al.
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Pellet injection into axisymmetric and 3D helical plasmas in the MST RFP 
Caspary J Kyle, The MST RFP Group 
University of Wisconsin – Madison 
Abstract Text: 
In toroidally axisymmetric MST plasmas with reduced magnetic tearing fluctuations, deuterium 
pellet injection has allowed the Greenwald density limit to be exceeded by more than 50%, and it 
has driven total beta up to 26% with a pressure gradient that exceeds the Mercier criterion. In 
spontaneously occurring plasmas with one very large tearing mode, a 3D helical magnetic 
topology emerges in the plasma core, and pellet injection triggers a rapid change in the growth 
rate of the dominant mode and brings about the emergence of density gradients. 
Plasmas with reduced magnetic fluctuations are brought about by inductive current profile 
control, a well-established technique on MST. In the absence of the direct core fueling made 
possible with pellet injection, these plasmas are limited to a density less than 30% of the 
Greenwald density limit. But with pellet injection, the Greenwald limit has been exceeded by 
more than 50% with an absolute density as high as 8e19 m^-3. In these high-density plasmas, 
total beta has reached 26%, a record for the RFP, and the pressure gradient exceeds the Mercier 
criterion. Simulations in toroidal geometry with the NIMROD code reveal that both pressure-
driven tearing and pressure-driven interchange modes are linearly unstable, representing a new 
regime for the RFP in which current-driven tearing modes are usually dominant. 
Plasmas with a single large dominant mode emerge spontaneously in hot MST plasmas achieved 
with large toroidal current and low density. This mode is that resonant nearest the magnetic axis, 
and the mode grows to such a large amplitude, up to 8% of the equilibrium field strength, that it 
envelops the original magnetic axis and forms a stellarator-like magnetic equilibrium in the 
plasma core with a new helical magnetic axis. The evolution of the central magnetic topology is 
measured directly in MST with a Faraday rotation diagnostic. This is the same "single-helical-
axis state" observed recently in the RFX-mod RFP in plasmas with large toroidal current. 
Injecting pellets into these plasmas as the dominant mode is growing often causes a substantial 
increase in the mode's growth rate. In addition, density gradients emerge following pellet 
ablation. These gradients, which imply locally reduced particle transport, are measured directly 
with a novel differential interferometry diagnostic. In separate experiments using MST's new 1 
MW tangential neutral beam injector, the dominant mode is somewhat suppressed with the 
injection of fast particles 
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Disruption avoidance in current-carrying tokamak/stellarator discharges in CTH 
 

S. Knowlton, G. Hartwell, M. Miller, B. A. Stevenson, J. Hanson 
Physics Department, Auburn University, Auburn, Alabama 36849, USA 

e-mail contact: knowlton@physics.auburn.edu 
Abstract 
 Experiments performed on the Compact  Toroidal Hybrid (CTH) aim at 
understanding the suppression of the disruptive instability in hybrid torsatron/stellarator 
discharges.  Density and current-driven disruptions do not occur when the vacuum 
rotational transform from the stellarator field coils is raised above a threshold value. 
Vertical drift of the current-carrying plasma is usually observed, and will be compensated 
for in future experiments.  

Introduction 
 Prior to the development of high power radio-frequency and neutral beam heating, 
stellarator discharges were often heated with ohmic plasma current. Results from several 
of these early stellarator experiments demonstrated that the occurrence of current-driven 
disruptions was eliminated if the vacuum rotational transform ι VAC (a) at the plasma 
surface, i.e. the transform produced by the external currents of the stellarator coils at the 
plasma minor radius a, was greater than a threshold value of ι VAC a( ) ≅ 0.14 .1,2  Moreover, 
current-driven stellarator discharges with a net transform ι TOT a( ) ≥ 0.5could be generated 
without exciting an unstable external kink mode.  Because of the need to reduce the 
consequences of major disruptions in ITER and future burning plasma devices, the robust 
disruption resistance of the hybrid stellarator may lead to a significant improvement of 
the tokamak fusion reactor concept.3  Moreover, there has developed a renewed interest 
in the stability and equilibrium properties of current-carrying stellarators due to the 
generation of finite bootstrap current in high-beta stellarator discharges, and the 
exploration of advanced quasiaxisymmetric stellarator designs in which a significant 
level of bootstrap current is required for the optimization of stability and confinement.4  
While stellarator configurations allow for excellent confinement in largely current-free 
discharges, they may also provide the means of improving toroidal confinement more 
generally. 
 Experiments are underway in CTH to investigate the causes and limits of 
disruption avoidance in hybrid stellarator-tokamak discharges.  CTH is a low aspect ratio 
(R/a ≤ 4) l = 2 torsatron with a vacuum rotational transform capable of being varied in the 
range 0.02 ≤ι VAC a( ) ≤ 0.4  with auxiliary toroidal field coils.  The toroidal field strength of 
B0 = 0.64 T is matched to the fundamental resonance of the 17.65 GHz klystrons for 
electron cyclotron resonant heating  (PECRH = 20 kW). The shear of the vacuum transform 
(and the average vertical plasma elongation) is also variable with the use of quadrupole 
field shaping coils.  Ohmic plasma currents up to Ip = 65 kA are induced in ECRH-
generated stellarator target discharges. 

Disruptions can be generated in current-driven CTH discharges by exceeding a 
safety factor limit or an electron density limit, as in tokamaks.  Furthermore, ohmic 
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plasmas in CTH are also subject to vertical displacement events (VDE), as they are 
typically elongated in the vertical plane.  VDEs in CTH can lead to a disruption late in 
the discharge as the plasma shrinks against the upper limiter.  However, disruptions of 
any kind are not observed if the vacuum transform of the configuration exceeds a value 
ι VAC a( ) ≈ 0.11, more or less in agreement with earlier results from W7-A1 and JIPPT-2.2 
We note that the average β values of CTH are only on the order of 0.1%, and therefore 
high-β disruptions are not expected. 

Disruptions 
A density-driven disruption in a discharge with ι VAC (a) = 0.04 is shown in Fig. 1. 

The line-averaged density is increased by gas puffing until a disruption occurs, as 
identified by the sudden increase in plasma current and negative loop voltage spike.  The 
density is maintained above the ECRH cut-off density after the disruption (although the 
interferometer loses several fringes following the disruption). The plasma current decays 
to zero over a period of several milliseconds. A growing m=2/n=1 oscillation is present 
prior to the disruption, indicating the disruption is associated with a tearing mode-
unstable current profile.  

 

Fig. 1 Evolution of plasma 
parameters of discharge 
terminated by density-driven 
disruption. (a) line-averaged 
density, (b) Mirnov coil 
output (1 of 32), (c) loop 
voltage, (d) plasma current.

  

 

 

 

Similar density-driven disruptions are found to occur in CTH for vacuum rotational 
transform values up to ι VAC a( ) ≈ 0.11.  The density of observed disruptions, normalized to 
the nominal Greenwald density limit5 is plotted vs. vacuum rotational transform in Fig. 2.  
Above the apparent threshold value of the rotational transform, the plasma current 
declines as the density is increased, indicating a cooling of the plasma, but does not 
disrupt. 

The elimination of high-current disruptions is illustrated in Fig. 3 in which the 
current traces of three discharges with different vacuum rotational transforms are plotted.  
While the edge transform of all three discharges evolves to exceed 0.5 at the plasma 
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boundary, based on equilibrium reconstruction, only the discharge with the lowest 
vacuum rotational transform of ι VAC a( ) = 0.03 actually disrupts.  Unlike density-driven 
disruptions on CTH, the high-current disruption exhibits a rapid quench of the current.  In 
this case, a growing m=3/n=2 MHD precursor appears 5msec prior to the disruption.  For 
the discharges with the higher background rotational transform, the net edge rotational 
transform evolves to exceed ι TOT a( ) = 0.5 to reach a maximum near ι TOT a( ) ≅ 0.75 in MHD-
stable discharges. 

  Fig. 2. Line-averaged density at disruption        Fig. 3. Plasma current for three  
  vs. ι VAC a( ).  Density normalized to the       discharges with varying vacuum  
  Greenwald density limit, Ip/π<a>2

         rotational transform 
 
 Depending on the magnitude of the vacuum transform, high-current discharges 
undergo a vertical drift (VDE). G. Y. Fu has calculated the vertical stability of current-
carrying stellarator plasmas in ideal MHD and found an analytic condition for the 
fraction of external rotational transform required for passive stabilization of stellarator 
plasmas with vertical elongation κ:6 

 f ≡
ιVAC (a)

ιTOT (a)
≥

κ 2 −κ

κ 2 +1
       (1) 

In CTH, the vertical elongation varies with the vacuum rotational transform, and 
can also be controlled with a shaping poloidal field coil set independent of the other 
equilibrium coils.  Furthermore, an additional poloidal coil set is available for vertical 
position control, but has not yet been used in a feedback mode to do so.  The 
experimental value of the toroidally-averaged elongation is computed with the VMEC 
equilibrium code within the 3D reconstruction procedure.7  Typical flux surfaces showing 
the plasma elongation with and without plasma current are illustrated in Fig. 4 at the two 
planes of vertical symmetry of the toroidal plasma (φ = 0˚ and 36˚). 

The minimum value of f that is observed for a given elongation (evaluated at the 
maximum plasma current in a given discharge) in a series of discharges is plotted in Fig. 
5, along with the analytic relation of Eq. (1).  The results show a clustering of the data 
near the limiting condition given by Fu, although there remains a considerable scatter in 
the results.  The evolution of the current in discharges set up with high vacuum 
elongation was often unsuccessful to due to high rates of vertical drift.  An important 
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point is that vertical displacement of the stellarator discharge complicates the 
understanding of the elimination of density and current-driven disruptions at low vacuum 
transform, particularly since a non-vertically symmetric 3D reconstruction procedure is 
not yet available to model these discharges.  Future work is oriented to controlling the 
vertical position with a feedback-driven power amplifier energizing a pair of radial field 
coils. 

Fig. 4. Equilibrium flux surfaces computed from VMEC: (left) Ip= 30 kA, and (right) Ip= 0. 

 

 

Fig. 5. Fractional rotational 
transform achieved vs. average 
κ in current-driven discharges. 
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Evaluation of Magnetic Diagnostics for MHD Equilibrium Reconstruction of LHD 
Discharges 
Aaron C Sontag J. Hanson, S. Lazerson, J. H. Harris, S. Sakakibara, Y. Suzuki 
Oak Ridge National Laboratory 

Abstract Text: 
 Evaluation of Magnetic Diagnostics for MHD Equilibrium Reconstruction of LHD Discharges* 
A. C. Sontag [1], J. Hanson [2], S. Lazerson [3], J. H. Harris [1], S. Sakakibara [4], Y. Suzuki [4] 
1) Oak Ridge National Laboratory, Oak Ridge, TN, USA 
2) Auburn University, Auburn, AL, USA 
3) Princeton Plasma Physics Laboratory, Princeton, NJ, USA 
4) National Institute for Fusion Science, Toki City, Gifu, Japan 

Accurate reconstruction of MHD equilibrium parameters is an important tool for understanding 
the confinement and stability of magnetically confined toroidal plasmas. In tokamak plasmas, 
equilibrium reconstruction is used to determine the current and pressure profiles near the edge of 
the plasma in order to evaluate proposed mechanisms for ELMs [ , ]. In order to help understand 
the mechanisms for ELMs in stellarators, the V3FIT code will be used to reconstruct non-
axisymmetric stellarator equilibria [ ]. The V3FIT code uses the VMEC code [ ] to calculate the 
3D equilibrium state in conjunction with a non-linear, least-squares minimization routine to find 
the equilibrium solution that best matches a set of measurements. The Large Helical Device 
(LHD) is a superconducting, heliotron type device with over 25 MW of heating power that is 
capable of achieving both high-beta (~5%) and high density (>1 x 1021/m3) [ ]. This high 
performance capability as well as the ability to drive tens of kiloamperes of toroidal plasma 
current leads to deviations in the equilibrium magnetic geometry from the vacuum flux surfaces. 
The present work is a study of the ability of the V3FIT code to reliably reconstruct the plasma 
equilibrium state for a variety of LHD discharge types using the existing diagnostics. The initial 
study is performed using a diagnostic set consisting of the measured coil currents, the total 
plasma current and a set of 24 saddle loops mounted on the vacuum vessel. The accuracy of the 
reconstructed plasma parameters using this initial diagnostic set is assessed. Future work is 
planned to expand the diagnostic set used during reconstruction to include existing diamagnetic 
loops, magnetic pickup coils, measured ion and electron pressure profiles, and the measured iota 
profile. 
 
*Supported by U.S. DOE Contract DE-AC05-00OR22725 
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Edge Soft X-ray Imaging and Inversion Techniques for Measurement 
 of Magnetic Topology during 3-D Magnetic Perturbations  

E.A. Unterberga, M.W. Shafera, D.J. Battagliaa, J.M. Canika, T.E. Evansb, J.H. Harrisa, 
S. Ohdachic, R. Maingia, and S. Meitnera 

aOak Ridge National Laboratory, Oak Ridge, Tennessee, USA 
bGeneral Atomics, San Diego, California, USA 

cNational Institute for Fusion Science,322-6 Oroshi-cho, Toki 509-5292, Japan 

 
A new tangential 2D soft x-ray imaging system (SXRIS) was recently installed on DIII-D 

to directly measure the edge island structure in the X-point region. The main motivation for 
the measurement of the island structure inside the plasma is to help validate the models of 
plasma response when applying resonant magnetic perturbations (RMPs) and the resulting 
effect on edge localized mode (ELM) stability. 2D SXR imaging can yield information on the 
3D magnetic topology of the plasma under the assumption of particles being line-tied to the 
magnetic field. This new diagnostic has the spatial resolution to image islands with widths >2 
cm near the X-point where the flux expansion is large and island sizes increase. Core MHD 
studies using a similar diagnostic technique (i.e., tangential viewing with visible cameras, 
pinhole optics and a scintillator) have been used on both tokamaks and stellarators, but in all 
these cases the interpretation of the images is complicated by the chordal integration and 
requires advanced inversion techniques. Such image inversion requires a regularization 
method because the numerical problem is ill-posed, and the diagnostic layout is inherently 
composed of limited-angle measurements.  

Given the complexity of data analysis, the inversion methods have been exercised on 
synthetic modeling of DIII-D RMP discharges near the plasma edge as well as core MHD 
from a wide-field SXR imaging system installed on NSTX. The inversion methods are 
examined in the context of noise, spatial sensitivity, and symmetry assumptions. The 
synthetic DIII-D diagnostic calculation is based on estimates of the 3D SXR emissivity that 
have been calibrated against the NSTX SXR system. The synthetic SXRIS modeling using 
typical DIII-D RMP discharges indicates integration times ≥ 1 ms with accurate equilibrium 
reconstruction are needed for small island (≤ 3 cm) detection. The total signal-to-noise ratio 
at these parameters is estimated to be ≥ 100 and, therefore, gives enough sensitivity to extract 
the estimated 1-10% island emissivity perturbation from the total SXR emissivity. The 
inversion methods are also tested against data from core NSTX 2/1 islands. Such core modes 
are larger in both signal intensity and spatial extent and also have clear signatures on other 
diagnostics – thus making the analysis relatively simpler.  The final results comparing 
measured and modeled island sizes will be presented.  

This work was supported in part by the US Department of Energy under 
DE-AC02-00OR22725 and DE-FC02-04ER54698. 
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The Microwave-Driven Bumpy Torus 
James A. Cobble 
Los Alamos National Laboratory 
Abstract Text: 
In 30 years, order-of-magnitude technological advances have taken place in multiple areas of 
plasma heating and confinement.  Before 1985, the microwave-driven bumpy torus was limited 
by the older technologies.  There were positive indications of plasma performance; however, the 
plasma density ne and temperature Te were hardware limited.  The resulting low-density plasma 
was difficult to characterize.  Given the lack of optimal alternatives for fusion, it is time to revisit 
the bumpy-torus concept to estimate its performance with the new technologies.  The 
microwave-heated bumpy torus has two major advantages over the tokamak: 1) it is inherently 
steady state, and 2) it is current free, meaning a) current drive is not a requirement, and b) there 
are no multi-MA disruptions.  Its major advantage over a stellarator-style device is the simplicity 
of its magnetic coil configuration. In the mid 1980s, we used 200 kW of steady-state, 28-GHz 
electron-cyclotron heating in a 24-sector bumpy torus.  The resonant magnetic field was 
generated by a steady-state, 10-MW current in the water-cooled copper coils.  The > 1-m3 
plasma exhibited several electron populations: an absolutely mirror-confined relativistic plasma, 
that stabilized the toroidal plasma against interchange modes, a bulk toroidal plasma with Te 
~100 eV, and a thermal-tail distribution of the bulk plasma with Te exceeding 1 keV.  Bulk 
plasma density was >1012/cc with the relativistic component and the thermal tail components 
each contributing 10 – 15% of the total density.  These three distributions each had different 
energy confinement times in the range from ~1 ms to 1 s.  Accidental magnetic-field errors had 
been built in during construction, and these were addressed with quadrapole windings.  The 
figure of merit for error-field correction for plasma optimization, though incorrect, was the most 
reasonable measure available at the time. The major capability upgrades since the mid 1980s are 
magnetic field, microwave frequency, and continuous-wave (CW) microwave power.  A super-
conducting 80-kG field was demonstrated by 1987 with the ORNL Large Coil Project.  The 
present state-of-the-art CW microwave source delivers 1 MW at 170 GHz.  According to 
industrial representatives, a 200-GHz source is ‘doable’ for ~$2/W.  The goal is to evaluate 
bumpy-torus confinement and heating with a >100-times higher ne (and collisionality).  Te and 
ne would no longer be limited by power.  An investigation of this plasma is within reach with 
these new technologies. 
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A high temperature, stable, long-lived field-reversed configuration (FRC) plasma state has been produced in the C-2 device by 
dynamically colliding and merging two oppositely directed, highly supersonic compact toroids (CTs). The final merged state exhibits a 
field-reversed structure as verified by internal magnetic field measurements at the midplane. About half of the axial kinetic energy is 
converted into thermal energy with total temperature (Ttotal = Ti + Te) exceeding 0.5 keV upon merging, predominantly into the ion 
channel; Ti ~ 4Te at the quiescent phase of the typical merged FRCs. The n = 2 rotational instability has been controlled by (1) applying 
quadrupole fields from outside of the confinement chamber and (2) biasing electrodes located at the inner-wall near the ends of the 
confinement chamber. In the positively-biased electrode case, a strong n = 1 mode wobble motion was observed, rotating in the electron 
diamagnetic direction. Wall conditioning by titanium or lithium coating has been applied to the C-2 stainless-steel chamber wall, and 
neutral recycling was significantly reduced, based on D� emission measurements, by a factor of 4–5 compared to those without wall 
coating. This, coupled with reduction in background pressure and impurities, further improves the global FRC performance, such as 
lifetime and confinement, with higher plasma temperature. 
 
 

I. INTRODUCTION 

The field-reversed configuration (FRC) is a high-� 
compact toroid (CT) which has predominantly poloidal 
magnetic field with zero or small self-generated toroidal 
magnetic field [1]. The attractive features of FRC are (1) 
its simple geometry consisting of closed-field lines inside 
the separatrix and open-field lines outside, facilitating 
translation along a geometrical axis, (2) extremely high 
beta which is about 90% (<�>=2μ0<p>/Be

2, where p is the 
plasma pressure and Be is the external magnetic field), and 
(3) potential fusion reactor with low-cost construction and 
unrestricted natural divertor system to extract energy. 
FRCs may also allow the use of advanced, aneutronic fuels 
such as D-He3 and p-B11. 

FRCs have been produced by the field-reversed theta-
pinch (FRTP) technique [1,2] with or without translation 
[3-6], and has demonstrated to be extremely robust in 
translation [4,5,7]. Recently, the �-pinch CT merging 
technique [8-10] has been further explored [11], which 
takes advantage of the unique translatability of CTs. This 
allows for the clean and quick capture of the translated 
CTs in a separate chamber suitable for confinement and 
steady-state sustainment, which offers a key engineering 
advantage for potential future fusion reactor designs. 

One of the most important issues for an FRC is its 
stability to low-n magnetohydrodynamic (MHD) modes, 
since Finite-Larmor-Radius effects suppress higher-n 
modes [1]. The n = 1 tilt mode, which appears as a 
primarily axial shift in elongated FRCs, is unstable 
according to MHD theory with a fast growth rate; however, 
it is not observed in present kinetic FRCs. The global 
instability observed experimentally is the n = 2 rotational 
mode, driven by the centrifugal effect of the FRC rotation 

in the ion diamagnetic direction. The n = 2 mode is 
disruptive in �-pinch formed FRCs, but is readily 
stabilized by applying a static multipole field [12]. 
Recently, rotating magnetic fields (RMF) also provided the 
stabilization of the rotational instability [13]. 

A large �-pinch / merging system, C-2, was built to 
form high-flux, high temperature FRCs using the collision-
merging technique [14,15]. The C-2 device, as illustrated 
in Fig. 1, consists of a central confinement region 
surrounded by two FRTP formation sources, and beyond 
them, two divertors. C-2 was built to accommodate 
ultrahigh vacuum (UHV). The confinement chamber is 
made of stainless-steel which serves as a flux conserver on 
the timescale of the experiment, and the formation tubes 
are made of quartz.  

A set of DC-magnets generates a quasi-static axial 
magnetic field, Bz, throughout the device, and saddle-coils 
placed outside the confinement chamber create quadrupole 
fields to control FRC instabilities. The typical axial 
magnetic field is ~ 0.1 T in the confinement region with an 
end-mirror ratio of up to about 5. Two FRCs are formed in 
the �-pinches with negative-bias field ~ –0.05 T and main 
reversal field ~ 0.4 T with a rise time of ~ 5 μs. The latter 
is time-sequenced to form and accelerate the FRCs into the 
confinement section, the so-called dynamic formation. 

 

 

FIG. 1. Schematic of the C-2 device. 
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II. FORMATION OF LONG-LIVED HOT FRCs 

In C-2, FRCs are formed by colliding and merging 
two �-pinch preformed energetic plasmoids. Figure 2 
shows a typical time evolution of the excluded flux radius, 
r��, which approximates the separatrix radius, rs ~ r��, to 
illustrate the dynamics of the dual CT translation and 
merging process. The two individual CTs are formed 
simultaneously and then accelerated out of the respective 
formation regions at highly supersonic speeds, vz, of up to 
250 km/s. They collide near the center of the device. 
During the collision the CTs are compressed axially and 
expand rapidly outwards in the radial direction, followed 
by axial expansion, before settling down into equilibrium. 
The two CTs appear to merge gradually into a single FRC, 
although some internal doublet structures may linger. 
Detailed modeling using a new 2-D resistive MHD code, 
LamyRidge, has demonstrated the formation, translation, 
and merging dynamics of such extremely high-� plasmas 
[15]. 

Both radial and axial dynamics of the colliding CTs 
are evidenced by detailed density profile measurements 
[16] and bolometer-based tomography. As an example, Fig. 
3 shows the radial profiles of the electron density at the 
midplane for the initial phase of colliding-CTs as well as 
the quiescent phase after the merging. The density profiles 
are derived from a 6-chord CO2/He-Ne interferometer 
system by Abel inversion taken into account the 
displacement of the FRC center from the z-axis. As can be 
seen in Fig. 3(a), steep density peaks are clearly observed 
during the collision of the two CTs, and the final merged 

 

 
state, as shown in Fig. 3(b), exhibits a hollow density 
profile with peaked density near the field null ( 2srR � ), 
as expected. 

The final merged FRC state has been directly verified 
by probing the internal magnetic field structure using a 
multi-channel magnetic probe at z = 0. The probe array 
consists of 3-axis chip-inductor coils mounted at 10 radial 
positions inside a stainless-steel vacuum-interface tube 
surrounded by boron-nitride jackets as the plasma facing 
material. The internal probe strongly degrades the FRC 
performance in terms of its configuration lifetime and 
radial displacement (offset from the z-axis); however, the 
measured Bz profile appears to be a field-reversed structure 
after the merging, as shown in Fig. 4. Each of the two 
translated plasmoids exhibits significant toroidal fields 
with opposite helicity, and a relatively large Bt remains 
inside the separatrix after merging. 

Strong thermalization occurs during the collision 
process with about half of the axial kinetic energy being 
converted into thermal energy, predominantly into the ion 
channel, as evidenced by ion Doppler broadening 
spectroscopy [17]. Multi-point Thomson scattering 
measures electron temperatures [18], and indicates the 
following relations: Ttotal ~ 1.2 Ti ~ 5.5 Te, where total 
temperature, Ttotal, is estimated by radial pressure balance 
of the FRC plasma [1]. In C-2, the total temperature of 
typical merged FRCs exceeds ~ 0.5 keV. The merged FRC 
at the quiescent phase also exhibits the following 
properties: FRC lifetime > 1 ms, separatrix radius 

 
Shot 12211, t = 80 μs 

 
FIG. 4. Radial profiles of magnetic field, Bz(r) and Bt(r), measured by the
internal magnetic probe array mounted at the midplane of C-2.  

 
 

 
FIG. 2. Time evolution of the excluded flux radius, r��, in C-2. Time is 
measured from the instant of synchronized field reversal in the �-pinch 
sources, and axial distance, z, is given relative to the center of the 
confinement chamber. 

    (a)  (b) 

FIG. 3. Time evolution of the electron density profile, ne(r, t), at (a) initial
colliding-CTs phase, t < 50 μs, and (b) quiescent phase after the collision-
merging, t = 0.1–1.2 ms.  

Formation            Confinement 

r�� 
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(rs) ~ 0.4 m, length (ls) ~ 3 m, poloidal flux (�p) ~ 10 
mWb, electron density (ne) ~ 5�1019 m-3, external magnetic 
field (Be����	
�������������������������� ��������	
�� ����
average diffusivity (D�) derived from flux decay time ~ 15 
m2/s [14,15].  
 
III. ACTIVE CONTROL OF n = 2 ROTATIONAL 

INSTABILITY 

The n = 2 rotational instability has been observed in 
the merged FRCs in C-2, especially in the lower density 
and hotter FRC regime; however, it is usually not 
disruptive, tending rather to saturate. The mode rotation is 
in the ion diamagnetic direction with the frequency similar 
to the ion diamagnetic frequency, i.e., 	2~ *

2 inf 
�
~ 10–

15 kHz for typical FRCs in C-2. Mirnov B� probe arrays 
installed at two different axial locations show an axially-
rigid rotation of the n = 2 mode structure. The n = 1 
rotational mode (wobble) is also observed by Mirnov 
probes and bolometer arrays at a lower frequency. 

In order to stabilize the n = 2 mode, quasi-static 
quadrupole fields are routinely applied in C-2 by 
configuring the saddle-coils outside the confinement 
chamber as a standard quadrupole. For typical conditions 
with ni ~ 5�1019 m-3, rs ~ 0.35 m, and 
i ~ 2	fn=2 = 
6.3�104 rad/s, the predicted field strength required for 
quadrupole stabilization is BQuad ~ 50 G at the separatrix. 
Figure 5 compares the cases with and without quadrupole 
fields applied externally onto the merged FRC plasma. The 
n = 2 mode appears as amplitude oscillations of the line 
integrated density, �nd�. The quadrupole field clearly 
delays the onset of the instability, significantly extending 
the initial higher performance phase from 0.2 ms up to 0.9 
ms, as indicated by slower decay in Be and r��. 

Another active stabilization technique that has been 
deployed on C-2 is to control the radial electric field, Er, 

on the open-field-line plasma by applying biased- 
electrodes at the ends of the confinement chamber [19]. 
Conical-shaped ring-electrodes are made of stainless-steel 
and mounted under the mirror-field sections. Radial 
electric fields can modify the azimuthal rotation of the 
edge layer, and may introduce E�B velocity shear. The 
latter may benefit the FRC confinement via turbulence 
suppression. Applying a positive potential on the ring-
electrodes, creating an inward radial electric field profile, 
i.e. Er < 0, in the vicinity of the separatrix so that Er�Bz
produces a counter velocity (v�: in the electron 
diamagnetic direction) to the FRC rotation in the ion 
diamagnetic direction. Figure 6 shows a collision-merged 
FRC with the electrode-biasing at +500 V relative to 
ground which is the C-2 chamber wall. In this discharge, 
quadrupole fields were not applied. According to the 6-
chord interferometer and the Mirnov probes, the n = 2 
instability appears to be suppressed up to ~ 0.9 ms by 
electrode-biasing; however, the n = 1 wobble motion 
appears at a frequency of 3–10 kHz. In addition, axially-
separated Mirnov probes and bolometers indicate that the 
radial FRC displacement has axial symmetry, unlike an n = 
1 tilt instability, and the FRC rotates globally in the 
electron diamagnetic direction. The rotations of core FRC 
and edge plasmas (inside and outside of separatrix) will be 
further investigated by ion Doppler shift measurements. 
 
IV. WALL CONDITIONING 

In order to reduce impurity contents and control 
recycling in C-2, wall conditioning by titanium and lithium 
coatings has been applied to the stainless-steel 
confinement and divertor inner-walls. Reducing 
background neutrals is key and beneficial for neutral-beam 

 
 

 Shot 18409 (with +500 V biasing, w/o Quadrupole) 

 
FIG. 6. Effect of the electrode-biasing with positive polarity at 500 V 
for shot 18409 (w/o quadrupole stabilization); (a) excluded flux radius, 
(b) 6-chord line-integrated densities, and (c)–(d) n = 1 and 2 mode 
amplitude and phase derived from Mirnov probes, respectively. 

 
 

 
FIG. 5. Effect of quadrupole stabilization against the n = 2 mode, 
which can be clearly seen from the amplitude oscillations on the line 
integrated density, �nd�. Onset of the n = 2 mode is indicated in 
vertical-dashed-lines. 
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injection into a target FRC by mitigating large charge-
exchange losses. 

Two major experimental campaigns of wall 
conditioning have been deployed using either titanium-ball 
sublimators or lithium evaporators; in both cases, Ti or Li 
films cover over 80% of the total surface area of the 
stainless-steel wall. In typical C-2 FRCs, the dominant 
impurities without gettering are O, C, and N, mainly 
coming out from the chamber walls and small virtual leaks 
from trapped volumes inside the vessel. Both gettering 
techniques have significantly reduced the neutral recycling 
based on D� emissions (�� �� 656 nm) by a factor of 4–5 
compared to those without wall conditioning, as expected. 
Most dominant impurity concentrations such as oxygen 
and carbon were also reduced in both gettering cases by 
orders of magnitude, based on survey spectrometer 
measurements. 

Absolute measurements of D� line emissions are 
deployed at multiple radial positions. Abel-inverted D� 
emission radial profiles are used to obtain the neutral 
density profile given by 

exceeeeD vnTnnI ),(0 ��
[20]; 

where, ne and Te profiles are measured by CO2/He-Ne 
interferometer, Thomson scattering, and triple Langmuir 
probe diagnostics. Figure 7 compares the derived neutral 
density profiles outside the separatrix of the merged-FRCs 
with and without Ti gettering. It clearly shows the effect of 
wall conditioning in the reduction of neutrals, e.g. by a 
factor of 4–5 at r ~ 0.65 m. This reduction in background 
neutrals is being compared with equilibrium modeling, 
with DEGAS2, by varying a synthetic recycling coefficient 
on the C-2 chamber wall. Preliminary result shows 
relatively good agreement between theory and experiment.  

In C-2, Ti gettering is now routinely employed 
because of the following reasons; similar performance to 
Li in terms of reduction of background neutrals and 
impurity concentrations, as well as mitigated safety 
concerns and ease of use. 
 
V. CONCLUSIONS 

High temperature, stable, long-lived FRC plasmas 
have been produced in the C-2 device by colliding and 

merging two preformed high-� CTs. The internal magnetic 
field probing confirms the field-reversed structure of the 
merged-FRC during the quiescent phase.  

The n = 2 rotational instability has been successfully 
controlled by applying quadrupole fields and biasing 
electrodes. In the positively-biased electrode case, the 
strong n = 1 wobble motion in the electron diamagnetic 
direction was observed. 

Titanium and lithium wall conditioning techniques 
have been deployed in the C-2 vacuum chamber, leading 
to a substantial reduction in impurity concentrations and 
background neutrals. This further improves the global FRC 
performance such as configuration lifetime and 
confinement and yields higher plasma temperature.  
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FIG. 7. Estimated neutral density profiles during the quiescent phase of 
the merged-FRC with / without titanium coating on the chamber wall. 
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The ZaP Flow Z-pinch utilizes sheared axial flows to maintain the gross stability of a Z-pinch.
ZaP produces long-lived, stable plasmas with long axial extent. The stable (quiescent) period is
coincident with a sheared axial flow profile. Two-point Thomson scattering and 20-chord Doppler
spectroscopy indicate a flat temperature profile with similar ion and electron temperatures. Four-
chord interferometry and radial heat conduction calculations indicate a peaked density profile with
a flat temperature profile on-axis that compresses and heats as the magnetic field increases.

I. INTRODUCTION

The ZaP Flow Z-pinch at the University of Washington is
a basic plasma physics experiments that investigates the
use of sheared axial flows to maintain the gross stability
of a Z-pinch. A pure Z-pinch is described by radial force
balance, Equation 1.

Bθ

μ0r

d(rBθ)
dr

+
dp

dr
= 0 (1)

Z-pinches are classically unstable to m = 0 “sausage”
and m = 1 “kink” modes. Conventional stabilization
techniques such as close-fitting conducting walls can be
used to provide stability, but they have drawbacks. In
the case of close-fitting conducting walls, the walls must
be very close, rw/a = 1.2, where rw is the wall radius
and a is the pinch radius. This is not feasible for high-
temperature plasmas.

Linear stability analysis indicates that applying a
radially-varying axial flow, dvz/dr, can stabilize the
modes in a pure Z-pinch without the effects of a conduct-
ing wall if the flow shear exceeds a threshold dvz/dr =
0.1kVA, where k is the axial wavenumber of the insta-
bility and VA is the Alfvén velocity [1]. ZaP produces
Z-pinches with radii of approximately 1 cm and lengths
greater than 100 cm with sheared axial flow that persists
for many Alfven transit times and several flow-through
times.

ZaP has shown evidence that the loss of a plasma
source in the accelerator is related to the end of the qui-
escent period. Figure 1 shows data from magnetic probe
arrays at z = 0 cm and in the acceleration region and in-
terferometry at the exit of the accelerator. The top plot
indicates that as a function of time, there is a period
during which magnetic fluctuations drop to low values,
indicated as the quiescent period. During this time, as
shown in the middle plot, radial currents exist. These
radial currents are indicated by the gradient in the mag-
netic field as a function of axial probe location. Prior

∗Electronic address: sdk149@aa.washington.edu

FIG. 1: Quiescent period is coincident with density and radial
current in the accelerator.

to the end of the quiescent period, the radial currents
dissipate. Similarly, the bottom plot shows that, during
the quiescent period, significant density flows out of the
accelerator. Prior to the end of the quiescent period, the
density drops to a low level. The delay between these
changes and the end of the quiescent period is due to the
difference in the location of the diagnostics.

These changes indicate that the source of plasma in the
accelerator is being depleted. This suggests that if that
source can be maintained, the length of the quiescent
period can be extended. This quiescent period is also
correlated with measured axial flow shear [2].

II. ELECTRON AND ION TEMPERATURE
PROFILES

ZaP can measure both electron and ion temperatures
individually with a two-point Thomson scattering system
and a 20-chord imaging spectrometer, respectively. The
two-point Thomson scattering system measures electron
temperature at two locations at a single time for each
plasma pulse. It can measure temperature profiles as a
function of time and radius when measured across mul-
tiple similar pulses. Figure 2 is a contour plot of Te, the
green points indicate locations where Thomson scatter-
ing measurements exist. It indicates that the tempera-
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FIG. 2: Te contours indicate a flat temperature profile as a
function of radius. The plasma cools later in time due to a
decay in the magnetic field. Green points indicate locations
where Thomson scattering measurements exist.

FIG. 3: Ti and Te measurements indicate flat profiles as a
function of radius. The magnitudes of the temperature are
similar. Since Te ≈ Ti, Doppler spectroscopy can be used in
place of Thomson scattering for ZaP temperature measure-
ments.

ture profile is flat as a function of radius. Further, the
plasma cools later in time due to a decay in magnetic
field.

Doppler spectroscopy measurements are made at the
same time and axial location as Thomson scattering. Fig-
ure 3 shows a comparison of Ti and Te for a single shot.
The red points with error bars indicate Thomson scat-
tering measurements, the black points indicate Doppler
spectroscopy measurements. The plot shows that both
Ti and Te demonstrate flat profiles with similar magni-
tudes. For ZaP this is important because the Thomson
scattering system is complicated and requires extensive
maintenance. It cannot be used on every plasma pulse.
Doppler spectroscopy can be used on every pulse and
it has more spatial points, as seen in Figure 3. Since
Te ≈ Ti, Doppler spectroscopy can be used in place of
Thomson scattering in the future for ZaP temperature
measurements.

FIG. 4: Four chords of interferometry are used at the same
axial location with different impact parameters.

FIG. 5: Chord-integrated density as a function of time in-
dicates that chords closer to the axis have higher chord-
integrated densities. Colors correlate with the colors from
Figure 4.

III. FOUR-CHORD INTERFEROMETRY AND
RADIAL HEAT CONDUCTION

ZaP uses a four-chord HeNe heterodyne quadrature in-
terferometer for chord-integrated measurements of elec-
tron density. If the chords are properly arranged, as
shown in Figure 4, a density profile can be determined.
Consider four chords of interferometry at the same axial
location at different impact parameters with respect to
the axis of the pinch. The resulting chord-integrated den-
sities as a function of time for a specific pulse are shown
in Figure 5, where the colors from Figure 4 correlate with
the colors in Figure 5. The plot indicates that the chords
located closer to the axis have higher chord-integrated
densities.

By considering the chord-integrated densities at a spe-
cific time, a chord-integrated profile can be developed
by fitting the data points with a piece-wise cubic spline,
as shown in Figure 6. The black points are the data

Overview of the ZaP Flow Z-pinch Experiment S.D. Knecht, et.al.
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FIG. 6: Chord-integrated density profiles can be developed at
each time by fitting a piece-wise cubic spline (blue) through
the four data points (black).

FIG. 7: Assuming axisymmetry the chord-integrated profiles
can be Abel-inverted to determine an electron density profile
as a function of radius. A constant density is assumed near
the axis as a conservative estimate due to a lack of data.

points, the blue line is the piece-wise cubic spline. As-
suming axisymmetry, the chord-integrated profile can be
Abel-inverted to determine an electron density profile as
a function of radius, as shown in Figure 7. Due to a lack
of data near the axis, a constant density is assumed as a
conservative estimate near the axis.

Density profile data from all times can be displayed
as a contour plot as a function of time and radius in
Figure 8, where the contours indicate the electron density
and the white symbols indicate experimental data points.
This data indicates that electron density is peaked at the
pinch axis and rapidly drops as radius increases. As a
function of time, the pinch compresses to smaller radii
with higher densities coincident with an increase in the
magnetic field.

The calculated density profiles can be used with con-
servation of energy and radial force balance to determine
profiles of temperature and magnetic field. Equation 2
is the radial force balance equation. Equation 3 is con-
servation of energy reduced to steady-state radial heat

FIG. 8: Electron density profiles from all times during the
plasma pulse can be combined into a contour plot of elec-
tron density (m−3) as a function of time and radius. The
contours indicate a peaked density profile near the axis that
compresses later in time as the magnetic field increases. The
white symbols indicate experimental data points.

conduction and a source term. The source term that is
used is a uniform input Ohmic power. The radial heat
conduction term, Q, is defined as product of the ther-
mal conductivity, k, and the temperature gradient. The
thermal conductivities from Braginskii [3] are shown in
Equation 5.

Bθ

μ0r

d(rBθ)
dr

= − d

dr
(neTe + niTi) (2)

1
r

d

dr
(rQ) = S (3)

Q = −k
dT

dr
= −

(
k⊥e

dTe

dr
+ k⊥i

dTi

dr

)
(4)

k⊥e = 4.7
neTe

meω2
ceτei

; k⊥i = 2
niTi

miω2
ciτii

(5)

This set of equations consists of three variables: n, T
and B. Using the previously determined density profiles,
Equations 2 and 3 can be used to determine the profiles
of total temperature, T = Te + Ti, and B. It is assumed
that Te ≈ Ti. These profiles are shown in Figures 9 and
10, respectively. The temperature profile indicates a uni-
form temperature near the axis, consistent with Thom-
son scattering and Doppler spectroscopy, that drops off
rapidly. This profile is consistent with thermal conduc-
tivity. Near the axis, the thermal conductivity is high
and a flat profile is expected. Moving away from the axis
the density drops and the magnetic field increases (Fig-
ure 10), causing the thermal conductivity to drop rapidly
as the plasma becomes magnetized.
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FIG. 9: Profiles of the total temperature T = Te + Ti indi-
cate a flat temperature profile near the axis, consistent with
Thomson scattering and Doppler spectroscopy measurements.
Profiles are also consistent with thermal conductivity. Near
the axis, conductivity is high. As radius increases, density de-
creases and magnetic field increases. The magnetized plasma
has much lower cross-field thermal conduction.

FIG. 10: Magnetic field rises quickly as a function of radius.
Initial zero value is due to a flat temperature and density
profile near the axis.

Combining these profiles for all times throughout a
plasma pulse results in the contour plots of temperature
and magnetic field shown in Figures 11 and 12. These
contours indicate that the magnetic compression of the
plasma results in higher temperatures later in time.

IV. CONCLUSIONS

Thomson scattering, Doppler spectroscopy and inter-
ferometry analysis consistently indicate a high tempera-
ture plasma with a uniform profile. Doppler spectroscopy
can be used in place of Thomson scattering for tempera-
ture measurements. Interferometry, radial force balance
and radial heat conduction calculations indicate that the
plasma compresses magnetically during the quiescent pe-
riod to higher temperatures and densities.

FIG. 11: Temperature contours (eV) as a function of time and
radius indicate that the plasma is heating as it compresses.

FIG. 12: Magnetic field contours (T) as a function of time
and radius indicate that the field increases as a function of
time. This suggests that the plasma compression and heating
is due to magnetic compression.
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1. Introduction 

The field-reversed configuration (FRC) is an attractive high-beta concept among 
magnetically confined systems, however, difficulties in current drive and additional 
heating have prevented improvements on FRC’s confinement properties. Recently, the 
rotating magnetic fields are applied to demonstrate quasi-steady sustainment of prolate 
FRC plasmas [1-4, rotamak, TCS, FIX, PFRC]. Another promising power input method 
is a neutral beam injection (NBI), which is most commonly used to heat the 
magnetically confined fusion plasmas. The NBI was applied to the FRC plasmas in the 
FIX apparatus for the first time. The extension of plasma lifetime [5], suppression of the 
FRC’s global motion [6] and electron heating [7] were reported by using a 12kV, 240kW 
NBI on FRC plasmas translated into a metal confinement section. Since the trapped 
flux of the translated FRC about 1mWb, the 15kV fast ions cannot be confined if they 
are injected tangentially. Oblique injection with 19.25 degree to the geometrical axis 
and large mirror ratio of 9 were employed to confine the energetic ions, nevertheless, 
the ion’s trajectories spread out of the FRC’s separatrix leading to a substantially low 
power deposition rate of less than 50% due to the orbit and re-charge exchange losses. 
In this paper, we describe the utilization of oblate FRCs formed by counter-helicity 
spheromak merging method as a better target plasma for NBI. 

The counter-helicity merging of spheromaks is an alternative method to form a 
high-beta FRC plasmas [8]. Pronounced features of the merging method are occurrence 
of significant ion heating due to magnetic reconnection, applicability of a center solenoid 
current drive, and oblate plasma shape with large major radius. These features enhance 
the potential for NBI heating in high-beta FRC plasma, because the large plasma 
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radius and the resulting large magnetic flux are essential for good confinement of 
produced fast ions as well as efficient ionization of beam neutrals. Effective tangential 
injection of 15 keV hydrogen beam requires target FRC plasma with magnetic flux more 
than 20 mWb. The NBI is also expected to improve the global stability of FRC plasma by 
providing azimuthally rotating fast ions near the magnetic null [9].  
 
2. Experimental setup 

In the TS-4 device (figure 1), large 
FRC plasma with major radius of about 
45 cm is produced by the 
counter-helicity spheromak merging 
method. Because of the large S* 
number (ratio of minor radius to ion 
skin depth), the counter-helicity 
merging with hydrogen gas in the TS-4 
device usually exhibits severe low-n 
instability just after the merging. On the 
other hand, the plasma mergings with 
heavier gases such as neon and argon are 
more stable and show clear relaxation to FRC 
plasma with small poloidal eigenvalue [10]. 
The produced argon FRC has trapped flux of 
more than 8 mWb and the magnetic energy 
loss power of about 1 MW, as shown in figure 
2. It is consequently expected to become a 
good target plasma for the tangential NBI. 

A washer gun type neutral beam source 
[11] was developed and installed on the 
midplane of the TS-4 device to inject the 
beam tangentially into the FRC plasma with 
variable impact parameter of 0.4-0.6 m by 
changing the incident angle of the beam, as 
shown in figure 3. The acceleration voltage is 
15 kV and maximal obtained beam current is 
about 40A, providing more than 0.5 MW 
input power of hydrogen neutral beam.  

Figure 1. Schematic view of TS-4 device. 

 

Figure 2. Time evolution of magnetic 
energy, trapped flux (top), and 
magnetic energy loss rate (bottom). 
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3. Experimental results 

Figure 4 shows the evolution of beam current, 
voltage and the magnetic energy of the argon 
FRC plasmas with and without NBI. The argon 
FRC typically has the density of 1x1020 m-3, ion 
and electron temperatures of 10 eVs, and the 
trapped magnetic flux of 8 mWb. The injection 
of 15keV 5A hydrogen neutral beam extended 
the argon FRC’s decay time.  

Another primary result from NBI 
experiments was that the stability of 
hydrogen FRC formation process was 
drastically improved by the tangential 
injection of 15 keV hydrogen beam with peak 
input power of 500 kW. Figure 5 shows the 
evolutions of flux surfaces together with the 
toroidal magnetic fields of the FRC 
formation process with and without NBI. 
The hydrogen FRC simply formed by 
merging method in TS-4 becomes unstable 
just after the merging process is over at t = 
380 �s, and loses its equilibrium quickly. The 
NBI drastically changes the situation, as 
shown in the bottom panels in figure 5. The 
formed FRC with NBI remains stable after 
the merging and shows moderate decay. 

 

Figure 3. Cross-sectional view of the 
TS-4 device and the beam source. 

Figure 4. Time evolutions of beam 
current and voltage (top) and the FRC’s 
magnetic energy with and without NBI 
(bottom). 

Figure 5. Evolutions of 2-D magnetic field structure of hydrogen FRC without NBI (top) 
and with NBI (bottom). 
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The NBI has two major impacts on oblate FRC; first, it provides better stability 
against low-n modes which usually brake the equilibrium quickly after the formation of 
large S* oblate FRC. And it also provides extended lifetime in which the reduced loss 
power is much larger than the NBI input power. These results indicate that the 
beam-plasma direct interaction other than the energy transfer to plasma electrons via 
viscosity plays important roles on the FRC’s lifetime extension. 

 
4. Summary 

The first NBI experiment to the oblate FRCs produced by plasma merging was 
conducted. The NBI provided a stable formation of hydrogen FRC with trapped flux of 
up to 15 mWb. NBI also reduces the flux decay rates of FRC plasmas with various gases 
such as hydrogen, helium, and argon. Since the decrease of energy loss rate is much 
larger than the input NBI power, the stabilization of the low-n modes provided by 
beam-plasma direct interaction is possibly responsible for the lifetime extension 
observed in the NB-injected FRC plasmas. 

Recently, two other ion sources with acceleration voltage and current of 15 keV and 
20 A, respectively, were moved from Osaka University (FIX device) and installed on the 
TS-4 device for tangential injection on the midplane. Full-scale NBI experiments with 
injection power up to 1 MW are in preparation to achieve non-inductive sustainment of 
oblate FRC. 
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Abstract.  
Control methods for a field-reversed configuration (FRC) have been proposed and investigated on the NUCTE series 
theta-pinch based FRC devices. The FRC has been investigated as a candidate for a highly efficient fusion reactor core 
with several unique advantages such as simply-connected magnetic geometry, all the equilibrium current maintained by 
classical diamagnetism, open field region as a natural diverter and high mobility along the geometrical axis. However, 
these attributes of FRCs make it difficult to apply additional control methods such as inductive current drive. Therefore, 
several new control methods have been proposed and developed on NUCTE. In the translation process, “equivalent 
neutral beam injection” has been applied. The neutral particles injected into the FRC with relative velocity could fuel 
and heat the FRC plasma. Improvement of the particle and poloidal flux confinements and delay of onset of n = 2 
rotational instability were observed in the translation process. Also coaxial helicity injection has been applied into the 
elongated theta-pinch FRC. Injected modest amount of helicity stabilize rotational mode deformation. 
 
1. Introduction 

Various control technique of a field-reversed configuration (FRC) stability and confinement 
have been experimentally investigated on the flexible θ-pinch-based FRC facility, NUCTE [1]. On 
the translation process of FRC, translation velocity is effectively used to control the FRC dynamics 
and regeneration of kinetic energy into thermal energy. Use of a magnetized coaxial plasma gun 
(MCPG) has also been proposed as an effective method of control for FRCs. Indeed, these initial 
results demonstrate the effectiveness of control methods of FRC.  

Pursuit of the FRC as fusion reactor core is motivated by highly favorable technological 
features: very high β, a natural divertor, linear device geometry, and axial mobility allowing 
separation of start-up and confinement functions. However, significant questions remain about the 
physics of FRCs, principally the global stability, the lack of effective control methods, and a 
fusion-relevant current drive. 

The highest temperature and density FRCs, formed by θ-pinches and generally translated into 
quasi-steady state magnetic field, have lifetimes limited to a few hundred microseconds, and 
scalability to larger sizes with long confinement and global stability has not been established. The 
proposed techniques emerge as control methods with multiple effects: suppression of instability, 
current sustainment, confinement improvement etc. In this work, passive control techniques of FRC 
through the translation process have been 
attempted.  

The most dangerous global instability in a 
FRC is the rotational instability, which is the 
centrifugally-driven interchange mode with toroidal 
mode number n = 2. By this instability, the poloidal 
cross section deforms elliptically and then plasma 
contacts the discharge tube wall, limiting the 
configuration lifetime τFRC to about one particle loss 
time τ N. Externally-applied static multipole fields 
can suppress this instability [2]. However, it  has 
been found that the toroidal asymmetry of the 
multipole field has a negative effect on the 
confinement [3].  

 
 

FIG. 1. Schematic view of NUCTE-III with a 
magnetized coaxial plasma gun. 
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Regarding rotational instability, the TCS facility had 
yielded promising results [4]. These included suppression 
of the rotational mode as well as self-organization i.e. 
conversion of toroidal to poloidal flux. Interpretive 
modeling of these observations also showed that the core of 
the FRC was a two-fluid minimum energy state [5], 
another marker of self-organization. This raised a new 
intriguing possibility that the modest toroidal field in the 
self-organized states may be the key to suppressing the 
rotational instability [6]. In the NUCTE-III experiments, 
toroidal flux is actively injected into the FRC through the 
magnetized plasmoid formed by a MCPG. After a merging 
and relaxation process, FRC reaches the static equilibrium 
phase with a finite amount of magnetic helicity. The global 
stability of this FRC which toroidal flux is injected, is investigated experimentally. 
 
2. Experimental setup 
2.1. Theta-pinch based FRC device 

A series of experiments has been performed with the theta-pinch based FRC device, 
NUCTE-III [1]. A schematic diagram of the device is shown in Fig. 1. The central part of the theta 
pinch coil is 0.9 m in length and 0.34 m in inner diameter. Passive mirror coils of axial length 0.3 m 
and 0.32 m inner diameter are mounted at each end. These coils provide an on-axis vacuum mirror 
ratio of 1.13. A transparent synthetic silica tube, 2 m in length and 0.256 m in diameter, is employed 
as a discharge chamber. In the standard operation condition, the amount of filled gas is 10 mTorr. In 
this series of tests, preionization plasma is formed by the theta-discharge method. Typical plasma 
parameters are listed in Table 1. 
 
2.2. Set-up for translation experiments 

The arrangement of the device for translation 
experiments are shown in Fig. 2 and 3. A FRC 
plasma is formed by the field-reversed theta-pinch 
(FRTP) method and translated along the gradient of 
the guide field. Figure 2 is the device arrangement 
for the translation experiment. The reconnection 
assist coil quickly forms the gradient of external 
magnetic field and pushes the FRC into the adjacent 
confinement section. A metal shell is mounted 
directly on a surface of this section. 

Figure 3 is the schematic diagram of 
NUCTE-III/T. The tapered theta-pinch coil of 1.3m 
in length. A working gas of deuterium is puffed into 
the middle of the transparent 
quartz discharge tube by a fast 
gas-puff valve. The equivalent 
gas pressure is approximately 10 
mTorr for the static gas-fill 
method.  

The confinement section 
consists of a quartz discharge 
tube of 1.4 m in length and 0.4 
m in diameter, as a center 

 
FIG.2. Setup for translation in 

theta-pinch facility. 

 
FIG.3. Experimental setup for the FRC translation experiments 

(NUCTE-III/T). 

TABLE I. Typical plasma parameters 
during standard operation 
 

Filling pressure [mTorr] 10 

Bias field [T] 0.032 

Separatrix radius [m] 0.060 

Separatrix length [m] 0.8 

Electron density [×1021 m-3] 2.5 

Total temperature [eV] 270 

Number of ion gyro radii ( ) 1.9 
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confinement region, and two tapered stainless-steel shells with an averaged skin time of 1.5 ms. The 
confinement coil consists of eight equally spaced coil elements, 0.3 m in radius and 0.1 m in width. 

 
2.3. Magnetized Coaxial Plasma Gun 

Magnetized plasmoid injection has been employed to inject magnetic helicity actively into the 
FRC [7]. Figure 1 shows the typical setup of NUCTE-III for coaxial helicity injection (CHI). Since 
the MCPG is mounted on-axis and generates a significant helicity, it provides an FRC-relevant 
version of CHI that has been quite successfully applied in both spheromaks and spherical tokamaks 
[8]. The electrodes of MCPG are extended to the end of the theta-pinch coil and work as an 
accelerator. By the application of 22.5 kA of gun current with a pulse width of 15 μs between the 
inner and outer electrodes and driven by a 20 kV-15 μF capacitor, magnetized plasmoids are 
produced and rapidly accelerated. 

Plasmoids with a velocity of about 40 km/s are injected into the vacuum vessel filled with a 
bias field of 0.032 T. A main reversed confinement field with a strength of 0.44 T, a 3 μs rise time 
and a 120 μs decay time are applied when the bias field strength rises to its maximum value. 
 
3. FRC control through the translation process 
3.1. Passive control of translation speed 

As a simple and effective method to control stability and dynamics of translated FRC, the 
translation chamber is partially wrapped by metallic ring. Then the induced current on the shell 
provide radial force suppressing shift motion and axial force decelerating translation velocity. A 
metallic chamber on the confinement chamber may have same effect on the plasma but the ring 
technique has more flexibility, i.e. its dimensions can easily be changed. In the preliminary 
experiments, the trapping process of the translated FRC could be controlled by the metallic ring. 
 
3.2. Equivalent NBI effect 

When the FRC is translated into the confinement chamber filled with neutral gas, the 
background neutral particles are injected into FRC with the relative velocity. We called this the 
“equivalent NBI (E-NBI)” effect and investigated the efficiency with various neutral gases. Figure 3 
shows the experimental setup for E-NBI experiments. Neutral gas is puffed into the confinement 
section from the end of the chamber by a fast solenoid valve. Then the FRC is injected into the 
confinement chamber filled with the neutral gas. The relative kinetic energy of neutrals are 
approximately 100eV (D2), 200eV (He) and 2 keV (Ar), respectively, for translation speed of 
100km.  

Typical effects on the time evolution of plasma volume and total (pressure balance) temperature 
are show in Fig.4. The peak volume and its e-folding time have been increased with D2 ad He 
E-NBI compared with standard 
operation i.e. translation into a 
vacuum. Also the temperature 
has been increased in the case of 
D2 and He. In the case with Ar, 
we cannot find any improvement. 
That might be because of high 
injection energy and radiation 
loss of Ar E-NBI. Also in the 
case with D2 and He, delayed the 
onset of instability.  
 
4. Magnetic helicity injection 

The resulting toroidal field 
produces a dramatic effect on 

 
FIG.4. Time evolution of plasma volume and Total temperature with 

various background gas. 
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the rotational instability. Figure 5 (a) shows 
evidence for this on the bremsstrahlung emission 
Ib  ne

2/√Te. Without CHI, oscillation of Ib 
rapidly sets in at about 25 μs, reflecting a rotating 
elliptical deformation of the FRC cross-section. 
When CHI is applied, the onset is del  ayed until 
45 - 50 μs. It might be delayed indefinitely by a 
more sustained or intermittent MCPG operation. 
MCPG injection also reduces the toroidal rotation 
frequency Ωi from 4.2 to 2.6 [105 rad/s]. Also, the 
e-folding time of flux τ  for the initial value in 
the equilibrium (20μs) is extended from 57 to 67 
μs (Fig.5 (b)). These improvements have been 
made despite the quite modest flux content of the 
plasmoid: ~ 0.05 mWb of poloidal and 0.01 mWb 
of toroidal flux, compared with the 0.4 mWb of 
poloidal flux in the pre-formed θ-pinch FRC. 
 
5. Summary 

In the translation process, a metallic ring and E-NBI have been demonstrated as simple and 
effective control methods for FRCs. The E-NBI technique depends strongly on the species of 
neutral gas. The neutral species, density and injection timing need to be optimized for better results. 

The observed changes in the Bremsstrahlung and poloidal flux suggest that MCPG injection 
can actively control the rotational instability. Improved confinement has also been shown. This 
indicates an advantage of the MCPG in that it improves both confinement and stability. The 
conventional technique does not slow the toroidal rotation. Therefore, MCPG injection introduces 
its own stabilization mechanism i.e. a modest toroidal flux [4]. 

The MCPG also offers a number of other control channels. (1) Current drive, as in CHI on 
spherical tokamaks. (2) Plasma electrode: sustained plasmoid injection offers a control of the radial 
electric field. (3) Refueling; plasmoid injection increases the plasma inventory. NUCTE is an ideal 
platform for investigating the MCPG as a multi-faceted control method applicable in a broad range 
of parameters: density range of 1 × 1020 to 5 × 1021 m-3 and total temperature from 50 to 500 eV. 
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Experiments 
Yasushi Ono, M. Inomoto, T. Yamada, H. Tanabe, P. Copinger, TS-Group 
University of Tokyo, Japan 

Abstract Text: 
A series of reconnection heating have been demonstrated in TS-3, TS-4 and UTST experiments 
for the merging formation of Field-Reversed Configuration (FRC)[1,2] and Spherical Tokamak 
(ST)[3]. Cause and mechanism for the high-power reconnection heating are made clear by the 
new 2-D Doppler imaging measurement which is composed of three polychromators with ICCD 
cameras and 108 optical fibers. This 2-D ion temperature (Ti) measurement reveals two hot Ti 
spots in the downstream regions of reconnection. The bipolar reconnection outflow is observed 
to collide with the reconnected field lines surrounding the reconnection point. It forms steep 
jumps of electron density and magnetic field around the hot Ti spots, which satisfis the Rankin-
Hugoniot relation. These facts indicate formation of fast the shock in the down-stream region 
similar to the solar flares[5]. The reconnection transforms a part of magnetic energy into the ion 
thermal energy probably due to the fast shock/ viscosity damping of reconnection outflow. The 
ion heating energy as well as the merging speed is observed to increase inversely with toroidal 
(guide) field component Bt. As Bt is decreased, ion gyroradius �i increases and finally exceeds 
the sheet thickness ! during sheet compression by the CT/ ST merging. It causes a significant 
increase in effective resistivity of the current sheet[6], reconnection speed and outflow speed that 
directly determines the ion heating power of merging. These reconnection heating experiments 
are being upgraded to the ultra-high beta ST experiment: UTST with 1.2MW neutral beam (NB) 
and further to the largest ST merging experiment: MAST. 
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The Case for High-Power ICRF in the Levitated Dipole Experiment
Darren T. Garnier, J. Kesner, M.E. Mauel 
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Abstract Text:
Modern laboratory studies of plasma confined by a strong dipole magnet originated twenty years 
ago when it was learned that planetary magnetospheres have centrally-peaked plasma pressure 
profiles that form naturally when solar wind drives plasma circulation and heating. The dipole's 
magnetic geometry is highly advantageous for magnetic fusion: (i) plasma can be stable with 
local beta exceeding unity, (ii) fluctuations can drive either heat or particles inward to create 
stationary profiles that are strongly peaked, and (iii) the confinement of particles can be shorter 
than for plasma energy. During the past decade, several laboratory dipole experiments and 
modeling efforts have lead to new understanding of interchange, centrifugal and entropy modes, 
nonlinear gyrokinetics, and plasma transport. Two devices, the Levitated Dipole Experiment 
(LDX) at MIT and RT-1 at the University of Tokyo, operate with levitated superconducting 
dipole magnets. With levitated dipoles, these experiments achieved a major breakthrough. Very 
high-beta plasma is confined in steady state but, also, levitation produces high-temperature at 
low input power and demonstrates that toroidal magnetic confinement of plasma does not require 
a toroidal field. Turbulent low-frequency fluctuations in dipole confined plasma cause adiabatic 
transport and form a fundamental linkage between the radial variation of flux-tube volume and 
the centrally peaked density and pressure profiles [1]. Recent experiments showed how the 
turbulent pinch maintains good confinement and centrally-peaked profiles during heating and 
fueling modulation [2]. Recent modeling has explained many of the processes operative in these 
experiments, including the observation of a strong inward particle pinch [3].  

The next experimental test of dipole confinement is the application of high-power ion heating in 
LDX. Using the modern Thales TSW2500 RF transmitter, now available at MIT, 1 MW of 
continuous power can be delivered in the appropriate range for deuterium ICRF. Full-wave 
electromagnetic code incorporating accurate boundary conditions show good antenna loading for 
axisymmetric heating. Calculations show that the power deposition profile can be readily 
controlled by adjusting the RF frequency.

LDX is a unique experiment that is ready to execute ground-breaking experiments. If the higher-
density plasmas with higher ion temperatures share the high-confinement and high-beta 
properties of the previous ECRH plasma, then the dipole concept would demonstrate the promise 
of tritium-suppressed fusion [4] and potentially avoid the costly development of materials and 
fusion components associated with tritium breeding from lithium.  

 [1] Boxer, et al., Nature-Physics, 6, 207 (2010) 

 [2] Kesner, et al., PPCF, 124036 (2010)

 [3] Kesner, at al., Phys Plasmas 18, 050703 (2011) 

 [4] Sawan, M. et al., Fusion Eng Des 61-2, 561–567 (2002). 
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Thomson scattering is one of the few diagnostics that can make true local measurements of the
electron pressure. Though a standard diagnostic on large experiments, the cost of the system pro-
hibits most smaller devices from using this measurement. The ZaP Flow Z-Pinch at the University
of Washington has built a low capital cost, multi-point Thomson scattering system using existing
equipment from previous experiments. The age of the equipment required a complete character-
ization of the equipment and improvements in the analysis techniques to determine the electron
temperature. By using fast recording techniques, improvements have been made with the measure-
ments of the background light and errors associated with the measurement of the scattered light.
Temperature measurements are consistent with the results from measurements requiring deconvo-
lutions and predicted profiles.

Thomson scattering is one of the few truly local mea-
surements of the electron pressure in hot plasmas. Laser
light is scattered by the electrons due to the Thomson ef-
fect. The technique is well documented [1] and is a stan-
dard diagnostic on most large devices. Since the Thom-
son cross section is small, high energy lasers and sensitive
detection optics and electronics are required. The price
of these components, along with the time and effort re-
quired to build and operate a Thomson scattering system
often precludes smaller experiments from using this diag-
nostic technique. The ZaP experiment at the University
of Washington has built a multi-point, Thomson scatter-
ing system and is making electron temperature measure-
ments on a total experimental operating budget that is
less than the operating budget of most Thomson scat-
tering diagnostics. This has been accomplished by using
preexisting hardware from previous diagnostics, signifi-
cantly reducing the capital cost of the system.

The ZaP experiment is studying the stabilizing effect
of sheared flows on gross plasma instabilities [2–5]. It is
predicted that the kink instability of the Z-pinch can be
stabilized when the pressure profile satisfies the Kadom-
stev criteria and the flow shear satisfies dVz/dr ≥ 0.1kVA

[6]. Other calculations predict that the flows must be
supersonic to stabilize the instabilities [7, 8]. The exper-
iment was built to validate the predictions made by ref
[6]. The experiment forms Z-pinches that exhibit a quies-
cent period in the mode activity shortly after formation.
During this period, a stable Z-pinch with a sheared flow
is measured on the axis of the machine. The character-
istics of plasma: ne, Vi, Ti, and B, are found by tak-
ing chord-integrated data, assuming axisymmetry, and
deconvolving the data. Since the large energy densities
preclude the use of internal probes, Thomson scatter-
ing offers the only method to validate the deconvolution
measurements. The Thomson scattering system was also
designed to answer questions about the pressure profile
in the experiment. Knowledge of the pressure profile is

∗
Electronic address: golingo@aa.washington.edu

FIG. 1: Schematic of the ZaP Thomson scattering system.
The laser beam is directed horizontally through the machine
axis at the z=0 cm plane. The scattered light is collected
through the top viewport. The collected light is separated into
its wavelength components by the spectrometer and measured
by an array of photomultiplier tubes.

.

needed to better compare the results to the predictions
from the computer codes.

I. THOMSON SCATTERING HARDWARE

Most new Thomson systems built today use a YAG
laser and modern detectors. Budget constraints have
forced the ZaP Thomson system to use a ruby laser and
associated hardware: a Korad ruby laser (originally from
LANL), Hibshman spectrometer (from ZT-40), and pho-
tomultiplier tubes, PMTs (from UW). The only capital
expenditure has been the collection optics and the struc-
ture. A diagram of the complete system is shown in Fig
1.

The system uses a model K-1500 Korad laser. The
specifications for the laser are from 1976. Since that time,
the laser has been shipped across state lines and has had
many of its components replaced. Initial testing of the
laser showed that the beam had a hollow energy profile,
indicating that the beam properties had degraded. To
ensure the collection optics would be designed properly,
a complete characterization of the beam was performed.
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FIG. 2: Ray trace of the collection optics. The four-lens
system images the beam path within ±4 cm of the machine
axis. The collection fibers are located at the fiber optic focal
plane. Each location on this focal plane images a 0.1 cm
segment of the beam path.

.

By using high quality plate glass as partial reflectors, im-
ages of the energy profile were obtained. The minimum
spot size, the divergence angle, along with the beam size
and energy profile at various locations after the focusing
lens (400 mm) were found. The minimum waist e−2 of
the focused beam is 0.14 cm, with a 0.029 rad divergence
angle. Defining the waist size as the radius where 99%
of the energy is encompassed, the focused beam has a
0.35 mm waist over 8 cm centered on the axis of the ma-
chine. Although not a standard for laser specifications,
this value is important for Thomson systems that mea-
sure density.

The system is designed to make measurements on ei-
ther side of the machine axis at the z = 0 plane. A
400 mm focusing lens was chosen so measurements up to
4 cm off of the axis could be made. High quality, fused
silica glass mounted at the Brewster angle are used as
entrance and exit ports on the vacuum system to min-
imize the losses in the beam energy. The initial ports
used high quality BK7 glass, but these were damaged by
the laser. Each port contains two irises to minimize the
stray light in the system. These are matched to the laser
beam waist size. The beam dump consists of plates of
colored glass windows placed at the Brewster angle and
a stack of stainless razor blades [9]. The beam dump is
placed outside of the vacuum chamber. Additional stray
light suppression is not necessary.

The collection optics are designed to measure the scat-
tered radiation from ten points along the beam line. A
four lens collection telescope, with a magnification of 2 is
used to image the scattered light onto 4 arrays of fibers.
By placing the fibers at different locations along the im-
age plane, scattered light can be collected from up to
40 mm on either side of the machine axis. An in situ
alignment target is installed to verify the alignment of
the collection optics with the laser beam. A flat piece
of 304 stainless steel with a small angle relative to the
beam path is mounted on an actuator. The plate dif-
fusely scatters the light from the HeNe alignment laser

through the collection optics on to a witness plate. This
part of the system allows for testing the collection optics
without bringing the machine up to air.

The size of the collection volume was chosen to match
the étendue of the spectrometer, while maximizing the
available collection solid angle. The maximum collection
angle is 0.10 sr and the étendue of the spectrometer is
9.0 mm2, setting the maximum available collection area
to 9 mm. To ensure all of the scattered light is collected,
the dimension along the z-axis perpendicular to the beam
path, was chosen to be 0.9 mm, greater than the radius
of 99% of the beam energy. This led to a radial resolution
of 0.1 mm. To allow for fine scale pressure gradient mea-
surements, while observing the pressure at other radial
locations four fiber bundles are used. Individual fibers
would increase the radial resolution of the system. The
housing for the fibers is approximately twice the width of
the fibers. One fiber, used to measure small radial gra-
dients, collects light from 6 adjacent spatial points. One
collects light from two adjacent spatial points, and two
fibers collect light from a single spatial point. One of the
possible configurations could make measurements at 0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 0.9, 1.1, and 1.3 cm The present
holder uses shims to allow for other configurations, or for
fewer spatial measurements.

The four bundles are combined into a single bundle
that attaches to the entrance port of the spectrometer in
the screen room. Low-OH, 200 micron, fused silica fibers
are use to minimize the loses over the 9-m length. Each
spatial point is arranged vertically with a 0.1 mm spacing
between points. A curved entrance is use to ensure that
each vertical column at the image plane corresponds to a
single wavelength. A custom imaging spectrometer built
by the Hibshman Corporation for the ZT-40 Thomson
scattering system is used to spectrally resolve the scat-
tered light. This high étendue, imaging spectrometer has
three notch filters at the ruby line and one notch filter at
the Hα line to attenuate stray light. The quoted disper-
sion is 3.5 nm/mm and the ruby notch should attenuate
light from 690 nm to 705 nm at more than 107. The spec-
trometer was designed to use a ITT F4149 MCP at the
exit plane. Initial testing showed that background light
from the plasma depletes the charge on the MCP during
the first half of 100 ns gate. Large-area, red-enhanced
PMT tubes have a large enough capacitance to avoid be-
ing depleted during an entire pulse. To use the PMT
tubes, an array of 1-mm, BCF-98 plastic fibers has re-
placed the MCP. These fibers bin the spectrally resolved
light and image the light on to an array of R1333 PMT
tubes. The signals from the PMTs is recorded with Tek-
tronix TDS3034B oscilloscopes. Recording the tempo-
ral evolution of the background along with the scattered
light is important since the timescale of perturbations
can be on the order of the time of the laser pulse [10].
The fibers are mounted on a translation stage to allow
for different wavelengths to be measured and to calibrate
the instrument. Initial testing was done with a single
row of fibers for one spatial point. Since that time, a
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second row for two spatial points has been added. The
ten point capability of the system can be realized, by
purchasing square fibers and fabricating the appropriate
fiber bundle.

An in situ calibration has been done of the com-
plete spectrometer system: collection fibers, spectrom-
eter, plastic fibers, and PMT’s. The dispersion was
measured using a tungsten lamp and known wavelength
bandpass filters. The light was imaged onto the collec-
tion fibers and the voltage signal from the PMT’s was
measured. The shape of the bandpass filter is measured
by translating the plastic fibers across the image plane
and making multiple measurements. Finer wavelength
scale measurements shown here are made by recording
the voltage as the plastic fibers are being translated.
The stationary measurements are used to verify the lo-
cation of the fibers. Bandpass filters at 632.8, 647, 670,
680, and 710 nm are used. The spectral throughput of
the system was measured by focusing the tungsten lamp
onto the collection fibers. The lamp has a relatively flat
spectral output from 600 to 750 nm. The plastic fibers
were translated across the image plane and the voltage
from the PMTs was measured. The measured response
is a combination of the attenuation of each of the fiber
types, the attenuation of the notch filters, the disper-
sion of the spectrometer, and the spectral response of
the PMTs convolved with the instrument function of the
spectrometer. The shape of the notches must be found
when the wavelengths near the notch are used to find the
temperature or Raman scattering is used to absolutely
calibrate the system. To characterize the notches the
instrument function is measured. The instrument func-
tion, measured with different wavelength laser sources
and a 1 nm wide bandpass filter, is independent of wave-
length. Since the laser sources tended to mode hop over
the length of measurement and the 1 nm wide bandpass
filter has the same FWHM has the laser sources, the in-
strument function measured with the bandpass filter is
used to analyze the data.

It is not possible to directly measure the notch filter
spectral shapes of the ruby and Hα filters in the spec-
trometer. Removing the filters is not an option. Guesses
of the spectral shape functions were made using the pub-
lished data. The attenuation due to the fibers and PMT
spectral response was found using regions where the light
was not affected by the notch filters. (note: each PMT
has a different response) The attenuation is applied to
the guess of the filter shape and the resulting function is
convolved with the instrument function. The convolved
functions are then compared to the measured white light
response for each PMT. By minimizing a global χ2, the
best parameters for the shape can be found. A large
number of shapes were found which had similar χ2 val-
ues and not all of them required the throughput to be
zero at the ruby line. Forcing a small wavelength region
to zero, centered at the ruby line, did not change the
shape parameters. This is due to the smoothing effect of
the convolution. The simplest spectral shape that can de-

FIG. 3: Shown here is the measured white light response of
the PMTs (top plot), together with the notch shape (bottom
plot).

.

scribe the notches is chosen. The shape consists of three
regions, outside of the notch the value is set to one. Two
polynomials are used to describe the notch shape on ei-
ther side of the wavelength of interest. The polynomials
are constrained to be between zero and one. At the edges
of the notch they have a value of one and a slope of zero.
At the quoted wavelength of the notch, the value of the
polynomial is zero. Zero is chosen to be the value at the
ruby wavelength because no evidence of stray light has
ever been measured by the system. No criteria is placed
on the slopes near the quoted wavelength. The impor-
tance of the filter characterization will be discussed later
in this paper.

II. ANALYSIS

The measured background and scattered signal are
shown in Fig 4. On this pulse, the background radi-
ation is changing on the same time scale as the laser
pulse. This behavior is seen at times near the thresh-
old for stability. Typically, lower wavelength bins do not
measure any scattered light. When the broadening of the
Hα line is small or the waveform of the Hα line is similar
to the bremsstrahlung radiation, the signal from the low-
est wavelength channel can be subtracted from the other
channels yielding only the scattered radiation measured
by the remaining channels. Polynomial fits to the back-
ground levels have not yielded satisfactory results. The
area of the scattered signal is then found. The error as-
sociated with this measurement is small. A total of 105

photons are collected by the system. The large number
of photons make the photon statistics negligible. The
largest source of error is the noise in the scopes and er-
rors during calibration. This level is much lower than the
signal and is further reduced when over 1000 points are
used in the integration.

The temperature is then found by fitting the bright-
nesses to a Gaussian that has been adjusted for the
notches, attenuation, and instrument function. A Gaus-
sian is multiplied by the attenuation found during the
calibration for each of the fiber and PMT combinations
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FIG. 4: The PMT signals are shown in the first five plots
and indicate a changing background signal. The sixth plot
shows the laser intensity time history during the pulse as
measured by a photodiode. To extract the scattered sig-
nal from this temporal response, the background light trace
(Wave=664 nm) is scaled and subtracted from the first four
wavelengths. The resulting signal is similar to the laser mon-
itor.

.

FIG. 5: The electron temperature measured with Thomson
scattering and the ion temperature measured by deconvolving
spectroscopic data are similar. Two characteristic tempera-
ture measurements for different experimental conditions are
shown. The error in the electron temperature is smaller than
the symbol size. Twenty ion temperature measurements can
be taken on each pulse.

.

generating a number of waveforms. Each of these is mul-
tiplied by the notch spectral shapes and convolved with

the instrument function. The appropriate wavelength
bin is then compared to measured brightness. The root
mean square of the sum of the differences is χ2. Simply
scaling the measured brightness by the measured white
light response function and fitting those data to a Gaus-
sian yields higher temperatures than with the method
described above. This is due to the fact that the mea-
sured white light response function alone cannot properly
model gradients near the notches.

III. RESULTS

The measured temperatures are consistent with previ-
ous measurement techniques. Typical temperature mea-
surements for the ZaP experiment are shown in Fig. 5.
Two important results can be seen in the figure. The ion
and electron temperatures are similar to each other. This
is expected because the thermal equipartition time of the
electrons and ions is small, ∼ 10’s ns. The ion temper-
ature measurements are simpler for the ZaP experiment
to make, requiring only maintenance on the spectrom-
eter. The deconvolved temperature calculation is fully
automated. The flat temperature profile was predicted
by thermal conductivity calculations. In the center of the
Z-pinch, the thermal conductivity is large due to the low
magnetic field. Near the edge of the plasma, the magnetic
field significantly increases and the thermal conductivity
decreases. Large gradients can be supported near the
edge due to the smaller transport coefficients. A simi-
lar effect is seen in the velocity profile due to the small
viscosity on the edge of the plasma.

The ZaP experiment has built a multi-point Thomson
scattering system using hardware from previous experi-
ments. All of the components have been characterized,
and the system is presently making electron temperature
measurements. The design of the system allows for elec-
tron pressure profile measurements in different regions
of the plasma. The electron temperature measurements
have validated the previous measurements from chord-
integrated ion temperature data.
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The ZaP Flow Z-Pinch experiment at the University of Washington investigates the use of sheared
axial flow to stabilize a Z-pinch plasma. A variety of diagnostics characterize the plasma. In the
past, holographic interferometry (HI) has measured radial electron density profiles at a fixed axial
location. As the ZaP experiment prepares to re-focus itself as a high energy density plasma exper-
iment, a redesign of the HI system is underway. The existing HI system relies on holographic film
to record interferograms to measure density profiles. The use of film mandates time-consuming de-
velopment and reconstruction procedures. The new digital HI system will employ a complementary
metal-oxide-semiconductor (CMOS) camera and numerical reconstruction techniques to eliminate
physical postprocessing, providing operators with electron density data between each plasma pulse.
Additionally, a new traverser will allow operators to easily change the axial measurement location.

I. INTRODUCTION

This paper outlines the preliminary design of a digi-
tal holographic interferometer (DHI), which will measure
electron density profiles on the ZaP Flow Z-Pinch. DHI
captures electron density measurements with high spatial
resolution in radial and axial directions, and it allows for
fast post-processing to generate density profiles between
each plasma pulse. Measuring ZaP’s density is important
because it allows for comparison between the experimen-
tal Z-pinch and theoretical predictions, which gives in-
sight into how a shear-flow stabilized Z-pinch could scale
to a fusion reactor.

DHI operates by measuring a phase shift caused by a
plasma’s electron density. Electron density affects the
plasma’s refractive index, so a laser passed through a
plasma (scene beam) will be phase shifted with respect
to a laser passed through air (reference beam). The mea-
sured shift between beams relates to the line-integrated
electron density as follows when the critical plasma den-
sity is much greater than the electron density [3].

Δφ = − π

λnc

∫
nedl

II. THEORY OF HOLOGRAPHY

During hologram recording, holographic film or a dig-
ital camera placed at the hologram plane records an in-
terferogram generated by the superimposed scene and
reference beams (see Figure 1 for an illustration of the
holography planes and coordinate systems). Using this
process, holography records both intensity and phase in-
formation about the incident wavefront, which can be
extracted with physical or numerical reconstruction.

During physical reconstruction, the developed holo-
graphic film is placed at the hologram plane, and the
reference beam used during recording shines on the in-
terferogram. The effect of the reference beam diffracting
through the interferogram produces a distorted real im-

FIG. 1: Three planes, each with its own coordinate system,
are used to describe the recording and reconstruction of holo-
graphic images. Positioning the plasma between the object
and hologram planes allows DHI to measure its entire phase
shifting effect.

age in the image plane and a virtual image in the object
plane. The images produced are of the recorded wave-
front a distance d from the hologram plane. In physi-
cal reconstruction, the observer’s distance from the holo-
gram plane sets distance d. Because physical reconstruc-
tion can only reconstruct intensity distributions, refer-
ence fringes have been introduced in the past to enable
phase shift measurements [2].
Conversely, numerical reconstruction can obtain both

intensity and phase distributions directly from the
recorded interferogram. Numerical reconstruction sim-
ulates the diffraction of the reference beam through the
interferogram onto the object plane by using the Fresnel-
Kirchoff integral, which generates a complex amplitude
function, Γ(ξ, η) [4].

Γ(ξ, η) =
d

iλ

∫ ∞

−∞

∫ ∞

−∞
U(x, y) · exp

(
i2π
λ ρ

)
ρ

dxdy
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ρ =
√

(x− ξ)2 + (y − η)2 + d2)

The Fresnel-Kirchoff integral is a convolution of a
transmittance function, U(x, y), and a source function
of a spherical wavelet. The integral is equivalent to sum-
ming in the object plane the effect of all Huygen wavelets
generated at the hologram plane. Applying the convolu-
tion theorem to the Fresnel-Kirchoff integral rewrites the
complex amplitude in terms of Fourier transforms.

Γ(ξ, η) = F−1 {F(U(x, y)) · F(g(x, y, ξ, η, d))}
This form allows for easy numerical implementation as

fast Fourier transform (FFT) algorithms are widely avail-
able. Note that the wavelet source function and the con-
stant in front of the convolution have been combined into
the function g(x, y, ξ, η, d). The digital camera’s spatial
resolution and the user-selected distance d define g when
written in its discrete form. The point-spread function,
U(x, y), is the intensity distribution of the interferogram
recorded on the digital camera.

Once the complex amplitude is known, the phase dis-
tribution can be computed, and the electron density pro-
file can be calculated. Distributions of hologram inten-
sity, I(ξ, η), and phase, Δφ(ξ, η), are written from the
complex amplitude as follows.

I(ξ, η) = |Γ(ξ, η)|2

Δφ(ξ, η) = tan−1

(
Im(Γ(ξ, η))

Re(Γ(ξ, η))

)

In numerical reconstruction, d can be changed as a
parameter in the algorithm. By selecting d for the recon-
struction such that the entire plasma is between the holo-
gram and object planes, the entire phase shifting effect
of the plasma is reconstructed in the phase distribution.

The phase distribution found for each shot is the phase
shift between the scene and reference beams. If a base-
line shot is taken, it can be subtracted from each plasma
shot to remove effects of windows and optics that are
consistent across shots.

III. EXPERIMENTAL SET-UP

ZaP’s DHI system will employ a Korad K-1 ruby laser
operating in pulsed mode and a Canon Rebel T2i (D550)
18.0 mega pixel digital camera. The ruby laser provides
0.6 Joules of energy in a 50 nanosecond pulse, which will
define the camera’s exposure time. The camera utilizes a
complementary metal oxide semiconductor (CMOS) sen-
sor for recording, and neutral density filters affixed to the
camera will reduce the intensity of the laser beams down
ten orders of magnitude to the intensity of ambient room
light.

To accommodate the spatial resolution limitations of
the CMOS sensor, an on-axis (in-line) interferometer set-
up will be employed (see Figure 2), which realigns the

FIG. 2: On-axis holographic interferometer set-up with refer-
ence beam (blue) and scene beam (red) shown.

scene and reference beams before they strike the CMOS
sensor. Closer alignment between the beams leads to
larger fringes in the resulting interference pattern, which
means the CMOS sensor can resolve more detail in the
pattern.
Given at least 1 m of free space around the experi-

ment to align the beams, alignment to within 0.1 degrees
should be possible. Considering the CMOS sensor’s spa-
tial resolution as the limit on the phase-shift resolving
power, this DHI system should be able to resolve a min-
imum line-integrated density of roughly 7.6 × 1019 m−2

and a maximum of 1.2 × 1023 m−2. This should be suf-
ficient to resolve ZaP’s density as past line-integrated
densities have fallen in the range of 1021-1022 m−2. Spa-
tial resolution of the density profiles should provide one
data point of line-integrated density roughly every 0.1
mm across the Z-pinch.
In analyzing the resolving ability of the DHI system,

care was taken to account for the Bayer array of color
filters the CMOS sensor uses to detect red, blue, and
green light intensities. In a Bayer array, each two by two
square of pixels contains one red, one blue, and two green
filters. Because the ruby laser provides red light, only the
red-filtered pixels were assumed to detect laser intensity.
Presently, the optics for the DHI system are being pre-

pared to test the system with a candle flame instead of
a plasma. Interferograms measured with this test set-
up will enable further development of a numerical recon-
struction code.

IV. IMPLEMENTING NUMERICAL
RECONSTRUCTION

A reconstruction code developed in Python has
achieved promising initial results when tested with syn-
thetic input and compared to literature. The code uti-
lizes the numpy, scipy, and pylab site-packages to com-
plete the numerical reconstruction and display the result-
ing intensity and phase distributions.
Figure 3, an example of synthetic interferogram input

and its reconstructed phase distribution for ZaP’s code
compares favorably to the code developed by Grilli et
al [1]. Simulating the interferograms caused by a convex
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(a) (b)

(c) (d)

FIG. 3: Synthetic interferogram input to ZaP’s code (a) com-
pared to synthetic input to code developed by Grilli et al [1]
(b). Reconstructed phase distributions for d = 0.18 meters for
ZaP (c) versus Grilli et al [1] (d). These phase distributions
are phase-wrapped in the interval [-π,π]. When measuring
density profiles, 1-D unwrapping will be performed on slices
transverse to the plasma column.

lens focusing light on a camera, both codes reconstructed
phase distributions at a distance d = 0.18 m. The inten-
sity distributions for this case also match well, but they
have been omitted from this paper as the phase is of pri-
mary concern in DHI. Other cases tested by Grilli et al

have also been tested successfully with ZaP’s code.

The code will convert phase distributions obtained
from reconstruction to radial profiles of electron number
density. First, the code will take a slice of the distri-
bution perpendicular to the plasma column and unwrap
the phase information. Next, the phase distribution of
that slice will be converted to line-integrated electron
density. Finally, assuming an axisymmetric pinch, the
code will Abel-invert the chord-integrated distributions
into radial profiles of electron number density. This tech-
nique has been applied in the past on ZaP to approximate
radial profiles with data from a four-chord heterodyne-
quadrature HeNn interferometer and from a film-based
holographic interferometer [2].

V. CONCLUSION AND FUTURE WORK

Progress has been made towards the construction of a
DHI to measure electron density in a flow-shear stabilized
Z-pinch. An optical set-up is partially built to record in-
terferograms and a computer code is being developed to
handle numerical reconstruction. When complete, the
optical set-up will be tested with a candle flame. The
computer code presently works well compared to liter-
ature, but it still needs to be validated for inputs that
represent what we expect to measure with the DHI sys-
tem. When completed, the DHI system should provide
operators with easily obtained electron density profiles.
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Figure 1. A drawing of the ZaP Flow Z-Pinch experiment identifying its key features. The acceleration 
and assembly regions are identified along with the electrode placement. A majority of the measurements 
taken are of the plasma as it passes through the z=0 plane. A 1 m reference scale is included. 

Insulator Modifications to Increase Plasma Source Duration on the ZaP Flow Z-Pinch 

M.C. Hughes, U. Shumlak, B.A. Nelson, R.P. Golingo, S.D. Knecht, and M.P. Ross 

University of Washington, Seattle, WA 98195 

Abstract 

The ZaP Flow Z-Pinch at the University of Washington is a basic plasma physics experiment that utilizes 
sheared axial flows to maintain gross plasma stability. The experiment uses an annular acceleration region 
followed by a cylindrical assembly region in which the plasma column is formed and maintained. Once 
the Z-pinch is formed, flowing plasma from the accelerator maintains the shear required for stability. Past 
run campaigns have either used changes in the injector parameters or the annular area to alter the 
characteristics of the bulk plasma. The gas pressure and injection timing have been optimized for different 
inner electrode sizes. Previous results show that the lifetime of the plasma is limited by the current from 
the power supply and by the plasma source from the accelerator. The available power from the supply has 
previously been improved. The length of the insulated annulus will be increased to determine a method to 
prolong the stabilizing flow of plasma and thus the stability of the Z-pinch. The gas injection will be re-
optimized to compare the new parameters to the former campaigns. 

Introduction 

A Z-pinch is a simple magnetic confinement configuration utilizing a cylindrical plasma column with an 
axial current. A pure Z-pinch operates with and is confined only by the magnetic field created by the 
current through the plasma, giving it a unity average beta. A classical Z-pinch in ideal MHD is unstable to 
the � � � sausage and � � � kink modes. A number of techniques exist to stabilize the modes, though 
they have detrimental limitations on scaling to reactor parameters. Limiting the radial pressure gradient 
can stabilize the sausage mode[1]. The kink mode remains unstable with the controlled pressure profile. A 
close conducting wall can be used to stabilize the kink mode, though it would rapidly deteriorate with a 
hot, fusion-grade plasma. An axial magnetic field can be applied to provide stability in both modes. The 
plasma pressure and current are then limited in relation to the applied field obeying the Kruskal-
Shafranov limit[2,3]. The axial field also allows a more rapid dissipation of the heat in the Z-pinch, by 
opening the field lines and connecting the electrodes to the plasma. 
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Figure 2. Characteristic data for a 10 cm inner electrode Z-
pinch. The top plot displays the first Fourier mode of the 
magnetic field at the diagnostic plane. The middle plot 
displays the change in the magnetic field along the length of 
the acceleration region, symbolizing the plasma current as it 
builds up and dissipates. The bottom plot displays the 
average electron density in the accelerator as measured at 
� � ��� cm. Note the drop of accelerator density occurs 
before the magnetic fluctuations increase due to the flow 
speed. 

The ZaP experiment utilizes sheared flows 
to stabilize a Z-pinch. Linear stability 
analysis on a Z-Pinch with a sheared axial 
flow has shown a method for stabilizing the 
� � � kink mode when a threshold shear, 
��� �� � ������ where � is Boltzmann’s 
constant and �� is the Alfvén velocity, is 
attained[4]. Plasmas have been created that 
demonstrate stability for over 2000 times 
longer than those expected from static      
Z-pinch theory. 

Zap Flow Z-Pinch 

The ZaP Flow Z-Pinch experiment studies 
the basic physics of the utilization of 
sheared flows to stabilize a Z-pinch. The 
experiment is comprised of acceleration 
and assembly regions. The acceleration 
region is composed of a coaxial 
arrangement of electrodes and is where the 
plasma forms. The outer electrode of the 
experiment is 20 cm in diameter, while both 
10 and 16 cm inner electrodes have been 
used. Gas is puffed into the annular gap between electrodes and is ionized by an applied voltage. The 
current sheet that is formed is then accelerated by a Lorentz force toward the tip of the inner electrode. 
Once the plasma reaches the assembly region, the inner connection of the current sheet remains on the tip 
of the electrode. The outer connection ring moves along the outer electrode to the end-wall, assembling 
the plasma on the axis of the machine. Residual gas leftover in the acceleration region is continually 
ionized and accelerated into the pinch, feeding the plasma high-velocity particles. The Z-pinch formed is 
1cm in radius and over 1 m long. 

Diagnostics 

The diagnostics on the experiment are designed to measure the key parameters of a Z-pinch and allow for 
measurements of the flow shear. The stability and current through the pinch are measured with an axial 
array of magnetic probes along the length of the outer electrode along with azimuthal arrays of 8 
magnetic probes in multiple locations through the machine, including the main � � � diagnostic location. 
The azimuthal arrays are Fourier analyzed to find low order modes (referred to as ��, ��, etc.). A four-
chord, heterodyne-quadrature HeNe interferometer is used to find chord-integrated densities of the 
plasma. The primary use of the interferometer here is at � � ���cm, just before the tip of the inner 
electrode. Spectroscopy is performed with a 20-chord imaging spectrometer with an Intensified Charge 
Coupled Device (ICCD). The ICCD can be mounted to view the diagnostic plane at an oblique angle to 
measure the Doppler shift of impurity line radiation in the axial direction. The 20 chords are aligned 
across the diameter of the pinch to measure the velocity profile. 
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Figure 3. Shear profile of the axial flow normalized in time to the 
length of the quiescent period. Each data point on the lower plot 
signifies the level of the magnetic fluctuations at the time of the 
ICCD image.  

Magnetic Fluctuations and 
Velocity Shear 

Characteristic plasmas made in the ZaP 
machine undergo three distinct phases. 
Early in time, the plasma is formed and 
accelerated into the assembly region of 
the machine. Magnetic fluctuations 
during this time are generally large until 
formation of the pinch. Once the pinch 
forms, the fluctuations diminish for the 
duration of what is called the quiescent 
period. The end of this period is 
characterized by an increase in the 
magnetic fluctuations. The end of the 
period also generally corresponds to a 
decrease in the current in the accelerator 
along with density.  

Over a series of shots, the velocity 
profile of the pinch can be found at 
different times throughout its life. In 
order to do this, the time of the profile 
must be normalized to the quiescent 
period of the shot, as the duration and 

relative timing of the period varies slightly from shot to shot. The normalized time is referenced as �, 
where � � � signifies the start of the period and � � � the end. When the series of shots is collected into a 
single contour plot, as shown in Figure 3, the evolution of the shear throughout the pulse can be followed. 
Early in time, the flow profile is uniform. At � � � the flow in the center of the pinch is slower than along 
the edges. Approximately halfway through the quiescent period, the shear profile reverses, with higher 
velocity flow in the center of the pinch. When the pinch loses quiescence, � � �, the flow profile again 
becomes uniform. 

When the shear profiles are viewed in conjunction with the density measurements, a more detailed picture 
can be investigated. The density exiting the acceleration region, shown by the characteristic pulse in 
Figure 2, undergoes three primary phases that match well temporally to shear evolution. In the first phase, 
� � �, as the ionized gas is expelled from the accelerator as the current sheet is assembling on the axis of 
the machine, the density has high peaks. These peaks correspond to the initial bulk regions of neutral gas, 
resulting from the gas-puff injection, in the accelerator as it is being ionized and fed into the pinch. Once 
these regions have passed, a more diffuse neutral gas is left in the region, giving a lower and steadier feed 
of plasma to the pinch as it too ionizes and accelerates. The steady plasma injection to the pinch region is 
supportive of formation and quiescence. The magnetic fluctuations decrease and shear increases. As the 
steady feed of plasma continues, other mechanisms in the pinch, such as viscosity and applied current, 
alter the velocity profile but do not end the shear. Once the steady flow of plasma from the accelerator 
ends, the shear profile rapidly decays leading to a loss of quiescence.  
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Figure 4. A schematic of the experimental modification to alter the supply to the plasma during the 
pulse. The alumina insulator near the end of the experiment is consistent with previous setups. The 
PTFE insulator is protected from the breakdown region by a second alumina insulator. Further      
'T'-shaped rings will be added between the insulators, but are not included in the above image. 

Gas Supply Modification and Future Work 

The two primary, life-limiting factors for the ZaP Z-pinch are believed to be the power input to the pinch 
and the gas supply in the accelerator that feeds the pinch. The characteristic pulse in Figure 2 exhibits 
both factors. The end of the quiescent period corresponds with a general decrease in the current through 
the machine, as characterized by the magnitude of the black trace in the center plot and the loss of the 
plasma supplied to the pinch. The power supply has recently been upgraded to change the input power 
characteristics. With the larger, 16 cm inner electrode, a regime was found where the plasma supplied to 
the pinch did not suddenly stop, leading to plasmas that are quiescent for much longer.  

The smaller, 10 cm inner electrode will be fit with two additional insulators in the accelerator region to 
create a larger plenum of gas to be filled before the pulse. In order to rapidly implement a low-cost 
alteration, a backup alumina insulator along with a longer Teflon (PTFE) piece will be added in series to 
the currently used alumina section. The alumina sections will be used on the upstream and downstream 
ends of the series for use in the vacuum seal and plasma face. Between each section, a ring with a ‘T’ 
shaped cross section will be installed to eliminate the gap between each insulator and reduce the chance 
of arcing across the insulators. 

The experiment will be optimized with the new run parameters, and the progression of the flow profiles 
will be mapped to find the corresponding changes in shear.�Changes in the evolution of the ionization 
front along with the stability of the pinch in other axial locations will also be closely monitored to follow 
the macroscopic behavior of the pinch. 
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Abstract.   The PFRC-2 device is being constructed to achieve goals set for compact toroids 
by the DOE ReNeW process: formation of stable, quasi-steady-state, high-� plasmas with keV 
temperatures. In this paper we describe a number of novel technologies that have been 
incorporated into the PFRC-2 to enable and accelerate research towards small, clean, practical 
fusion reactors. These technologies include polycarbonate as the vacuum vessel material and 
high-temperature superconducting internal passive coils for plasma equilibrium and stability. 

 
Keywords: FRC; rotating magnetic field; high-temperature superconductor; polycarbonate. 
PACS: 52.50.Qy; 52.55.Lf; 52.65.Cc  

 

I. INTRODUCTION 
        The Princeton field-reversed configuration device now under construction, the 
PFRC-2, is the second[1, 2] of a planned four-step research path towards small RF-
heated D-3He-fueled prototype fusion reactors. The PFRC-2 was designed to 
perform experimental tests of plasma physics kinetic theory[3, 4, 5] specific to 
small FRC devices heated by odd-parity rotating magnetic fields (RMFo),[6]  a 
radiofrequency method. The primary scientific questions to be addressed relate to 
goals  for  compact  toroids  stated  in the ReNeW report[7],  namely generating and  
sustaining stable keV  plasmas. 
       The PFRC approach avoids entering the MHD regime 
wherein macro-instability, especially the internal tilt mode, 
would be a major concern. The chosen kinetic regime 
requires that the ion gyroradius, 3i, be not much smaller 
than rs, the plasma radius, si < 4, or satisfy the criterion 
S*/4 < 3,[8] see Table 1. To accomplish this, we plan to 
make relatively small plasmas with high ion temperatures, 
Ti ~ 1.5 keV. Small plasmas require ion-heating systems 
different than those useful for larger plasmas. We opt for 
RMFo which has already shown the capability to heat FRC 
electrons well.[1] RF power systems in the required MHz 
range are highly efficient and extrapolate to full-scale 
reactor devices. Using this RF method necessitates a non-
conducting vacuum vessel for RF field penetration because 
reactor  designs  call  for  external  RF  antennae.   We have  

  

  Table 1. PFRC-2 
rs (m) 0.07 

Elongation,# 4 4 
Be (T) 0.13 

� (mVs) 0.6 
ne (1019 m-3) 1 

Ion species H+ 

Te (keV) 1.0 
Ti (keV) 1.5 

PRMF  (kW) 200 
5R/2� (106) 4.1 

BR/Be 0.05 
6E (ms) 0.09 

se = 0.3rs/3e 39 
si = 0.3rs/3i  0.7 
S*= rs5pi/c 0.97 
�D = vde/vti  0.53  

chosen polycarbonate, a readily machinable and tough material with good vacuum 
properties. Sustaining the plasma for many energy confinement times places 
demands on the coils that provide the confining, predominantly axial, magnetic 
field.  For good control of the plasma’s radial position and to reduce plasma contact 
with the polycarbonate vessel walls we chose internal passive coils, with their 
current arising inductively, in response to changes in plasma current and size. These 
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coils – one-turn rings – are called flux conservers (FCs). Simple rings of ordinary 
copper are too resistive to sustain induced currents for longer than a few ms. For the 
PFRC-2 we have developed high-temperature superconducting (HTS)[9] FCs, 
allowing for much longer pulse lengths. Section II describes details of the vacuum 
vessel, Section III of the HTSFCs and Section IV of the upgraded RF system.  
 

II. VACUUM VESSEL 
     The three main issues for the vacuum vessel were material availability, structural 
properties and vacuum properties. Analyses of vessel distortion under atmospheric 
pressure load showed that for acceptable levels of deflection and stress, penetrations 
for diagnostics must be smaller than a certain size, ca. 3” x 3”, and that a 5/8” wall 
was required. Conventional  suppliers for the required  polycarbonate  pipe were not  

 

 
Figure 1. Calculated deflection of polycarbonate 
vessel, with port covers attached, under vacuum load. 

found so we turned to the Plastics 
Manufacturing Center at the 
Pennsylvania College of 
Technology who manufactured the 
pipe to the desired dimensions and 
shipped it to PPPL. There 87 
penetrations and the required 66 
port covers were fabricated. The 
assembled vessel was then 
evacuated using a 50 l/s turbo 
pump and reached a base pressure 
of 2?10-6 T, predominantly of H2O, 
corresponding to an outgassing 
rate of 1.5?10-8T.l/s.cm2. The 
PFRC-2 will have a pumping speed  

of ~500 l/s, making that outgassing rate acceptable. The measured axial (+0.011”) 
and radial (-0.005”) deflections of the vessel under vacuum agreed with the 
numerical simulations, one example of which is shown in Fig. 1. 

 
 

III. FLUX CONSERVERS 
           The most relevant characteristic times for the PFRC-2 plasma are: 1) ion and  

 

 
Figure 2. Copper mandrel for the 
outermost FC, prior to embedding 
the HTS. The ID is ~ 13 cm. 

electron energy confinement; 2) particle 
thermalization and heating; 3) inductive, e.g., 
field penetration and current ramp-up and decay; 
4) equilibration of recycling; and 5) macro-
instability growth. In the PFRC-1, the longest 
characteristic time is due to recycling and is near 
2 ms. For the PFRC-2 we expect the instability, 
heating, energy confinement, and inductive times 
be much less than 1 ms, under which conditions 
6p = 100-ms-duration plasmas would be adequate 
for attaining steady state. To prevent changes in 
the plasma due to decaying currents in the FCs, 
we  required  their  L/R  “skin”  time  to  exceed 
6FC = 106p = 1 s  and  accomplished  this  goal  by  
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embedding HTS tapes[10] in copper mandrels, cooled by liquid nitrogen flowing 
through \” copper tubing, silver soldered into the circumference, see Fig. 2. 
Twenty-five turns of HTS tape were placed in the inner trough, see Fig. 2, and 
soldered in place with Pb-Sn eutectic rosin-core solder. A wide range of 6FC, up to 
1200 s, was achieved by varying the HTS winding pattern, with critical current 
being  inversely  related  to  6FC.[7]   At  the selected 6FC = 1 s, the critical current, 
Ic, of each FC is 2 kA, sufficient to support the plasma parameters listed in Table 1.  
       The FCs are clad in 1.25-mm-thick boron nitride (BN) shields, to reduce the 
thermal radiation and plasma heat loads on the HTSFCs and also to lower the Z of 
impurities sputtered into the plasma.  We deem it fortuitous that sputtering will 
produce p-B plasma. Eight FCs are arranged in a coaxial linear array, separated 
from  each  other  by  about  5 cm.   Four  alumina  rods, used to align the FCs, pass  

 

 
Figure 3. Photograph of the PFRC-2’s polycarbonate vessel 
with port covers, diamagnetic loops, and BN-covered HTS FCs. 

through guide holes in the
copper mandrel located at r
~ 10 cm and extend the
length of the array. 
       The fully assembled
vacuum vessel, with six
diamagnetic loops and eight
BN-covered HTSFCs
installed, is shown in Figure
3. The Viton-sealed port
covers are held in place by
black nylon screws, to avoid
their heating by the RF. 

 
 IV. RF SYSTEM 

 Hamiltonian[2, 3, 4] and PIC[5] modeling show that plasma heating, current 
drive, energy confinement and stability all benefit from the use of RMFo. Based on 
these, we estimate that the PFRC-2 requires an RMFo system capable of producing 
a rotating field strength up to BR = 65 G at 4.1 MHz, corresponding to 200 kW. For 
6p = 0.1 s, power dissipation in the RF cables, antennae coils, and tank capacitors 
limits the duty factor to ~1%. Changes in plasma impedance during a pulse 
necessitate real-time changes in RF system frequency by 0.5%. This is consistent 
with common Q values, ca. 100, for RF tank circuits in the MHz range. 
        The selected five-element train of RF source plus amplifiers is shown in Fig. 4. 
The SRS DS345 is a digital, accurate, highly stable, tunable frequency source. 
Three commercial amplifiers follow and feed the 200 kW final stage whose output 
is passed through a 90° hybrid splitter which also provides phase control and 
isolation from load changes.   This is a narrow band device, ±2.5% of the center 
frequency for a power imbalance of 5%. It consists of capacitors with a reactance of 
-j2Zo and a coupled inductor with a reactance of jZo. The hybrid is made tunable 
with vacuum variable capacitors and by changing the number of ferrite cores on the 
coupled inductor. The splitter is a 4-port device:  input, ±45° outputs, and an 
isolated  output.  A  useful  feature  of  90° hybrids  is  that  when the load reflection 
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coefficients are equal all reflected 
power is diverted to a dummy 
load. The source will be able to 
keep the forward power constant 
despite loading changes. The 
matching network must 
transform the impedance of the 
plasma and RMF coils, a few 
tenths of an Ohm, to 50 Ohms 
and survive voltages and currents 
of 25 kV peak and 1000 A rms 
when  no  plasma  load is present. 

 

 
   Figure 4. PFRC-2 200-kW RF system schematic. 

RF will be delivered to the RMFo coils via RG-211 coaxial transmission lines. The 
matching network consists of a combination of variable and fixed vacuum 
capacitors. At 4.1 MHz, about 2500 pF is needed. The system has been constructed 
and tested into a dummy load to 195 kW for 5-ms pulses. 
 

V. SUMMARY 

 

 A 22.7-cm-ID polycarbonate vacuum vessel has been fabricated for the 
PFRC-2. It has sufficient penetrations and ports for extensive diagnostics, cryogenic 
and electric feedthroughs and vacuum pumping to meet the demanding standards at 
this stage of FRC research. High-temperature superconductor internal coils, cooled 
by liquid nitrogen and covered with BN shields, have been fabricated and tested. 
They have skin times of 1 s and critical currents near 2 kA, the latter necessary to 
increase the in-pulse FRC magnetic field above 1 kG. Both 6FC and Ic are sufficient 
for sustaining quasi-steady-state FRC plasmas with keV ion and electron 
temperatures. The RF power system has been upgraded from 20 to 200 kW. Kinetic 
calculations predict that the combined effects of larger vessel size, stronger 
magnetic fields, and higher RF power are necessary for the creation of plasmas with 
kilovolt electron and ion average energies. 
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Abstract 
Field-reversed configuration (FRC) is an elongated compact toroid which is formed with no or modest toroidal magnetic field. 
A unique feature of the FRC is axial translation with the velocity which reaches the Alfven speed. To control the plasma 
parameters such as density, temperature and magnetic flux, the translation process has received renewed interest. 
Translation into the neutral gas atmosphere produces NBI-like particle injection into the translated FRC with the relative 
velocity. This has made density build-up and delayed onset time of n = 2 rotational instability. Also to control translation 
velocity, the effects of metallic chamber and coil spool have been investigated. A deceleration force produced by the induced 
currents on chambers and spools could become approximately 10% of the acceleration one generated by the gradient of the 
magnetic guide field. To investigate these effects experimentally, FRC translation was performed with a toroidal cut on the 
coil spool. In the case with toroidal cut, typical translation velocity was increased from 100 to 170 km/s. 
Control of aspect ratio has also been tried with a FRC translation to study the dependency of stability on an elongation of FRC. 
To control the FRC shape, a confinement region with fat shape named FAT (FRC Amplification via Translation/Transformer) 
has newly been built. 
 
1. Introduction 

In the most realistic scenario of FRC based fusion reactor [1, 2], a FRC is translated and 
maintained in a quasi-steady field. However, it has been observed that the dissipation of energy and 
global (wobble) motion triggered in a translation process [3, 4]. Also to apply neutral beam 
injection (NBI), which is most efficient heating method for high-beta (low magnetic field) FRC, it’s 
necessary to increase trapped flux and/or flux build-up via current drive. In the translation 
experiments performed on the modified NUCTE-III, it was found that the metallic shell is effective 
to suppress the global motion, and/or to control translation velocity.

Therefore, in this research, control the instability and confinement have been tried through the 
translation process. Firstly, as a passive control technique of FRC, design and arrangement of 
metallic coil spool and end chamber has been optimized to control FRC translation. Secondly, as 
another passive control technique of FRC, equivalent NBI (E-NBI) has been applied by translating 
FRC into a neutral atmosphere. 
 
2. Experimental setup 
2.1. NUCTE-III 

The NUCTE (Nihon University Compact Torus 
Experiment)-III is a negative biased theta-pinch facility.
A quartz chamber, 2.0 m in length and 0.256 m in 
outside diameter, was used for discharge tube. In the 
series of experiments, the theta-pinch coil has been 
arranged for translation experiment as shown in Fig. 
1(a). A typical bias field is 0.032 T and a main field is 
0.5 T with the rise time of 4 μs. Theta and z 
preionization techniques are available. To provide 
deuterium gas into the formation chamber, a fast 
solenoid valve has been employed. The typical plasma 
parameters are listed in table 1.
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Table 1. Typical plasma parameter 
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2.2. NUCTE-T 

The NUCTE facility has a confinement region named NUCTE-T. This has a quartz discharge 
tube, 1.4 m in length and 0.4 m in outside diameter, and two stainless-steel conical chambers on 
each end as shown in Fig.1 (a). The quasi-static confinement external magnetic field is generated by 
a set of eight coil spools for straight region and a set of four coil spools for each mirror field. The 
external field strength is approximately 0.08 T at the midplane with the mirror ratio of 3.9. Fig. 1(b) 
indicates the axial profile of magnetic field. The FRC is translated along the gradient of the guide 
field. 

 
 

 
 
3. Experimental results 
3.1. Passive plasma control with coil spool 

A deceleration force produced by the induced 
currents on coil spool could become approximately 
10 % of the acceleration one generated by the 
gradient of the magnetic guide field. To reduce this 
force, FRC translation has been performed with a 
toroidal cut on the coil spools. In this case, the 
translation velocity has been increased from 100 
km/s to 170 km/s.  Also the total temperature has 
been increased from 40 eV to 120 eV after 
reflection at the magnetic mirror field. 
 
3.2. Equivalent NBI effect 

Translation into the neutral gas atmosphere 
produces particle injection into the translated FRC 
with the relative velocity. We named this equivalent 
NBI (E-NBI). The E-NBI has been examined on the 
NUCTE-III/T device experimentally with various 
background gases of deuterium, helium and argon. 
Amount of injected gas calculated from charged 
pressure after FRC generation is correspond 
approximately to 0.05 m Torr in the case with 
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deuterium. The Fig. 2 (a), (b) and (c) indicate time evolution of maximum sepratrix radius, electron 
number and intensity of bremsstrahlung (550±5 nm) at the confinement region, respectively.

As some of the positive effects of E-NBI, delayed onset time of n = 2 rotational instability and 
increased electron inventory have been observed in the case with deuterium and helium. But in the 
case with argon, significant positive effect has not been observed. 
 
4. Control of aspect ratio 

Control of aspect ratio has also been tried in a 
translation process. There are differences of nature 
between conventional theta-pinch, i.e. prolate 
high-density FRC and merging formed ablate FRCs. 
Therefore, a new translation chamber has been 
constructed. This has been designed to modify the 
separatrix shape from prolate into oblate while the 
FRC keeps the natures of theta-pinch FRC. Also the 
Oblate FRC might accept center solenoid for an 
inductive current drive. Figure 3 is a schematic 
diagram of the FAT device. The FAT has a half of 
length and twice larger outer diameter compared to NUCTE-T. The designed typical external 
magnetic field is 0.08 T at the midplane and the mirror ratio is 3.8.  

 
5. Summary 

Translation velocity and stored energy after the translation process has been increased with the 
toroidal cut on the coil spool by preventing the induced current. As one of the positive indicator of 
E-NBI, the inventory of electron has been increased and onset time of n = 2 rotational instability 
has been delayed in the case with deuterium and helium case. To control FRC shape, new 
confinement chamber has been built and initial experiments will be started soon. 
 
Acknowledgement 

The support from Fusion Plasma Laboratory, Nihon University is gratefully acknowledged. 
This work was partially supported by Grant-in-Aid for Scientific Research (KAKENHI) 21740403 
and 19560829, Nihon University Symbolic Project and Nihon University Strategic Projects for 
Academic Research. 
 
Reference 
[1] H. Momota, O. Motojima, M. Okamoto et al., Research Rep. NIFS, (1993) 251. 
[2] M. W. Binderbauer, H. Y. Guo, M. Tuszewski et al., PhysRevLett.105, (2010) 045003. 
[3] T. Intrator, S. Y. Zhang, J. H. Degnan et al., Phys. Plasmas 11, (2004) 2580. 
[4] K. Fujimoto, M. Okada, H. Gota et al., Phys. Plasmas 12, (2005) 102513. 
 
 
 
 
 

Center coilMirror coil Mirror coil

Metal chamber Metal chamber

Quartz discharge tube

Fig.3 FAT devise 

Control of field-reversed configurations through a translation process H. Uriu, et.al.

63



Three-Axis Magnetic Field Measurements in the TCSU RMF 
Current Drive Experiment 

Katherine M. Velas  
Redmond Plasma Physics Laboratory, University of Washington 

Richard D. Milroy 
RPPL and PSI-Center, University of Washington 

 
 
 

Fig 1. A schematic of the TCSU experiment 

A field reversed configuration (FRC)1 is a compact toroidal plasma confined 
primarily by closed poloidal fields and little or no toroidal field, giving it a naturally high 
�. In the translation, 
confinement, and sustainment 
upgrade (TCSU) device2 
rotating magnetic fields 
(RMF) are used to form and 
sustain an FRC in quasi-
steady state. A sketch of 
TCSU is shown in Figure 1.
 3A three-axis probe  was installed on TCSU shortly before its final shutdown. The 

s or 

 cm and can 
probe t

 3 ms with plasma 
densitie

three-axis internal magnetic field probe consists of 30 pick-up loops in each direction, x, 
y, and z, located at the same radial position. Figure 2 shows one triplet of loops with the 
400 turn y loops under the 40 turn x and z loops. The probe spans from r = 37 cm, 
through the axis at r = 0, out to r = 6.5 cm 
with windings every 1.5 cm. The loops are 
wound with 2 mil gold-plated tungsten 
wire on a 40 mil Kapton form, covered 
with gold-plated Kapton electrostatic 
shield, and insulated with an additional 
layer of Kapton. The insulated probe is 
placed in a thin wall stainless steel tube 
that forms the vacuum boundary; the stainles
high voltage insulation up to 22 kV. A final sheath of boron nitride acts as the plasma 
facing surface and provides additional insulation. The boron nitride has a 5 mm outer 
diameter. Probe construction ensures good frequency response up to 5 MHz. 

The three-axis probe is axially translatable from z = +138 to z = -132

Fig 2. One winding triplet from three-axis probe

steel is covered with Teflon heat shrink f

he entire FRC as well as the open field line region.  
The probe was built to withstand TCSU plasma pulses of
s around 1019 m-3 up to approximately 300 eV. Total temperature in TCSU is 

typically 50-100 eV. The probe is non-perturbing; external diagnostics show no change in 
plasma parameters with or without the probe inserted. The probe was calibrated with a 
known magnetic field that was calculated using a Biot-Savart solver and current 
transformer (Pearson) probes, which measured the current in the wires of a Helmholz 
coil. The calculation was verified with magnetic loops with well known area. The probe 
is oriented such that loops in the z-direction measure Bz, the bias and main FRC field; 
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loops in the x-direction measure B¡, the RMF; loops in the y-direction measure Br, the 
radial magnetic field.  

Fig 3. Illustration of RMF 

 Once the three-axis probe was fully functional a variety of parameters were 
explored to find highly repeatable FRCs needed to make a scan of the machine. Scans 
with the three-axis probe were made by 
positioning the probe at multiple axial 
positions and taking multiple repeatable 
shots. Combining all the data yields a full 
r-z map of the magnetic field. Scans were 
made at 87 kHz and 122 kHz for even-
parity RMF and at 107 kHz and 150 kHz 
for odd-parity RMF. These frequencies are 
resonances in the RMF tank circuit and 
are optimal for FRC performance. Figure 
3 shows an illustration of windings and 
vacuum field lines from a single phase of 
the two phase RMF antenna for even- and 
odd-parity.  

Initially, the data from the three-axis probe has been filtered with a low pass filter 
at 10 kHz to capture the steady field. Higher frequency content has greater shot-to-shot 
variability making it difficult to match throughout the scan. The filtered data can be 
compared to the n=0 component of the magnetic field from NIMROD simulations 
performed using parameters to match TCSU FRCs4. Even- and odd-parity simulations 
were done for a 122 kHz RMF in order to make a direct comparison between even- and 
odd-parity. 122 kHz and 107 kHz probe scans are shown in figures 4 and 5, respectively, 
with the results of the NIMROD simulation. The lines are flux contours; the color 
indicates the magnitude of the toroidal field. There is general qualitative agreement in the 
size of the FRC and the toroidal field profile.  
However, the magnitude of the toroidal field is larger in the simulation; further analysis is 
needed for a detailed comparison. 

 

 
Fig 4: (a) even-parity probe scan at 122 kHz.  (b) NIMROD simulation of even-parity at 122 kHz  
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Fig 5: (a) odd-parity probe scan at 107 kHz.  (b) NIMROD simulation of odd-parity at 122 kHz  

 
 The three-axis probe allowed the FRC jet to be probed for the first time, allowing 
for a direct measurement of the end-shorting torque5 which opposes the RMF torque. The 
magnetic torque transmitted at any axial location can be calculated using the Maxwell 
stress tensor as  

rddBBrT
R

z
o

z � ��
0

2

0

21 	

� �
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    (1) 

The RMF torque transmitted from the antenna to the FRC is given by 

� ��
	

� �
�

2

0

2

1

2 z

z
r

o
RMF dzdBBRT     (2) 

In the TCSU experiment, the RMF torque is estimated based on  
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where B¢ is the RMF field strength based on the measured current in the RMF antenna, la 
is the RMF antenna length (1.2 m in TCSU), and f(£) = 0.16 

The end-shorting torque at +/- 123 cm is shown in figure 6. During the steady-
state period of the FRC, the total torque that opposes the RMF at 123 cm is 
approximately 0.8 N-m for even-parity and 0.9 N-m for odd-parity.  The end-shorting 
torque increases with distance from the FRC. The estimate of RMF torque in figure 6 is 
from Eq. (3). However, Milroy4 shows that this might be too low; the calculation of the 
RMF torque using Eq. (2) will yield an accurate result for a comparison to the shorting 
torque for both even- and odd-parity.  
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Internal magnetic field measurements have already given important insight into 
the internal structure, open field line region, and general behavior of TCSU plasmas. 
Plans include a detailed analysis of the axial variation of the shorting torque and a 3D 
reconstruction of the magnetic field using the steady 10 kHz data with the RMF 
frequency data.   

Fig 6:  Left: End-shorting torque at +/- 123 cm for even- and odd-parity.  
           Right: RMF torque for even-parity 
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The snowflake divertor configuration: a game-changer for magnetic fusion devices? 
 
V. A. Soukhanovskii, R. E. Bell, S. Gerhardt, E. Kolemen, B. P. LeBlanc, J. E. Menard, 
A. McLean, S. F. Paul, T. D. Rognlien, D. D. Ryutov, F. Scotti, J.-W. Ahn, D. Battaglia, 
A. Diallo, R. Kaita, S. Kaye, H. W. Kugel, R. Maingi, D. Mueller, M. Podesta, R. Raman, 
A. L. Roquemore, S. A. Sabbagh 
 
Recent results from NSTX support the snowflake divertor (SFD) configuration [1] as a 
promising plasma-material interface (PMI) concept for future magnetic fusion energy 
devices, through the demonstration of the SFD with significant divertor peak heat flux 
reduction and impurity control simultaneously with good H-mode confinement. In ITER 
and future tokamaks, the divertor PMI must be able to exhaust steady-state heat fluxes up 
to 10 MW/m2 with minimal material erosion. In spherical tokamaks (STs), these 
requirements are aggravated by the inherently compact divertor geometry. The NSTX, a 
medium-size low-aspect ratio (A�1.4) tokamak with high divertor heat flux (qpk � 15 
MW/m2, q|| � 200 MW/m2), is well suited for novel divertor configuration studies. The 
SFD concept uses a second-order null-point created by bringing close two first-order 
null-points of the standard divertor configuration [1]. In recent NSTX experiments, a 
steady-state SFD has been maintained for up to 600 ms using three divertor magnetic 
coils running with pre-programmed currents in 4 MW NBI-heated H-mode discharges of 
1.0-1.2 s duration. A dedicated effort to develop a real-time feedback control of the 
primary and secondary null positions by the NSTX plasma control system is underway. 
When compared to the standard divertor geometry, the SFD in NSTX showed an increase 
in plasma-wetted area by 100-200 % and an increased divertor volume (with an X-point 
connection length increased by 50-100%) [2]. The SFD formation in NSTX was always 
accompanied by a partial detachment of the outer strike point with an up to 50 % increase 
in divertor radiation from intrinsic carbon, the peak divertor heat flux reduction from 3-6 
MW/m2 to 0.5-1 MW/m2, and a significant increase in divertor volume recombination. 
High core confinement was maintained with the SFD, evidenced by the �E, WMHD and the 
H98(y,2) factors similar to those of the standard divertor discharges. Core carbon 
concentration and radiated power were reduced by 30-70 %, apparently as a result of 
reduced divertor physical and chemical sputtering in the SFD and ELMs. In the SFD 
discharges, the MHD stability of the H-mode pedestal region was altered leading to the 
re-appearance of medium size (�W/W=5-10 %), Type I, ELMs otherwise suppressed due 
to lithium conditioning [3]. Fast measurements showed that impulsive particle and heat 
fluxes due to the ELMs were significantly dissipated in the high magnetic flux expansion 
region of the SFD. The benefits of the SFD concept are being combined in NSTX with 
radiative divertor techniques and lithium-coated plasma facing components in PMI 
experiments aimed at the next step ST-based toroidal facilities. Supported by the U.S. 
DOE under Contract DE-AC52-07NA27344, DE-AC02-09CH11466, DE-AC05-
00OR22725, DE-FG02-08ER54989. 
References 
[1] D. D. Ryutov, Phys. Plasmas 14, 064502 (2007) 
[2] V.A. Soukhanovskii et. al, Nucl. Fusion 51 (2011) 012001 
[3] R. Maingi et. al, Phys. Rev. Lett. 103 (2009) 075001 
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Use of ICC Facilities for Plasma-Material Interaction Testing 
Rob Goldston 
Princeton Plasma Physics Laboratory, Princeton University 
Abstract Text: 
The power density along the field lines in the scrape-off layer of machines of the class of NSTX-
U is in the range of 400 MW/m^2. The parallel heat flux in devices of the class of a fusion power 
plant are likely to be at least 3x greater. It is crucial for the future of tokamaks and stellarators to 
develop the plasma science and component technology to handle such high plasma heat fluxes. 

It would be valuable to produce parallel plasma heat flux at these power densities, impinging on 
test components at highly tangential angles, as planned in tokamaks. To achieve 400 MW/m^2 
using parallel electron thermal conduction, as is generally believed to occur in tokamak scrape-
off layers, requires upstream temperatures in the range of 50 to 100 eV and, for appropriate 
collisionality, densities in the mid 10^19/m^3 range, with field-line lengths to the plasma target 
of ~ 5 meters. This would allow not only component technology testing, but also testing of 
effects such as self-shielding through surface evaporation (e.g., of liquid lithium) and consequent 
radiative plasma cooling. 

It seems that a Gas Dynamic Trap (GDT) might be well suited for this purpose. Consider a 10 
cm radius plasma with a mirror ratio of 13. The throat radius is 2.8cm, and its area therefore 25 
cm^2. If 1 MW of power emerges from this throat the heat flux is 400 MW/m^2. If the field in 
the main plasma is 800G, n_e = 3 10^19/m^3 and T_e = 50 eV, then beta_e is a relatively 
modest 10%. The field in the throat plasma is 1T, required to emulate NSTX-U.  

The greatest extrapolation from current experience with GDT devices appears to be a 1000-fold 
increase in pulse length, from 5 msec to 5 sec, adequate for testing components for NSTX-U, and 
in general for developing liquid plasma-facing components since high-fluence operation is not a 
critical issue for such systems. All of the plasma physics and component technology issues 
should be in steady-state within about 5 seconds. 

There are critical issues for GDT operation with mirror expansion only at one end, and at the 
other a quadrupole shaping magnet followed by a curved magnetic guide field leading to 
tangential non-axisymmetric impact at the target. Even if interchange stability is preserved by 
design of the magnetic field geometry, the effects of electric fields arising from the non-
axisymmetric target need to be evaluated. 

Are there other ICC devices that could provide the needed plasma parameters? 
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Recent Results from LTX 
Richard Majeski, L. Berzak,E. Granstedt, C. M. Jacobson, R. Kaita, Tl Kozub, B. Leblanc, D. P. 
Lundberg, M. Lucia, J. Squire, L. Zakharov, T. Biewer, T. Gray, R. Maingi, K. Tritz, C. E. 
Thomas, V. Soukhanovskii 
Princeton Plasma Physics Lab 
Abstract Text: 
LTX is a low aspect ratio tokamak with R=0.4 m, a=0.26 m, and elongation=1.5. Design goals 
include a toroidal field of 3.2 kG, plasma current up to 400 kA, and a discharge duration of order 
100 msec, although in 2010 the device operated at reduced parameters. LTX is the first tokamak 
designed to investigate modifications to equilibrium and transport when global recycling is 
reduced to 10 – 20%. LTX is fitted with a 1 cm thick heated (300 – 400 °C) copper liner. The 
plasma-facing surface of the liner is 1.5 mm stainless steel, explosively bonded to the copper, 
and is designed to be coated with lithium. The lower liner sections will retain several hundred 
cubic centimeters of liquid lithium, to form a lower liquid lithium limiter similar to that 
employed in CDX-U. [R. Majeski et al., Phys. Rev. Lett. 97 (2006) 075002] LTX is the first 
tokamak designed entirely to accommodate high temperature walls and a large in-vessel 
inventory of liquid lithium. 

In 2010 LTX was operated with two new lithium evaporation systems. No other wall 
conditioning techniques such as boronization were employed, and there are no low-Z limiters, to 
prevent formation of sputtered low-Z (e.g. carbon) films, which react with lithium and increase 
recycling. Early discharges against the uncoated stainless steel liner wall in LTX were therefore 
impurity-dominated, with plasma currents in the 10 – 15 kA range, and short discharges of 4-6 
msec duration. Operation with solid lithium liner coatings produced discharges with greatly 
increased plasma currents, up to 70 kA, and an increase in discharge duration to 20 msec. These 
parameters are similar to CDX-U discharges obtained with similar lithium wall coatings. 
Preliminary Thomson scattering data indicate core electron temperatures of 100 – 150 eV. 
Although good discharge parameters were obtained with room temperature, solid lithium wall 
coatings, operation with hot (300 °C) walls and presumably molten lithium films was not as 
effective. With hot walls, very rapid passivation of the lithium coatings was observed. Initial 
indications are that passivation was primarily due to segregation of oxygen and other impurities 
to the surface when the lithium is liquefied. These results are also relevant to NSTX operation 
with the LLD (liquid lithium divertor) system, and will be revisited in 2011. In late 2010, the 
device was vented. For the 2011 run, both bakeout and active cooling of the vacuum vessel is 
being implemented, along with a novel set of lithium getter pumps. The intent is to significantly 
reduce the rate of passivation of the liquid lithium surface. A new liquid lithium filling system 
for the lower shell segments has been designed, and is currently being fabricated. These new 
systems will all be operable in summer 2011, and preliminary results will be presented. 

Supported by US DOE contracts DE-AC02-09CH11466 and DE-AC52-07NA27344 
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The ORNL collaborative boundary physics program on LTX, and its synergy 
with the NSTX boundary physics program

T.K. Gray1,2, T.M. Biewer2, J.M. Canik2, R. Maingi2, A.G. McLean2, D.P. Boyle3, E.M. 
Granstedt3, R. Kaita4, and R. Majeski4

1Oak Ridge Institute for Science and Education, Oak Ridge TN, USA
2Oak Ridge National Laboratory, Oak Ridge TN, USA

3Princeton University, Princeton NJ USA
4Princeton Plasma Physics Laboratory, Princeton NJ USA

Abstract
Several devices, e.g. CDX-U and NSTX, have shown the benefits of lithium as a plasma-facing component (PFC), 
including enhancement of energy confinement and suppression of edge localized modes [1, 2, 3].  Building on this 
success, the Lithium Tokamak Experiment (LTX) [4] was designed with a temperature-controlled metallic shell 
onto which lithium is evaporated, representing ~ 90% of the PFC surface area. The primary effect of lithium is to 
reduce the recycling at PFCs and edge neutral density; nearly all other effects follow from this. The ORNL 
collaborative boundary physics program on LTX aims to assess the effects of lithium on the edge power, 
momentum, and particle balance. A simple torque balance with momentum input from a neutral beam shows that 
the predicted toroidal rotation speed increases quickly with decreasing recycling coefficient or neutral density. To 
verify these basic predictions, a set of diagnostics is being implemented; the centerpiece is a dedicated Charge 
Exchange Recombination Spectroscopy (ChERS) system to quantify the poloidal and toroidal rotation speeds, ion 
temperatures, and radial electric fields. Filterscopes, calibrated Hα and lithium cameras, and medium resolution 
compact visible-range Czerny-Turner spectrometers will help quantify the change in edge recycling source with 
lithium, and dual-band thermography [5] will quantify the PFC response to plasma bombardment. Interpretive 
analysis of the effects of lithium will be accomplished through 2D fluid edge plasma and kinetic neutrals modeling 
with SOLPS package, which has already been used [6] to quantify the effects of lithium on the edge plasma in 
NSTX. 

1. Introduction
While the main line mission of the Lithium Tokamak Experiment (LTX) is to examine the effect of liquid lithium 
PFCs on core/global discharge characteristics, a wide body of tokamak research has demonstrated the 
dependence of the core parameters on the edge boundary conditions, e.g. as in high confinement modes (H-
modes) achieved in most major fusion devices. Lithium PFCs clearly alter the plasma-wall interactions and edge 
plasma characteristics, which then provides a different, more favorable boundary condition for the core plasma. 
Therefore, we have chosen to focus on edge plasma studies, because they are crucially important for unfolding 
the effect of lithium PFCs on core conditions. Furthermore ORNL staff have substantial edge plasma expertise in 
general, and a lead role on edge physics studies in the nearby NSTX device.
! Specifically our program is to lead the evaluation of the effect of liquid lithium plasma facing components 
(PFC) on the boundary plasma characteristics. This has two coupled components: (a) execution and analysis of 
experiments, including physics analysis support with detailed modeling with the SOLPS code, and (b) installation 
of new diagnostics needed for those experiments. The two main research goals are: 1) to evaluate the effect of 
reduced edge neutral density on core fueling, edge charge exchange momentum loss, and plasma kinetic 
profiles; and 2) to evaluate the generation and transport of impurities from plasma-wall interactions through 
spectroscopy and thermography.

2.  Interpretive Modeling of Edge Plasmas in NSTX
Interpretation of the effect of lithium walls on the LTX edge plasma will be performed with the SOLPS code[7]. A 
toroidally symmetric limiter arrangement makes the LTX ideal for 2-D modeling. The fundamental approach is to 
use as many experimental constraints as available to determine the free parameters in the calculation; the final 2-
D solution consistent with those measurements can be used to quantify the source and sink terms associated with 
recycling, which are critical to the interpretation of the edge particle, momentum and energy balances.
! SOLPS is a coupling[7] of the fluid code[8] B2 to solve the plasma equations, and the Monte Carlo code 
EIRENE[9] to treat the neutrals. The equations solved in the B2 part are based on the Braginskii equations[10], 
which include the ion and electron momentum, continuity, and internal ion and electron energy balance equations. 
The code has the capability to include classical cross-field drifts (e.g. ExB  drifts), although this ability is less 
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commonly used because of convergence problems. The ion fluxes onto solid surfaces as calculated by B2 are 
passed to EIRENE, which then calculates the neutral source terms (i.e. particle source due to ionization, and ion 
heat and momentum transfer due to charge exchange) are handled by EIRENE. These source terms are in turn 
passed back to B2 to be included in the balance equations, and this process is repeated until convergence of the 
main plasma parameters is achieved.
! Plasma transport in the direction parallel to the magnetic field is treated as classical in SOLPS, with 
corrections to account for kinetic effects (e.g. “free-streaming” limits).  Transport across flux surfaces is treated 
with user-specified transport coefficients to model the effects of anomalous transport. For a given set of these 
coefficients, SOLPS yields a prediction of the edge plasma and neutrals properties that are generally useful e.g. 
in designing new experiments.  On the other hand, these transport coefficients can be adjusted to provide a 
match to experimental data, so that the code is used in an interpretive sense[11, 12]. In principle these transport 
coefficients can have poloidal and radial variations as specified by a physics-based or empirical model; practically, 
the cross-field transport coefficients we employ are allowed to vary across the magnetic field as need to match 
data, but are constant along a flux surface.
! Recycling in SOLPS is treated with a dimensionless local recycling coefficient R at plasma facing surfaces, 
which specifies the ratio of ion flux onto targets to the neutral flux back into the plasma. Typically values near unity 
are used for R, since the near surface layers in most materials saturate with particle flux in steady state, such that 
nearly all of the incident ions are recycled as neutrals. However, this is not the case with strong pumping due to 
lithium PFCs, and so the proposed interpretive modeling of LTX will entail adjusting the recycling coefficient to 
best match measurements.
! An example of interpretive modeling of lithiated NSTX discharges using SOLPS is shown in Fig. 1 [6].  By 
using experimental measures of the midplane ne, Te and Ti to constrain the simulation as well as divertor 
measures of heat flux and particle allows the determination of the free parameters in the simulation such as the 
perpendicular electron thermal  and particle diffusivities, χ⊥e and D⊥e respectively as well as the recycling 
coefficient.

3.  Momentum and Energy Balance with Low Recycling Plasma Facing Components
The use of lithium in LTX is expected to substantially reduce the recycling flux and neutral density, based on basic 
considerations of lithium-deuterium interactions and the experimental evidence[1,13,14] from CDX-U and also 
from NSTX lithium coating experiments[2,3,15-17]. Consequently the charge exchange rate between ions and 
neutrals, which is proportional to the product of the ion and neutral density, should be reduced.
! While charge exchange events affect the particle balance in a subtle way, namely by enhancing neutral 
penetration as the neutrals come into thermal equilibrium with the edge ions through multiple charge exchange 
events, they affect the momentum and energy balance in a more direct way. Specifically much of the ion 
momentum along the field is lost in the charge exchange process as the incoming neutrals typically have a 
random velocity distribution. Hence charge exchange reactions effectively exert a large drag on the edge velocity, 
and reducing the charge exchange rate will enable the edge plasma to spin more rapidly. In a similar manner, the 
charge exchange events also represent a sink to the ion thermal energy, as incoming wall neutrals come into 
thermal equilibrium with the local Ti. Thus reducing charge exchange should enable higher edge ion temperatures 
as well. Because the edge values set a boundary condition upon which the core profiles are based, global energy 
confinement could also increase. Note that the charge exchange process does not impact the gross particle 
balance directly, in that the ion and neutral merely exchange identities. However the overall neutral density 
reduction does lead to reduced core fueling from recycling, and a change in the fueling profile, owing to a longer 
ionization mean free path.
! A simple 0-D model is use here to illustrate the anticipated strong dependence of neutral density, 
momentum drag, and the edge rotation speed on the global recycling coefficient. The global torque balance, 
assuming spatially constant toroidal rotation is given by:

where R0 is the plasma major radius, TNBI is the total torque from the neutral beam injection, and " n = n0〈#v〉 is

the damping rate due to neutral friction, n0 is the neutral density and〈#v〉is the charge exchange reaction rate 

parameter. The neutral beam torque is computed for a 20 keV beam [18] with 3A of absorbed current and a 
tangency radius of 0.5 m, yielding a total torque input of ~ 0.05 N-m.  Using a reference LTX scenario[4] with an 
average density <ne> =1.0(10)19 m-3, a plasma volume of 1.7 m3, a particle inventory of 2.7(10)18, and an 
assumed momentum confinement time ~ reference energy confinement ~ 60 ms, a very high toroidal rotation 
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speed vϕ = 160 km/sec is predicted as R approaches 0 as shown in Fig. 2a. This assumes vϕ can be treated as 
an average speed; the vϕ radial profile is expected to be peaked in the center.
! Charge exchange will reduce this flow speed, and in this paragraph we crudely quantify the dependence of 
that drag on the global recycling coefficient, R. For the drag due to charge exchange friction, a simple fit
[19]! is used where〈#v〉= 10-14 Ti0.318 [m3/s].  The reference simulation[4] of LTX lists a central Ti up  to ~1.6 

keV, giving a〈#v〉rate coefficient of 10-13 m3/s. For an assumed average neutral density of 1016 m-3, a damping 

rate of 1050 s-1 is computed, which is strong enough to be dominant over the momentum transport rate. For 
simplicity, we assume that n0(R) ~ C0/(1-R) for now, with a value of C0 = 1016 m-3 at R  = 0.99. Thus using this 
relationship  and the torque balance above, the toroidal rotation speed is expected to increase strongly as the 
global recycling coefficient and neutral density are reduced with lithium wall pumping; see figure 2b  blue curve. 
Figure 2 also shows a calculation assuming a 50% reduction in the momentum confinement and central 
temperature, in case the experimental values turn out lower than the predictions. In either case, it is clear that the 
toroidal rotation speed should depend strongly on the recycling coefficient and neutral density. While other effects 
(e.g. the edge plasma becoming more transparent with reduced R and density) reduce the strength of the shown 
dependences, the simple calculation does illustrate the anticipated dominant impact of neutrals on plasma flow in 
LTX.  The expectation that the lithium in LTX will reduce recycling and profile peaking[20] is fully corroborated by 
the recent data from the CDX-U and NSTX devices, as well as data from several other toroidal facilities that use 
lithium wall coatings. 

4.  Conclusions
The ORNL/LTX collaboration is centered around the study of edge particle, energy and momentum transport in 
the extreme limit of near-zero recycling.  To help  accomplish this, measurements of visible line radiation from the 
heated shells are measured to estimate impurity efflux and recycling.  Measurements of the momentum balance 

Figure 1: Measured values (red) and fits from SOLPS modeling (black) of a) ne, b) Te, c) Ti, and 
divertor e) heat and f) particle fluxes for an NSTX plasma without lithium coatings. Also shown (d) 
are the interpretive transport coefficients that fit the data. The definition of normalized poloidal flux 
for the x-axis in panels (a)-(d) is ψN=(ψ0 - ψ)/(ψ0 - ψsep),where ψ0 and ψsep are the poloidal flux 
values at the magnetic axis and separatrix respectively.

a) b) e)

f)d)c)
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will require the installation of charge-exchange 
recombination spectroscopy system to measure Ti

and vϕ.  ChERS data will not only compliment the 
mainline LTX mission of understanding core 
confinement and transport in the case of a low 
recycling wall, but will also provide measurements 
needed to evaluate edge particle and energy 
transport coeffieicents such as χ⊥e and D⊥e. Full 
implementation of the ChERS diagnostic awaits the 
installation of the diagnostic neutral beam expected in 
Spring 2012.  Interpretive modeling of LTX discharges 
will be carried out using the SOLPS code with 
experimental measurements used to constrain the 
simulations.  This will provide insight into how χ⊥e and 

D⊥e  vary in LTX as the recycling rate is reduced.
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A large number of devices, e.g. CDX-U and NSTX, have shown the benefits of lithium as 
a plasma-facing component (PFC), including enhancement of energy confinement and 
suppression of edge localized modes [1, 2, 3].  Building on this success, the Lithium 
Tokamak Experiment (LTX) [4] was designed with a temperature-controlled metallic 
shell onto which lithium is evaporated, representing ~ 90% of the PFC surface area. The 
primary effect of lithium is to reduce the recycling at PFCs and edge neutral density; 
nearly all other effects follow from this. The ORNL collaborative boundary physics 
program on LTX aims to assess the effects of lithium on the edge power, momentum, and 
particle balance. A simple torque balance with momentum input from a diagnostic neutral 
beam (DNB) shows that the predicted toroidal rotation speed increases quickly with 
decreasing recycling coefficient or neutral density. To verify these basic predictions, a set 
of diagnostics is being implemented; the centerpiece is a dedicated Charge Exchange 
Recombination Spectroscopy (ChERS) system to quantify the poloidal and toroidal 
rotation speeds, ion temperatures, and radial electric fields. Filterscopes, calibrated Dα 
cameras, and medium resolution compact visible-range Czerny-Turner spectrometers will 
help quantify the change in edge recycling source with lithium, and dual-band 
thermography [5] will quantify the PFC response to plasma bombardment. Interpretive 
analysis of the effects of lithium will be accomplished through 2D fluid edge plasma and 
kinetic neutrals modeling with SOLPS package, which has already been used [6] to 
quantify the effects of lithium on the edge plasma in NSTX. Full implementation of the 
ChERS diagnostic awaits the availability of the DNB, presently scheduled for late 2011. 
An overview of the collaboration and initial results will be presented, including pertinent 
results from NSTX that demonstrate the key analysis techniques. An accompanying paper 
by T.K. Gray details the diagnostic development. 
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Progress at General Fusion 
Michel G Laberge, General Fusion Team 
General Fusion Inc. 
Abstract Text: 
General fusion aims to develop an acoustically driven magnetized target fusion (MTF) reactor. 
Two spheromaks are made to merge in the center of a 3 m diameter sphere full of liquid lead-
lithium. 200 pneumatic pistons hit the outside of the sphere and launch an inward going spherical 
pressure wave that focuses and compresses the merged spheromak (or FRC) to thermonuclear 
condition. 
We have so far built one of the two spheromak generators and achieved 40 cm outside diameter, 
2E16 cm-3, 20 eV and 80 us life. Our target is 40 cm OD, 1E17 cm-3, 100 eV and 100 us life. 
We have built two pneumatic pistons. The impact timing accuracy achieved by servo control is 
+/-5 us. Simulation indicates that we need +/- 10 us. We have successfully sent the pressure 
wave in liquid lead. Finally, in order to prove MTF faster without building the large and 
expensive sphere, we started a program with high explosive compression. Metal jetting into the 
collapsing chamber was observed. This might disrupt the plasma. We are changing the design of 
the compression chamber to address this issue. In the next year, we are planning to collapse 
liquid metal cavity with 14 pistons to check the symmetry achieved. We also plan to compress in 
100 us with high explosive the spheromak plasma from our generator from an initial 40 cm, 
1E17 cm-3, 100 eV, 100 us life to a final 4 cm, 1E20 cm-3, 10 keV, 10 us life and therefore 
demonstrate break-even conditions. We presently have 24 M$ in the bank and 47 employees 
(and still hiring) to achieve these goals. 
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Plasma Liner Formation and FRC Compression 
George R Votroubek, John Slough 
MSNW, LLC 
Abstract Text: 
The Field Reversed Configuration (FRC) plasmoid’s stability, robustness, and self-organization 
have been demonstrated in many experiments employing a variety of formation methods over the 
last 50 years. A new formation method capable of remotely forming a hot, stable, and stationary 
FRC that can be further compressed to fusion conditions has been developed at MSNW. The 
formation method consists of the super-sonic merging of two FRCs, which are independently 
formed outside of the central compression chamber. Upon collision in the center of the 
compression chamber, the FRCs merge and become stationary, thereby thermalizing their 
translational kinetic energy. 

In the Plasma Liner Compression (PLC) experiment, the target FRC is positioned in a 
compression chamber where it is either magnetically compressed by the increasing flux from a 
theta-pinch coil, or by the theta-pinch implosion of a pre-formed plasma liner. The plasma liner 
is formed via an annular array of 32 axially directed MPD plasma sources near the vacuum 
chamber walls in the compression area. Xenon gas is ionized by the plasma sources, magnetized 
to the ~ 0.1 T bias field which keeps the Xenon liner confined to an annulus near the chamber 
wall. The FRC is ideally vacuum isolated from the Xenon plasma liner due to the bias field, 
which also acts as the guide field required for FRC merging. 

Final results of plasma liner formation, FRC formation, FRC flux compression and plasma liner 
compression will be discussed and compared to MHD code calculations. The suite of diagnostics 
deployed and developed for the PLC experiment will be detailed and utilized to compare 
experimental results to other FRC compression experiments 
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Turbulence and selective decay in a long cylindrical geometry in SSX* 
Tim Gray,  M. Brown, V. Lukin, D. Dandurand, M. Fisher, K. Flanagan, D. Weinhold, , 
Swarthmore College 
Abstract Text: 
A helical, minimum-energy relaxed plasma state has been observed in a long cylindrical volume. 
The cylinder has dimensions $L = 1$~m and $R = 0.08$~m ($R/L = 13$). The cylinder is long 
enough so that the predicted minimum energy state is a close approximation to the infinite 
cylinder solution. The plasma is injected at $v ge 50$~km/s by a coaxial magnetized plasma gun 
located at one end of the cylindrical volume. Typical plasma parameters are $T_i = 25$~eV, 
$n_e le 10^{21}$~m$^{-3}$, and $B = 0.25$~T. The relaxed state is rapidly attained in 1--2 
axial Alfv'{e}n times after initiation of the plasma. 

Magnetic data is favorably compared with an analytical model. Magnetic data exhibits 
broadband fluctuations of the measured axial modes during the formation period. The broadband 
activity rapidly decays as the energy condenses into the lowest energy mode, which is in 
agreement to the minimum energy eigenstate of $nabla times vec{B} = lambda vec{B}$. 
Fluctuation results from a new high speed, high resolution magnetic radial probe will also be 
presented. The new probe has a higher spatial resolution ($4.5$~mm $le rho_i$) and higher 
temporal resolution ($f = 65$~MHz $gg f_{ci}$) than previous probes used in prior SSX studies. 
The data acquisition digitizes at 14 bits, providing for a dynamic range of 4 decades. Merging 
studies with plasma plumes injected from both ends of the cylinder are planned.  
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Electrostatic Focussing Lens* 
Eric Thomas, D. Hopkins, F. Betton 
School of Science & Technology 
Abstract Text: 
We developed an electrostatic focusing lens capable of generating DD reactions, by focusing 
deuterium ions generated from a pointed emitter at a frozen heavy water target. Due to difficulty 
with the pointed emitter, we later switched to a hollow cathode design. In addition to the DD 
experiment, two exposed metals where analyzed by an electron microscope to determine the 
possible application as shielding material.  

To model the lenses, chamber, and calculate the dimensions for the design that would maximize 
ion energy and density, the program SIMION was used. Lens dimensions were calculated and 
machined at a machine shop.  

During stable operation, the vacuum was hand adjusted to 10-13 mTorr. To keep a stable beam, a 
DC voltage generator was varied between 15-25kV. Hand adjusting was necessary because at 
points in the operation the frozen heavy water would release vapor at an increased rate. This 
caused the pressure to rise and the beam current to spike, creating instabilities and an arc to the 
lens.  

Three methods were used to determine successful DD reaction. (1) Two differently shielded 
Geiger counters (unshielded and UHMW-PE insulated tube), (2) Spectrophotometer comparing 
control peaks with heavy water tests, and (3) a calibrated bubble dosimeter specific to neutrons. 
Analysis of the results suggest that neutrons where emitted during operation. Neutron flux varied 
from 532 to 1.4x10^6 neutrons/ sec, and require further tests to plot and narrow results.  

*We are graduating High school students, that recently won 1st at the Intel International Science 
Fair and presented our project to President Obama. Please email us with any questions, 
comments, and suggestions you may have. 
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Overview of HIT-SI Results and Plans

D. A. Ennis, T. R. Jarboe, B. S. Victor, A. C. Hossack, C. Akcay,
C. J. Hansen, G. J. Marklin, B. A. Nelson, R. J. Smith

University of Washington, Seattle WA, USA

Abstract

Experiments in the Helicity Injected Torus-Steady Inductive (HIT-SI) spheromak have achieved
record spheromak current amplification during operation in deuterium plasmas. HIT-SI inves-
tigates steady inductive helicity injection to form and sustain an equilibrium in a high-beta
spheromak geometry using two semi-toroidal injectors. In each injector the toroidal flux and
induced loop voltage are sinusoidally oscillated in phase at a frequency of ∼ 15 kHz. During
standard operations the two HIT-SI injectors are 90◦ out of phase with each other, producing
a constant rate of overall helicity injection with all applied power delivered into the plasma,
rather than to the plasma facing surfaces. The lack of electrodes make HIT-SI an ideal platform
for clean studies of helicity injection current drive and current-profile relaxation. The HIT-SI
diagnostic suite includes: FIR interferometry, IDS, bolometry, high speed camera, flux loops,
and internal and surface magnetic probes. Recent operations in deuterium plasmas have pro-
duced toroidal plasma currents greater than 50 kA, current amplification (Itor/Iinj quad) > 3,
and poloidal flux amplification (ψpol/ψinj quad) > 10. High performance deuterium discharges
are achieved by initially conditioning the plasma-facing alumina surface of the HIT-SI con-
finement volume with helium plasmas. During subsequent deuterium operation the alumina
surface strongly pumps deuterium, thereby limiting the density in the confinement volume. Ad-
ditional measurements during high current deuterium discharges demonstrate reduced current
and electron density fluctuations, impurity O III ion temperatures up to 50 eV and a toroidal
current persistence for 0.6 ms after the injectors are shut off. Construction is underway on the
new HIT-SI3 configuration with three injectors mounted on the same side of the confinement
volume. The three-injector arrangement will allow the injectors to continuously drive current
more effectively, generate rotation of the equilibrium plasma, and also provide improved access
for diagnostics and neutral pumping. Progress and plans for the HIT-SI3 modification will be
presented. Work supported by USDoE and ARRA.

The Helicity Injected Torus-Steady Inductive (HIT-SI) [1] has achieved a major advance in
performance during deuterium operations. Deuterium plasmas have achieved toroidal currents
greater than 50 kA with current amplifications (ratio of the toroidal current to the injector currents)
greater than 3. Additionally, high performance deuterium discharges demonstrate reduced current
and electron density fluctuations, toroidal current persistence up to 0.65 ms after injector shut
off, and impurity ion temperatures up to 50 eV. Finally, construction on the HIT-SI3 upgrade is
underway, however the present HIT-SI configuration will continue to operate until at least the early
part of 2012.

The HIT-SI device investigates steady inductive helicity injection to form and sustain an equi-
librium in a high-beta spheromak geometry using two semi-toroidal injectors [2]. In each injector
the voltage and the flux are oscillated by driving current in a set of voltage and flux coils [3]. Two
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injectors oscillating 90◦ degrees out of phase from each other allows for a constant rate of total
helicity injection, K̇tot = 2Vinjψinj [4].
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Figure 1: Toroidal current in the confinement vol-
ume and line average electron density for three
shots with similar operational parameters. Shot
121959 is helium discharge just prior to deuterium
operation, and shots 121961 and 121963 are the
first and third deuterium shots after helium oper-
ations.

HIT-SI recently began operations with deu-
terium plasmas. However, the procedure
used to attain high performance deuterium
discharges requires an additional conditioning
step. The plasma facing surface of the HIT-
SI confinement volume consist of a thin coat of
alumina. Alumina was originally selected as a
plasma-facing material because it is an insulator
(this assures that HIT-SI is purely an inductive
experiment) and alumina is also very refractory.
We have since learned that alumina pumps deu-
terium very well when clean. Therefore, a tech-
nique was developed to complete a series of low
power helium discharges to initially clean the
alumina plasma facing surface and then imme-
diately follow up with high power deuterium
discharges.

Plotted in figure 1 is a series of three
shots with similar operational settings, one high
power helium discharge and the first and third
high power deuterium discharges after helium
operations. The upper panel of figure 1 charts
the toroidal current throughout the shot as measured by an array of surface magnetic probes em-
bedded in the flux conserver. The initial helium shot (plotted in black) attains a peak current of
about 20 kA early in the discharge while the first deuterium shot (plotted in red) has a sustained
current of about 40 kA late in the discharge. The sign of the toroidal current is not important in
this instance as the direction of the toroidal current is not controlled during dual injector opera-
tion. The third deuterium shot (plotted in blue) attains a similar peak current to the initial helium
discharge but quickly degrades in performance with large oscillations at the injector frequency. The
bottom panel in figure 1 is a plot of the electron density verse time for the same three shots as
measured by an FIR interferometer with an impact parameter very close to the magnetic axis. The
first deuterium shot clearly has a much lower density that either the helium or third deuterium shot
and this difference in density is attributed to the ability of alumina to pump deuterium immedi-
ately after helium conditioning. Finally, the large fluctuations in both the current and the electron
density seen during the third deuterium shot (plotted in blue) and to a lesser extent in the helium
shot in black are at the injector frequency of ∼ 15 kHz. By comparison, the fluctuations are much
reduced in the first deuterium shot and, this is believed to be related to the magnitude of the n=1
eigenstate in the confinement volume relative to the n=0 eigenstate.

Employing the technique of conditioning with helium prior to higher power deuterium opera-
tions has yielded a current amplification of 3, tying the record for spheromaks. One of the best
deuterium shots to date is illustrated in figure 2. The top two panels in figure 2 demonstrate
the injector loop voltages, and injector fluxes oscillating at the injector frequency of ∼ 15 kHz.
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Figure 2: HIT-SI parameters for a high perfor-
mance deuterium discharge achieving a current
amplification of 3.

The currents in each injector are shown in
the third panel from the top along with the
two injector currents added in quadrature (plot-
ted in black). It is the injector currents added
in quadrature (about 20 kA in this case) that
are used to calculate the current amplification.
These injector parameters result in up to 10
MW of injected power. The second panel from
the bottom shows this shot achieved a peak
toroidal current in the confinement region of
over 50 kA during the later part of the dis-
charge. Finally, the current amplification is
computed by simply taking the ratio of the
toroidal current to the injector currents added
in quadrature and smoothed over one injector
cycle. The current amplification is ∼ 3 during
the time of peak toroidal current and in this
case corresponds to a poloidal flux amplifica-
tion of > 10.

Other features that have been observed dur-
ing high performance deuterium shots include
significant toroidal current persistence after the
injectors are shut off. Figure 3 plots the toroidal current in the confinement volume verses time
for a shot where the injectors were turned off when the toroidal current was still increasing. The
green dashed line represents when the injectors were shut off, which is followed by a slow decay
of the total current lasting about 0.65 ms. Finally, impurity ion temperatures up to 50 eV during
the deuterium operations have also been observed in the confinement volume using ion Doppler
spectroscopy.
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Figure 3: HIT-SI toroidal current with current
persistence after injector shut off.

Previously, it was established that each in-
jector on HIT-SI has a preferred direction of
generated spheromak current, which is related
to the sign of the injected helicity and its ori-
entation relative to the confinement volume
[5]. An important conclusion from the pre-
ferred current analysis is that the present in-
jectors prefer to drive different directions of the
toroidal current for the same sign of injected
helicity. Therefore, we have begun work on a
modification to the HIT-SI experiment to relo-
cate the injectors to the same side of the con-
finement volume. Relocating the injectors gives
the same sign of preferred spheromak current
for the same sign of injected helicity and will
allow the injectors to work together to drive
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current.

Figure 4: Illustration of the new HIT-SI3 design
with three injectors.

Figure 4 is diagram of the new HIT-SI3
upgrade with all the injectors on the same
side of the confinement volume. Addition-
ally, the number of injectors is being increased
from two to three, in order to generate a ro-
tating magnetic structure at the injection fre-
quency. Plasma rotation has been observed
in conjunction with improved performance in
magnetic confinement possibly by preventing
resistive wall modes [6]. Further, advantages
to the new configuration include an improved
flux conserver- the smaller injectors will require
smaller openings and the backside (not visible
in figure 4) will simply be a solid plate with
small holes for improved diagnostic access. Ad-
ditionally, each injector is a self-contained mod-
ule for possible applications on to other pre-
existing plasma devices. Specifically, the volt-
age and flux coils have been added to the upper
injector in figure 4, demonstrating that the coils
will only lay on the injector and its flange and not on the confinement volume as is presently done
on HIT-SI.

In summary, recent HIT-SI operations with deuterium plasmas have yielded toroidal currents
greater than 50 kA with current amplifications of 3, tying the spheromak record. Additionally, high
performance discharges demonstrate reduced current and electron density fluctuations, a toroidal
current persistence of up to 0.65 ms after injector shut off and impurity ion temperatures up to 50
eV. Construction of the HIT-SI upgrade with three injectors on the same side of the confinement
volume is presently underway.
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Abstract 
 
The Helicity Injected Torus with Steady Inductive Helicity Injection (HIT-SI) has achieved a 
breakthrough in the development of a new, more efficient current drive method for magnetic confinement 
fusion. Results include the first sustainment of toroidal plasma current of over 50 kA at current 
amplifications (Itor/Iinj) of up to 3. Separatrix toroidal currents—currents not linking the helicity 
injectors—are sustained at up to 40 kA. The improved toroidal current growth is a result of better density 
control during deuterium plasmas with the ratio of current density to electron density (j/n) exceeding the 
Greenwald limit of 10-14 Am. High performance discharges (Itor/Iinj > 2) are characterized by a decrease in 
the n = 1 mode activity measured by surface probes near the midplane of the confinement volume. 
Suppression of internal magnetic fields (measured by an internal probe) below the predicted Taylor 
equilibrium is indicative of plasma pressure and a region of plasma separate from the injector flux. 
 
Introduction 
 
The need for sustained, efficient current drive in toroidal magnetic confinement fusion devices is a broad 
and open topic in fusion research [1]. HIT-SI [2] accomplishes helicity injection current drive on a 
spheromak of major radius 0.3 m.  Magnetic helicity is the linkage of magnetic flux with magnetic flux 
[3]. Two injectors, named the X- and Y-injectors, operate with voltage and flux circuits in phase to 
inductively drive current along field lines [4, 5]. For the data presented here the injector circuits are 
driven sinusoidally at 14.5 kHz. 
 
Ratio of current density to electron density (j/n) 
 
Spheromaks and Reversed Field Pinches (RFP) become radiation dominated at higher plasma densities 
[6]. Past experiments on HIT-SI have been unable to achieve ratios of current density to electron density 
(j/n) above 10-14 Am [7]. The recent results presented here are achieved in HIT-SI during deuterium 
operations immediately after helium operation [8]. The helium operation cleans the alumina walls, which 
then act to pump the deuterium. This process has produced the first HIT-SI plasmas with j/n > 10-14 Am. 
For similar injector operating conditions, deuterium shots achieve improved toroidal current growth at 
lower electron densities than helium shots (see Figure 1). This deuterium shot has more than a sevenfold 
improvement in peak j/n compared to the helium shot. 
 
A key to operating HIT-SI is to fuel the injectors without overfueling the confinement volume. At too low 
of fueling rates the injectors become gas starved. When the injectors become gas starved the injected 
voltage increases to increase the injector current. This voltage increase can exceed the limits of our circuit 
causing a fault to trip. Additionally, shots with high power and low fueling rates tend to have problems 
with localized wall heating near the injector mouths. This wall heating is a key limiter of the shot length. 
Wall pumping of deuterium by alumina allows for higher fueling rates in the injectors while achieving 
lower density in the confinement volume. It is suggested that the toroidal current drive at the end of the 
shot is limited by a buildup of density in the confinement volume. 

89



 
Figure 1: Comparison of toroidal current (top), line-averaged electron density (mid) and j/n for a 
deuterium and helium shot.   
 
n = 1 mode activity for high performance deuterium shots 
 
High performance deuterium shots show a difference in the n = 1 mode behavior.  The n = 1 mode is 
calculated using Fourier analysis of the poloidal magnetic fields measured by the surface probes [9]. At 
the beginning of a typical shot (see Figure 2) a large magnetic eigenstate having n = 1 symmetry like the 
injectors is produced. This increased n = 1 mode activity is measured before any toroidal current is 
measured. The eigenstate then makes a rapid transition to produce a weak toroidal current (at ~0.8 ms in 
the bottom of Figure 2) that the injectors begin building up with considerable n = 1 activity. As the 
toroidal current grows the n = 1 activity decreases while the helicity injection rate remains nearly constant 
(Figure 3), indicating an evolution to a more quiescent, direct current drive. A persistent toroidal current 
is needed to provide the magnetic topology for the injectors to couple to. 
 

 
Figure 2: n = 1 mode amplitude (top), injector 
currents (mid) and toroidal current (bot) at the 
beginning of a high performance deuterium shot. 

 
Figure 3: n = 1 mode amplitude (top), injector 
currents (mid) and toroidal current (bot) during the 
growth of the toroidal current. 

 

Evidence for Separatrix Formation and Sustainment with Steady Inductive Helicity Injection B. S. Victor, et.al.

90



Internal magnetic field comparison to Taylor equilibrium 
 
The internal magnetic fields for high performance deuterium shots are suppressed from the fields 
predicted by the zero pressure, constant �, Taylor equilibrium (Figure 4 and Figure 6). The Taylor 
equilibria in HIT-SI are generated by the superposition of the Taylor states [10] for the confinement 
volume (scaled by the toroidal current measured by the surface probes) and each injector (scaled by 
Rogowski measurements of each injector current) using a constant � = 10.3 m-1. Past results on HIT-SI [2] 
and present low current amplification shots (Figure 5 and Figure 7) show good agreement between the 
internal magnetic fields and the Taylor equilibrium. 
 

 
Figure 4: Comparison of the internal poloidal 
magnetic probe signals (black) to the fields 
predicted by the Taylor equilibrium reconstruction 
(red) at five locations for a deuterium shot with 
current amplification reaching 3 at 1.6 ms. The 
bottom trace is near the magnetic axis and the top 
trace is near the wall with the 0 of each successive 
probe shifted up by 40 mT. 

 
Figure 5: Comparison of the internal poloidal 
magnetic probe signals (black) to the fields 
predicted by the Taylor equilibrium reconstruction 
(red) at five locations for a helium shot with peak 
current amplification of 1.4. The bottom trace is 
near the magnetic axis and the top trace is near the 
wall with the 0 of each successive probe shifted up 
by 40 mT. 

 
The poloidal field measured by the internal probe near the wall (top trace of Figure 4) agrees well with 
the predicted Taylor equilibrium. Both the poloidal (Figure 4) and toroidal (Figure 6) fields show lower 
measured DC fields than predicted by the Taylor equilibrium. This diamagnetic effect is indicative of 
plasma pressure and a region of plasma separate from the injector flux. 
The amount of toroidal current in the region of plasma separate from the injector flux, named separatrix 
current, can be bounded by the minimum toroidal current measured at each of the four Amperian loops 
constructed by the surface probes. This minimum current persists through multiple injector cycles and 
bounds the separatrix current at 40 kA (see Figure 5 of Reference 8). 
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Figure 6: Comparison of the internal toroidal 
magnetic probe signals (black) to the fields 
predicted by the Taylor equilibrium reconstruction 
(red) at five locations for a deuterium shot with 
current amplification reaching 3 at 1.6 ms. The 
bottom trace is near the magnetic axis and the top 
trace is near the wall with the 0 of each successive 
probe shifted up by 60 mT. 

 
Figure 7: Comparison of the internal toroidal 
magnetic probe signals (black) to the fields 
predicted by the Taylor equilibrium reconstruction 
(red) at five locations for a helium shot with peak 
current amplification of 1.4. The bottom trace is 
near the magnetic axis and the top trace is near the 
wall with the 0 of each successive probe shifted up 
by 60 mT. 

 
Conclusion 
 
Increasing the ratio of current density to electron density (j/n) through wall conditioning with helium 
plasmas and operating with deuterium led to improved performance. The change in mode activity at 
higher current ratios indicates a symmetric magnetic topology that is sustained and coupled to by the 
injector drive. In addition, the internal probe measurements indicate plasma pressure during injector drive. 
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1. Introdution 
The reversed field pinch (RFP) is one of the magnetic confinement concepts for high-beta plasmas. 
Recent progress in understanding and controlling MHD instabilities in the RFP configuration has 
led to improved plasma confinement comparable to the tokamak L mode scaling. One of the 
advantages of the RFP configuration is that it has a potential to confine reactor-relevant high beta 
plasmas with much weaker external toroidal field than in tokamaks, which may allow us to use 
normal conductors for the toroidal field in RFP fusion reactors. 
One of the requirements for high-performance RFP reactor concepts is to establish scenarios for 
toroidal current drive other than conventional Ohmic current drive. One of the possibilities is to 
lower the aspect ratio A (=R/a, where R (a) is the major (minor) radius); A theory predicts that the 
pressure-driven bootstrap current would become sizable by lowering A below 2 with rather high 
beta values. Another interesting feature of the low-A RFP configuration is the q profile. As the 
aspect ratio is lowered, more space would become available in the core region without major 
resonant surface if we could choose an adequate value of the on-axis safety factor (q) value q0. It 
then would become easier for the core resonant tearing mode to grow without interacting with the 
neighboring mode. This characteristic would be beneficial to good confinement of RFP with 
quasi-single helicity (QSH) state where the helically deformed core is embedded in the outer 
axisymmetric flux surfaces. 

2. RELAX machine 
We have constructed a low-A RFP 
machine RELAX (REversed field 
pinch of Low-Aspect-ratio 
eXperiment) with R=0.51m and 
a=0.25m. It uses a 4-mm thick SS 
vacuum vessel which acts as a 
resistive wall; No conducting wall 
or shell has been attached. The 
vessel has a poloidal gap for 
inductive Ohmic current drive, and 
no toroidal gap. Our recent 

Fig.1  Typical q profiles for A=3 and 2 RFP configurations.
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analysis has shown that if we could achieve poloidal beta value around 30%, the bootstrap fraction 
of 25-30% would be expected. This corresponds to the following plasma parameters for RELAX 
plasmas: central electron temperature Te0 of ~300 eV with central electron (and ion) density ne (ni)
of ~3x1019m-3 at plasma current Ip of 100kA. The major objectives of RELAX include realizing 
improved confinement and experimental verification of the bootstrap current by achieving beta 
values around 30%. During the process of discharge optimization, we have found two operational 
regions which have a potential confinement improvement; One is the helically deformed plasma 
or QSH state, and the other is the extremely deep reversal plasmas characterized by broad 
magnetic fluctuation spectrum with lowered amplitudes. We will describe features of low-A RFP 
plasmas in these two discharge regimes. Figure 1 compares the q profiles for A=3 and A=2 cases,
showing that in the latter case the innermost resonant surface could be located at r/a~0/4 if we 
could avoid the on-axis resonance of q0=1/3=0.33. And at the same time, it can be expected that 
the toroidal mode spectrum of the m=1 mode would shift to lower n side as the aspect ratio is 
lowered. 

3.  Experimental ( F,: ) regions 

The RFP discharge regime is often 
characterized by the pinch parameter

���: �� BB a / , defined as the 

ratio of the edge poloidal field to the 
average toroidal field, a measure of 
plasma current for a given value of 
toroidal magnetic flux, and F, the 
fiels reversal parameter defined by 

��� �� BBF
a

/ , a measure of the 

degree of toroidal field reversal for a 
given value of toroidal magnetic 
flux..Figure 2 shows the discharge 

regimes attained in RELAX in ( F,: ) space. In standard RFP plasmas with medium- to high-A,

:  lies in the range 1.4<: <2, and F, -0.4<F<0. For the improved operation mode such as 
improved high :  mode (IHTM), enhanced confinement mode (EC), and pulsed parallel current 
drive (PPCD), :  tends to be higher with deeper F. In RELAX, the operational regimes are 
extended to higher :  and deeper F regions to : ~3.5 with F~-1.5. :  and F values keep some 
(off-set) linear relations over the whole discharge regimes, which indicates that the magnetic field 
profiles have some constraints, meaning self-organized magnetic field profiles over the discharge 
regions. We have identified two characteristic regions: shallow-reversal regions where F values lie 
slightly negative close to 0 and extremely deep reversal regions where the edge toroidal field 
reverses much more than in conventional RFPs. Both of these two regions have a potential 
confinement improvement, as will be discussed in the following sections. 

Fig.2  Discharge regions of RELAX plasmas in (Theta,F) 
space. Typical regions for medium- to high-aspect-ratio RFP 
plasmas are also shown.
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4.  Soft-X ray imaging of helix 
We have developed soft-X ray 
diagnostics for detailed study of 
magnetic structures mainly in QSH 
plasmas. Following the visible-light 
high-speed camera diagnostic which 
allowed us to observe simple helix 
structure at QSH phase, we have
developed a SXR pin-hole camera for 
tangential imaging of the plasma 
column. When we use the pin-hole 
camera with a fluorescent plate with 
short (of the order of micro second) 
decay time in combination with a 
high-speed camera, we can obtain the 
time evolution of SXR images. When 
we further apply subtracting technique 
to two of the framing pictures taken 
with 10 μs time separation, we have 
obtained a fluctuating component of 
SXR image by minimizing the effect 
of slowly varying background SXR 
emissivity. Figure 3 shows an example 
of the difference in two consecutive 
images showing a simple helix in the 
SXR emission. The structure 
corresponds to the change in SXR 
emissivity probably due to rotation of 
the helical hot region in 10 μs. The 
simple helix resembles the structure of 
the visible-light image We can 
conclude that a simple helical SXR structure which has higher SXR emissivity than the 
background rotates in the QSH phase. Comparison of the phase relationship between the SXR 
helix structure and edge magnetic fluctuation has revealed that the SXR helix corresponds to the 
O-point of the magnetic island associated with the dominant mode. In extremely deep reversal 
discharges, magnetic fluctuation level decreased and SXR emission increased, indicating 
improved plasma performance in this regime. Details of the discharge features in this region are 
described in ref. [4].

5.  Mode spectra of edge magnetic fluctuations 
In Fig. 4, we have compared the q profiles and toroidal mode spectra of the m=0 and m=1 modes 
for the RFP plasmas in these shallow- and deep-reversal regions. The magnetic fluctuation 
amplitudes concentrate to 2-3 dominant modes in shallow-reversal case, while the spectrum 

Fig.3  Simple filament structure of SXR emissivity 
observed in a tangential image in RELAX.

Fig.4  Toroidal mode spectra of m=1 and m=0 modes with 
q profiles in shallow- and deep-reversal RFP plasmas.
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becomes broad with lower amplitudes in deep-reversal case. The difference may be attributable to 
the difference in q profile, where magnetic shear is stringer in the outer region in deep-reversal 
case. 

6.  3-D MHD simulation 
The dependence of the magnetic fluctuation 
mode spectrum on the equilibrium RFP profiles 
have been studied with 3-D MHD simulation. 
The numerical code was used for Spherical 
Tokamaks and Large Helical Device for the 
study of MHD behavior with great success. 
This code has been modified for the A=2 
RELAX plasma configuration, and initial 
equilibrium profiles were provided by the 
reconstruction code RELAXFit. The initial 
results have shown that when the field reversal 
is shallow, the RFP tends to relax to a single 
helical state where the core resonant m=1/n=4 mode grows to a significant amplitude, and the 
QSH state persists. On the other hand, when the initial equilibrium has deep reversal profile, the 
magnetic mode spectrum becomes broad with lower amplitudes. Thus, the major features of the 
experimental results on the dependence of magnetic fluctuation mode spectra on the equilibrium 
field profiles can be reproduced qualitatively. Figure 5 shows the dependence on the Prandtl 
number P=ν/μ of the toroidal mode spectrum of the m=1 modes after relaxation, where Prandlt 
number P=ν/μ, the ratio of viscosity to resistivity. As P increases, the fluctuation power concentrates to the 
single dominant m=1/n=4 mode in the case of A=2 RFP configuration. The trend is similar to the previous 3D 
MHD simulations using cylindrical approximation for the RFP equilibrium configuration[6]..

7.  Summary 
A=2 RFP plasmas have been obtained in a low-A machine RELAX. Two characteristic discharge 
regions have been found, both of which have a potential confinement improvement. Further 
efforts are in progress to realize high-beta plasmas where sizable bootstrap current is expected. 
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Fig.5  Dependence of toroidal mode spectrum on 
Prandtl number P=ν/μ.
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 CTX13 SSPX14 S-115 HIT-SI11

T(1/2 peak 
eV) 200 250 100 30
I (MA) 0.7 1 0.2 .053
j (A/m2) 9.00E+06 4.00E+06 8.70E+05 2.7E+05
n (m-3) 3.00E+20 1.00E+20 2.00E+19 2.5E+19
"sph (m-1) 18 10 10 10.3
j/n (Am) 3.00E-14   4.00E-14   4.35E-14  1.1E-14
� (%) 4 3 6 22
0tor 2.6 2.2 3.5 1.7

Table 1.  Data from some of the highest temperature conditions on four experiments can be 
used to estimate the drift parameter limit by assuming these experiments push the limit.  
HIT-SI is the only sustained experiment. CTX results were with helium plasma the others 
used deuterium.

PoP experiment 
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Abstract

Digital control has been implemented for the HIT–SI spheromak switching power amplifier
(SPA) power supplies used to drive resonant tank circuits (or directly drive coils). Inexpen-
sive ($250), powerful, high-speed (500 MHz clock) Blackfin micro-controllers provide triggering
signals for the SPAs. State-space analysis is used to characterize and simulate the circuits,
using HIT–SI injector behavior to refine circuit parameters. Preliminary attempts at simple
proportional feedback control of the resonant circuits produced unstable waveforms, whereas
pre-programmed demand signals provide better control. A “two-phase” pre-programmed con-
trol program, separating vacuum demand waveforms from plasma demand waveforms, has been
successful at producing operational waveforms.

The steady-inductive Helicity Injected Torus (HIT–SI) studies current drive in a toroidal mag-
netic confinement configuration. Two semi-toroidal helicity injectors produce sinusoidal injector
flux and inductively drive injector current in quadrature. [1] This injects helicity into a confinement
region in a steady-inductive manor, where self-organization produces a spheromak object. [2–4]

The HIT-SI power supply system consists of 56 high-power insulated gate bipolar transistors
(IGBT)-based H-bridge switching power amplifiers (SPAs) rated up to 1600 A at 900 V. Each
injector has two circuits, one to produce the flux (the “flux circuit”) and one to produce the
inductive loop voltage (the “voltage circuit”). The higher-power voltage circuit is configured in
a resonant LC ”tank” circuit. The flux circuit can be either directly-driven or as a tank circuit.
With direct-drive, a full duty cycle square wave produces a “triangular” ψinj. To achieve values of
ψinj much higher than 1 mWb requires use of the tank circuit. High-power variable inductors have
been installed to allow rapid fine-tuning of the tank circuits.

Switching signals for the parallel banks of SPAs are generated by Blackfin micro-controller
boards, manufactured by Analog Devices Inc., running the embedded uClinux operating system.
The control program (pre-programmed or real-time feedback) is implemented as a uClinux kernel
serial device driver. Once initialized, all interrupts are masked except for an input trigger. Once
triggered, the control algorithm is executed for the requested number of cycles, then the Blackfin is
restored to normal uClinux operation. Multiple 1 MHz, 12-bit ADC channels are available for the
Blackfin to sample signals in real-time and be taken as input for the control programs. The Blackfin
500 MHz CPU time is more than adequate to take several ADC samples per injector period and
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Figure 1: Resistive (red) and reactive (blue) injector impedance components (left vertical scale)
and Itor (green, right vertical scale) for a high-performance deuterium discharge.

calculate switching signals. Control parameters are integrated into the MDSplus data acquisition
system, and are automatically dispatched to the Blackfin for each shot.

The resonant circuits are being analyzed using a number of methods, including SPICE, MAT-
LAB, and SciPy. A state-space analysis of the circuits has been formalized, and is being used
to simulate active feedback control algorithms. These analyses have helped determine optimal
operating parameters for HIT-SI.

To refine the simulation parameters for the plasma load, a detailed analysis of the injector
impedances is underway. Hilbert transforms of the measured injector voltages and currents are
used to create analytic functions for the injector impedance, resolving the resistive and reactive
components. It is found for high-performance discharges (Itor > 40 kA) that the resistive component
of the injector impedance increases as Itor increases, Fig. 1. The dependence of these components
on various plasma parameters is under investigation to further refine the modeling parameters.

Initial attempts at using simple proportional feedback control of resonant circuit amplitudes
resulted in oscillations of the circuit envelopes. Present work is addressing implementation of a
stable feedback control algorithm.

The injector plasmas can place a significant load on the resonant circuits, particularly the
voltage circuit, as shown in Fig. 2. To avoid this drop in Vinj, a “two-phase, pre-programmed”
control program was implemented with separate duty-cycle demands for vacuum and plasma, Fig. 3.
During the vacuum phase, Vinj is linearly ramped up (the blue envelope at the beginning of the
upper trace of Fig. 3). When Iinj is detected by the Blackfin ADC, a different duty cycle demand
envelop is applied (red envelope in Fig. 3). (This discharge is not necessarily optimized shows the
capability of the plasma demand envelope.)

When the flux circuit is operated as a resonant tank, the high Q of this circuit changes the phase
of ψinj more radically than Vinj. This affects the helicity injection rate as well as flow of power.
A one-time phase correction algorithm is being incorporated into the two-phase pre-programmed
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Figure 2: Example of loading of the voltage circuit: For a nearly-constant driving duty cycle, Vinj

is significantly reduced when Iinj indicates plasma formation. The flux circuit is directly-driven as
a triangle wave.
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Figure 3: Vinj and Iinj waveforms for two-phase pre-programmed control. The Blackfin ADC detects
the start of Iinj and switches from the vacuum envelope (blue) to the plasma envelope (red).
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flux; lower: resonant tank flux circuit).

control program to reduce this error.
In summary, implementation of digital control of HIT–SI has improved its operating capabilities.

The vacuum Vinj can be kept within design levels, and the duty cycle under plasma load can be
rapidly increased to better control the voltage envelope. State-space analysis is used to simulate
the vacuum/plasma responses of the resonant circuit, and also to test feedback control algorithms.
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Internal magnetic probing results of driven and decaying HIT-SI discharges 
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Introduction The Helicity Injected Torus (HIT-SI) is a spheromak device driven by two helicity 
injectors configured as ½ toroidal pinch handles attached to opposite sides of the confinement volume 
and driven sinusoidally in quadrature at 14.5 kHz. Steady magnetic helicity injection, by purely 
inductive means, is thereby achieved(1). Recent success using Deuterium gas and conditioning walls 
with pulse discharge cleaning in He has allowed significant improvement in the performance of 
formation and sustainment of Spheromak discharges using Steady Inductive Helicity Injection (SIHI) in 
the HIT-SI experiment, as shown in Fig. 1.  Toroidal currents, Itor, of 50 kA with ratios of 3 to injector 
currents summed in quadrature have been achieved and sustained on ms time scales(2). Internal probing 
measurements using a probe array of 3d pickup coils extending in major radius from the magnetic axis, 
Rma, to the shell has been used to study the MHD behavior of the toroidal, poloidal and radial magnetic 
fields. 

 
Fig. 1  Global discharge traces. The x and y 
injector currents, the toroidal current, Itor,  
from averaging 4 Amperean shell probe 
arrays and the ratio of Itor to the quad Iinj 
current. 

 
This study has tried to find or associate some MHD behavior that would help to explain some of the  

phenomenological features that are common to this higher performance level by itself or in reference to 
past discharges with ratios of Itor/quad Iinj of order unity. 

The plasma behavior has been categorized into four phases: 1) formation phase  noted by an abrupt 
step in Itor to a ratio of about unity (~20 kA), 2) a steady linear growth of Itor to ~50 kA, 3) a leveling off 
of Itor with a definite knee and 4) an exponential decay of Itor after the injectors have been shut down, 
indicative of an axisymmetric, finite beta plasma. The magnetic data has been examined in the time 
domain, the frequency domain, with respect to external circuit phasing and for the decay phase a Grad 
Shafranov equilibrium code was developed for the specific HIT-SI geometry to use the internal field 
measurements to reconstruct the full MHD equilibria. 
 
Magnetic probing 
Time domain results: 

From the traces shown in Fig. 2, one sees that there are two components to the internal fields: a 
modulated component at the driving frequency 14.5 kHz and a DC component corresponding to Itor. For 
the most part the superposition of the injector and confinement volume Taylor states describe the internal 
field behavior, traces shown in red. hat is, the modulation amplitude for toroidal field peaks at the 
magnetic axis as for the radial fields and the modulation peaks near the shell for the poloidal fields. Also, 
the distribution of DC offsets Vs R for Btor and Bpol are Spheromak-like.  But there is a lowering of the 
internal fields compared to the symmetric Taylor state that persists into the decay phase. This deviation is 
not as prominent for low performance discharges. The offset suggests, from the equilibrium solutions in 
the decay phase that the driven plasma has a finite beta and it is argued that a substantial percentage of the 
toroidal current (the non-modulated Itor) does not link the either injector and is contained totally within the 
confinement volume, a so called separatrix current 
 

109



 
Fig. 2 The internal fields are shown for Shot 
122385. The upper are the toroidal fields Btor(r) 
from the m.a. to the shell. The middle the radial 
fields, Br(r), and lower, poloidal fields Bpol(r). The 
red traces are the sum of the Taylor solutions of the 
inj. fields and the symmetric state given the 
measured injector currents and measured Itor. 

 

  
 
Frequency domain results:   

The spectral analysis of the probe signals as shown in Fig. 3, suggests that there are low frequency 
modulations like the 24 kHz beat in the  poloidal data that is across several probes. It is difficult to resolve 
these features with a shot duration of a few ms. No high frequency fluctuations have been observed. To 
500 kHz. The low frequency fluctuations do not correlate or change behavior with the termination or start 
of a new phase 

 

Fig 3. Power spectra Vs radius for the 
poloidal(below left), toroidal (below right) and 
radial fields(to the right) at the time shown during 
the linear growth phase(2). 

 

  
 

The spectral analysis of the probe signals as shown in Fig. 3, suggests that there are low frequency 
modulations like the 24 kHz beat in the  poloidal data that is across several probes. It is difficult to resolve 
these features with a shot duration of a few ms. No high frequency fluctuations have been observed. To 
500 kHz. The low frequency fluctuations do not correlate or change behavior with the termination or start 
of a new phase. 
Phasing of 14.5 kHz modulation 

The only correlation that has been found in the fields modulated at 14.5 kHz is the phasing of Br(r) with 
a reference external signal, the xinj current in this case. It is found that the radial fields are synchronous with 
this signal across the entire outboard plasma for high current discharges but out of phase for the low 
performance discharges which are ideally fit by superposing the injector and symmetric Taylor profiles as 
shown in Fig. 4. 
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Fig. 4  The phasing of the radial fields Br(r) indicate a correlation with low and high performance. For the 
recent high Itor discharges, Br is uniformly locked in phase with the Xinj, say during the linear current 
ramp. But for the previous low Itor discharges, these waveforms are out of phase. This suggests that the 
observed n=1 component is not purely the Taylor injector state in the high performance regime.   

Dynamic phases of the discharges -  
1) Formation phase: Fig. 5 shows an unusually large initiation current. Typically the initial current is the 
quad injector current and no more. This was exceeded in shot 122131 but only temporarily. The field 
profiles at onset have been likened to the behavor during a reversal of  Itor and seems to be the injector 
current channels relaxing (settling) into the axisymmetric confinement volume.  

 

  

 
 

Fig. 5  The initial formation in shot 122131 showing the rapid onset of current and the internal 
magnetic fields, Br-top, Btor left bottom and Bpol right bottom. 

 

4) Decay phase:  After the injectors are turned off the fields are quiescent and the profiles suggest a 
Taylor state as shown in Fig 6 but not quite. The poloidal and toroidal fields are lower than Taylor for a 
given Itor and there is a shift outward in the rma. This suggests a finite beta. 
 

 
Fig 6 A comparison of the internal poloidal 
and toroidal field profiles compared to Taylor 
at the time shown during the decay phase, 
Shot 122372. 
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The fits to the magnetic data were accurate out to the shell only for the last three time points as shown 
in Fig 7c,d). The � profiles are close to the eigenvalue of 10.4 m-1 (Fig 7e). The toroidal current is 
concentrated near the neck of the machine (Fig 7f). A Langmuir probe and a tangential interferometer 
measured ne ant Te neat the m.a. (Fig 7h) and from that a rough estimate of plasma is inferred at time t3.  
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This is confirmed by fitted <β>vol at t1-4: <β>vol = {25%, 38%, 41%(32%) and 72%}. 
 

 
Fig 7 Selected outputs from the 
equilibrium fits at 4 times  
during the decay phase for Shot 
122372 are shown.  

 
 
 
 
 
 
a) Itor during decay and times used 

 
b) mid-plane q profiles 

 
c) Btor data and fits to data 

 
d) Bpol data and fits to data 

 
e)  mid-plane � profiles 

 
f) Itor density at t2 

 
g) �pol(Taylor and Eq) 

 
h) Measured <ne> and Te 

 

2) and 3) The linear growth and plateau phases:  The linear growth phase demonstrates similar 
symmetric (DC) field profiles as the decay phase which seems to indicate a spheromak-like equilibrium 
with pressure. No MHD indicators have been found for the knee in Itor. A rising density (falling J/n) has 
been suggested but the knee and level are abrupt and flat which doesn’t seem to agree with that 
explanation.  
 

CONCLUSION 
Internal magnetic probing has been successful on HIT-SI with little perturbation to performance. 

Probing data suggests a correlation between the phasing of the modulated internal Br fields and high 
performance discharges. No MHD fluctuations have been found that correlate with the dynamics of these 
discharges.  After the injector drive is turned off, the equilibrium is axisymmetric with 0.65 ms decay 
time. Fitting to the measured fields with a GS equilibrium fitting code shows a finite beta plasma relaxing 
towards the Taylor state on a ~ms time scale. Measurements of ne and Te confirm the fitting results and 
extrapolation to the driven phase suggests that a confined plasma with finite beta is present during the 
linear growth phase. 
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Formation and analysis of accelerated non-hydrogenic compact toroid plasmas on 
CTIX 
Robert D. Horton, D. Buchenauer, D.Q. Hwang, R. Klauser, B.E.Mills 
University of California, Davis 

Abstract Text: 
In the past, the Compact Toroid Injection Experiment (CTIX) has typically produced accelerated 
magnetized plasmas of low atomic number suitable for mass injection into nearly-hydrogenic 
target plasmas. However, for other applications such as disruption mitigation, plasmas of higher 
atomic number (Z>1) will be desirable. CTIX can be used to produce Z>1 plasmas either by 
direct formation or by snowplow accretion. We will compare the CT formation and acceleration 
process as well as the mass, momentum, and energy density obtained on CTIX in hydrogenic and 
non-hydrogenic plasmas, using magnetic and interferometric diagnostics for position and 
density, and spectroscopic diagnostics for species identification. Both conventional and active 
switching will be used for plasma production, with active switching of particular importance for 
high-Z neutral species. The acceleration of high Z plasmas and impurities in hydrogenic plasmas 
will be studied using Rutherford Backscattering Spectrometry (RBS) and Auger Electron 
Spectroscopy on Si collector probes at the exit to the accelerator. 
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Merging Formation of Oblate Field-Reversed Configurations with the
Assistance of Neutral Beam Injection

T. Ii,1, a) K. Gi,2 T. Umezawa,2 M. Inomoto,2 and Y. Ono2

1)Graduate School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan
2)Graduate School of Frontier Sciences, The University of Tokyo, Chiba 277-8561, Japan

(Dated: 5 September 2011)

The effect of energetic beam ions on oblate field-reversed configurations (FRCs) has been studied experimentally in the
TS-4 plasma merging device. An important question is whether plasma flows and large ion gyroradii generated by beam
ions can stabilize the global modes, dangerous for large size (R ∼ 0.5 m) FRCs. In order to examine the kinetic effects
on FRCs, we developed an economical high power pulsed Neutral Beam Injection (NBI) system by use of a washer gun
plasma source, eliminating the time-consuming filament and water-cooling systems. We obtained the maximum beam
power up to 0.6 MW (15 kV, 40 A) and the pulse length over 0.5 ms, which is longer than the FRC lifetime in TS-4.
The Monte Carlo simulation for the tangential co-current NB injection indicates that the 15 kV co-injection beam ions
are trapped between the magnetic axis and the separatrix. A new finding is that two merging high-s (s ∼ 20) hydrogen
spheromaks with opposite helicities relax into the large scale FRC with poloidal flux as high as 15 mWb under the
assistance of the 0.6 MW NBI. Here, s is plasma size normalized by ion gyroradius. However, they did not relax to
an FRC without the assistance of NBI. These facts suggest that some ion kinetic effects such as toroidal ion flow are
essential to the FRC stability. Effect of high energy beam on parameter s of FRCs is a key to solve the unknown high-s
FRC stability. Recently, two new NB sources with acceleration voltage and current of 15 kV and 20 A were installed
on the TS-4 device on the midplane for tangential injection. We will start the upgraded FRC experiments with NBI
power of 1 MW.

I. INTRODUCTION

The field-reversed configuration (FRC) is a compact toroid
with small or zero toroidal magnetic field and dominantly
poloidal field. The FRCs have some potential for future fu-
sion plasma reactors due to its high beta and simple geome-
try characteristics. Recently, plasma heating and current drive
by neutral beam injection (NBI) are important research sub-
jects for FRCs. The NBI is a powerful and reliable actuator
for magnetically confined fusion reactors. The NBI has been
utilized mainly for additional heating for tokamaks. For ex-
ample, an NBI device with an energy of 1 MeV and an output
power of 40 MW is designed for ITER1. Although the NBI
for FRC plasmas was introduced sorely to FIX (FRC Injec-
tion Experiment) at Osaka University2, the heating efficiency
was low because the theta pinch formation method with poor
formation efficiency could not produce the poloidal flux large
enough to trap fast beam ions inside the FRCs. On the other
hand, FRCs formed by merging spheromaks with opposite he-
licities have an advantage in the large amount of poloidal flux
which can be increased by a center solenoid coil along the
center axis.

The conventional filament type plasma source, which uti-
lizes arc discharge between tungsten filaments, has problems
in high cost and painful maintenance of the NBI device. Be-
cause it requires high-energy power-supply equipments and a
water-cooling system to remove heavy heat loads to the per-
manent magnets3,4. The conventional NBIs have been applied
to many experimental fusion plasma devices but are not suit-
able for middle-class compact toroid experiments. We devel-
oped a new low-cost and maintenance-free NBI system by

a)Electronic mail: ii@ts.t.u-tokyo.ac.jp

use of a washer-gun plasma source, eliminating the conven-
tional filaments and water-cooling systems. Its low-voltage
and high-current properties are suitable for the high-beta ex-
periments of present spherical tokamaks and FRCs.

It is important to experimentally elucidate the physics of
kinetic effects of energetic beam ions in oblate FRCs. A nu-
merical study shows that the NBI is useful not only for heating
but also for an improvement on stability by the energetic ions5.
The stabilization effects of kinetic ions have been intensively
investigated in the TS-4 plasma merging experiments. We
found that FRCs with high-s (average number of ion gyroradii
in the separatrix) are unstable in the large-scale device TS-4
at the University of Tokyo. In high-s FRC, its n = 1 mode
keeps growing, causing collapse of the whole configuration,
while in low-s FRC with fast flow the rotating n = 2 mode
(saturated) becomes dominant after n = 1 mode saturation6.
Our NBI experiment indicates that a future large-scale FRC
requires NBI driving internal flow and forming low-s compo-
nents in the FRC. A similar research plan was also proposed
in MRX at PPPL as SPIRIT concept7.

II. PLASMA MERGING DEVICE TS-4

The plasma merging device, TS-4, is utilized to produce
two spheromaks with opposing helicities, to merge together
axially by means of magnetic reconnection, and to relax to
an oblate FRC8. Figure 1 shows the experimental setup of
the TS-4 device. Its cylindrical vessel with a diameter of 1.6
m and a length of 2.2 m has two flux cores whose internal
poloidal and toroidal field coils produce poloidal and toroidal
magnetic fields of the two initial spheromak plasmas, respec-
tively. Those toroidal field polarities are determined by those
current coils. The center conductor, which is equipped with
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FIG. 1. Plasma merging device TS-4.

center solenoid coils, is located along the center axis to sup-
press toroidal mode n = 1 (tilt, shift) activities. Its typical
FRC plasma parameters are as follows: Ψ ∼ 15 mWb, Ip ∼ 30
kA, ne ∼ 1020 m−3, Te ∼ 10 eV, Ti ∼ 40 eV, major radius
R ∼ 0.5 m, and aspect ratio A ∼ 1.5, respectively.

III. DEVELOPMENT OF PULSED-TYPE NBI WITH WASHER
GUN PLASMA SOURCE

Figure 2 shows a schematic diagram of the newly-
developed NBI system, mainly composed of a washer-gun
plasma source, a plasma confinement vessel, three ion-
extraction electrodes, and a neutralization cell. We applied
a single stainless steel washer gun for the first time to the
plasma source. In the conventional plasma sources the neu-
tral gas is pre-ionized by hot electron emission from filaments
located on the interior wall of the plasma confinement ves-
sel. Their arc discharge requires high-capacity water-cooling
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FIG. 2. Schematic view of the developed NBI device.

system to remove heavy heat load to the permanent magnets
on the exterior wall of the vessel. In the new system, we re-
placed the filaments by a gas-injected stainless-steel washer
gun placed on the bottom of the vessel as a plasma source,
as shown in Fig. 2. It consists of alternate arrays of nine
stainless-steel (SUS304) washers and eight ceramic washers
and their washers are sand-witched between an anode and a
cathode. Fully ionized plasmas are generated inside the cylin-
drical discharge path between the electrodes to which high
voltage is applied. The generated plasma moves toward the
extraction electrodes from the washer gun via the plasma con-
finement vessel, whose pulsed operation enables us to exclude
the conventional filaments and water coolers from the system
and to adopt neodymium magnets for the cusp field.

A pulse forming network (PFN) with an ignitron is utilized
as a pulse power supply for the discharge current of the washer
gun. We design the pulse duration 1.9 ms for the PFN. How-
ever, the PFN is connected to the washer gun via an insulating
transformer for the purpose of the protection of the PFN power
supply system, which reduces the pulse duration shorter than
1.9 ms. The plasma generation process with the washer gun is
controlled by the open time of the gas valve, the charged gas
pressure, the charging voltage of the PFN, and the time from
the valve open to the beginning of the PFN discharge.

High beam current is realized not only by optimizing the
plasma generated by the washer gun but also by aging of the
electrodes by glow discharge cleaning. The short circuit acci-
dent between electrodes is mainly caused by small protrusion
of electrodes or their surface impurity. The glow discharge
cleaning for the electrodes is needed to avoid short circuit ac-
cidents for the acceleration electrode with the designed volt-
age.

Finally, we succeeded in the development of the NBI sys-
tem. Figure 3 shows (a) waveforms of the washer gun current
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FIG. 3. (a) Waveforms of the washer gun current and the output
current of PFN circuit, and (b) time evolutions of acceleration volt-
age, deceleration voltage, acceleration current, deceleration current,
ground current, and beam current.
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and the output current of the PFN circuit and (b) time evo-
lutions of acceleration voltage, deceleration voltage, acceler-
ation current, deceleration current, ground current, and beam
current, where the beam current is calculated from subtracting
the deceleration current and ground current from the acceler-
ation current. It is observed that the beam current exceeds 20
A over approximately 0.5 ms, which is suitable for our target
plasma in TS-4. Our experimental results reveal the success-
ful beam extraction up to 15 kV, 40 A and 0.6 MW. Recently,
two new NB sources with acceleration voltage and current of
15 kV and 20 A are under development. We will start the
upgraded injection experiments with NBI power of 1 MW.

IV. NUMERICAL SIMULATION OF THE NEUTRAL BEAM IN
AN OBLATE FRCS

Numerical simulations have been performed for the pur-
pose of checking whether the newly-developed NBI system
can be applicable to the oblate FRC in TS-4 and whether fast
neutral beam particles can be ionized and trapped in a TS-4
plasma and can yield the kinetic energy to the plasma by us-
ing the orbit calculation code. Figure 4 shows the calculated
FRC equilibrium calculated by using Grad-Shafranov equa-
tion, where parameters of the FRC plasma are measured ex-
perimentally as follows: Ψ ∼ 15 mWb, Ip ∼ 30 kA, and
P ∼ 600 Pa. Then the ionization positions of tangentially-
injected 15 keV neutral beam particles are calculated on the
midplane of TS-4 using the Monte Carlo code and the orbits
of the produced fast beam ions are calculated for the purpose
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FIG. 4. Numerical poloidal flux contours of an FRC in TS-4 (Ψ ∼ 15
mWb, Ip ∼ 30 kA, P ∼ 600 Pa).
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FIG. 5. Particle trap rate.

of checking whether they are trapped in the FRC. Figure 5
shows the particle trap rate. It indicates that many fast beam
ions are trapped between the axis and the separatrix due to
the gyroradius of the beam ion as long as the separatrix radius
and the radially inward Lorenz force v × B. Larger amount
of magnetic fluxes is needed to trap beam ions in the wider
range.

V. INITIAL RESULTS OF MERGING FORMATION OF
LARGE-SIZE FRCS WITH THE ASSISTANCE OF NBI

The neutral beam injection was performed during the merg-
ing formation of FRC in TS-4. Poloidal flux and plasma cur-
rent were increased as much as possible by a solenoid coil for
the purpose of trapping the beam ions efficiently. Time for
merging completion is approximately 380 μs, although it is
slightly changed with or without NB. Figure 6 shows poloidal
flux contours and toroidal field (colors) of merging sphero-
maks with and without NBI and Fig. 7 shows their time evo-
lutions of poloidal flux and plasma current. Fig. 8 also shows
their radial profiles of electron density as a function of time. A
new finding is that two merging high-s hydrogen spheromaks
with opposing helicities relax into the large scale FRC with
poloidal flux as high as 15 mWb under the assistance of the
0.6 MW NBI. However, they did not relax to an FRC with-
out the assistance of NBI. Although the beam ion density is
almost a few percent of the plasma density, it is observed that
ne around the magnetic axis of the FRC with NBI is almost
twice that of the FRC without NBI. These facts suggest some
ion kinetic effects such as toroidal ion flow are essential to
FRC stability.

FIG. 6. Poloidal flux contours and toroidal field of merging sphero-
maks (a) without and (b) with NBI. In the case (b) merging sphero-
maks relax into an oblate FRC.
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FIG. 7. Time evolutions of poloidal flux Ψ and plasma current Ip of
hydrogen FRCs without NB and with NB whose injection radii are
r = 0.4 m and 0.6 m. The shaded area denotes deviations for five
discharges.

(a) FRC without NBI (b) FRC with NBI

FIG. 8. Radial profiles of electron density ne of hydrogen FRCs with-
out NB and with NB as a function of time. Their working gas is
deuterium.

Figure 9 shows time evolutions of poloidal flux and plasma
current of hydrogen, deuterium, helium, neon, and argon
FRCs with NBI. The maximum poloidal flux and plasma cur-
rent at the merging completion are approximately 14 mWb
and 50 kA, respectively. They do not depend on the gas
species or the mass. However, FRC with lower-s tends to last
longer after merging, indicating that kinetic effect is important
for FRC stability.

VI. SUMMARY

The effect of energetic beam ions on oblate FRCs has been
studied experimentally for the first time in TS-4. In order to
examine its kinetic effects, we developed a new pulsed NBI
system by use of a washer gun and finally attained the max-

imum beam power of 0.6 MW (15 kV, 40 A) for the pulse
length of 0.5 ms, which is longer than the FRC lifetime.
The Monte Carlo simulation indicates that the tangential co-
current NB ions of 15 keV are efficiently trapped between the
magnetic axis and the separatrix. We found that two merging
high-s hydrogen spheromaks with opposite helicities relaxed
into the large scale FRC with poloidal flux as high as 15 mWb
under the assistance of the developed NBI, suggesting that ki-
netic effects are essential to FRC stability. Recently, two new
NB sources with beam energy of 15 keV are under develop-
ment. We will perform the upgraded FRC experiments using
three NBI systems with the output power of 1 MW.
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Abstract  

Flux amplification and sustainment of the spherical torus (ST) configurations by operating 

in Multi-pulsing Coaxial Helicity Injection (M-CHI) method have been demonstrated in the 

Helicity Injected Spherical Torus (HIST) device. We have studied the plasma flow structures 

and the MHD and Hall dynamo electric fields necessary to balance Ohm’s law in the double 

pulsing CHI discharges. The experimental results indicate that helicity transport from the 

central open flux column with diamagnetic structures to the closed flux surfaces and two-fluid 

Hall dynamo is essential to the CHI current drive mechanisms. 

 

1. Introduction 

Coaxial Helicity injection is an efficient current-drive method used in many spheromak 

and ST experiments. A critical issue for CHI is achieving good energy confinement and 

sustainment simultaneously, since it relies on the magnetic relaxation. This is essentially 

because CHI cannot drive a dynamo directly inside a closed magnetic flux surface, so that the 

field lines become stochastic and the flux surface is only an approximate, i.e. “mean-field” 

one during the sustainment. A new approach of CHI so called multi-pulsing or “refluxing” 

has been proposed to resolve this issue [1]. The multi-pulsing operation is that after the 

plasma partially decays, a new CHI pulse is applied and the cycle process repeated which 

yields a quasi-steady-state plasma. This multi-pulsing CHI experiment was successfully 

demonstrated in the SSPX spheromak device at LLNL [2]. One of main objectives of this 

experiment is to explore an application of the M-CHI to the ST configurations. This paper 

will present the results from double pulsing CHI experiments and MHD and Hall dynamo 

measurements on HIST. 

 

2. Flow and dynamo diagnostics 

The structures, sizes, capabilities, diagnostics, and operating conditions of HIST (R = 0.30 

m, a = 0.24 m, A = 1.25) are described in detail in Ref. [3], but some diagnostic and additional 
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capacitor bank systems for M-CHI operations are also described briefly here. The capacitor 

banks (Vmax = 10 kV, C = 0.6-2.6 mF) are used for ST formation. The two sustainment banks 

(Vmax = 900 V, C = 195 mF and 335 mF) have been prepared for the double gun pulsing 

experiment. The HIST device has surface poloidal pick-up coils, a current density probe, 

internal magnetic probing arrays, Ion Doppler Spectrometer, a MHD dynamo probe (a 

three-axis Mach probe with magnetic pick-up coils), a Hall dynamo probe and a CO2 laser 

interferometer. The Hall dynamo probe incorporates three-axis Rogowski loops and flux 

loops. The MHD and Hall dynamo probes are inserted into the plasma at the same position. 

The ion skin depth is li=(c/�pi)=0.02~0.03 m (ne=0.5-1�1020 m-3), where c is the speed of light 

and �pi is the ion plasma frequency, and S*=R/ li~10 and the Hall parameter �ce2ie~25-75 

(B=0.1-0.3 T, ne=1�1020 m-3), where �ce is the electron cyclotron frequency and 2ie is the 

electron and ion collision time. Thus, two-fluid effects become important and influence the 

dynamo current drive. 

 

3. Results from double pulsing CHI experiments  

The HIST device can form and sustain the ST 

(high-q: q>1 and low-q and spheromaks: q<1) by 

utilizing the variation of the external toroidal field 

(TF) coil current Itf. By operating the magnetized 

coaxial plasma gun (MCPG) with the condition of 

"gun > "FC, here "gun = �3Igun./4bias and "FC is the 

eigenvalue ("FC = 8.53) of the flux conserver (FC), 

required during the driven phase, the magnetic 

helicity is transferred from the gun to the plasma.  

Figure 1 illustrates temporal evolutions of the 

toroidal plasma current It, the line averaged electron 

density <ne> in the core, the edge poloidal magnetic 

field Bp.in, Bp.out at the inboard side (R=0.15 m) and 

the outboard side, respectively,�"OFC���3It./4t in the 

OFC region (at R=0.1 m), "core� in the core region (at 

R=0.25 m) and the ion Doppler temperature TiD (OII: 441.5 nm) in the comparison of single and 

double pulsed discharges. The second pulsing current is Igun ~10-20 kA in the both operations 

and the gun bias flux 4bias is adjusted properly. In this shot, the MCPG has been secondly 

FIG. 1. Time evolution of (a) It,, (b) 
<ne>, (c) Bp.in,, (d) Bp.out,, (e) "OFC, (f) 
"core, (g) TiD in the comparison of single 
(#14162) and double pulsed discharges 
(#14160).

(a)�

(b)

(c)�

(d)

(e)

(f)�

(g)�
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pulsed at t ~ 1.5 ms and then we have observed that the toroidal current It is effectively 

amplified against the partially resistive decay. In addition, the life time tlife has increased up to 7 

ms which is longer than that in the single CHI case. The line averaged electron density <ne> and 

the outer edge field Bp.out last between t = 1.5 ms and t = 5 ms in a steady-state manner as shown 

by Fig.1 (b)(d). The toroidal current in the core has been driven until t ~ 5 ms and after then 

started to decay exponentially. The Ti.D has increased from 

20 eV to 30 eV just after the second pulse.     

To study the dynamo model with two-fluid effects, we 

start from the generalized Ohm law, 

5j=E+v�B � j�B/en+!pe/en, where 5�is the plasma 

resistivity, n the electron density and pe the electron 

pressure. We decompose each quantity into mean and 

fluctuating part, and take the ensemble average of the 

parallel component of it for turbulent equilibrium plasmas 

to yield the parallel mean-field Ohm's law 5j66 � E66 

=<-v�-B>66 � <-j�-B>66/en7<-ve�-B>66, where ve is electron 

velocity, - denotes a fluctuating quantity, < > denotes a 

mean quantity [4]. The first of these terms in the right-hand 

side (RHS) represents the MHD dynamo <-v�-B>66, while 

the second is the Hall-dynamo <-j�-B>66/en. We have 

measured separately each dynamo term at the same time.  

Figure 2 displays a comparison of the radial profile of 

poloidal and toroidal flows (a)(b), electron density (c) and 

radial electric field Er (d) between before and after the 

second CHI pulse. The result from the measurement shows 

that poloidal flow velocity shear exists between the OFC and the last closed flux surface, i.e., at 

the separatrix (R~0.15 m). The poloidal flow shear may be caused by the diamagnetic drift of 

ions vpol = � ! p�Bt/enB2 that being larger than the Er�Bt drift because of a steep density 

gradient there as shown in Fig. 2 (c). This is consistent with the observation that the OFC has a 

diamagnetic toroidal magnetic field structure. The second CHI pulse enhances the poloidal 

flow velocity and reduces the toroidal flow velocity in the sheared region (R < 0.25 m). The 

negative Er ~! pi/en� (v�B) (the inward way to the magnetic axis) may be produced by the 

cross field flow rather than the ion pressure gradient. 

FIG. 2. Radial profiles of (a) 
vpol, (b) vtor, (c) ne, (d) Er.. �
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Figure 3 shows the MHD and Hall dynamo 

induced electric fields measured at each radial 

position. The result indicates that the both 

fluctuation-induced electromotive forces are large 

enough to sustain the mean toroidal current against 

resistive decay in the core region. The parallel 

mean-field Ohm's law balance is roughly satisfied 

both in the OFC driven-region and the core region. 

The direction and amplitude of each dynamo are 

determined by the phase difference between the fluctuating velocity or current density and the 

fluctuating magnetic field. The Hall dynamo may arise from the fluctuating diamagnetic 

current. The Hall dynamo driven current in the OFC is the same direction as the mean toroidal 

current.  Note that the direction of the ion flow observed in the OFC is opposite to that of the 

electron. The ion is accelerated due to the Hall dynamo electric field and the electron becomes 

slow down due to the anti-MHD dynamo. In the core region, collisional drag of electrons 

accelerates the ions and so the ion and electron flows have the same direction. The dynamics of 

the ion and electron flows may be consistent with the electron locking model [5]. Hall dynamo 

plays an important role in the helicity current drive in the core region. 

 

4. Summary 

We have measured spatial profiles of the plasma flow and the magnetic field fluctuations in 

the successful double pulsing CHI discharges. The ion diamagnetic drift due to the steep 

density gradient may account for the reversal of the poloidal flow at the separatrix. The poloidal 

shear flow is enhanced by the second CHI pulse. The MHD <-v�-B>66 and Hall <-j�-B>66/en 

dynamos have been radially measured and so the parallel mean-field Ohm's law balance has 

been examined.   

The authors are grateful to Prof. T. Jarboe and Dr. K. McCollam for valuable discussions. 
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Experimental observation of instability cascade from MHD to ion skin depth scale 
resulting in magnetic reconnection 
Auna L. Moser, P. M. Bellan 
Caltech 

Abstract Text: 
Magnetic reconnection is of critical importance in many fusion plasmas, including tokamaks, 
spheromaks and RFPs. Reconnection necessarily involves processes beyond the scope of ideal 
MHD; finite resistivity is known to provide a possible non-ideal MHD process, but is 
quantitatively inadequate to explain observed reconnection rates in many important situations. 
Shibata and Tanuma[1] proposed that the required high magnetic reconnection rate results from a 
cascade of instabilities through progressively smaller scales until a microscopic scale length is 
reached where non-MHD processes enable magnetic reconnection. An experiment at Caltech 
produces a magnetically driven plasma jet that undergoes an ideal MHD, current-driven kink 
instability; the addition of a longer duration power supply revealed that the kink instability 
amplitude could grow either linearly or exponentially. In the case of exponential growth, a 
segment of the kinked jet thins to form a bright filament. The laterally outward acceleration of 
the kinked jet segment provides an effective gravity, leading to development of a Rayleigh-
Taylor instability on the trailing edge of the thin filament. At the time we observe this distinct, 
spatially periodic Rayleigh-Taylor instability, the plasma has reached the ion skin depth scale 
(i.e. non-MHD scale), the current density becomes so large that the electron drift velocity 
reaches the order of the Alfven velocity, and the instability initiates observed magnetic 
reconnection of the jet. The instability cascade from macroscopic kink instability to microscopic 
Rayleigh-Taylor instability transitions the plasma from an ideal MHD scale to an ion skin depth 
scale where non-MHD processes enable magnetic reconnection. 
 
 
[1] Shibata, K. & Tanuma, S. Plasmoid-induced-reconnection and fractal reconnection, Earth 
Planets Space, 53, 473-482 (2001). 
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Measurements of Energy and Helicity Cascades and Relaxation Rate 
in HIT-SI 

 
J.S. Wrobel, A.C. Hossack, T.R. Jarboe, C. Akcay, D.A. Ennis, C.J. Hansen, G.J. Marklin, B.A. Nelson, R.J. Smith, 
B.S. Victor – University of Washington, Seattle, WA 98195 

Abstract
Inverse cascades of magnetic helicity to lower toroidal modes and cascades of free energy to higher modes are 
observed in the HIT-SI device.  An array of surface magnetic probes embedded in the HIT-SI flux conserver 
resolves plasma dynamics from 10 Hz to 200 kHz.  Amperian loops formed by probe sub-arrays at 0, 45, 180 and 
225 degrees toroidal allow non-axisymmetric plasma currents to be measured.  Two 16-position toroidal arrays 
allow the study of the toroidal mode structure up to n = 7.  The HIT-SI injectors have odd symmetry and inject 
helicity at a higher � than the relaxed axisymmetric spheromak.  Measurements from the surface probes show that 
the injectors initially couple to an n = 1 eigenmode of the confinement volume and the helicity in this mode 
subsequently decays to the n = 0 minimum energy spheromak state.  Thus helicity follows an inverse-cascade to 
lower � and toroidal modes.  At the same time, magnetic energy released in the relaxation process follows a normal 
cascade to higher toroidal modes which are more dissipative.   
 

The relaxation time in HIT-SI is also calculated using surface probe measurements.  During single injector 
operation, a helicity balance model predicts peaks in toroidal current when the injector voltage and flux change 
polarity because the injector helicity content transfers to the spheromak.  Using measured injector currents and 
helicity decay time as inputs, helicity balance calculations predict the time of peaks in the toroidal current assuming 
instantaneous relaxation.  The time delay to the actual toroidal current peaks as measured by the surface probes is a 
measure of the relaxation time.  The relaxation time is measured to be 4.2 +/- 2.8 microseconds- much faster than 
the Sweet-Parker relaxation time of 60 to 100 microseconds.  Work supported by USDoE. 

Introduction
The HIT-SI flux conserver contains 96 3-axis surface magnetic probes arranged in four poloidal arrays and two 
toroidal arrays (see figure 1).  The 16 probe poloidal arrays are located at 0°, 45°, 180° and 225° toroidal and each 
provide a local measurement of toroidal current.  The two 16 probe toroidal arrays are located on either side of the 
mid-plane diagnostic gap and provide measurements of toroidal modes up to n=7.  The probes are digitized at 
500 kHz and can resolve plasma dynamics from 10 Hz to 200 kHz. 
 

 This paper summarizes selected topics from the Ph.D. thesis of Jonathan Wrobel1.  A helicity balance 
model is presented which yields an estimation of the instantaneous helicity content in the HIT-SI flux conserver.  By 
comparing the helicity balance model, which assumes instantaneous relaxation, to surface magnetic probe 
measurements, a characteristic relaxation time in the volume is calculated.  In addition, data are presented which are 
consistent with the model that free energy cascades to higher modes and helicity follows an inverse cascade to lower 
modes during relaxation.  An excess of n=1 energy during startup is posited to be an n=1 eigenstate of the flux 
conserver with � = 12.0 m-1.   

�

 
 

Figure 1 – Poloidal cross section of HIT-SI flux conserver (left) with probe locations in green.  Toroidal cross section at mid-plane (right) 
showing toroidal array around perimeter and four poloidal arrays. 
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Helicity Balance Model 
The motivation for the helicity balance model is the observation that while operating only a single injector, the 
toroidal current peaks when the injector current switches polarity (see figure 2).  Initially this could be counter 
intuitive since these are times of no helicity injection, but these are the times when the most helicity is available to 
form the spheromak, as will be shown.   

 
 

Figure 2 – Injector current (top) with green dashed lines drawn through zero-crossings of the Y injector.  Notice how the peaks in either positive 
or negative toroidal current (bottom) line up with the green lines. 

 
Assuming a Taylor State, the helicity in HIT-SI is composed of three main states: the X injector, Y injector, and 
spheromak.  Helicity is additive and the helicity in each state can be related to current.  For the single injector case 
as shown above, the relative helicity can be expressed as 

where  and 14
1 3.517 10C �� � 14

2 4.982 10C �� � .  Thus using measured injector current and toroidal current 
during a shot, the total “measured” helicity of the composite Taylor State can be calculated (see figure 3). 
 

 
 

Figure 3 – Injector and toroidal currents (top) with total helicity plotted below. 
 

To find an average helicity decay time, the helicity balance equation, below, is solved for steady state: 
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The helicity decay time is calculated using the total helicity in figure 3 and the measured helicity injection rate.  A 
constant value for K2  is taken from a portion of the shot when helicity injection and decay appear to be in balance.  
With a constant helicity decay time and measured helicity injection, the time dependent helicity balance equation is 
integrated with a Runge-Kutta method to obtain a model-based measure of the total helicity in the composite Taylor 
state.  By subtracting the measured injector helicity from the model based total helicity, only the model based 
spheromak helicity remains.  The model based toroidal current is obtained from the C1 coefficient relating helicity to 
current.  In summary, the model based toroidal current assumes that the plasma in the experiment is always in the 
fully relaxed state. 
 

 An initial success of the model is the demonstration that the model-based toroidal current displays peaks 
correlated with the injector current changing polarity (see figure 4).   
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Figure 4 – Both measured and model based toroidal currents (blue and red respectively) display peaks when injector current switches polarity. 

 
Since the model-based current assumes instantaneous relaxation and the measured current is a result of relaxation 
processes in the experiment, the difference between features in these two currents gives a measure of the relaxation 
time.  The relaxation time between current peaks is measured during the steady state portions of several 5.8 kHz 
discharges and found to be 4.2 Õs with an RMS variation of 2.8 Õs.  Note the RMS variation is similar to the 
digitization time of 2 Õs.  As compared to other notable time scales in HIT-SI, this value is closest to the radial 
Alfven time of 2.8 Õs, but much faster than the toroidal Alfven time of 25 Õs.  The measured relaxation time is also 
faster than the Sweet-Parker reconnection time (60 – 100 Õs) and the empirical resistive decay time (144 Õs).  Thus 
relaxation is expected to happen faster than resistive-MHD calculations would predict. 

Mode Evolution and Relaxation Pathways during HIT-SI Startup 
Toroidal mode evolution data are presented which are in agreement with a model2 that helicity flows to lower � and 
spatial modes as free energy cascades to higher � and spatial modes which are more dissipative3,4,5.  Toroidal mode 
amplitudes of n=0 through n=7 are displayed in figure 5.  Notice the n=0 amplitude rises as n=1 collapses.  At the 
same time, the n=2 mode shows a spike, which is highlighted with a vertical line drawn through all the plots.  
Similar spikes, slightly delayed, are seen in higher modes, especially n=4 and n=6.  The high n=1 energy early in the 
shot suggests that an eigenstate above the spheromak Taylor state is excited before conversion to the n=0 
spheromak. 
 

 The helicity injectors on HIT-SI have an n=1 field structure and variable � between approximately 15 and 
30 m-1.  We posit that before a spheromak is present, the injector fields couple most readily to an n=1 eigenstate of 
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the flux conserver with � = 12.0 m-1.  The relaxation event can be described6 as an inverse cascade of helicity from 
the n=1 to n=0 states and a cascade of free energy to higher toroidal modes. 
 

 According to equilibrium calculations, the lowest eigenstate of the HIT-SI flux conserver with an n=1 
structure has � = 12.0 m-1(see figure 6).  Direct evidence of this eigenstate is seen in the poloidal surface probe 
arrays.  Currents (green) parallel to the injector flows (red) amplify the outboard current above the expected Taylor 
value and the return currents (green) through the center of the machine suppress the poloidal fields on the inboard 
side of the vessel. 
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Figure 6 – Cartoon of HIT-SI toroidal cross section showing injector fields 
(red) with no n=0 spheromak present and n=1 eigenstate current paths (green).   

Conclusions
Using surface magnetic probe measurements and a time 
dependent helicity balance model, the relaxation time in HIT-
SI is measured to be 4.2 Õs with an RMS variation of 2.8 Õs.  
Toroidal mode amplitude data are presented which are 
consistent with a buildup of n=1 energy in an eigenstate before 
helicity follows and inverse cascade to low � and free energy 
cascades to higher �.   

 
 
 
 

Figure 5 – Toroidal mode amplitudes during HIT-SI startup 
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Initial Results of FRC Merging and Compression on the Pulsed High Density FRC 
Experiment 
Samuel P Andreason, J.T.Slough, C.J.Pihl 
University of Washington - PDL 

Abstract Text: 
The original experimental work on the Pulsed High Density Experiment (PHD) was focused on 
generating a single Field Reversed Configuration (FRC) with sufficient lifetime, temperature and 
flux to reach fusion conditions after magneto-kinetic compression. Dynamic formation was 
shown to produce rapidly translating FRCs with suitable characteristics. Even at reduced power, 
target parameters with equilibrium temperatures of 400 eV or 17 mWb of flux were achieved. A 
long lived FRC equilibrium phase was observed for these FRCs during translation through a drift 
chamber and reflection off of a downstream mirror. Current work focuses on merging two FRCs 
at this scale (80 cm source sections). 

With the initial startup aspect of the PHD concept tested, the next step for the program was to 
demonstrate the compression of this FRC to higher temperatures and densities. Based on the 
successful merging and compression experiments on the IPA device at smaller scale, a 
modification of the PHD device into a double ended system was completed. This approach met 
with some significant success as FRCs were formed and merged into coherent plasmoids. 

The available ‘good’ operating regime for this much larger device was very limited due to the 
relatively low E¡ of approximately 10 kV/m. A sufficiently high E¡ (20-25 kV/m) is necessary 
to dynamically form and accelerate the FRC to achieve the requisite supersonic velocity for good 
thermal conversion during merging. Toward that end the energy storage modules and formation 
coils are being reassembled into a +/- paralleled “½” turn configuration. A redesign of the 
collector plates, and cabling are currently in progress, and the field reversal coils are being 
modified to a split feed (effectively half turn) bi-fed design. The redesign should result in the 
ability to operate at up to 25 kV/m in the formation sections with a slightly lower peak field for 
translation. A review of the new design and results from initial testing will be presented. 
Calculations of the expected performance enhancement have been carried out with both the 
Moqui and NIMROD codes. The results from these calculations will also be discussed.  
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Investigations into what an open-field line, current-carrying magnetized plasma 
really does 
Paul M. Bellan, A. L. Moser, E. V. Stenson, V. H. Chaplin, M. K. Kendall 
Caltech

Abstract Text: 
 Although magnetohydrodynamics (MHD) is presumed to be a fairly mature subject, 
experimental investigations continue to reveal remarkable new insights into how MHD really 
works.  

The Caltech experimental research program has demonstrated that certain widely used MHD 
paradigms are either inappropriate or somewhat misleading. These paradigms date from the early 
days of fusion research when it was assumed that (i) a plasma could be considered to be in a 
static MHD equilibrium and (ii) there could be stable or unstable Fourier mode perturbations 
about this equilibrium. Another paradigm has been to assume that if the plasma has low beta, its 
behavior can be reasonably described by ignoring pressure gradients. 

What we have found is that when there is electric current flowing along open magnetic field 
lines, the presumed static equilibrium does not exist. Instead complex non-equilibrium dynamics 
occurs. The plasma progresses through a sequence of non-equilibrium configurations such that 
there are strong unbalanced forces resulting in high-speed plasma flows involving MHD 
acceleration of plasma injected where the open field line intercepts the wall. These flows convect 
frozen-in magnetic flux which provides pinching force resulting in substantial pressure gradients. 
The pinched flow is effectively a collimated MHD-driven plasma jet. The jet is neither static nor 
in equilibrium because it is lengthening. Despite not being in static equilibrium, the jet can 
become unstable and kink. Hence instability is not restricted to static equilibria but is also an 
important feature of dynamically changing, non-equilibrium plasmas. 

Most recently, it has been observed that (i) the kink itself can become unstable (see presentation 
by A. L. Moser and P. M. Bellan) yielding a finer structure instability (instability of an 
instability) and (ii) when current flows along a magnetic flux tube that is axially non-uniform 
such that it is bulged at its axial midpoint, MHD forces drive axial plasma jets from both ends 
towards the middle (see presentation by E. V. Stenson and P. M. Bellan). These effects are 
observed using high-speed imaging systems that capture the plasma evolution on the Alfven time 
scale. 

Experiments are being planned to (i) increase the jet speed by lowering the density (see 
presentation by V. H. Chaplin and P. M. Bellan) and (ii) inject Alfven waves (see M. K. Kendall 
and P. M. Bellan). 
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Development of a Compact RF Pre-Ionization System for an MHD-Driven Jet 
Experiment 
Vernon H. Chaplin,  P. M. Bellan 
Caltech

Abstract Text:
We are investigating MHD-driven jets with a coaxial planar electrode geometry. External coils 
are used to create a poloidal magnetic field linking the inner and outer electrodes, and neutral gas 
is injected through nozzles in the electrodes. A high voltage is applied across the electrodes, 
breaking down the neutral gas and driving a current along the poloidal field lines. The ramping 
up of this current corresponds to the injection of magnetic helicity, as the associated toroidal 
magnetic field adds to the poloidal bias field to create a twisted field structure. MHD forces 
cause the current loops linking the electrodes to merge along the central axis, driving a 
collimated jet of plasma away from the electrodes. The jet formation process is analogous to the 
mechanism believed to drive astrophysical jets perpendicular to accretion disks. As the jet 
lengthens, it goes kink unstable, detaching from the electrodes and evolving toward a 
spheromak-like force-free equilibrium. Nominal jet parameters are n ~ 10^22 m^-3, T ~ 2 eV, v 
~ 10-50 km/s, I_pol. ~ 100 kA, B_pol. ~ 0.2 T, � Ø 1. The density and flow velocity are 
constrained by the Paschen criterion for neutral gas breakdown under the applied high voltage: if 
the gas pressure is too low, plasma will not form. In order to overcome this constraint and access 
a new regime with lower density, faster, hotter jets, we are developing a scheme for puffing pre-
ionized plasma into the chamber in place of neutral gas. Pre-ionization will be achieved using a 
pair of 13.56 MHz RF sources capable of outputting over 3 kW pulsed power each. The RF 
sources utilize power MOSFET switches and are each mounted on a single 3 inch by 7.5 inch 
printed circuit board. Impedance matching is accomplished with adjustable arrays of capacitors, 
also mounted on printed circuit boards; one RF source is tuned to output a high voltage and 
initiate breakdown, while the other is tuned to sustain the pre-ionized plasma by maximizing the 
power delivered from the source. We are investigating helicon waves as a means for efficiently 
coupling RF power to the plasma. The nozzle where pre-ionization takes place will be located 
directly behind the center electrode, which is at 2-5 kV during the main discharge. In order to 
protect the RF sources from this high voltage, the pre-ionization system must be able to float at 
the potential of the center electrode. This is achieved by using AA batteries to power the RF 
source. Battery operation is feasible because the sources are pulsed for < 1 ms, so the total 
electrical energy in a pulse is on the order of 1 J. Characterization of the RF source behavior and 
initial measurements of the pre-ionized plasma properties will be presented. 
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Design and development of a polarization resolved spectroscopic 
diagnostic for measurements of the magnetic field in the Caltech 

coaxial magnetized plasma jet experiment 

Taiichi Shikama1 and Paul M. Bellan 

California Institute of Technology, Pasadena, California 91125, USA 

1. Introduction 

 Measurements of the magnetic field strength in current-carrying magnetically confined 

plasmas are necessary for understanding the underlying physics governing the dynamical behavior.  

Such a measurement would be particularly useful in the Caltech coaxial magnetized plasma gun, an 

experiment used for fundamental studies relevant to spheromak formation, astrophysical jet 

formation/propagation, solar coronal physics, and the general behavior of twisted magnetic flux 

tubes that intercept a boundary. In order to measure the field strength in the Caltech experiment, a 

non-perturbing spectroscopic method to observe the Zeeman splitting in the emission spectra is 

being developed.  The technique is based on polarization-resolving spectroscopy of the 

Zeeman-split � components, a method previously used in both solar [1] and laboratory plasmas [2].

We have designed and developed an optical system that can simultaneously detect left- and 

right-circularly polarized emission with both high throughput and small extinction ratio. The 

expected spectra will be interpreted using quantum mechanical perturbation theory.  This paper 

discusses the design and feasibility analysis of this diagnostic which is being installed at time of 

writing. 

2. Experimental setup 
 The investigations will be carried out using the Caltech magnetized plasma gun. The 

plasma gun is mounted on one end of a 1.4 m diameter, 2 m long cylindrical vacuum chamber and is

powered by an ignitron-switched high voltage capacitor bank.  Details of the plasma gun and its 

sequence of operation can be found elsewhere (e.g., [3, 4]).  The discharge duration is typically 

5-50 �s, and typical plasma electron and ion temperatures (Te and Ti) are 1-3 eV and typical electron 

density (ne) is 1021-1023 m-3.  The magnetic field consists of a poloidal component resulting from 

stretched externally imposed bias magnetic flux and a toroidal component generated by the poloidal 

plasma current from the gun electrodes.  The total field strength (|B|) is as high as 0.2 T. 

 The optical system is designed to separate the left- and right-circularly polarized 

Zeeman-split � components and then transfer these separated components to a spectrometer where 

                                                   
1 On leave from Department of Mechanical Engineering and Science, Kyoto University, Japan.
e-mail: shikama@caltech.edu 
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they are recorded.  A schematic drawing of this optical system is shown in Figure 1. The optical 

system consists of a quartz lens (Sigma-Koki plano-convex lens; f = 60 mm), a �/4 wave plate 

(Edmund Optics NT48-497), a beam-splitting Glan-Thompson prism (Halbo Optics PTSB10), and a

custom-built 32-element optical fiber bundle (Mitsubishi Cable Industries ST230D; core and 

cladding diameters are 230 and 250 �m, respectively).  Left- and right-circularly polarized light 

from the plasma is converted into orthogonal linearly polarized light by the �/4 wave plate, and then 

separated into the ordinary (o) and extra-ordinary (e) rays by the Glan-Thompson prism.  The 

separated left- and right-circularly polarized signals are then transferred via the fiber bundle which 

consists of two 16-element sets of vertically aligned fibers to a Czerny-Turner type spectrometer 

(Jobin-Yvon Horiba 1000M; f = 1 m, 3600 grooves/mm grating).  The bundle is arranged so that 

left-hand light is carried on odd-numbered fibers and right-hand light on even-numbered fibers.  

The spectra from the 32 fibers are recorded by an ICCD camera (Andor DH520-25F-03; 800 x 250 

active pixels, 26 �m square pixel). Using the Glan-Thompson prism for polarization separation   

provides both high throughput and small extinction ratio.  The throughput has been measured to be 

about 80% using a diode laser (� = 532 nm) and power meter while the extinction ratio has been  

measured to be about 3 x 10-2 using H� emission (� = 486.1 nm) from an ac glow-discharge 

hydrogen lamp coupled to a spectrometer with CCD.  The optical system will be installed in a 

direction perpendicular to the vacuum chamber axis.  At the plasma position (~1 m from the quartz 

lens) the o-ray viewing spot is a ~4 mm diameter circle.  In contrast, the e-ray spot is a horizontally 

elongated ellipse with major and minor axes of about 13 and 4 mm, respectively;  this is because of 

the difference of the refractive indices in the meridional and sagittal directions for the e-ray.  

 

Figure 1. Schematic drawing of the collection optics. 

3. Calculation of the expected NII spectra 
 The feasibility of this diagnostic has been estimated by calculating the expected spectral

shifts and broadenings.  Since large Stark broadening due to high ne could prevent observation of 

small Zeeman splitting, the 489.5 nm nitrogen ion line NII 2s22p(2Po)3p-2s(2S)2p3 [1P1-1D2] has been 
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selected as the measurement candidate because this line has relatively small Stark broadening. 

Expected spectra have been represented by a Voigt function containing the Zeeman, Stark, and  

Doppler effects, as well as the instrumental function of the spectrometer. The Zeeman-induced 

wavelength shift has been evaluated using quantum mechanical perturbation theory.  In the 

calculation, we adopted the |JM> basis wave function, where J and M are the total angular 

momentum and magnetic quantum numbers respectively, and assumed that the total Hamiltonian 

matrix except for the Zeeman effect is diagonalized.  The energies without the Zeeman effect were 

taken from a database [5].  The Zeeman effect was then considered as a first-order perturbation 

term.  We have confirmed that this procedure gives sufficient accuracy in the calculation results 

compared to the precision of the present visible emission spectroscopy. The difference in the 

calculated wavelengths of the left- and right-circularly polarized � components is about 4.5 pm for 

|B| = 0.2 T.  The Stark broadening and shift due to the micro-electric field generated by electrons 

and ions are estimated using an empirical formula derived from experiments [6].  Both the 

broadening and shift are proportional to ne and the values are less than 46 pm (FWHM) and 13 pm 

respectively, when ne = 1.0 x 1023 m-3.  The Doppler broadening with Ti = 1-3 eV becomes 10-17 

pm (FWHM).  The spectrometer instrumental function, assumed to be Gaussian and dependent on  

entrance slit width, is typically less than 60 pm (FWHM).  We assumed that the emission is 

localized and observed parallel to the magnetic field.  The calculated spectra of the � components 

under a condition of Ti = 3 eV, |B| = 0.2 T, and 50 pm instrumental function are shown in Figure 2.  

             
Figure 2. Calculated NII 2s22p(2Po)3p-2s(2S)2p3 [1P1-1D2] spectra for Ti = 3 eV, 

|B| = 0.2 T, and instrument function of 50 pm.  The filled circles denote the 

transition with �M = -1, open circles denote that with �M = +1, and dash-dotted

lines indicate the center of the spectra.
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In the figure the dash-dotted lines indicate the center of the spectra, filled circles denote the 

transition with �M = -1, and open circles denote that with �M = +1;  here we define �M = Mf - Mi,

where the subscripts f and i indicate the final and initial states of the transition, respectively.  The 

interval of the data points corresponds to the reciprocal linear dispersion of the spectrometer, about 

3.8 pm/pixel.  The upper figure shows the results with ne = 1.0 x 1023 m-3 and the lower figure 

shows those with ne = 1.0 x 1022 m-3.  From these results, we can conclude that if the spectra can be 

acquired with sufficiently large signal-to-noise ratio, the Zeeman splitting should be detectable by 

separation of the polarized emissions. 
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A novel experiment to measure ion self-helicity conservation 
Setthivoine You, J. von der Linden, L. Paritzky, S. Jacobs, J. Geier 
University of Washington 

Abstract Text: 
Two-fluid theory predicts the conservation of ion self-helicity during plasma relaxation [1], but 
to date no experimental verification has yet been made. We propose to test the prediction with a 
new experiment currently being built with unique diagnostics for observing plasma jet collisions 
with compact toroids. A pair of conical theta pinches will merge two compact toroids at the 
center of a large vacuum chamber and another pair of planar coaxial guns will shoot smaller 
plasma jets tangentially on to the compact torus to induce net bulk angular rotation. A large 
vacuum chamber, flexible gas injection arrangements and all power supplies are designed to 
allow for a range of {S ;Beta} values and ion flow velocities to explore regimes with two-fluid 
effects on compact toroid configurations. For each shot, two sequential ion flow maps can be 
reconstructed from 3D vector tomography of multichannel ion Doppler spectroscopy 
measurements [2]. Bulk ion line emission from non-hydrogen plasmas will be measured. 
Together with an insertable 3D array of Bdot probes to measure the magnetic field and helicity, 
the ion self-helicity can be measured in the entire 3D volume twice in each discharge. A fast ion 
gauge will measure time-resolved neutral gas profiles to help reduce plasma edge neutral 
densities and optimize gas injection times. A novel two-fluid plasma lattice Boltzmann 
numerical model [3] is being developed to support the interpretation of experimental 
measurements.  
 
[1] L.C. Steinhauer, A. Ishida, Phys. Plasmas, 5, 7, (1998)  
[2] S. You, H. Tanabe, Y. Ono, A.L. Balandin, J. Fusion Energy, 29 (2010)  
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Measurements of Electron Thermal Transport due to ETG Modes in a Basic 
Experiment in CLM 

Vladimir Sokolov, A.K.Sen 
Columbia University 

Abstract Text: 
Production and identification of electron temperature gradient (ETG) mode have been 
successfully done in a basic experiment in Columbia Linear Machine CLM [1]. Now a 
measurement of electron thermal conductivity via an unique high frequency triple probe yielded 
a value of K_e ranging between 2-10 m2/s, which corresponds to 1-5 K_e,GB, where the 
subscript denotes gyro-Bohm . This experimental result appears to agree with a value of non-
local thermal conductivity obtained from a rough theoretical estimation [2], and not inconsistent 
with gyrokinetic simulation results for tokamaks. The first experimental scaling of the thermal 
conductivity vs the amplitude of ETG fluctuation is also obtained. It is approximately linear, 
indicating a strong turbulence signature. 
This research was supported by U.S. Department of Energy Grant No. DE-FG02-98ER-54464. 
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Toroidal spin-up due to electron fluid fluctuation of a 

field-reversed configuration 

Toshiki TAKAHASHI, Fusaki P. IIZIMA, and Tomohiko ASAI1)

Department of Electronic Engineering, Gunma University, Gunma 376-8515, Japan 
1) College of Science and Technology, Nihon University, Tokyo 101-8308, Japan 

Abstract

Transport of electrons in a field-reversed configuration plasma is investigated, which is caused by electromagnetic 

fluctuation of the electron fluid itself. We assume that electron current fluctuation is the source of electromagnetic 

fluctuation, and trajectories of electrons in the prescribed fluctuating field are calculated. It is found that the profile of 

electron toroidal flow velocity changes rapidly when electromagnetic fluctuation is present.  

�
1. Introduction 

The rotational instability with the toroidal mode 

number n=2 of a field-reversed configuration (FRC) 

plasma is the most often observed global instability [1]. 

The FRC current just after formation is primarily 

carried by electron current, while ions are 

approximately at rest. The ions, however, gradually 

gain angular momentum in the ion diamagnetic 

direction before the onset of the instability. Rotation of 

the FRC plasma has been often explained by selective 

loss of ions [2], or end-shorting [3], or both. 

We have proposed another possible spin-up 

mechanism [4], which is direct conversion from the 

magnetic flux to the kinetic angular momentum as 

long as axisymmetry holds. In the present paper, we 

briefly review this spin-up mechanism. In addition, we 

discuss here a mechanism of the anomalous flux loss 

observed in an FRC plasma. We focus on transport of 

electrons due to electromagnetic fluctuation caused by 

electron fluid itself with relatively high frequency than 

the ion cyclotron frequency.  

2. Toroidal Spin-up Model 

 Suppose the FRC plasma is axisymmetric. This 

assumption is valid until the rotational instability is 

triggered. In this case, the canonical angular 

momentum  

),( zrqrmP ψθθ += �   (1) 

of every particle is conserved, where qm, are the 

mass and charge, θ� is the toroidal velocity 

component, and ),( zrψ is the poloidal flux function. 

If the poloidal flux decays due to a resistivity and 

toroidal axisymmetry is still valid, then 

( ) ψθ Δ−=Δ qrm � .  (2) 

Equation (2) shows every ion gains the angular 

momentum in the ion diamagnetic direction, when the 

trapped poloidal flux decays. Generally, the separatrix 

radius decreases during the decay phase. If the guiding 

center r is also decreased, the toroidal velocity θ� is 

further increased. 

 We can also explain the rotation from the 

viewpoint of particle trajectories. In the FRC plasma, a 

small-gyroradius drift orbit, a figure-8 orbit, and a 

betatron orbit are possible three types of trajectories. 

Contrary to the betatron particles, small-gyroradius 

drift particles and figure-8 particles have smaller 

angular momentum. If the poloidal flux decays, the 

figure-8 particles can change abruptly to the betatron 

particles as shown in Fig. 1, because the Larmor radius 
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increases. The transition of trajectory type results in 

the increment of the toroidal angular momentum. 

 The inductive electric field is also possible cause 

of the rotation. The betatron particles move around the 

field-null. The toroidal electric field always 

accelerates the betatron particles in the ion 

diamagnetic direction. Here, the radial BE × drift 

motion contributes to the betatron oscillation, and 

therefore the guiding center is fixed at the equilibrium 

position where the centrifugal force and the Lorentz 

force are balanced. 

 Since the discussion above is based on a 

single-particle picture, we need to confirm a collective 

effect due to the flux decay. A number of 

super-particles are traced numerically in the decaying 

FRC plasma. The poloidal flux decay is reproduced by  

  θηψ Jr
t

−=
∂

∂ .   (3) 

Here, the electric resistivityη equals clηA , where A is 

the anomaly factor and clη  is the classical resistivity. 

Note that 0>ψ inside the separatrix region in our 

paper. The flux lifetime is controlled by the 

parameter A . By integrating Eq. (3) with use of the 

Runge-Kutta method, a flux function at a calculation 

point is found. The motion of plasma ions are 

calculated in the prescribed field and the ion density 

and toroidal flow velocity are estimated by a PIC 

method at each calculation time step. 

 In order to show the fact that a flux decay causes a 

rotation of the FRC plasma, we compare the toroidal 

flow velocity between with and without the flux 

decay; the comparison is made in Fig. 2. It is found 

from Fig. 2(a) that the toroidal flow velocity at the 

field-null increases to A02.0 � , when the flux decays. 

On the other hand, the increase in the rotation speed in 

the ion diamagnetic direction is never observed, when 

the flux is maintained as shown in Fig 2(b).  

 The toroidal flow speed of electrons, however, also 

increase, if we apply Eq. (2). This implies that the 

electron current that is dominant of the plasma current 

of the FRC is driven, and resultantly the decay of the 

poloidal flux is suppressed. In order to explain the 

anomalous resistivity that fits experimental data in Eq. 

(3), we suppose the presence of an anomalous loss of 

the electron angular momentum due to an electron 

fluid fluctuation with higher frequency than the ion 

cyclotron frequency. The idea of the selective angular 

�

Fig. 1. Trajectory of a plasma ion in the FRC 

plasma whose poloidal flux is decaying. 

�
Fig. 2.  Time evolution of the toroidal flow 

velocity at the separatrix (solid line) and the 

o-point (dotted line) in the case that a resistive 

decay is (a) present and (b) absent.�

Toroidal spin-up due to electron fluid fluctuation of a field reversed configuration T. Takahashi, et.al.
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momentum loss of electrons comes from the current 

drive technique by a rotating magnetic field [5]. The 

high beta FRC plasma naturally suffers from 

fluctuation of a confinement magnetic field. Since the 

electron current is dominant, high frequency magnetic 

fluctuation coming from the electron fluid fluctuation 

may be underlying phenomena in the FRC. Therefore, 

electron transport due to fluctuation of the electron 

fluid should be studied. We will discuss an 

electromagnetic fluctuation in the next section. 

3. Perturbation of Electron Fluid in an FRC 

The wave equations of electromagnetic fields are 

0
2

2

2
2 1

ε
ρφφ −=

∂
∂−∇

tc
 (4) 

2
0

2

2

2
2 1

ctc ε
jAA −=

∂
∂−∇  (5) 

Here, all the quantities above are fluctuating 

components and have the relations with the oscillating 

fields in the form 

t∂
∂−−∇= AE φ1   (6) 

AB ×∇=1     (7) 

Now, let us assume that plasma particles could not 

respond waves, and therefore the source terms 

oscillate with time and spatial profiles do not change. 

Then the source terms are gives as 

( ){ }tnzr ωθρρ −= iexp),(~ ,  (8) 

( ){ }tnzr ωθ −= iexp),(~jj .   (9) 

Amplitudes of ),(~ zrρ and ),(~ zrj are assumed to be 

proportional to the equilibrium quantities, then 

),(),(~
0e zrenzr nδρ −=   (10) 

),(),(~ zrzr j jj δ= .   (11) 

The fluctuation ratios nδ and jδ are chosen small 

values, such as 310− . The potentials are also in the 

form as 

( ){ }tnzr ωθφφ −= iexp),(~ ,  (12) 

( ){ }tnzr ωθ −= iexp),(~AA .   (13) 

The wave equations of potential are expressed by the 

cylindrical coordinates system. Assumption (11) gives 

0== zr jj  because an FRC plasma is sustained by 

only the toroidal current. We solve the equations for 

the amplitudes of fluctuating quantities by the finite 

difference method. 

 The obtained spatial profiles of the scalar and vector 

potentials on the midplane are shown in Fig. 3, where 

the profiles are drawn for the toroidal mode 

number n of 0, 1, 2, 3, and 4. No electrostatic potential 

arises for 0=n , because no deviation of the charge 

density is present. The potentials satisfy the Lorenz 

gauge.  

 Using Eqs. (6) and (7), we obtain the fluctuating 

electric and magnetic fields whose midplane profiles 

are shown in Fig. 4. Although the radial and azimuthal 

�

�

Fig. 3.  The spatial profiles of the amplitude 

of the scalar and vector potentials on the 

midplane. (Top) the scalar potential, (middle) 

the radial component of vector potential, 

(bottom) the azimuthal component of vector 

Toroidal spin-up due to electron fluid fluctuation of a field reversed configuration T. Takahashi, et.al.
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components of the fluctuating magnetic field and the 

axial electric field are present, these are zero only on 

the midplane because of the symmetry. Those appear 

in a region near the x-point, where magnetic lines 

curve. We calculate an electron orbit in the obtained 

fluctuating field. 

4. Electron Orbit Calculation 

 Electron orbits in the prescribed fluctuating field are 

calculated, and the position and toroidal velocity of 

electrons are summed in the counting cell with a use of 

the PIC method. The number of super-particles is 

about 16 million. We suppose that the equilibrium 

electric field (unperturbed field) is 

BuE ×−= e

to match the electric drift velocity and the electron 

diamagnetic drift velocity. This controversial 

assumption will be checked in a subsequent study.  

 Preliminary results from calculation of electron orbits 

are shown in Fig. 6. The top figure shows time 

evolution of electron density at the separatrix. It is 

found the electron density varies along with the 

electromagnetic fluctuation. In the figure, one cycle of 

fluctuation corresponds to ce/45 τt , and the density 

and flow velocity are found to follow the fluctuation. 

Because electrons start to flow in the opposite 

direction to the electron diamagnetic flow velocity 

( 0e <θu ), perturbation is possible to cause the loss of 

angular momentum.  

[1] D. J. Rej et al., Phys. Fluids B 4 (1992) 1909. 

[2] D. S. Harned, D. W. Hewett, Nucl. Fusion 24

(1984) 201.  

[3] L. C.Steinhauer,  Phys. Plasmas 9 (2002) 3851.  

[4] T.Takahashi et al., Plasma Fusion Res. 2 (2007) 

008. 

[5] I. R. Jones, Phys. Plasmas 6 (1999) 1950. 

�

Fig. 5.  Time evolution of (Top) the electron 

density at the separatrix, (bottom) the toroidal 

flow velocity of electrons at the field-null. 

�

�

�

Fig. 4.  The spatial profiles of the amplitude 

of electromagnetic wave caused by electron 

fluid perturbation. (Top) axial magnetic field, 

(middle) radial electric field, (bottom) 

azimuthal electric field. 
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Magnetic-Diffusion-Induced Electron Transport in the MST RFP 
Joshua A. Reusch, J.K. Anderson, D.J. Den Hartog, C.B. Forest, C.P. Kasten, D.D. Schnack, 
H.D. Stephens 
UW – Madison 

Abstract Text: 
In this work, the results from two extensive nonlinear resistive MHD simulations, run at 
parameters matching those of 400kA discharges in MST (S~4x106), are used to investigate 
electron thermal diffusion, Úe, in the RFP. The first simulation is a zero beta simulation in which 
the measured Úe is compared to the thermal diffusion due to parallel losses along diffusing 
magnetic field lines, Úst=VllDmag. Agreement is only found if the reduction in Úst due to trapped 
particles is taken into account. In the second simulation, the pressure field was evolved self 
consistently assuming Ohmic heating and anisotropic thermal conduction. The preliminary 
results from this simulation show that fluctuations in the simulated temperature are very similar 
in character and time evolution to temperature fluctuations measured in MST. The zero-� 
simulation is useful for isolating the contribution of the magnetic stochasticity to the overall 
thermal diffusion measured in the experiment. The evolution of the Dmag profile was 
determined for over 20 sawteeth so that the ensemble averaged evolution could be compared to 
the sawtooth ensembled data from MST. The result of this comparison shows that Úst, which 
should represent the minimum possible thermal diffusion, is larger than Úe at most times. 
However, if electrons are trapped in a magnetic well they cannot carry energy along the diffusing 
magnetic field lines and thus Úst should be reduced by the circulating particle fraction in order to 
be compare with the experimental measurements. This reduction brings Úst to within uncertainty 
of Úe in the mid radius at most times throughout the sawtooth cycle. In the core, the measured Úe 
greater than Úst leading up to and including the sawtooth crash, suggesting other transport 
mechanisms such as temperature flattening due to magnetic islands, may be important or even 
dominant transport mechanisms at this time. In the finite beta simulation, the plasma pressure 
was allowed to evolve self consistently. The striking thing about this simulation is the evolution 
of the temperature fluctuations in time. Before the sawtooth, an m=1, n=6 fluctuation flattens the 
temperature profile while after the sawtooth an m=1, n=5 fluctuation appears near the core 
generating a hot island. At the crash, m=0, n=1 temperature fluctuations can also be seen 
spanning the minor radius of the plasma. All of this is consistent with temperature fluctuation 
measurements made in MST. This work supported by the US DOE and NSF. 
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Development and validation of a two-fluid plasma-neutral model 
Eric T. Meier,  U. Shumlak, R. D. Milroy, D. Kirtley, J. Slough 
University of Washington 
Abstract Text: 
A tractable, useful model for capturing neutral effects in plasmas has been a long-standing goal 
of the PSI-Center. To this end, a two-fluid model for interacting and reacting plasma and neutral 
fluids has been derived by taking moments of the Boltzmann equation. Separate density, 
momentum, and energy equations for the two (plasma and neutral) fluids are derived in addition 
to a generalized Ohm’s law for electromagnetic evolution. The approach is similar to that taken 
by Braginskii [1] to produce the single-fluid MHD model, but is generalized to include a neutral 
fluid and associated resonant charge exchange, electron-impact ionization, and radiative 
recombination reactions. Electron mass is neglected. A single-species, optically thin partially 
ionized gas is assumed. Excited states are not tracked. Temperature-dependent ionization and 
recombination reactions are modeled. The resonant charge exchange implementation accurately 
accounts for the statistical average of the relative ion-neutral particle velocities for each fluid 
moment. Braginskii closures are used for the plasma, and Chapman-Enskog hard sphere closures 
are used for the neutral gas. This plasma-neutral model is implemented in the HiFi implicit 
spectral element code [2,3]. Validation testing has been conducted by applying the 
implementation to the Electrodeless Lorentz-Force (ELF) thruster experiment. In ELF, an RMF-
formed FRC is accelerated, and ejected from a conical vessel. ELF is intended to have a long 
operational lifetime while operating at high power density and efficiency. An AFOSR program, 
Neutral Entrainment, is investigating the downstream interaction of this FRC with an injected 
neutral gas. As the FRC is accelerated down a cylinder by the peristaltic action of external coils, 
it couples strongly, primarily through charge exchange, to a field of neutral gas that has been 
injected ahead of the FRC. The tight coupling of the FRC to the neutral gas allows efficient 
acceleration of neutral gas, enhancing thruster efficiency by providing more thrust for a given 
ionization energy investment than a conventional electric propulsion device. Five key parameters 
for the ELF thruster are: FRC velocity, FRC temperature, FRC density, neutral gas profile, and 
neutral gas density. The modeling effort, involving simulations of neon FRC interaction with 
neon neutral gas, has provided insight for optimizing these parameters to provide good coupling 
of the FRC to the neutral gas while limiting wall damage. Quantitative comparison to 
experimental results will be presented. 

[1] S.I. Braginskii, Rev. Plasma Phys., 1 (1965) 205 

[2] A.H. Glasser, X.Z. Tang, Comput. Phys. Commun. 164 (2004) 237 

[3] V.S. Lukin, PhD thesis, Princeton University, 2008 
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Figure 1.  Comparison of normalized boundary magnetic 
flux as a function of z, for both experiment and calculation.

 
Figure 2.  Vacuum magnetic field configuration 
corresponding to the boundary flux shown in Fig. 1 and 
used as part of the NIMROD initial conditions. 

A comparison of NIMROD simulations of RMF current drive with 3-axis probe data from 
the TCSU experiment 

Richard D. Milroy, PSI-Center and RPPL, University of Washington and Katherine Velas, 
Redmond Plasma Physics Laboratory, University of Washington 

A series of extended MHD simulations of the TCSU experiment have been made, with magnetic 
boundary conditions tailored to closely match those of recent experimental measurements.  These 
calculations are an extension of previous RMF calculations1, and use the NIMROD code2.  To more 
closely model the experiment, the n=0 flux on the radial wall is set to closely match the measured flux, 
and the n=1 fields imposed are made to approximate the boundary fields measured by the recently 
installed 3-axis probe3.  In NIMROD, the n=1 RMF is imposed through the specification of the tangential 
electric field and the resultant boundary magnetic field is dependent on the interior solution.  Hence it is 
not possible to specify RMF boundary conditions 
that are an exact match, but we have attempted to 
match the effects of the antennas as closely as 
possible. 

The n=0 flux on the wall is set using a tanh 
function to interpolate between a series of coils.  
Figure 1 shows the measured flux on the flux 
conserving rings from a typical long mirror shot on 
TCSU along with the specified flux in a NIMROD 
calculation.  The flux is normalized to the ring or 
wall radius, so is expressed in units of magnetic 
field (T).  In the calculation the tangential component of the n=0 component of E is zero on the 
boundaries, so this flux profile is fixed in time.  The boundary flux imposed in the NIMROD simulations 
is a very close approximation to the experimentally measured values in the region where the FRC is 
formed and sustained.  Figure 2 shows the 
corresponding vacuum magnetic field, which is 
assumed as part of the NIMROD initial conditions. 

It is noted that even for the long mirror operation 
the boundary magnetic flux is strongly mirrored so 
that the usual <�> condition ( 2

2
11 sx��� ), is not 

expected to be satisfied, and in fact should be 
considerably higher.  The 3-axis probe 
measurements have established that the FRC separatrix extends to about 0.85 cm – well into the mirror 
region.  For the numerical simulations, the RMF antenna ½ length is set to 0.6 m, matching the 
experimental value.  This is contrasted to 1 m ½ length that was used in earlier simulations1. 
Even-parity calculations: 
  Even-parity calculations with parameters adjusted to approximate those corresponding to the 3-axis 
probe “scan3” were performed.  The calculation was initialized with a uniform fill plasma with a density 
of 2×1018 m-3, and the vacuum magnetic field configuration illustrated in Figures 1 and 2.  The bias 
magnetic field at the axial midplane was 3 mT, rising to a value of 14.2 mT in the end regions.  The full 
simulation volume had a radius of 0.4 m, and extended from -3.5 m to + 3.5 m.  The RMF boundary 
conditions were ramped up linearly over a period of 50 μsec. with an RMF frequency of 122 kHz.  A 
constant and uniform electrical diffusivity �/�o = 64 m2/s is assumed, which is the smallest value that we 
can use without introducing new numerical difficulties, and is representative of the inferred average 
resistivity for the experiment.  As with earlier simulations, we often only employ the n=0 and n=1 modes 
to reduce the computational effort, however the calculations reported here employ modes n=0 through 
n=5. 
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Figure 4.  Radial boundary values of RMF components for even-parity 
calculations, and experimental values measured with the 3-Axis probe.

 
Figure 3.  Steady toroidal magnetic field and flux contours 
measured with the 3-axis probe (top) and the n=0 
component of B  from a simulation. 

Figure 3 compares the experimentally measured 
steady toroidal magnetic field with flux-lines 
superimposed, with the calculated n =0 toroidal 
flux and magnetic flux lines.  The top figure is 
generated using 3-axis probe data, low-pass filtered 
at 10 kHz.  To generate a field map as a function of 
r and z, data from multiple shots are combined, as 
the axial position of the probe is moved between 
shots.  For comparison, Figure 3 also shows the n = 0 component of B  with field-lines superimposed, 
from the simulation.  The FRC generated in the simulation is very similar in size (radius and length) to 
the experimental measurements, however the poloidal flux contours from the NIMROD simulations have 
a racetrack profile, while the experimental profile is more elliptical.  The measured toroidal field profiles 
appear quite similar to the calculated profiles, however the magnitude is larger in the simulation results 
(color scale is from -2.5 to +2.5 mT, compared with -1.5 to +1.5 mT for the experimental results).  It is 
thought that the magnitude of the toroidal field on the open field-lines depends on the plasma resistivity in 
the open field-line region and on the details of the end-shorting process.  A uniform resistivity with �/�o 
was assumed for the calculations.  It has been shown that this open field-line toroidal field leads to a back 
torque that opposes the RMF torque, and in previous calculations was about 30% of the RMF torque1. 

It is interesting to compare the RMF boundary conditions imposed on the code with the RMF field near 
the radial boundary as measured with the 3-Axis probe.  The experimental value is calculated by passing 
data from the outermost probe (37 cm) through a notch pass filter centered at the RMF frequency, and 
calculating the envelope of the resulting signal.  This is yields the magnitude of the RMF field at the 
probe, and is plotted as a function of z in Figure 4 (red curves).  This is compared with the amplitude n=1 
RMF field in the even-parity NIMROD simulation (blue curve).  Remember, in the simulations Br, E , 
and Ez are specified, so the values of 
B , and Bz are calculated and are 
strongly dependent on the plasma 
response.  The specified Br is seen to 
be slightly lower than the 
experimental value, but the calculated 
tangential components of B are larger 
than the measured values.  However, 
the profile shapes from NIMROD are in good agreement with the experimental profiles. 

Overall, the boundary magnetics for the simulations show good qualitative agreement with experimental 
measurements.  More detailed comparisons of the internal magnetic profiles will be made as a part of an 
ongoing analysis of the experimental data.   

Figure 5 shows a series of three-dimensional images of partially transparent pressure contours along with 
magnetic field-lines from late in time from a NIMROD calculation.  For each of these figures, 10 field-
lines are launched from a ring of constant radius, located at the axial midplane.  The launch ring radius is 
0.03 m for the top figure, and then 0.2, and 0.35 m for the bottom figure.  In all cases, all of the field-lines 
are open and exit the simulation region.  The ends of the field-lines (the points that they enter of exit the 
simulation region) are marked with a “ball”.  Some exit through the radial wall under the antennas, others 
exit at the end walls of the simulation.  The twisting of the open field-lines due to the induced B  is 
evident.  In this simulation, most field-lines traverse the FRC a few times (2 to 5), before exiting the 
simulation.   
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�
Figure 6.  Radial boundary values of RMF components for odd-parity 
calculations, and experimental values measured with the 3-Axis probe.

Figure 5. Three dimensional images of magnetic field-
lines lines and a partially transparent pressure at 400 
μsec for an even-parity calculation.  In each plot 10 
field lines are launched from a circle of radius 
0.03,0.20, and 0.35 m (top to bottom). 

 
Figure 7.  Steady toroidal magnetic field and flux contours 
measured with the 3-axis probe (top) for an odd-parity 
scan, and the n=0 component of B  from a simulation.

In this figure the transverse RMF field points 
downward (enters from the top and exits from the 
bottom).  The open n = 0 field-lines point to the 
right.  The field-lines for the top figure are all 
launched from near the axis of symmetry (r = 0.03 
m), and they all enter from top left-hand-side and 
exit from the bottom right-hand-side under the 
antennas.  This pattern is always observed in all 
even-parity simulations.  As the launch point 
moves out in radius, some of the field-lines enter 
and exit from the simulation ends, and the pattern 
is similar for all larger launch point radii. 
Odd-parity calculations: 
A set of odd-parity calculations have been 
performed using the same parameters as the even-
parity calculations just described, except that an 
odd-parity antenna was assumed, using the method 
described earlier1.  These calculations will be 
compared with a set of experimental shots where 
the 3-axis probe was “scanned” axially to generate a set of measurements of B as a function of r, z, and t.  
It is noted that the RMF frequency for the calculations is same 122 kHz that was employed in the even-
parity calculations, while the experimental RMF frequency was 109 kHz.  This was done so that a direct 
comparison between the even and odd calculations could be made, while the frequency change in the 
experiment was the result of an inductance change when the antennas were configured for odd-parity. 

As with the even-parity calculations, 
the magnitude of n = 1 magnetic field 
at the radial boundary has been 
compared with the magnetic field 
measured with the 3-axis probe.  This 
is plotted as a function of z in Figure 
6.  The value of Br specified in the 
code appears has larger peaks than the 
measured values, but the total 
specified flux (integrated value) is comparable.  However the calculated B  value turns out to be much 
larger in the code.  The values of Bz in the code are lower, with less axial structure.  These differences are 
still being investigated. 

Figure 7 compares the experimentally measured 
steady toroidal magnetic field with flux-lines 
superimposed, with the calculated n =0 toroidal 
flux and magnetic flux lines.  Figure 7 shows for 
the odd-parity case, what Figure 3 showed for the 
even-parity case.  A slight asymmetry is noted in 
the experimental data, with an apparent larger 
radius to the right.  Also the experimental data 
shows a flux maximum near the axial center of the 
FRC, while the computed profiles have a local minimum at the axis of symmetry.  However, it is 
interesting to note that the calculated B  profile is very similar to the calculated profile, even including the 
structure inside the FRC.  However it is noted that the scale for the computed B  ranges from -.0025 to 
+.0025 T, while the range for the experimental data is from -.0015 to +.0015 T.  As with the even-parity 
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Figure 8. Three dimensional images of magnetic field-lines 
lines and a partially transparent pressure at 400 μsec for an 
odd-parity calculation.  In each plot 10 field lines are 
launched from a circle of radius 0.03, 0.20, and 0.35 m (top 
to bottom). 

case it is thought that the magnitude of B  in the open field-line region depends on the plasma resistivity 
there and on the details of the end-shorting process. 
Figure 8 contains an identical sequence of plots to Figure 5, except that it is for an odd-parity calculation, 
while Figure 5 was for an even-parity calculation. As before, for each of these sub-plots, 10 field-lines are 
launched from a ring of constant radius, located at the axial midplane.  The launch ring radius is 0.03 m 
for the top figure, and then 0.2, and 0.35 m for the bottom figure.  In all cases, all of the field-lines are 
open and exit the simulation region, and a “ball” is drawn at the field-line entry and exit points.  
Obviously, the field-line structure is profoundly different between the even and odd-parity cases.  As in 
Figure 5, the n = 0 open field-lines point to the 
right.  The transverse field for the odd-parity 
antennas points down on the left, and up on the 
right.  At the midplane the n = 1 component points 
to the right (aligned with the n = 1 component) at 
the top, and to the left at the bottom.  In the top two 
sub-plots, we see field-lines that enter from the 
bottom right reach the reversed field region inside 
the FRC and sweep back through the axis of 
symmetry at a small radius, and come around to 
exit on the bottom left.  In the lower sub-plots 
field-lines are launched at a large radius and those 
launched near the top enter and exit under the 
antennas at the top.  As the field-line ends are 
forced to rotate (the boundary conditions force the 
ends to rotate) they distort due to the torque that 
they must apply to the plasma.  They take the shape 
of a rope that is being pulled by the ends through a 
viscous fluid. 

An analysis of the TCSU experimental data continues, and an important part of this analysis is a 
comparison of measurements made with the 3-axis probe with extended-MHD simulations from the 
NIMROD code.  Plans include attempting to reconstruct the full 3D field-line structure of the RMF 
sustained FRC using a combination of the steady (low frequency filtered) data and RMF (notch pass near 
the RMF frequency) data.  These results will be compared with simulation results, and the simulation 
parameters will be further refined to match the experimental conditions. 
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Overview of NIMROD Simulations at the PSI Center 
Charlson C Kim 
U. Washington 
Abstract Text: 
 We will give an update on the progress of NIMROD simulations of 
supported ICC devices at the Plasma Science and Innovation Center. Each ICC device presents 
different challenges to the NIMROD simulations. We will outline these challenges and methods 
used to overcome them and give an overview of their simulation status. In particular, we will  
highlight simulations of Madison Symmetric Torus RFP, Compact Toroidal Hybrid stellarator, 
and other devices. We will also present development with new visualization techniques and the 
PSI-Center's new visualization station.  
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Resistive MHD Simulations of HIT-SI plasmas 
Cihan Akcay, C. C. Kim, T. R. Jarboe, B. A. Nelson 
University of Washington 

Abstract Text:
HIT-SI (Steady Inductive Helicity Injected Torus) is a current drive experiment that uses two 
semi-toroidal helicity injectors driven at 5-15 kHz to generate steady inductive helicity injection 
(SIHI). All the plasma-facing walls of the experiment are coated with an insulating material to 
guarantee an inductive discharge. 

NIMROD is a 3-D extended MHD code that can only model toroidally-uniform geometries.The 
helicity injectors of the experiment are simulated as flux and voltage boundary conditions with 
odd toroidal symmetry. A highly resistive, thin edge-layer approximates the insulating walls. The 
simulations are initial-value calculations that use a zero $beta$ resistive MHD (rMHD) model 
with uniform density. The Prandtl number ($Pr = 10$), and Lundquist number ($S = 10-100$) 
closely match the experimental values. The zero-$beta$, constant-density rMHD predicts the 
qualititative, but not quantitative behavior of HIT-SI. rMHD calculations show $n=0$ magnetic 
energy growth and a current amplification exceeding unity: $frac{I_{tor}}{I_{text{inj}}}=1.2$ 
with $Itor$=24 kA, whereas HIT-SI has demonstrated toroidal currents up to 55~kA with 
$Iamp=3$. While HIT-SI has shown evidence for separatrix formation, rMHD calculations 
indicate an entirely stochastic magnetic structure during sustainment.  Future work includes 
running rMHD with density evolution and also including two-fluid effects like Hall MHD and 
electron inertia. 
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Extend MHD simulations of decaying spheromaks

Eric C. Howell, Carl R. Sovinec

Abstract

Nonlinear extended MHD simulations of decaying spheromaks are studied using the NIMROD code
[1]. This work investigates three extended models to see if they can explain an observed 40% discrepancy
between temperatures measured in SSPX discharges and previous simulation[2]. The first model uses a
resistive MHD Ohm’s law but evolves the electron and ion temperatures separately. The second model
uses a single-temperature evolution but includes ion gyro-viscosity and a 2-fluid Ohm’s law. The third
model combines the 2-fluid effects with separate-temperature evolution. The models are compared against
a single-temperature resistive MHD model. The combined model predicts the greatest transient electron
temperature of 84eV , about 35eV colder than measured in experiment[3]. The combined model undergoes
cyclical sawtooth events, and is colder than the resistive MHD models for most of the simulation. The
2-fluid model that uses a single-temperature evolution is limited to an electron temperature of 66eV . The
separate-temperature resistive MHD model result is similar to the single-temperate MHD result, and has
a peak electron temperature of 71eV .

1 Introduction

The Sustained Spheromak Physics Experiment (SSPX) is the highest performing spheromak to-date, reach-
ing peak electron temperatures of 500eV[4][5]. SSPX uses electrostatic coaxial helicity injection to form
the spheromak, and then sustain it against resistive decay. Resistive MHD simulations of SSPX using the
NIMROD code[1] have been useful in understanding the behavior of SSPX discharges. Simulations show that
during the strongly driven formation phase, large fluctuations prohibit the formation of flux surfaces, but
when the drive is turned down the fluctuations decay and good flux surfaces form[6]. It is during this quies-
cent sustained decay phase that peak electron temperatures are observed in experiment and simulation[3].
Quantitatively, the simulations under-predict the peak electron temperature by up to 40% [2]. An exten-
sive parametric study of various input parameters (including viscosity, artificial number density diffusivity,
spatial resolution, effective ion charge, etc) could not resolve this discrepancy, suggesting that physics not
included in the resistive MHD model may be important in understanding the temperature evolution of SSPX
spheromaks[2].

This study considers two physical mechanisms that may explain the discrepancy. The first model includes
2-fluid effects contained in a 2-fluid Ohm’s law and gyro-viscous stresstensor. The 2-fluid effects are known
to have a stabilizing effect on interchange modes[7], and by neglecting these effects, the resistive MHD model
may be underestimating the stability of SSPX spheromaks, leading to an overall colder plasma. The second
model considered in this study allows the electron and ion temperatures to decouple. During the quiescent
periods the spheromak is primarily heated via Ohmic heating, which heats the electrons. The electrons then
heat the ions through a collisional thermal equilibration. At 500eV the collisional equilibration time is ≈ 7ms
whereas typical SSPX discharges only last a few ms. Because the laboratory Thomson scattering diagnostic
measures Te, the long equilibration time may influence comparison with single-temperature modeling.

2 Methods

The NIMROD code is used to evolve nonlinear fluid equations for number density (n), plasma velocity (�V ),
temperature (T ), and magnetic field ( �B). Transport coefficients are calculated for a hydrogen plasma with

1
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a density of n = 5.0 × 1019m−3. The single-temperature resistive MHD and 2-fluid models use parallel
and perpendicular thermal diffusivities of χ‖ = 387T 5/2m2/s and χ⊥ = 0.50 < T >1/2 / < B >2 based on
electrons and ions respectively. The separate-temperature MHD and 2-fluid models evolve separate equations
for the electron and ion temperatures. They use electron thermal diffusivities of χ‖e = 387T 5/2m2/s and
χ⊥e = 0.039 < T >1/2 / < B >2 and ion diffusivities of χ‖i = 15.6T 5/2m2/s and χ⊥i = 0.50 < T >1/2 / <

B >2. The electrical diffusivity is η/μ0 = 411 < T >−3/2 m2/s. Here <> represent an average over the
toroidal direction. The separate-temperature models apply the Ohmic heating to the electrons. A uniform
electron-ion collisional thermal equilibration rate of νei = 4.1× 104s−1, calculated assuming a 15eV plasma,
is used to heat the ions. The 2-fluid models include a gyro-viscous stresstensor in the velocity advance:
Πgv = mipi

4eB [b̂×W · (I +3b̂b̂)− (I +3b̂b̂) ·W × b̂] where W = ∇V +∇V T − 2
3I∇·V . The 2-fluid models use a

2-fluid Ohm’s law that includes the Hall term, electron pressure, and electron inertia. An isotropic viscosity
of 2000m2/s and artificial number diffusivities and hyper-diffusivities of 200m2/s and 10m4/s respectively
are used to provide numerical stability and keep the number density positive throughout the simulation.

These simulations use a previously studied current pulse that approximates the early SSPX discharge
series 4620-4662[6]. The spheromak is formed by linearly increasing the injector current from 0 to 400kA
at t = 0.08ms. The injector current is then maintained at 400kA until t = 0.12ms when the guns are
turned off and the spheromak is allowed to freely decay until a second sustainment pulse of 200kA is applied
from t = 0.5ms to t = 2.0ms. For computational convenience single-temperature resistive MHD is used to
simulate the computationally expensive formation phase and the beginning of the free decay phase. The
extended models are turned on at t = 0.148ms when fluctuations are small and flux surfaces begin to form.

A 24×48 bicubic finite element mesh is used represent the poloidal cross section of the SSPX flux conserver
and part of the gun region. The toroidal direction is represented by 6 Fourier modes (n = 0 − 5). Current
injection is modeled by applying a toroidal magnetic field along the exterior boundary of the gun. During
the formation and sustained decay phases, when current is being injected, the heat is removed along the
bottom row of elements in the gun to prevent an artificial hot thermal boundary layer from short circuiting
the gun.

3 Results

Figure 3 shows the temperature evolution for each of the models during the free decay and sustained decay
phases of the simulation. The temperatures plotted are the hottest temperatures observed in the φ = 0
poloidal cross-section at each time slice. The single-temperature resistive MHD simulations reach a peak
temperature of 74eV in agreement with earlier work [6]. The separate-temperature resistive MHD simulation
behaves qualitatively similar to the single-temperature simulation and reaches a peak electron temperature
of 72eV and a peak ion temperature of 72eV .

During free decay phase, prior to the application of the sustainment pulse, the 2-fluids simulations
experience a larger decay of magnetic flux than the MHD simulations. During the single-temperature MHD
simulation the flux decays from 58mWb at 0.12ms to 37mWb at 0.5ms. The separate-temperature MHD
simulation’s flux decays to 38mWb. The single and separate temperature 2-fluid simulations decay to a
fluxes of 29mWb and 32mWb respectively.

The single-temperature 2-fluid simulation performs poorly compared to the resistive MHD simulations.
Shortly after the application of the sustainment pulse a large n = 3 mode appears rapidly cooling the
simulation to 35eV . Following the crash the spheromak reheats but the q-profile transitions from a traditional
spheromak profile to a monotonic profile. As shown in figure 2, following the crash the magnetic energies
of all the perturbed modes n = 1 − 5 increase in time and become large by the end of the simulation. The
spheromak undergoes a series of small instabilities and the peak electron temperate is limited to 66eV .

The separate-temperature 2-fluid simulation reaches a peak electron temperature of 84eV and peak
ion temperature of 80eV . However, during most of the sustained decay phase the full model is colder
than the resistive MHD models. Like the single-temperature 2-fluid simulation the separate-temperature
simulation undergoes a large n = 3 crash shortly after the application of the sustainment pulse. Unlike the
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Figure 1: The temperature evolution during the free and sustained decay phases for 1-T MHD (dark blue),
1-T 2-fl (red) 2-T MHD Te (brown) Ti(light blue), and 2-T 2-fl Te (yellow) Ti (Green)

other simulation, upon recovery the q-profile retains reversed shear, and undergoes a series of large cyclical
sawtooth events that are driven by n = 3 and n = 4 magnetic fluctuations, see figure 2.

4 Discussion

None of the extended models reproduce the peak electron temperatures of 120eV observed in SSPX discharges
4620 − 4662. The full model that uses the 2-fluid Ohm’s law and separate-temperature evolution achieves
transient electron temperates of 84eV , a full 10eV hotter than the resistive MHD simulations but 35eV
colder than the measured values. Including separate-temperature evolution for the electrons and ions has a
minimal effect when the resistive MHD Ohm’s law is used, but a significant effect when the 2-fluid Ohm’s
law is used.

The resistive MHD simulations undergo n = 4 tearing late in the sustained decay, and the separate-
temperature 2-fluid simulation undergoes n = 3 sawtoothing periods. To fully and accurately simulate these
modes higher-order harmonics should be included. Additionally a conservative thermal equilibration rate is
used for the separate-temperature simulations. At the peak simulated temperatures, this rate is 10 times
too rapid. Also the discharges modeled are early discharges in the SSPX history, and are not representative
of the highest performing discharges which had larger fluxes, hotter temperatures, and longer quiescent
phases. During these discharges, the thermal equilibration is an additional order of magnitude slower, and
the temperature difference between ions and electrons is expected to be more pronounced. The motivation for
including 2-fluid effects is primarily due to their stabilizing effects, however these particular MHD simulations
do not undergo the large resonant instabilities observed in other simulations. The more rapid decay of flux
during the free decay phase, likely explains poorer stability exhibited by the 2-fluid simulations during the
sustained decay. Whether 2-fluid or separate-temperature effects influence stability and confinement in the
more recent, higher-performance SSPX discharges requires further study.

Extend MHD simulations of decaying spheromaks Eric C. Howell, et.al.

150



Figure 2: Time evolution of the magnetic energy for the 2-fluid single temperature simulation (left) 2-fluid
separate temperature simulation (right).
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Numerical Simulation of Non-inductive Startup
in the Pegasus Toroidal Experiment1

J.B. O’Bryan, C.R. Sovinec, T.M. Bird
University of Wisconsin–Madison

Nonlinear numerical computation is used to investigate the relaxation of non-axisymmetric cur-
rent channels of DC helicity injection from washer-gun plasma sources into “tokamak-like” plasmas
in the Pegasus Toroidal Experiment. Resistive MHD simulations with the NIMROD code utilize
fully three-dimensional, anisotropic, temperature-dependent thermal conductivity corrected for re-
gions of low-magnetization, temperature-dependent resistivity, and ohmic heating. Modeling heat
conduction to the wall with an ad-hoc thermal sink better reproduces experimental current return
paths. Magnetic reconnection is observed between adjacent passes of the current channel, during
which a parallel current loop structure detaches from the channel and enhanced thermal transport
is observed.

1Work Supported by the U.S. Department of Energy through the Plasma Science and Innovation
Center

I. INTRODUCTION & MOTIVATION

Due to size restrictions on the central solenoid, spheri-
cal tokamaks have particularly limited capacity for ohmic
induction. Washer-gun plasma sources are being inves-
tigated on the Pegasus Toroidal Experiment (University
of Wisconsin) as a means of non-inductive startup.[1, 2]
The current channels from the guns initially wind along
vacuum magnetic field lines. The current filaments from
the plasma guns undergo relaxation into a “tokamak-
like” plasma, i.e. a plasma where the toroidally-averaged
magnetic fields produce nested poloidal flux contours,
like those for traditional tokamak equilibria, but the full
three-dimensional magnetic field likely contains signifi-
cant stochasticity.

Numerical computation is being used to provide insight
into details of the relaxation process, which have not been
directly observed in the experiment. Unlike spheromaks
and spherical tokamaks driven by coaxial helicity injec-
tion in which an initially two-dimension plasma transi-
tions to a three-dimensional state after crossing some sta-
bility boundary, the initial plasma configuration in Pega-
sus is strongly three-dimensional and relaxes into a two-
dimension “tokamak-like” plasma.

II. MODELING

We investigate the relaxation process in Pegasus
with nonlinear numerical computations using the NIM-
ROD code.[3, 4] Our modeling is based on resistive
MHD with a single temperature. Ohmic heating,
anisotropic heat conduction with temperature-dependent
coefficients, and temperature-dependent resistivity re-
produce critical transport effects.

NIMROD typically uses the high-magnetization limit
(xs = ωcsτs 	 1) for perpendicular thermal diffusivity.
However, in regions of low temperature where xs < 1,
such as plasma edge regions, the high magnetization for-

mulation over-predicts perpendicular thermal transport,
which can lead to an artificial loss of thermal confine-
ment. The simulations presented have a cold background
plasma (xi ≈ 0.025), so the full formulation[5] for κ⊥ is
used in our computations to realistically limit perpendic-
ular thermal transport and enhance confinement. The
perpendicular conduction is fully three-dimensional and
self-consistently calculated with the parallel thermal con-
duction.

xs = ωcsτs (1)

κ‖,s =
nsTsτs
ms

γ0,s
δ0,s

(2)

κ⊥,s =
nsTsτs
ms

γ1,sx
2
s + γ0,s

x4
s + δ1,sx2

s + δ0,s
(3)

lim
x�1

κ⊥,s = κ‖,s ∝ T 5/2
s (4)

lim
x�1

κ⊥,s =
nsTsτs
ms

γ1,s
x2
s

∝ T−1/2
s B−2 (5)

Current injection is modeled by adding an ad-hoc force
density in a poloidally and toroidally localized spot that
acts as a current drive source in Ohm’s Law that now
has the form E + v × B = η(J − Jinj). When ap-
plied, the source induces a magnetic field and current
density and sustains it in the presence of resistive dis-
sipation. A gaussian shape function is presently used
for both poloidal and toroidal localization, albeit with
different widths. The use of a gaussian toroidal shape
function has improved the modeling of injection, as it
has a more rapidly converging Fourier expansion than
the original half-sine-wave shape, while retaining a simi-
lar current profile (Fig. 1). The current source is aligned
with the equilibrium magnetic field, i.e. the vertical po-
sition of the current injection changes toroidally and has
the same pitch angle as the equilibrium magnetic field
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itself (Fig. 2). Also, the injected current is aligned with
the vacuum magnetic field, i.e. Jinj ‖ Bvac.
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FIG. 1: The gaussian toroidal shape function has better
Fourier series convergence than a half-sine shape.
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FIG. 2: Localization of the current and heat injection sources.

The application of the localized force density induces a
helical magnetic-field perturbation, which produces cur-
rent. The magnetic force at the ends of the current chan-
nel launches torsional Alfvén waves that carry current
along the vacuum magnetic field. Perpendicular, resistive
diffusion of the perturbed magnetic field results in net
current. A heat source has been included with the same
poloidal and toroidal localization as the current source.

The thermal boundary conditions have also been mod-
ified to better reproduce experimental current return
paths. For current driven along open magnetic field
lines, the original Dirichlet boundary conditions produce
a steep thermal gradient at the domain boundary, which
due to temperature-dependent resistivity, causes resistiv-
ity to be larger at the boundary than through the plasma.

As a result, current drive along open field lines forms re-
turn paths through the plasma rather than crossing the
domain boundary along the magnetic field lines.

Heat conduction to the wall is modeled with an ad-hoc
energy sink term along the surface. With the thermal
sink, the temperature at the ends of current channels re-
mains comparable to peak current channel temperatures
while remaining close to the initial background plasma
temperature elsewhere on the boundary. This allows re-
sistivity to remain low at the ends of the current channel,
which eliminates the undesirable current return through
the bulk plasma.

III. RESULTS

Initially, the current channel winds along the vacuum
magnetic field lines (Fig. 3). During this initial phase,
the current channel lacks significant activity and is es-
sentially static. When the current channel induces suffi-
cient magnetic field, the current channel begins to ellip-
tically oscillate in the poloidal plane due the attractive
Lorentz force that the current channel exerts on adja-
cent parts of itself. This phase begins when the localized
magnetic field reversal exceeds approximately 90% of the
vertical magnetic field. Fluctuations are also observed in
the plasma current and internal energy (Fig. 4) during
the oscillations.

FIG. 3: Initial winding of the current channel along the vac-
uum magnetic field lines.
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FIG. 4: Fluctuations of plasma current and internal energy
occurring during current channel oscillations.

Rotation of the current channel plasma about its he-
lical axis is produced by the ejection of warm plasma
from the current channel. The highest flow speeds are
localized around the channel midplane on the inboard
and outboard sides (Fig. 5). At these locations, the flow
is mostly vertical and may be the result of electrostatic
potential gradients across the channel. These flows con-
tribute to vertical elongation of the current channel. Ver-
tical flow speeds in excess of vz ≥ 20 km/s are observed.

FIG. 5: Rotation of the current channel about its helical axis.
Contours of vz are shown with arrows corresponding to v.

With additional current drive, the displacement of
the current channel increases in amplitude and rotation
speed increases. Eventually, the oscillations are large
enough adjascent passes of the current channel come into
contact. The presence of a strong reversed current sheet
between the two adjacent portions of the current chan-
nel suggests magnetic reconnection (Fig. 6). Periodically,

reconnection causes a parallel current loop structure to
separate from the current channel (Fig. 7). The loop
propagates vertically along the open magnetic field lines.

FIG. 7: Reconnection produces a current structure separate
from the channel plasma. Isosurfaces of λ = 5m−1 (red) and
−5m−1 (blue) are shown at t = 12.205μs.

Thermal transport is significantly enhanced near the
current sheet during the magnetic reconnection events.
The conductive and convective heat fluxes are compa-
rable with the vertical component being the largest for
both parallel and perpendicular conductive heat flux and
the convective heat flux. As a result of the enhanced
thermal transport, the plasma temperature during the
reconnection events becomes more diffuse (Fig. 8). Un-
like Sweet-Parker reconnection, magnetic reconnection
occurring during this phase is transient and fundamen-
tally three-dimensional in nature.

IV. SUMMARY & FUTURE WORK

In summary, modeling heat conduction to the wall with
an ad-hoc thermal sink better reproduces experimental
current return paths. Magnetic reconnection has been
observed during oscillations of the current channel when
adjacent passes of the channel come into contact. The re-
connecting current channel periodically forms a detached
parallel current loop structure that propagates along the
magnetic field. Enhanced thermal transport during the
reconnection events leads to a more diffuse temperature
profile.
These computations will be continued to model re-

laxation of the channel into a “tokamak-like” plasma.
The system is nearing large-scale magnetic field rever-
sal, which is observed both experimentally and in previ-

Numerical Simulation of Non-inductive Startup in the Pegasus Toroidal Experiment J.B. O'Bryan, et.al.
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t = 12.175 μs t = 12.185 μs t = 12.195 μs

FIG. 6: Magnetic reconnection is indicated by the presence of strong reverse currents when adjacent passes of the current
channel come into contact. Contours of λ = μ0J ·B/B2 are shown.

FIG. 8: Plasma temperature becomes more diffuse during
reconnection events.

ous computation when the plasma current Ip ≈ 15 kA.
The effect non-MHD contributions to current channel
evolution will be investigated through two-temperature
computations with temperature-dependent thermal equi-
libration between ions and electrons.
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MHD Modeling of Coaxial Helicity Injection in HIT-II and NSTX 
C. R. Sovinec, E. B. Hooper, R. A. Bayliss, and A. J. Redd 
Univ. of Wisconsin-Madison 

Abstract Text: 
Coaxial helicity injection (CHI) for current drive has its origins in the alternate / innovative-
confinement program. It biases a pair of toroidally symmetric electrodes that intercept the strike 
points of open poloidal magnetic field to generate linked poloidal and toroidal magnetic flux. For 
spherical torus (ST) configurations, this DC technique can be used for current startup and initial 
heating to save inductive Volt-seconds for plasma that has attained some level of electrical 
conductivity and energy confinement, as demonstrated in the Helicity Injected Torus II (HIT-II) 
and in the National Spherical Torus Experiment (NSTX) [1,2]. 

We describe the application of resistive MHD computation to model CHI in both experiments. 
The necessary modifications to boundary conditions in the NIMROD code 
[https://nimrodteam.org] are related to those used for modeling the Sustained Spheromak Physics 
Experiment [3-5]. However, numerical coordination of injector and absorber gaps for STs needs 
special consideration. Our computations for HIT-II use a simplified model without pressure and 
are run to steady state for conditions without strong relaxation. Laboratory [6] and computed 
results on injector current and plasma current agree reasonably well as toroidal magnetic field 
and injector flux are scaled [7]. They are consistent with a dimensional estimate from the Grad-
Shafranov equation that provides a new perspective on a previously published model based on a 
current-sheet equilibrium and the magnetic pressure required for the 'bubble-burst' criterion [6]. 
Numerical solutions of the Grad-Shafranov equation with an assumed current profile also 
indicate qualitative changes as the predicted criterion is crossed. Our computations of NSTX 
include temperature evolution, anisotropic thermal conduction, temperature-dependent 
resistivity, and detailed modeling of the experiment’s CHI capacitor-bank response. Results for 
the magnetic flux expansion show electron temperatures that are consistent with laboratory 
measurements, and initial 3D computations show fluctuation activity in the expanding current 
sheet. 

Contributions of CRS and RAB are part of the Plasma Science and Innovation Center and are 
supported by US DOE grant DE-FC02-05ER54813. Work by EBH is performed under the 
auspices of the US DOE under contract DE-AC52-07NA27344 at LLNL. 
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General-moment-equation approach to partially ionized plasmas 
Jeong-Young Ji, E.D.Held 
Utah State University 
Abstract Text: 
The general moment equations for partially ionized plasmas are established. The distribution 
functions for electrons, ions, and neutrals are expanded in terms of orthogonal polynomials of 
velocity variables. The moments of the charge exchange operator can be written analytically for 
approximate cross sections or numerically for more accurate polynomial-fitting cross sections. 
Moments for ionization and recombination processes can also be calculated similarly. Having the 
general moment equations, it is straightforward to write the (2+1)-fluid, Maxwellian moment 
equations and the system of non-Maxwellian moment equations for closures. A closure scheme 
for partially ionized plasmas in an arbitrary magnetic field is presented for a high-collisionality 
regime. 
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Equilibrium and Stability Calculations in HIT-SI 
Chris J Hansen, G. J. Marklin, T. R. Jarboe 
University of Washington 

Abstract Text: 
The PSI-TET equilibrium code solves for solutions to the force-free ideal MHD equilibrium 
equation mu0*j=lambda*B in arbitrary 3D geometry. A mimetic discretization on a tetrahedral 
mesh is employed. Geometric multigrid and a hybrid MPI/OpenMP parallelism model are used 
to provide solver scalability. Scalability has been shown for over 1 Billion degrees of freedom 
for the calculation of Taylor states. Lambda is allowed to vary across flux surfaces but must be 
constant in stochastic regions. Field line tracing is used to identify the location of stochastic 
regions and the magnetic axis. A fixed lambda profile, specified as a function of a flux surface 
variable, is used. Equilibria in HIT-SI have been computed for the homogenous (spheromak) and 
inhomogeneous (injector) fields separately for experimental comparison. Comparison of Taylor 
states with experimental data have shown good agreement during both the driven and decay 
phases for HIT-SI. Combined equilibria of interest with injector drive have also been computed 
for various lambda profiles. The code has recently been upgraded to include a linearized ideal 
MHD solver which has been used to compute the stability properties of HIT-SI equilibria. 
Equilibrium states and stability analysis will be presented for a range of lambda profiles with and 
without injector driving. 
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MHD Simulations with PSI-TET 
George J. Marklin, C.J.Hansen, T.R.Jarboe 
University of Washington/PSI-Center 

Abstract Text: 
The PSI Center's tetrahedral mesh MHD equilibrium code, PSI-TET, has been upgraded to solve 
the time-dependent linear ideal MHD equations with either bare conductor or insulated 
conductor boundaries. This poster will present solutions for the tilting instability of a cylindrical 
spheromak showing the difference in the flow pattern and growth rates for the 2 boundary 
conditions. Another poster by C. J. Hansen et. al. will show detailed computations for HIT-SI, 
analysing the stability of homogeneous (decaying) and inhomogeneous (driven) Taylor states 
and 3D equilibria with non-uniform lambda profiles, all using insulated conductor boundaries. 

Further upgrades of PSI-TET into a fully time dependent resistive MHD code are underway and 
should be complete by the time of this meeting. This poster will describe the numerical methods 
for solving both the linear and non-linear MHD equations and the numerical technique for 
implementing the insulated conductor boundary condition. Solutions will be presented of non-
linear resistive MHD simulations of the cylindrical spheromak tilting mode and of an inductively 
formed and sustained spheromak in the HIT-SI experiment with insulated conductor boundaries 
and specified time varying injector fluxes and currents 

159



DEVELOPMENT OF THE HIFI EXTENDED MHD CODE AND 
APPLICATION TO INNOVATIVE CONFINEMENT CONCEPTS 
Alan H. Glasser, V.S.;Lukin 
University of Washington 

Abstract Text: 
We present an overview of the development of the HiFi extended MHD code and its appliation 
to the modeling of Innovative Confinement Concepts. HiFi, written in Fortran 95, uses advanced 
computational methods to achieve speed, accuracy, flexibility, ease of use, and state-of-the-art 
visualization. Spatial discretization uses high-order spectral elements on a logically rectangular 
2D or 3D grid block, with a curvilinear mapping from logical to physical coordinates, facilitating 
efficient treatment of multiple length scales. It can treat an unstructured array of structured grid 
blocks, allowing discretization of complex geometry and avoiding regions of distorted grid such 
as polar axes. A semi-automated interface to CAD drawings is provided by the CUBIT code. 
Time discretization uses a fully implicit Crank-Nicolson time step, facilitating efficient treatment 
of multiple time scales, requiring solution of large sparse matrices on distributed memory 
supercomputers. This makes extensive use of the PETSc, Hypre, and SuperLU public-domain 
libraries, developed with the support of DOE/OASCR, with the benefit of much assistance from 
their development teams. The solution procedure is built from a hierarchy of methods: Matrix-
Free Newton-Krylov on the full nonlinear systems, preconditioned by physics-based 
preconditioning and static condensation, then using Conjugate Gradients or GMRES to solve the 
reduced linear systems, preconditioned by Hypre/BoomerAMG or additive Schwarz overlap with 
core-wise SuperLU. Computational methods are compiled into a solver library, with the physics 
and geometry of each application specified in a much smaller module which links to that library. 
This module provides interior equations in flux-source form, as well as general, physically 
realistic boundary conditions, initial conditions, grid specification, facilitating the treatment of a 
wide range of appliations, including both ICCs and Tokamaks. Visualization uses the VisIt 
library with data files written in HDF5. The code is available for download and use, with limited 
support from the developers. We will present details of the development and testing of 
computational methods, illustrated with the following applications: 

• A 2D model of the General Fusion hydraulically compressed FRC, using a radially 
compressing cylindrical coordinate system. 

• A 2D model of the ELF thruster experiment with entrainment of neutrals. 

• A 3D model of the ZaP flow-stabilized Z-pinch experiment, featuring multiple grid blocks to 
represent non-axisymmetric extrusions. 

• A 3D model of the SSX spheromak experiment. 
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Two-Fluid Simulations of Field-Reversed Configuration Rotation Control and 
Stability 
Ammar H Hakim, J. Loverich 
Tech-X Corporation 

Abstract Text: 
We use Tech-X Corporation’s plasma fluid code, Nautilus, to understand FRC rotation 
mechanisms and means of controlling it. Rotational instabilities are the dominant mode of FRC 
disruption and controlling them can lead to longer confinement times required to achieve high 
temperatures. The simulations presented here are for pre-formed FRCs in 2D axisymmetric 
geometries. The physical model used is the non-neutral electromagnetic two-fluid model that 
allows the separate resolution of electron and ion dynamics. 

The simulations are initialized with an ideal MHD equilibrium with the magnetic field 
determined from current flowing in poloidal field coils. The FRCs are allowed to relax and the 
rotation profile studied. The effect of end-shorting and viscous and resistive walls is investigated. 
In particular, electric field reduction is studied and the coupling of this to FRC rotation 
investigated. The ability to reduce the rotation via active control of the electric field is 
investigated. 
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Simulation of Field Compression Using High Mach Number Plasma Jets  
Loverich J John, Ammar Hakim, Sean C.D. Zhou 
Tech-X Corporation 
Abstract Text: 
A new experiment at Los Alamos National Laboratory, the plasma liner experiment (PLX), has 
even developed to investigate merging high Mach number plasma jets for generating high energy 
density plasma states. The plasma jets use high Z gases such as argon to take advantage of 
reduced shock heating, due to plasma ionization and radiation, to maintain high Mach number 
after jet merging, and thus improve the compression ability of the resulting liner. Such a liner 
scheme has been suggested for the compression of magneto inertial fusion targets. These 
simulations highlight a possible field compression scenario that could be explored in the future 
using the PLX device.  
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Does Sweet-Parker reconnection occur in Field Reversed Configurations? 
Tom Intrator, Steinhauer, J. Sears, T. Weber 
Los Alamos Natl Lab 
Abstract Text:  
Field Reversed Configurations (FRC's) have toroidal plasma geometry with closed flux surfaces, 
and a magnetic axis where oppositely directed magnetic fields are in close proximity, and their 
associated flux annihilates. 
The ratio of toroidal electric field $E$ to current density $J$ corresponds to an anomalously 
large resistivity $eta_{* perp}$ that is much larger than that expected from Coulomb collisions.  
There is a resistive like flux dissipation process with anomalously large power density $eta_{* 
perp} J^2$, which may be driven by tearing instabilities near the separatrix. 
If the flux annihilation rate can be interpreted as a magnetic reconnection rate, the standard rigid 
rotor model predicts it to be inversely proportional to an anomalously collisional Lundquist 
number $S_{* perp}$ that can be defined in the conventional manner using the radial scale 
length. On the other hand, if S is defined using using Spitzer resistivity and the standard Sweet-
Parker elongated current sheet length, the reconnection rate resembles the Sweet-Parker rate $ 
approx S_{* perp}^{-1/2}$. 
This is surprising, since there is no obvious global change in magnetic topology that is usually 
taken to be the signature of magnetic reconnection, nor is there ideal current sheet geometry to 
allow outflow of compressed plasma magnetic flux. We show data from a worldwide database 
that make this case and discuss recent ideas about formation of islands from unstable 
reconnection current sheets that are consistent with this conclusion. 
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Including electron kinetic effects in FRC simulations 
Elena V Belova  
PPPL

Abstract Text: 
A kinetic description for the electrons has been implemented in the 3D nonlinear hybrid HYM 
code. In the code, the electrons are described as delta-f drift kinetic particles, and their 
trajectories are advanced using a second-order time-centered scheme with a time step smaller 
than the ion time step (sub-cycling). The electron pressure and ion current density are calculated 
at the ion time step, and used to advance the field equations. Electrons equations are parallelized 
using MPI with one-dimensional domain decomposition. Initial conditions are generated 
assuming that electron distribution function is a function of the three integrals of motion, and the 
electron temperature is fraction of the ion temperature. Numerical benchmarks have been 
performed in order to verify conservation laws, and study the accuracy of electron orbit 
integration depending on the electron time step. A new version of the HYM code with drift-
kinetic electron description has been used to study the effects of kinetic electrons on FRC 
equilibrium and relaxation. Simulations have been performed using a fluid description for the 
thermal ions and drift-kinetic equations for the thermal electrons. It is shown that both parallel 
and perpendicular electron pressure evolves from the initial peaked profile towards hollow 
profiles with local minimum near the FRC magnetic null point. Similar behavior is observed in 
the electron density evolution. Comparisons of the two-fluid simulation results and the drift-
kinetic electrons simulation results demonstrate that the ions spin up faster, when the drift-kinetic 
electron model is used. This could be explained by the deviation of the initial configuration from 
true equilibrium, which results in the evolution of the plasma density in such a way, that it is no 
longer a function of the poloidal flux. A significant ion toroidal spin-up is obtained even in the 
simulations with low plasma resistivity when the drift-kinetic electron version of the HYM is 
used. Initial results of 3D simulations studying the effects of kinetic electrons on the FRC 
stability will be presented. 
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Turbulent Stresses in LAPD and CSDX 
Adam D Light , Y. Sechrest, D.A. Schaffner, S.H. Muller, G.D. Rossi, D. Guice, T.A. Carter, 
G.R. Tynan, S. Vincena,T. Munsat 
University of Colorado 

Abstract Text: 
Turbulent momentum transport can affect phenomena as diverse as intrinsic rotation in self-
organized systems, stellar dynamo, astrophysical accretion, and the mechanism of internal 
transport barriers in fusion devices. Contributions from turbulent fluctuations, in the form of 
Reynolds and Maxwell stress terms, have been predicted theoretically and observed on toroidal 
devices. In an effort to gain general insight into the physics, we present results from turbulent 
stress measurements on two linear devices: the LArge Plasma Device (LAPD) at the University 
of California, Los Angeles, and the Controlled Shear De-correlation eXperiment (CSDX) at the 
University of California, San Diego. Both experiments are well-characterized linear machines in 
which the plasma beta can be varied. Electrostatic and magnetic fluctuations are measured over a 
range of plasma parameters in concert with fast imaging. Maxwell and Reynolds stresses are 
calculated from probe data and fluctuations are compared with fast camera images using 
velocimetry techniques.  
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Hybrid equilibria of axisymmetric, divertor tori,  
with application to field-reversed configurations 

Loren Steinhauer 
University of Washington 

Redmond, WA 98052 

I. Introduction

High-� plasmas of interest to fusion energy are poorly captured by fluid or even extended-fluid models. 
In local regions of low magnetic field (O-point, X-points) as well as regions with steep gradients 
(separatrix, SOL) the applicability of even the gyroviscous model is questionable. An adequate treatment 
of the ion species then calls for an approach that is fully kinetic. The electrons can still be treated as a 
massless fluid. The label “hybrid equilibrium” describes this combination of fully-kinetic ions and fluid 
electrons. 

II. Ingredients of hybrid equilibrium model 

Kinetic ion equilibria are solutions to the steady Vlasov equation. In axisymmetric geometries the 
distribution function can be expressed in terms of the two constants of motion, the Hamiltonian H and the 
canonical angular momentum P�. The rigid rotor (RR) paradigm is just such a solution. However, RR 
equilibria fail in one critical respect for divertor tori: they fail to account for the rapid loss of plasma 
outside the separatrix and its consequent effect on the distribution function. This effect can be captured by 
recognizing the ion confinement boundary in H-P� space and solving the Fokker-Planck equation for the 
migration of ions out of the confined and into the unconfined region. This gives rise to an “end-loss” 
distribution. It differs from the familiar loss-cone distribution in that  it depends on both velocity and real 
space. For reasonable approximations the distribution has an analytic form. Moreover, its moments, e.g. 
density, flow, temperature, have analytic forms as well.  

The remaining ingredients of the equilibrium system are 
the electron/potential model and Maxwell’s equations. A 
small set of three parameters is sufficient to offer 
adequate flexibility in specifying the electron 
temperature profile and the potential. Maxwell’s 
equation (an extended form of the Grad-Shafranov 
equation) can then be solved by a conventional 
relaxation procedure. This has been done on a personal 
computer with modest computation times of several 
seconds. 

Figure 1 shows a representative distribution function (f
vs P�). Notably, f is pulled down significantly in the 
unconfined region of phase space. This effect is 
completely missing in the comparable RR example 
shown. This “end-loss” effect has a profound effect on 

P�

rigid 
rotorend

loss

�/2�R

lnf

unconfined

confined

Fig. 1. End-loss distribution: 	 = 	R = 
0.4Vth/Rs;
� = 0.1; F0 = 0.9; Be/BJet = 1.2. The RR solution 
has 	RR = 	R/2.
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the equilibria produces, one result of which is a large amount of flow shear near the separatrix. 

An important feature of hybrid equilibria is that once bulk plasma parameters are set (external magnetic 
field, ion and electron temperature, separatrix radius) , and defensible expectations invoked (e.g. electron-
temperature-density relationship, end-loss rate of unconfined ions), only a one free parameter remains to 
determine the equilibrium. This parameter is related to the flow shear. 

III. Calculated equilibria

reference case 

Consider a reference case from the FRC data compendium, “LSX-6” [1] for which Rw = 0.45 m, Be = 0.45 
T, Ti = 400 eV, Tem = 150 eV and Xs � Rs/Rw = 0.5. Taken to be representative are � = 0.1 and 	 = 
0.4. 
Figure 2 shows the predicted profiles. These are unremarkable except at one point: in Fig. 2b the usual 
radial pressure balance p+Bz

2/2�0 deviates from uniform by about 10%. This in an “FLR” effect of the 
kinetic ions, primarily near the separatrix. 

Figure 3 shows profiles of the current densities (a) and ion flow (b). Evidently, with fully-shorted 
magnetic surfaces, nearly all the current (Fig. 3a) is carried by the ions. Indeed, the electron flow actually 
reverses so as to slightly subtract 
from the ion current. The current 
profile with toroidal effects 
removed, i.e. j�/r is slightly hollow, 
i.e. a minimum near the O-point.  

Figure 3b shows the profile of the 
rotation frequency u�/r, which is far 
from “rigid” (uniform) having a 
deep minimum near the O-point. 
Also shown in Fig. 3b is the flow 
shear profile V� = rd	i/dr. The flow 
exhibits a giant flow shear layer 
with peak ~0.9Vthi/Rs near the 
separatrix; the width of the shear layer is ~ Rs/4. This results from the rapid end loss of unconfined ions. 

IV. Calculated equilibria
trends 

The level of flow shear is measured as fsh � 1
(u�/r)O/u�/r�, where (u�/r)O is the ion rotation frequency at 
the O-point, and u�/r� is the average ion rotation frequency on the midplane cross-section. For rigid 
rotation fsh = 0, and higher fsh represents increasing degrees of flow shear. The reference example (Sec. 

Fig. 2. Radial profiles for a reference example: (a) field and flux; (b) density and pressure 
balance (normalized by Be

2/2�0); (c) temperature and electrostatic potential. 

(b)

n/n
max

r/Rw

p+B2/2�0

separatrix 8�/BeRs
2

r/Rw

Bz/Be
(a) (c)

separatrix

r/Rw

Te/Te,max

e� /kTe,max

Fig. 3. Current and flow profiles for the reference example: (a) current 
densities of ions (i), electrons (e) and total jtot = ji + je (MA/m2); (b) ion 
rotation frequency ui�/r and flow shear V� = rd	i/dr (both units Vthi/Rs).

(b)

separatrix

r/Rw


j� /10r

(a)


je


jtot


u� /r

r/Rw


ji


V�/2

Hybrid equilibria of axisymmetric, divertor tori, with application to field-reversed configurations Loren Steinhauer

167



III) has fsh � 0.4. In the hybrid equilibrium system fsh is adjusted by 
choosing the rotation parameter, and fsh � 
	 for ranges of 
interest. 

Figure 4 shows how the flow shear has a profound effect on 
equilibrium parameters, notably the ratio of the separatrix-to-
maximum density and the ratio of the separatrix-to-external 
magnetic field. This trend suggests that flow shear should have a 
strong effect on confinement since n(Rs)/nmax decreases for 
increasing fsh. Note that this is strictly an equilibrium effect and is 
unrelated to the turbulence-suppressing tendency of flow shear. 

Surface functions. The first important question to address is to 
what extent kinetic effect 
in hybrid equilibria conflict 
with the predictions of 

fluid equilibrium theory. The first example of this, shown in Fig. 
5, concerns the surface functions of static fluid (Grad-Shafranov, 
GS) equilibria. Evidently the pressure is close to a surface function 
for this hybrid equilibrium since the inboard and outboard 
branches of p vs � nearly overlay. On the other hand, j�/r, another 
magnetic surface function in GS equilibria, is only a surface 
function in the core of the FRC but departs significantly from this 
near the separatrix. Observe that the inboard and outboard values 
for � ~ 0 are quite different. 

Poloidal flux. Another question is the amount of poloidal flux. 
This is an important question since the high density and 
temperature of most �-pinch-formed FRCs precluded internal 
probing of the magnetic structure. Consequently, poloidal flux inferences have been based on various 
theoretical estimates of �p based on the static fluid equilibrium model. These assume a highly-elongated 
FRC, a representative radial profile, and axial force balance (Re Sec. II D of Ref. [2]). These express the 
normalized poloidal flux f� � 2�p/BeRs

2 as a function of Xs. The most common estimate assumes a RR 
radial profile, for which f� � 0.31Xs. Figure 6 shows f�/Xs for hybrid 
equilibria as a function of flow shear. These results vary 
significantly from 30% below to 50% above the RR estimate, 
depending on the degree of flow shear fsh. Evidently, a factor 
completely absent in static fluid equilibria, vis. the degree of flow 
shear, has a profound effect on actual equilibrium, in this instance 
the amount of poloidal flux. 

Scrape-off layer thickness. A long-standing mystery concerns Ln,
the thickness of the SOL [3]. The thickness based on the density 
gradient at the separatrix is anomalously thick, several times the 
“external” ion Larmor radius [�i0 � (2mikT0)1/2qBe], whereas 
estimates based on free-streaming end loss in the SOL predict Ln <
�i0. The gradient-based SOL thickness is Ln = 
[(1/n)dn/dr]
evaluated at the separatrix. The hybrid equilibria offer a way to 
resolve some of this anomaly. A better measure of the plasma 

Fig. 6. Normalized poloidal flux vs
flow shear. The circle denotes the 
reference example.
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Fig. 4. Separatrix field and density 
ratios vs flow shear. The circle 
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exposed to end loss is the actual inventory is based on the 
integrated density outside the separatrix, “Ln(int)”.

Figure 7 compares the two measures of Ln, again shown as a 
function of flow shear. Observe that the interation-based measure 
is smaller than the gradient-based measure by a factor of 1.8 – 2. 
This explains a large part of the SOL thickness anomaly. Of 
course, even the inventory measure, Eq. (21) regards the end loss 
as a fluid effect. In fact some confined ions with orbits extending 
outside the separatrix and therefore contribute to the inventory 
there. By the same token, some unconfined ion orbits may extend 
inside the separatrix. In any case, fsh has a large effect on the SOL 
thickness and thus should have a profound effect on confinement. 

V. Discussion

A model for hybrid equilibria of FRCs has been developed, i.e. fully kinetic ions plus warm fluid 
electrons. This model differs from most earlier treatments of kinetic ion equilibria by recognizing the end-
loss effect of unconfined ions. Further, it endeavors to construct a realistic distribution function by 
solving a steady Fokker-Planck equation that balances end loss with a collisional random walk toward the 
confinement boundary. The hybrid equilibrium system is simple enough that the only numerical 
computation needed is a relaxation solver for the self-consistent poloidal flux function �(r,z). Once basic 
factors are set only a single free parameter remains to determine the equilibrium. This is the rotation 
parameter 	 which is related directly to the degree of flow shear. 

Superficially, conventional profiles at the midplane, e.g. magnetic field, density, temperature, are 
unremarkable. However, closer scrutiny shows significant differences from static-fluid predictions of 
equilibrium. The primary difference is that a factor completely missing from the static fluid paradigm has 
a profound effect on the equilibrium, namely the degree of flow shear. Higher fsh leads to reduced relative 
edge density, higher poloidal flux, and thinner SOL. Each of these trends are improvements for higher fsh.  

A key feature of Grad-Shafranov equilibria are their surface functions. While the pressure is roughly a
magnetic surface function for hybrid equilibria, j�/r, only resembles a surface function in the core, but 
fails badly in the neighborhood of the separatrix. Another common extrapolation from GS equilibria is an 
estimate of their poloidal flux. This estimate falls completely fails to capture the strong dependence on 
flow shear. The flow shear is expected to evolve (decrease) during the lifetime of an FRC, an effect 
missed entirely by the conventional poloidal flux estimate. 

Hybrid equilibria enable a much more accurate portrayal of the SOL, the large thickness of which has 
been a long standing mystery. A large part of this anomaly is resolved by the observation that the actual 
inventory of plasma outside the separatrix is somewhat lower (~2�) than estimates based on the separatrix
density gradient, which gives rise to the usual estimate of SOL thickness.  
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Quantification of MHD flows into arched open magnetic field structures 
Eve V. Stenson, P. M. Bellan 
Caltech

Abstract Text: 
Open magnetic field lines are fundamental to spheromak formation, error fields in confinement 
devices, solar coronal structures, and astrophysical jets. 

At Caltech, we use a magnetized plasma gun to create open magnetic field line structures in the 
form of arched flux tubes coupled at each end to the gun electrodes. An individual flux tube can 
be described in terms of its axis and its minor radius. Shortly after breakdown, the axis is nearly 
semicircular, and in the minor radial direction there is a force balance between the pressure 
gradient and JxB forces. Plasma is thus confined inside the arched tube, forming a bright "loop." 
Over the course of the following microseconds, the axis undergoes a rapid evolution, extending 
in length as much as sevenfold and becoming kink unstable. Equilibrium in the minor radial 
direction is maintained during this process, and the minor radius remains relatively constant. The 
total volume of the tube therefore increases substantially. Since the density does not decrease 
substantially, additional plasma must be entering the tube. We have shown this happens by 
means of flows from both footpoints (i.e., where the tube intersects the electrodes). Experiments 
with dual-gas plasmas -- in which a different gas species is supplied to each of the two footpoints 
-- demonstrate that these flows are independent of one another; each flow velocity depends only 
on the density of the plasma originating from the respective footpoint and on the electrical 
current flowing along the loop. 

Measurements of flux tube length, magnetic field, and electrical current produce quantitative 
agreement with two related MHD models: the increase in major radius is explained by the hoop 
force, and the inflows of plasma are explained by the gobble model [1]. The gobble model 
predicts MHD-driven bulk flows along the axis from areas of stronger axial current density (i.e., 
the footpoints) into areas of weaker axial current density (i.e., the apex of the arch); if the axis 
were not lengthening these flows would only persist until the arched, semicircular tube achieved 
uniform density. The observed lengthening is consistent with the hoop force. Initially, the 
electric current increases approximately linearly, in which case the flux tube length is predicted 
to be a quadratic function of time -- which is indeed observed. The hoop force acting alone, 
however, would result in the plasma becoming progressively less dense. The gobble and hoop 
force dynamics in tandem explain the observed structure: a rapidly lengthening loop that 
maintains collimation and minor radial force balance as a result of inflowing plasma from the 
footpoints. 

 [1] P. M. Bellan, "Why current-carrying magnetic flux tubes gobble up plasma and become thin 
as a result," Phys. Plasmas 10 Pt 2, 1999 (2003). 
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Two-Fluid Plasma Lattice Boltzmann Model 
Jens von der Linden, S. You 
University of Washington 
Abstract Text: 
A two-fluid plasma model based on lattice Boltzmann methods [1] is developed and extended to 
include neutrals, free vacuum boundaries and embedded solid targets. Lattice Boltzmann 
methods model the motion of fluids by evolving distribution functions of a discretized 
Boltzmann-BGK equation over a very limited set of velocities (typically 9 in 2D or 19 in 3D). 
The macroscopic variables such as fluid density and momentum are recovered from the moments 
of the microscopic distribution functions over the limited set of velocity directions. The 
continuum equations can be recovered with a Chapmann-Enskog expansion. Similarly the 
electromagnetic fields are evolved as a lattice Boltzmann-BGK fluid with moments and 
equilibrium functions chosen such that multi-scale expansions retrieve Maxwell’s equations. The 
Lorentz force is implemented by discretizing the forcing term in the Boltzmann equation to 
couple plasma and electromagnetic lattices. The model does not approximate Ohm’s law and is 
stable for mass ratios ranging from 1 (resistive MHD) to 1820 (realistic two-fluid). Neutrals are 
added with a conventional lattice Boltzmann fluid which interacts with the plasma fluids through 
source and sink terms at the lattice nodes. Free vacuum boundaries are modeled with modified 
collisional operators of the plasma fluids to allow for free streaming in low density regions. Solid 
targets can be incorporated with simple bounce-back boundary collision operators or momentum 
conserving boundary collision operators. The two-fluid plasma lattice Boltzmann model will be 
compared with standard analytical solutions, other MHD and two-fluid CFD simulations. The 
novel numerical tool will support experimental interpretation of a new generalized plasma 
relaxation experiment and a study on the innovative use of plasma jets for deflection of space 
targets.  

 [1] M. Mendoza & J. D. Munoz. (2008.) Three-dimensional lattice Boltzmann model for 
magnetic reconnection. Phys. Rev. E 77, 026713 
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Initial particle-in-cell modeling of the PFRC-2 field-reversed 
configuration device  

D. R. Welch, T. C. Genoni, and N. L. Bruner, 
Voss Scientific, Albuquerque, NM 87108 

S. A. Cohen 
Princeton Plasma Physics Laboratory, Princeton, NJ 08544 

Abstract 
We report on 3-D, fully electromagnetic kinetic modeling of the field-reversed-configuration (FRC) formation 

by odd-parity rotating magnetic fields (RMFo) in the PFRC-1 and upgraded PFRC-2. The simulation model includes 
the Lorentz force, atomic physics effects, externally applied time-varying electromagnetic fields, and material 
boundary conditions. The new simulations use a new extended magnetic-implicit (MI) energy-conserving technique 
that permits under-resolution of either the electron cyclotron or plasma frequencies. The MI results are first 
benchmarked against those published of PFRC-1 field reversal using the energy-conserving-explicit technique. 
Initial simulations of PFRC-2 are also presented.  The PFRC-2 machine is 8x larger in volume with 10x larger Bz
field, higher power RMFo, and roughly 10x larger plasma density. We discuss the relative computational speed and 
accuracy of the new numerical technique in the dynamic FRC conditions. 

I. Introduction 

In this paper, we discuss recent progress in the 
development of an efficient and robust kinetic 
electromagnetic algorithm for the simulation of high-�
plasmas.  The new technique is applied to the Field-
Reversed Configuration (FRC) with odd-parity Rotating 
Magnetic Field  (RMFo) being fields at the Princeton 
Plasma Physics Laboratory (PPPL).  The computational 
model addresses a physics regime specifically relevant to 
this device, in which kinetic effects are critical, and is 
useful to the plasma physics community in general. The 
Magnetic-Implicit (MI) predictor-corrector particle-in-cell 
(PIC) method permits accurate modeling of the complex 
orbits now in denser plasma by improving the prediction 
phase.  We continue to validate these computational 
methods against the ongoing PPPL experiments on the 
PFRC machine.  

The electromagnetic computational techniques 
discussed in a recent letter1 involved a mature technique 
useful for modeling the PFRC-1 device.   The explicit PIC 
method used standard particle advance techniques with 
the exception of a novel energy conserving push2 referred 
to as energy-conserving explicit (ECE).  This energy 
conservation is the result of advancing the particle energy 
consistent with the change in the local electrostatic 
potential.  The advanced MI method3 has also been
developed that permits larger numerical time steps while 
maintain an accurate representation of the particle orbits. 
The MI as published had not been tested in a dynamic
FRC and had been limited to lower-density plasma 
simulation.  Unlike the ECE method, the MI particle 
advance has two steps with the mirror force added when 

the cyclotron orbits are under resolved.  The accuracy of 
this method in reproducing the chaotic FRC particle orbits 
is quite good for large time steps. In this paper, we 
discuss the generalization of the MI technique for high 
plasma density simulation.   

The paper is organized as follows.  We discuss 
the new advancement of PIC simulation capabilities in 
Sec. II, comparisons of the new technique with the 
published simulations of the PFRC-1 experiment in Sec. 
III, and discuss initial simulations of the second 
generation PFRC-2 device in Sec. IV. Conclusions and 
future plans are presented in Sec. V. 

II. Generalization of the Magnetic Implicit 
Algorithm for Electromagnetic 
Simulation of Magnetized Plasma 

Particle orbits in a reactor scale FRC magnetic 
confinement device are complex and chaotic and require a 
highly accurate solution technique.  Standard explicit PIC 
(including the ECE method) does not properly describe 
particle orbits when the product of the cyclotron 
frequency and time step ΩΔt is significant.  The error 
increases roughly as the square of this product.  The MI 
algorithm described in detail in Ref. 3 greatly relaxes this 
constraint.  The key difference from the Boris push4 used 
in typical explicit simulation is that the motion of a 
charged particle in electromagnetic fields centers the 
position and relativistic momentum variables of the 
particle at the same time level instead of the usual leap 
frog centering. The MI method preserves the correct 
particle cyclotron radius for large time steps (ΩΔt >> 1).  
There is no explicit calculation of the particle magnetic 
moment or additional field calculations to determine the 
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local transverse and longitudinal magnetic field gradients.  
In addition, the usual magnetic field rotation matrix is 
modified to conserve energy and corrects for the mirror 
force in regions where a significant longitudinal magnetic 
field gradient exists.  After the particle momentum is 
advanced, an effective velocity which includes a 
correction for particle drift in a transverse magnetic field 
gradient is calculated and used to advance the particle 
position.   

The MI algorithm is used as a two-step predictor-
corrector particle push with the usual field advance in 
between.  In the first push, particles’ positions x and 
momenta p are advanced assuming that the new fields are 
equivalent to the old, i.e. En+1 = En and Bn+1 = Bn.  The 
electromagnetic field are advanced with the predicted 
particle currents J*n+1/2 obtained in the first push. The 
particles are pushed again with the calculated future fields 
En+1 and Bn+1 and the corrected currents Jn+1/2 are 
summed. The error current, Jerr = Jn+1/2- J*n+1/2, is then 
added to future currents to fix the charge conservation.  

Because there were no additional current sources in 
Maxwell’s equations which accounted for the particle 
motion as a function of the future fields, the system of
equations from Ref. 3 cannot handle plasma densities 
such that ωpΔt > 1 where ωp is the plasma frequency. We 
can however keep the predictor-corrector nature of the MI 
algorithm while including an implicit term in Maxwell’s 
equations. This is accomplished in similar fashion to that 
used in the direct implicit method as shown schematically 
in Figure1.  Described in detail in Ref. 2, the direct-
implicit system of equations including the implicit source 
term �J is,  

where the susceptibility tensor S� (defined in Ref. [2]) 
accounts for the current density response of the particles 
�J to the electric field at the future time step, i.e., �J = S�
� En+1. This requires that the initial guess En+1 = 0 for the 
first particle advance (not En+1 = En as in the original 
algorithm). Thus, the field equations can be solved 
implicitly to calculate the future fields. The J* and S� of 
each particle are scattered to the grid after the first push 
which advances the particle position and momentum 
using all field quantities except the future En+1 which is 
accounted for by �J. One complication from the standard 
direct-implicit method is that the MI uses Bn+1 in the 
momentum advance. The susceptibilities, which contain 
the magnetic rotation tensor, must be calculated using Bn
which introduces some error in the �J calculation. Thus, 
we must assume the magnetic fields are slowly varying in 
a time step which is typically a very good approximation. 

In the second MI particle push, the particle 
position and momentum are advanced exactly as in Ref. 3
only using the new En+1 and Bn+1. The final step as before 
is to calculated the error current and add it future currents 
for the charge conservation. The process can be repeated 
making use of the new Bn+1 for increased accuracy in the 
calculation of S�, although this has not been necessary in 
test cases. 

The new MI algorithm steps are as follows: 

1. Advance particles in first push assuming En+1 = 0 and 
Bn+1 = Bn. 

2. Scatter J* and S� to the grid for each particle. 

3. The implicit form of Maxwell’s equations is solved for 
En+1 and Bn+1. 

4. Advance particle in second push with new En+1 and 
Bn+1. 

5. Correct charge errors by adding Jerr to future J*
currents. 

The above algorithm has been implemented into the 
LSP PIC code. The final push is identical to the original 
algorithm which was tested extensively with single 
particle orbit calculations in an FRC magnetic field.  The 
velocity and magnetic field parameters were all varied 
over an order of magnitude, and the orbits calculated with 
the MI algorithm compared to “exact” calculations with a 
fourth-order Runga-Kutta (RK4) differential equation 
solver with adaptive step size control and a relative error 
tolerance of 10-9.  It was found that the MI solver 
reproduced the correct particle motion for large time steps 
(	�t >> 1) with the restriction that the product of v�t <
0.05 L where L is the magnetic field gradient scale length. 
In the next section, we employ the generalized MI 
algorithm on a dynamic FRC problem.  

III. Comparison of MI with ECE 
Simulation of PFRC-1 Startup 

In steady state, the PFRC-1 operates with a 
plasma density in excess of 1012 cm-3 in magnetic fields of 
order 100 G in the FRC region away from the strong > 1-
kG mirror fields at each end.  A 14-MHz, 5–12-G RMFo
field is generated via currents driven in a set of antennae.
Initial simulations of PFRC-1 startup to magnetic field 
reversal used the ECE PIC and the Monte Carlo gas 
interaction algorithms.1  The PFRC-1 simulation models 
all important elements of the experiment.  These include 
the flux conserving (FC) rings, the Faraday cage, 14-
MHz, 400-A RMF coils (12 G), applied mirror fields,
Pyrex vacuum housing and 3.4 x 1013-cm-3 deuterium 
neutral density.  Electron stimulated emission with yield 
SEEY = 0.05 from all surfaces is enabled.  The FC rings 
are treated as perfect conductors, which is a good 
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approximation for the 10-�s simulations considered here.  
The experiment maintains a 109-cm-3 plasma (initialized 
with 4-eV temperature) in between the energizing of the 
RMF antennae.  We used 109-cm-3 initial density or the 
more expedient 1011-cm-3 density.  The higher density 
reaches the 1012-cm-3 density expected in steady state 
operation in less computation time.  Given the 840-ns e-
folding growth calculated for the plasma density in the 
presence of the RMF fields, the FRC equilibrium was set 
up within 2 �s with the higher seed value.  

Figure 1. The time centering of the electromagnetic 
fields and particle position and momentum for the MI 
push. Note all quantities are solved at full step n. 

To compare with the ECE result, we run the new 
MI algorithm out to 2200 ns. The RMF and axial 
magnetic fields are then compared at the midplane at 1-
cm radius in Figure 2. The RMF fields nicely track each 
other while Bz follows the trend to field reversal but is 
considerably less noisy. This behavior is borne out in snap 
shots of the field at 2200 ns.  Shown in Figure 3, the 
fields are much clearer in the MI simulation although the 
field reversal is a bit less. This is the result of a decrease 
in the particle noise level due to the new implicit term in 
Maxwell’s equations which reduces noise by roughly 1/ 
(1+(ωp Δt )2.   

This dramatic noise reduction permits a more 
detailed calculation of magnetic closed surfaces. To 
approximate the steady state behavior, we removed the 
neutrals entirely from the MI simulation after 2200 ns 
allowing the FRC to evolve without additional ionization. 
The resulting configuration of the magnetic fields after 
3200 ns is shown in Figure 4. The field streamlines 
exhibit a nearly closed structure in the x< 0 portion of the 
FRC region and open lines in x > 0 volume. This behavior 
is a result of the strong influence of the RMF on the line 
configuration.  This region of nearly closed field lines 
rotates in time at the RMF frequency. 

Figure 2.  The (a) RMF fields and the (b) axial 
magnetic field at z=0 and r=1 cm. The explicit ECE 
result is shown in black and the new MI result in red. 

Figure 3.  The axial magnetic field after 2200ns is 
plotted for the ECE simulation (left) and the MI 
simulation (right).

Figure 4. Magnetic streamlines after 3200 ns into the 
PFRC-1 simulation using MI. Note toroidal field lines 
in the upper portion of the FRC. 

Figure 5.  The log of the plasma density (top row) and 
RMF (bottom row) at 5, 355, 705 and 1055 ns is 
plotted for the MI simulation of the PFRC-2 machine. 

IV. Initial simulation of PFRC-2 machine 
using MI  

The upgraded PFRC-25 machine presents a 
significant computational challenge. From the PFRC-1
parameters, the volume is increased 8x, the plasma 
density, the confining magnetic field, and the RMFo
power are increased an order of magnitude, while the 
RMF frequency is reduced from 14 to 5 MHz. All these 
improvements represent increases in the size of the 
computational grid and extend the duration of the 
simulation.   

In our initial simulation to test the robustness of 
the MI algorithm in the more stressing environment, we 
initialized a 6x1012-cm-3 initial plasma density. The 
geometry and initial density profile is illustrated in Figure 
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5. Note the 10-cm radius of the Lexan vacuum vessel and 
embedded flux conserving rings. All the physics is model 
as in the PFRC-1 simulation, including ionization and 
scattering in the 2x1014-cm-3 neutral D density.  The 
applied solenoidal field is between 500-750 G within the 
FCs and > 1T at the mirror ends. The peak applied RMFo
field generated by the antennae is 50 G.  

The high power of the RMF quickly drives a 
breakdown in the gas and a plasma density in excess of 
3x1013 cm-3 peaking near the FC rings. As shown in 
Figure 5, this density profile inhibits the penetration of the 
RMF in to the plasma and exhibits a diffusive lag in the 
penetration near r = 6 cm.  This behavior indicates the 
initial density of both the plasma and neutrals is larger 
than optimum.  Future simulations will start with a factor 
of 10 smaller densities.

The MI algorithm behaved as designed in these 
field/plasma conditions throughout the short simulation.  
The time steps used gave 	 Δt = 0.5 (in the mirror ends) 
and ωpeΔt = 1 which can be further relaxed, however, the 
time step was constrained by the desire to 
electromagnetically resolve the RMF propagation. The 
absolute constraint here is not obvious and we will test the 
accuracy of larger time steps in future simulations.  

The simulation was run to 1055 ns with 32 
processors for 60 hours. The size of the problem (1 
million cells and 25 million particles) can efficiently 
accommodate up to 1000 processors using the 2-tier 
decomposition scheme of LSP. To reach an interesting 
duration of 100 μs and assuming a similar processor 
speed and 70% parallel efficiency, 1000 processors will 
require 250 hours computation time. Further speed up 
may be realized with longer time steps, and more 
aggressive decomposition. Even longer time scales are 
possible by making use of a two-fluid option in the code.  
LSP has been ported to NERSC where massively parallel 
operation is currently being tested and optimized. 

V. Conclusions and Future Work  
In this effort, we have begun investigations on 

the accuracy and robustness of our new MI computational 
approach by validating it against the published ECE 
simulations in the PFRC-1 device. The MI algorithm 
retains accurate representation of the particle orbits for 
either 	 Δt >>1 or ωpΔt >>1.  Due to the highest magnetic 
field lying in the mirror ends where the plasma density is 
small, the MI algorithm permits a significantly large time 
step while maintaining good numerical accuracy. 
Furthermore, these simulations show the benefits of the 
implicit approach in the reduction of particle noise 
allowing the enhanced illumination of magnetic field 
topology.

We have also begun simulation of the new 
PFRC-2 device with order of magnitude more stressing 
computational requirements. The initial simulation has 

shown the need to reduce the initial plasma and neutral 
density to explore better coupling of the RMF to the 
plasma and eventually achieve FRC operation. The 
simulation suggests that calculations on a massively 
parallel machine can be accomplished in 250 hours on 
roughly 1000 processors with further speed to be 
explored.  In the near future, we will study the evolution 
of the PFRC-2 to FRC and eventually stochastic ion 
heating and current drive. Our fully kinetic modeling will 
enable ab initio investigations of RMF penetration into 
the plasma, evolution to an FRC, and the generation of 
parasitic waves, and ion heating for near term and reactor 
scale devices.  
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MULTI-BLOCK DEVELOPMENT AND APPLICATION TO A SHEAR FLOW 
Z-PINCH KINK MODE STABILIZATION 

Lowrie B Weston, U. Shumlak, V.S. Lukin, A.H. Glasser 
University of Washington 

Abstract Text: 
Recent improvements to the 3D high-order finite (spectral) element HiFi [1,2] code allow for 
combining multiple domain blocks into a single computational domain. The blocks themselves 
must be structured, but the collection of blocks can be unstructured, forming a semi-structured 
high-order finite element hexahedral mesh. This new feature allows for much more complex and 
realistic domains to be modeled, including body-fitted and non-simply connected 3D geometries. 
Additionally an a priori mesh quality analysis [3] is applied to the new meshes to better 
understand the error associated with deformed mesh elements that result from the more complex 
geometric domains. Using this new capability of the HiFi code, a verification study of Z-Pinch 
stability against external kink is performed on a semi-structured cylindrical grid. Applications of 
a shear flow stabilized Z-Pinch with non-axisymmetric geometry are also presented. The non-
axisymmetric geometry aims to model changes in the ZaP Z-Pinch experiment design at the 
University of Washington, and will provide predictive modeling feedback to the experiment. 

HiFi is a highly parallel, implicit, high-order finite element code used for solving systems of 
coupled nonlinear partial differential equations (PDEs), with a particular focus on the single- and 
two-fluid MHD. Currently, development of the code is centered at the PSI-Center as a 
collaboration between the University of Washington and the Naval Research Laboratory. The 
code makes use of the PETSc libraries for solver flexibility and scalability, the portable HDF5 
format for parallel data I/O, and VisIt software for visualization. The PDEs are expressed in the 
generic flux-source form, such that the user can easily specify the desired physical system of 
interest. Multiple studies of two- and three- dimensional systems of PDEs have already been 
performed with HiFi, with their focus ranging from resolving anisotropy of the anisotropic heat 
conduction equation solutions [4], to effects of grid deformation on global accuracy of 
differential operators [3], to magnetic reconnection in visco-resistive, electron and Hall MHD 
[2,5,6]. The Z-Pinch models described above are solved using a visco-resistive MHD model with 
hyper-resistivity. 

 [1 ] A. H. Glasser, X. Z. Tang, The SEL macroscopic modeling code. Comp. Phys. Comm. 164 
(2004) 237. 

[2 ] V. S. Lukin, Computational study of the internal kink mode evolution and associated 
magnetic reconnection phenomena, Ph.D. thesis, Princeton University (2007). 

[3 ] W. Lowrie, V.S. Lukin, and U. Shumlak, A priori mesh quality metric error analysis applied 
to a high-order finite element method. J. Comput. Phys. 230, Issue 14 p5564-5586 (2011). 

[4 ] E. T. Meier, V. S. Lukin, U. Shumlak, Spectral element spatial discretization error in solving 
highly anisotropic heat conduction equation, Comp. Phys. Comm. 181 (2010) 837. 

[5 ] V. S. Lukin, Stationary non-tearing inertial scale electron MHD instability, Phys. Plasmas 16 
(2). 

176



  ICC 2011 Aug 16-19, Seattle  

 

 
Demonstration of Tokamak Inductive Flux Saving  
by Transient Coaxial Helicity Injection on NSTX 

R. Raman, T.R. Jarboe, B.A. Nelson 
University of Washington, Seattle, WA, USA 

D. Mueller, S.C. Jardin 
Princeton Plasma Physics Laboratory, Princeton, NJ, USA 

Discharges initiated by Transient Coaxial Helicity Injection (CHI) in NSTX have attained peak toroidal 
plasma currents up to 300 kA and when these discharges are coupled to induction from the central 
solenoid they develop up to 300 kA additional current compared to discharges initiated by induction only. 
In NSTX, reference inductive only discharges require 50% more solenoid flux than a CHI started 
discharge to reach 1 MA. These are the first discharges in NSTX that have generated 1 MA of plasma 
current using only 258 mWb of solenoid flux. In addition, the resulting discharge has low plasma density 
and normalized internal plasma inductance of 0.35 from the start of the discharge and through the 
inductive ramp, typical of the type of discharges required for advanced scenario operations. The Tokamak 
Simulation Code (TSC) has been used to understand the scaling of CHI generated toroidal current with 
variations in the external toroidal field and injector flux. These simulations show favorable scaling of the 
CHI start-up process with increasing machine size and are consistent with the theoretical model for CHI 
plasma startup. Scaling based on the analysis of experimental results and TSC simulations indicates the 
possibility for substantial current generation potential by CHI in the upgrade to NSTX. These exciting 
new results from NSTX demonstrate that CHI is a viable solenoid-free plasma startup method for future 
STs and tokamaks. 

I Introduction

Tokamaks and spherical tokamaks (STs) have relied on a central solenoid to generate the initial plasma 
current and to sustain that current against resistive dissipation. In a steady-state reactor, a central solenoid 
cannot be used for plasma current sustainment. The inclusion of a central solenoid in a tokamak for 
plasma start-up limits the minimum aspect ratio and adds additional cost and complexity. For reactors 
based on the ST concept, elimination of the central solenoid is necessary. Thus alternate methods for 
plasma start-up are needed for such a reactor. 

The generation of toroidal plasma current by Coaxial Helicity Injection (CHI) was originally developed 
for spheromak plasma formation [1] and has been used on several spheromak experiments including on 
the SSPX, CTX and RACE devices [2-4].  It has also been used in reconnection merging experiments 
[5,6] and for spherical torus plasma formation [7,8].   

The first experiments utilizing CHI on NSTX used the method of driven or steady-state CHI for plasma 
current initiation [8]. However, the toroidal currents generated using this method could not be coupled to 
induction. Later, experiments on the HIT-II experiment at the University of Washington demonstrated 
that the method of transient CHI could generate high-quality plasma equilibrium in a ST that could be 
ramped-up using induction [9]. The transient-CHI method has now been successfully used on NSTX for 
solenoid-free plasma start-up followed by inductive ramp-up [10]. These coupled discharges have now 
achieved toroidal currents >1 MA using significantly less inductive flux than standard inductive 
discharges in NSTX.  
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II Experimental Results 

CHI is implemented in NSTX by driving current along field lines that connect the inner and outer lower 
divertor plates as described in detail in Reference [8-10]. The standard operating condition for CHI in 
NSTX uses the inner vessel and lower inner divertor plates as the cathode while the outer divertor plates 
and vessel are the anode. A CHI discharge is initiated by first energizing the toroidal field coils and the 
lower divertor coils to produce magnetic flux linking the lower inner and outer divertor plates which are 
electrically isolated by a toroidal insulator in the vacuum vessel. After a programmed amount of gas is 
injected into the vacuum chamber, a voltage is applied between these plates which ionizes the gas and 
produces current flowing along magnetic field lines connecting the plates. In NSTX, a 5 to 30 mF 
capacitor bank charged to 1.7 kV provides this current, called the injector current. As a result of the 
applied toroidal field, the field lines joining the electrodes wrap around the major axis many times so the 
injector current flowing in the plasma develops a much larger toroidal component.  

The results reported here were made possible by 
reductions to the low-Z impurities, mainly oxygen and 
carbon, as described in reference [10], and briefly 
summarized here. First, it was necessary to clean the lower 
divertor plates, which function as the CHI electrodes.  
This was accomplished by running several discharges at 
high injector current levels but with increased poloidal 
flux connecting the lower divertor plates (the injector flux) 
so that the discharge stayed connected to the lower 
divertor plates. Then, the lower divertor plates were 
coated with lithium by a pair of evaporator ovens mounted 
at the top of the vacuum chamber [11]. Third, two poloidal 
field coils located in the upper divertor region were 
energized to provide a “buffer” flux to reduce contact of 
the growing CHI discharge with the upper divertor 

electrodes [10]. In the absence of this flux, once the CHI discharge contacted the upper divertor, a 
pronounced arc usually developed which generated low-Z impurities causing the CHI initiated discharge 
to become more resistive which rapidly consumed the poloidal flux generated in the plasma. 

Fig. 1 shows a CHI started discharge that was coupled to induction. The second discharge is an inductive-
only case from the NSTX database (assembled over 10 years of operation) that reached 1 MA in a shorter 
time than other L-mode discharges. For the CHI initiated discharge at 132 ms, a total of 258 mWb of 
central solenoid flux was required to ramp the discharge to 1 MA. The non-CHI discharge at this time 
only gets to about 0.7 MA and does not reach 1 MA until 160 ms, by which time 396 mWb of central 
solenoid flux had been consumed. Thus, the L-mode discharges from the NSTX data base require at least 
50% more inductive flux than discharges assisted by CHI. The discharge on NSTX that consumed the 
least amount of solenoid flux to reach 1 MA transitioned to an H-mode. That discharge required 340 
mWb to reach 1 MA, which is still significantly higher than the CHI started discharges [12] 

These new results are described in greater detail in References [12,13], which show that these plasmas 
have both a very high elongation of κ ≈ 2.6 and, as a result of the hollow electron temperature profile and 
rapid inductive ramp, very low internal inductance li ≈ 0.3 from the start of the discharge. Finally, these 
plasmas are relatively free of MHD activity despite having low density, which has previously been 
associated with increased instability during normal inductive startup. Reference [12] also shows that CHI 
has tremendous plasma start-up potential in the Upgrade to NSTX due to improved injector coil design 
and higher toroidal field capability of 1T, consistent with earlier theoretical calculations [14]. 

 

Figure 1: Shown are a CHI started discharge 
and a reference inductive-only discharge.
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III TSC Simulations 

TSC is a time-dependent, free-boundary, predictive equilibrium and transport code [15-16]. It has the 
ability to aid in scenario development of both discharge energetics and plasma control systems. It solves 
fully dynamic MHD/Maxwell’s equations coupled to transport and Ohms’s law equations. It requires as 
input the device hardware and coil electrical characteristics, as well as assumptions concerning plasma 
density profile (or particle diffusivity), impurities, and other global discharge characteristics. It models the 
evolution of free-boundary axisymmetric toroidal plasma on the resistive and energy confinement time 
scales. The plasma equilibrium and field evolution equations are solved on a two-dimensional Cartesian 
grid. Boundary conditions between plasma/vacuum/conductors are based on the fact that the poloidal flux 
and tangential electric field are continuous across interfaces. The circuit equations are solved for all the 
poloidal field coil systems with the effects of induced currents in passive conductors included. Open field 
lines are included, and the halo current is computed as part of the calculation. In this modeling, the NSTX 
vacuum vessel is modeled as a metallic structure with poloidal breaks at the top and bottom. An electric 
potential V is applied across the break.  

The discharge being simulated is an early 
NSTX transient CHI discharge that 
successfully demonstrated current persistence, 
a condition when the CHI produced toroidal 
current persisted after the injector current had 
been reduced to zero. We used the same 
poloidal field (PF) coil currents as were used 
in NSTX Shot 118340. Due to the difficulty in 
computing the actual plasma resistance 
including the plasma-vessel sheath resistance 
in this case, we did not attempt to use the 
experimentally measured voltage, but rather 
applied a voltage V across the lower vessel 
gap and adjusted this value V to give 
approximate agreement with the measured 
toroidal current. In Fig. 2 we illustrate the 

results of the TSC calculations of the CHI experimental data shown in Fig. 2 in Reference [17]. The 
electron temperature in the simulations is maintained constant at 40 eV. About 60 kA of toroidal current 
is generated, and as in the experiment, the injector current is within a factor of two of the experimental 
value. The poloidal flux plots [18] show the plasma evolves in much the same way as observed 
experimentally from fast camera images of the plasma growth.   

Generation of closed flux in TSC is as a result of an effective toroidal loop voltage induced by the CHI 
ejected poloidal flux that decreases as the injector current is reduced to zero. This is shown in Fig. 2 of 
Reference [18], which is a plot of the induced loop voltage at Z = -0.3 m along the inner wall of NSTX. It 
shows the induction of large negative loop voltage as the plasma grows. The rapid injection of poloidal 
flux is responsible for the induced negative loop voltage. However, as the plasma current begins to decay 
as a result of the pre-programmed injector voltage being reduced to zero, a relatively smaller positive loop 
voltage is induced, and coincident with this, closed flux surfaces are generated in the discharge.   

Reference [18] provides additional details including showing consistency with earlier theoretical 
predictions [14]. It also shows that CHI scaling with toroidal field is favorable for larger machines and 
that with acceptable amounts of injector current, plasma currents on the order 600 kA could be generated 
in the present NSTX if the toroidal field is increased to 1T.  

 

Figure 2: Shown are the poloidal flux contours, injector 
current and CHI produced toroidal current for NSTX 
discharge 118340 [Ref. 17].
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IV Summary 

Significant improvements to CHI performance in NSTX were achieved by reducing low-Z impurity 
influx into the plasma discharge and by applying additional “buffer” flux with a pair of absorber poloidal 
field coils to suppress absorber arcs. As a result, 300 kA of start-up current has been produced using just 
29 kJ of stored capacitor bank energy. When these CHI started discharges are ramped up using induction, 
it is found that they require about 40% less inductive flux from the solenoid to reach 1 MA plasma current 
than inductive-only discharges. Furthermore, the resulting CHI started discharge has lower plasma density 
and normalized internal plasma inductance throughout the inductive ramp.  

Simulations with the TSC code have been found to be consistent with the theoretical model for CHI 
plasma startup. These simulations now provide a new and powerful capability for optimizing and 
designing CHI systems in future upgrades to NSTX. Results show that for a given injector current, closed 
flux generation using Transient CHI scales with increased toroidal flux in the vessel. This is a parameter 
that is expected to increase in future STs that are expected to have higher toroidal field and a larger 
plasma cross-section. As a result of higher current multiplication, the required injector current decreases. 
This is an important result as reduced injector current translates to a more efficient system and also to 
reduced interactions with the electrodes.  

Scaling to NSTX-U shows that CHI has the potential to generate a significant portion of the current 
needed for subsequent non-inductive current ramp-up and sustainment by the bootstrap effect and neutral
beam driven current. These new results from NSTX demonstrate that CHI is a viable solenoid-free plasma 
startup method for advanced scenarios in future STs.  

This work is supported by U.S. DOE Contracts DE-AC02-09CH11466 and DE-FG02-99ER54519 AM08
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Plasma isorotation, differential rotation, and stability at the Maryland Centrifugal
Experiment 
Carlos A. Romero-Talamás, R. C. Elton, W. C. Young, R. Reid, and R. F. Ellis 
University of Maryland 

Abstract Text: 
The Maryland Centrifugal Experiment (MCX) is a plasma confinement concept based on 
inducing supersonic rotation and velocity shear in a magnetic mirror to stabilize large-scale 
magnetohydrodynamic instabilities. This is achieved by biasing an internal axial electrode to 
produce a radial electric field, E, such that an azimuthal ExB flow is produced (B is the 
externally-applied magnetic field). Ideally, plasma in a given magnetic flux surface will 
isorotate, i.e., it will rotate at the same angular speed anywhere on that surface. In a non-ideal 
situation, plasma may differentially rotate along flux surfaces, caused by non-uniform resistivity 
in the axial direction (i.e., the E field does not propagate uniformly along flux surfaces). 

In this work, we present the results of rotation measurements using Doppler spectroscopy of He+ 
ions (468.54 nm) at two distinct azimuthal planes along the axis. A 1-m Turner-Czerny 
spectrometer with 10 simultaneous views and a high-speed camera were used to radially resolve 
the velocity profiles at each axial location. The data shows that plasma isorotates on the outer 
flux surfaces, but not on the inner flux surfaces (close to the center electrode). The differential 
rotation is used to formulate a new paradigm that explains high frequency (hundreds of kHz) and 
high amplitude (20 – 50% of average) plasma voltage oscillations not previously seen in MCX. It 
is hypothesized here that differential rotation leads to twisting of the magnetic field, which in 
turn leads to inductive voltage spikes. Since indefinite twisting of the magnetic field is untenable, 
and even minor field twisting creates a flow component in the axial direction, some plasma must 
be ejected during the inductive changes before the field resets itself through reconnection. High-
speed images were obtained of the regions where B is maximum, and show plasma ejection from 
the confinement surfaces in timescales comparable to those inferred from differential rotation 
and the voltage oscillations. Data from B-dot probes placed close to the outer rotating plasma 
surfaces is analyzed in the context of the present hypothesis. Results from these analyses, as well 
as ideas on how to mitigate this instability, are discussed.  

Work supported by the U.S. Department of Energy. We thank Prof. H. R. Griem for his advice in 
spectroscopic temperature measurements. 
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Experiment to Study Alfven Wave Pulses Along Curved Moving Magnetic Flux 
Tubes 
Mark K Kendall, P.M. Bellan 
Caltech

Abstract Text: 
Plasma dynamics in open field line geometry is an active area of great interest to the fusion 
community. Arched plasma-filled twisted open magnetic flux tubes are generated at Caltech 
using pulsed power techniques (J.F. Hansen, S.K.P. Tripathi, P.M. Bellan, 2004). The structure 
and time evolution of these flux tubes exhibit similarities with solar coronal loops, spheromaks, 
astrophysical jets, and possibly open field line regions near the wall of tokamaks. We are now 
developing a method to excite propagating torsional Alfven wave modes by superposing a 
~10kA, ~100ns current pulse upon the ~50kA, 10μs main discharge current that flows along the 
~20cm long, 2cm diameter arched flux tube. To achieve this high power 100ns pulse, a magnetic 
pulse compression technique based on saturable reactors is employed. In this scheme, the 
saturable reactors act as passive switches in a pulse-forming network, resonantly discharging a 
pulse along a series of stages with successively shorter timescales. A low power prototype has 
been successfully tested, and design and construction of a full-power device is nearing 
completion. The full-power device will compress an initial 2μs pulse by a factor of nearly 20. 
The final stage of the device utilizes a coaxial water-filled transmission line with ultra-low 
inductance to attain the final timescale. The water system is additionally de-gassed to help 
prevent bubble formation which otherwise could contribute to electrical breakdown between the 
conductors resulting from the >10kV applied voltage. This new pulse device will subsequently 
be used to investigate interactions between Alfven waves and the larger-scale loop evolution; 
one goal will be to directly capture the motion of the propagating wave using high-speed 
photography capable of resolving the Alfven timescale. 

Work supported by the DOE, NSF, and AFOSR. 
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Disruption Mitigation Studies in NSTX 

R. Raman, S.P. Gerhardt*, T.R. Jarboe, H.W. Kugel*, D. Mueller* 
University of Washington, Seattle, WA, USA 

*Princeton Plasma Physics Laboratory, Princeton, NJ, USA 

Predicting and controlling disruptions is an important and urgent issue for ITER. Reactors based 
on the ST and Tokamak concepts are expected to carry several MA of plasma current and 
therefore have the potential for disruption and the generation of substantial amounts of run-away 
electrons. While work is in progress to avoid disruptions, some may be unavoidable. For these 
cases, a fast discharge termination method is needed to minimize the deleterious effects of the 
disruption.  

At present Massive Gas Injection (MGI) is the most promising method for safely terminating 
discharges in ITER. Recent experimental results have shown that the cold front from the edge, 
which has been cooled by a massive gas injection pulse, needs to reach the q=2 surface for the 
onset of rapid core cooling to occur. On ITER, because of the large minor radius of the device, 
the long transit times for the slow moving neutral gas, and the large scrape-off-layer flows, it is 
not known if a simple MGI pulse from multiple locations would be adequate. Insight into ways 
for reducing the total amount of injected gas and optimizing the injection locations would further 
help with the design of a reliable system for ITER. NSTX can offer new data by injecting gas 
into the private flux and lower x-point regions to determine if this is a more desirable location for 
massive gas injection.  

Injection from this new location has two advantages. First, the gas is injected directly into the 
private flux region, so that it does not need to penetrate the scrape-off-layer. Second, because the 
injection location is located near the high-field side region, the injected gas should be more 
rapidly transported to the interior as known from high-field side pellet injection research and 
from high-field side gas injection on NSTX. By comparing gas injection from this new location 
to results obtained from injecting a similar amount of gas from the conventional outer mid-plane, 
NSTX results on massive gas injection can provide additional insight, a new database for 
improving computational simulations, and additional knowledge to disruption mitigation physics 
using massive gas injection. 

Introduction 

The present understanding of disruption mitigation using massive gas jets is based on work 
conducted on DIII-D, Alcator C-MOD, ASDEX-U, JET and other large tokamaks, and is

183



  ICC 2011 Aug 16-19, Seattle 

 

summarized in the following References [1-4]. A very brief summary of the present 
understanding of disruption mitigation using massive gas jets is given below. 

Requirements for the mitigation of disruption effects fall into three categories:  

(1) Reducing thermal loads on divertor and first wall  
(2) Reduction of electromagnetic forces associated with halo currents 
(3) Mitigation of runaway electron (RE) conversion in the current quench phase of the disruption 

Two methods of impurity injection are being pursued in disruption mitigation experiments: 
impurity pellet injection and high-pressure gas injection. Fast shutdown, high radiated power 
fractions and low halo currents have been shown to result from cryogenic argon and neon pellet 
injection in ASDEX-U, JT-60U, DIII-D and T-10. However, significant runaway generation was 
observed, especially when using argon pellets, leading to an increased interest in high pressure 
gas injection. More recent studies on DIII-D using shattered deuterium pellets seem to allow a 
safe termination of the discharge without the generation of runaway electrons [5]. High-pressure 
gas injection has been shown to provide fast shutdown and halo current mitigation, but without 
the generation of significant runaway electrons. 

During massive gas injection (MGI) experiments, the injected impurities strongly cool the 
boundary plasma, in the vicinity of the pedestal. Progressive cooling produces unstable current 
profile with evolving and growing islands. The cooling and island growth at the q=2 surface, 
finally invokes a rapid cooling of the entire plasma through both convection and impurity 
mixing. The core energy is effectively dissipated by impurity radiation, and the cold, dense 
poorly conducting outer region results in a significant reduction of wall heating.  

Empirical observation is that this thermal/electromagnetic (T/E) mitigation can be achieved with 
impurity density injection nimp~ 5x1021 m-3 (gas particles / plasma volume) introduced on a 
several millisecond timescale.  

If the total electron density in the plasma volume can be raised to the Connor-Hastie-Rosenbluth 
(CHR) limit [6], Ec ≥ E, then collisional suppression of runaway electron generation is 
guaranteed. For ITER this represents a density of 5x1022 m-3 for E=65 V/m (~500 kPa-m3 for He 
injection, about 10 times larger than for T/E mitigation). The proposed plan for ITER is to install 
gas injection systems with this capability, as this also simultaneously takes care of the T/E 
mitigation issues.  

Considerable amount of numerical modeling work is being conducted to better understand 
experimental results and to design a safe plasma discharge terminating system for ITER. 

Disruption Mitigation Studies in NSTX R. Raman, et.al.
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Experimental Plans for NSTX-U 

As a result of recent changes to the NSTX program plans, disruption mitigation experiments 
planned for in NSTX will now be conducted on the Upgrade to NSTX. These are briefly 
summarized. The primary goal of the experiments is to understand the different ways in which 
the safe plasma termination sequence propagates after arrival of the gas front to the plasma edge 
for variations in the poloidal gas injection.  Of particular interest is the comparison of injection 
location (1a) with location (2) as shown in Figure 1.  

The initial goals are to inject 1250 Torr.L of a 25% Neon + 75% Deuterium mixture at a plenum 
pressure of 5000 Torr during a current flat-top of discharge similar to that shown in Figure 1a. 
These initial experiments would be used to asses impact on diagnostics and if necessary to 
readjust the amount of injected gas. During the second part, a similar discharge would be forced 

to undergo a downward moving vertical 
disruption by unbalancing the vertical position 
control coils. Gas from locations (1a) and (2) 
would be injected and synchronized to contact 
the plasma edge just as the plasma begins its 
downward motion.  In the third part, gas 
injection from location (1a) would be delayed in 
time to assess the benefits of having a large 
buffer gas between the lower divertor tiles and 
the disrupting plasma. The effect of injecting 
gas into the lower scrape-off region that is 
located in a region of relative high toroidal field 
(location 1b) will be studied using a discharge 
similar in shape to that shown in Figure 1b. 
Finally a comparison of injection locations (1a) 
and (2) will be studied by injecting gas during 
the current flat-top but at different times during 
the q-profile evolution to assess the importance 
of the discharge q=2 surface proximity to the 

plasma edge, as previous work has indicated that the cooling and island growth at the q=2 
surface, is what finally invokes the rapid core cooling of the discharge. In all cases a comparison 
of the mid-plane location and from location (3) to lower divertor injection will be made. These 
studies would further motivate other experiments related to the variations in the gas composition 
and impurity species. These experiments would help develop the plenum size and valve 
throughput requirements for a system that could then be used on NSTX-U for disruptor predictor 
feed-back controlled MGI system triggering based on sensor provided data on an impending 
disruption. 

 

Figure 1: Shown are the planned Massive Gas 
Injection locations on NSTX-U. (1a)-Private flux 
region, (2)-Conventional mid-plane injection, (1b)-
high field lower scrape-off-layer region and (3) 
above mid-plane.
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Integration of Diagnostics with Analysis 

These experiments are expected to contribute to the understanding of several important physics 
questions related to the MGI experiments. The primary study to be conducted would be to 
understand the gas assimilation efficiency. The key diagnostic for this is the Thomson scattering 
system. By triggering the two (or three) lasers in close temporal proximity to each other and 
using equilibrium reconstructions the gas assimilation efficiency as a function of poloidal 
injection location could be obtained. The MGI system response time, defined as the time delay 
between system trigger time and the time when the gas front reaches the plasma edge will be 
determined using neutral pressure gauges and H-alpha arrays. Multi-color Soft X-ray arrays, H-
alpha arrays, Plasma current monitor, EFIT reconstructions, Thomson scattering system, and the  
Mirnov coils are needed to establish the delay in current quench after the gas contacts plasma 
edge as well as in determining the rate of current quench, vertical dynamics of the plasma and 
the thermal quench evolution and pedestal collapse times. The bolometer array would provide 
information on core radiated power dynamics. The eventual impact of the uncontrolled and 
controlled disruption on the lower divertor would be studied using tile halo current sensors,
divertor fast infrared cameras and by eroding thermocouples. These would also provide 
information on the spatial distribution of thermal loads and fast heat flux measurements. 
Eventually for developing a feedback controlled disruption mitigation system, locked mode 
sensors, resistive wall mode sensors and n=0 mode detectors are needed to predict an impending 
disruption. 

In summary, disruptions in NSTX have already noted the fastest current quench rates. The area-
normalized current quench times down to 0.4 ms m-2 have been observed, compared to the 
minimum of the 1.7 ms m-2 recommendation based on conventional aspect ratio tokamaks; as 
noted in ITPA studies. The difference is due to the reduced self-inductance at low aspect ratio 
and the high elongation [7]. The mission of NSTX is the demonstration of the physics basis 
required to extrapolate to the next steps for the spherical torus, such as a component test facility 
(ST-CTF), and to support ITER. These future devices would carry substantial amounts of plasma 
current and have the potential for disruption. A fast acting system to minimize the damaging 
consequences of a high-current disruption is needed not only for ITER, but also for ST based 
machines. This work supported by U.S. DOE Contracts DE-AC02-09CH11466 and DE-FG02-
99ER54519 AM08 
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Measurements of plasa boundaries and instabilities in the Maryland Centrifugal 
Experiment
R. R. Reid,  W. C. Young,  C. A. Romero-Talamás,  A. B. Hassam,  R. F. Ellis

Abstract

The location of the plasma boundary in the Maryland Centrifugal Experiment (MCX) is experimentally 
determined and the electron temperature at this boundary is estimated using electrostatic probes. The 
bulk plasma in the MCX device is known to be too energetic for direct probe techniques. Electrostatic 
probe measurements of the floating potential provide a relatively cheap means to map out the boundary 
of the rotating plasma, the so-called Last Good Flux Surface (LGFS). The radial location of the LGFS 
depends on the mirror ratio of the magnetic field. Locating this boundary precisely has allowed for more 
delicate diagnostics to be successfully deployed on MCX.

Introduction

The Maryland Centrifugal Experiment confines a dense plasma, n ~ 1020 /m3, in an axially symmetric 
magnetic mirror stabilized with supersonic velocity shear1. An axial high voltage electrode initiates 
breakdown, and provides a radial electric field perpendicular to the magnetic field that drives plasma E x 
B rotation. The mid plane field may be up to .33 T and the mirror field may be independently set as high 
as 1.9 T, giving a mirror ratio, defined as the ratio of the mirror field to the mid-plane field, of 2-201. The 
Last Good Flux Surface (LGFS) defines the outer most magnetic flux surface that does not contact the 
vacuum vessel at any point, and is free to rotate. 

The use of any internal diagnostics on MCX depends critically on the location of the LGFS. The rotating 
plasma in MCX is energetic enough to destroy delicate probes at a cost of time and materials in addition 
to contaminating the plasma with impurities. Initial attempts to implement the electrostatic probes showed 
that tungsten wires, up to 5/8 of an inch thick, suffered visible erosion when placed on the order of 1 cm 
into the mid-plane plasma. Because the radial position of the LGFS varies depending on the mirror ratio 2

it is important to have a reliable way of determining the radial extent of the LGFS if internal diagnostics 
are to be used. 

Measurements of the floating potential using simple electrostatic probes provide a relatively cheap means 
of mapping out the plasma boundary. Since MCX plasmas are magnetized, these probes cannot make 
precise measurements of the electron temperature 2, but provide a good system for determining the 
location of the LGFS and a qualitative time history for the local electron temperature during the MCX 
discharge. The time variation in the floating potential can also be used in conjunction with other 
diagnostics on MCX to study overall plasma evolution. Of primary practical importance is the information 
gained on the “safe” and “unsafe” regions of the vacuum vessel for internal diagnostics.
Theory

A Langmuir probe immersed in a plasma, isolated from ground will rapidly charge to the floating potential. 
The magnitude of the floating potential is dependent on the electron temperature, and may be estimated 
by,3y

     Eq. 1
Where Vf is the floating potential, e is the electron charge, K is Boltzmannʼs constant,Te is the electron 
temperature, and m and M are the electron and ion mass respectively. This expression is only an 
estimate at best, as it ignores the effects of the magnetic field, plasma flows and large electric currents3, 
all of which are present in MCX. We will use it only to provide an estimate of the electron temperature. 
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Experimental set up
 
The probes consist of a thin tungsten wire of radius .5 mm with an alumina jacket so that only the last 
1mm of the wire is exposed to plasma. The wire is grounded the vacuum vessel though a voltage divider 
with a total resistance of 10 kΩ. (Slide 8) The probe signals may be recorded using either a 2.5 MHz 
digitizer for the entire duration of the discharge or with a floating oscilloscope which records only 2500 
data points but may operate up to 500 MHz. A total of six electrostatic probes measure the floating 
potential at different locations. (Slide 7) The radial positions of the “upper” probes may be varied shot to 
shot. The 4-probe array may be rotated or moved radially between shots. (Slide 9)
Several other diagnostics are deployed on MCX. The voltage across the plasma is measured using a 
voltage divider. The total current is measured using a Pearson current monitor.  Density is measured 
using two IR interferometers, one at a transition region, and another at the mid-plane.  A multi-chord 
spectrometer is used to measure the rotation profile of the plasma and estimate of the ion temperature. 
An array of internal magnetic probes measure magnetic fluctuations up to 500 kHz and may be used to 
calculate the rotation velocity3. An array of external DML coils and magnetic pickup coils measure 
magnetic fluctuations up to 1kHz.  (Slide 7)

In a typical discharge the chamber is pre-filled with hydrogen at 5 mTorr. 10 kV is applied to the axial 
electrode, forming a plasma via breakdown. The plasma settles to a quasi-steady state in approximately 2 
ms, which persists for 3 ms before a crowbar switch shorts the axial electrode to ground and terminates 
the discharge. To determine the average floating potential for a given radius, the signals from the two 
“upper” probes are averaged over the last 3 ms of the discharge when the plasma is in a quasi-steady 
state. This measurement is repeated and averaged over four discharges. This technique has given very 
useful results in the transition regions for a range of mirror ratios however when the procedure was 
attempted at the mid-plane, the probe tip was quickly destroyed.

For mirror ratios 5 and 7 the floating potential is essentially constant for small distances from the vessel 
wall and then begins to fall sharply with decreasing radius. This transition indicates the probes are 
crossing the LGFS. With a mirror ratio of 3, the floating potential is seen to decrease with the radius for all 
distances, indicating that at this low mirror ratio the LGFS is scraping the wall.  (Slide 12)

The floating potential measurements confirm that for mirror ratios larger than three there is a “safe” region 
between the vacuum vessel wall and the rotating plasma. This region has already been exploited for the 
use of a 3 axis fast magnetic probe that is being used to study the details of the current distribution in 
MCX5. Whenever this new magnetic probe is moved to a new location or used under new conditions, a 
floating probe is first used to determine the safe operating distances for the magnetic probe.

The electron temperature may be estimated using Eq. 1. For mirror ratios 5 and 7 the electron 
temperature near the LGFS is around 5 eV. For mr = 3, when the plasma is confined to the transition 
region we find a temperature of 40 eV, greatly supporting the conclusion of past work that the plasma is 
being centrifugally confined in the transition region for low mirror ratio2.

The voltage across the MCX plasma undergoes periodic fluctuations believed to result from an m = 2 
interchange mode that is partially stabilized by the plasma rotation.3 These interchanges cause an abrupt 
reduction in plasma voltage and rotation velocity. Since the mid-plane plasma is too energetic at high 
mirror ratios the probes cannot provide any direct information about how the interchanges affect the 
plasma boundary at mid-plane. However, at low mirror ratio, the plasma is axially confined in the 
transition region2, and is diffuse enough to be accessible to the probes. By examining the behavior of the 
plasma boundary at low mirror ratio we get an idea of what is happening in the mid-plane plasma 
boundary at higher mirror ratios.

The upper probes are primarily used with the slow digitizer and show that the floating potential spikes 
simultaneously with the voltage crashes on MCX. This change in the floating voltage indicates an 
increase in the electron temperature around the probes. The floating probes show that this spike in 
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electron temperature happens simultaneously and symmetrically for all mirror ratios. This seems to rule 
out axial heat flow as the dominant cause and is consistent with an interchange mode transporting warm 
electrons from an inner flux surface outward to the LGFS. (Slides 13-15) The spikes in the electron 
temperature could also be caused by the interchange directly heating the electrons. An electron cyclotron 
emission radiometer is currently being installed to measure the axial electron temperature profile and will 
help to settle this question.

The 4-probe probe array is primarily used with the fast digitizer to study the fluctuations in the floating 
potential at a shorter time scales (~1 μs) than the upper probes, and provides an estimate of the local 
plasma rotation velocity. For these studies the 4-probe array was 10 cm from the axis of plasma rotation. 
At these smaller time scales the time response of the probes became a concern. Because of the rapid 
rotation of the MCX plasma, a phase shift is expected between the probe signals as the plasma flows 
past them. To see if the probes could detect this phase shift, several shots were taken and the delay 
between the probes was calculated via cross-correlation. The probe array was then rotated 180 degrees 
and the shots were repeated and the signals again cross-correlated. The average cross-correlation time, 
in microseconds, for the two orientations are plotted in the figure 6. The clear reversal of the average time 
delay between the two signals provides some confidence that the probes have sufficiently fast time 
response for these shorter time scales.

At this time scale the 4-probe array shows that the crashes in the MCX voltage are accompanied by the 
onset of high frequency oscillations in the floating potential. As the crash progresses, these oscillations 
continue to grow until an abrupt transition to oscillations with much larger amplitude and lower frequency 
as the crash bottoms out. These large amplitude oscillations then die off as the voltage begins to recover. 
This pattern has been observed in every case when the oscilloscope was recording during a voltage 
crash. A typical trace is shown in figure 7a. The large oscillations seen at the end of the voltage crashes 
have a period of about 10 μs consistent with an m = 2 mode moving at roughly 30 km/s. A cross-
correlation of the signals from array probes B and D yields a velocity of 28 km/s, giving confidence that 
the probes are observing an m = 2 structure. (Slide 16)

The short time interval measured by the oscilloscope limits our ability to calculate to the average rotation 
speed of the plasma. A typical time interval is 100 μs, on the same order as a voltage crash when the 
voltage, and thus the rotation may vary by as much as 30%. To measure the average rotation speed, the 
4-probe array signals were recorded on the slow digitizer and cross-correlated with the signal from the 
upper probe at the same axial location. This calculated velocity was compared with velocities calculated 
by cross-correlating signals from array probes B and D. The results are shown in figure 8. The agreement 
between the velocities measured by upper and lower probes, compared with the velocities measured 
using only the lower probes is within 15% for most shots and implies that the probe array may by itself be 
used to determine the average flow velocity. (Slide 15)

Conclusion

Six electrostatic probes have been installed on MCX. These probes have already proven useful in placing 
delicate internal diagnostic close to the MCX plasma. Additionally these probes have provided information 
on the rotation velocity at the edge of the MCX plasma and support previous conclusions that the voltage 
fluctuations in the plasma are caused by a partially stabilized low mode number interchange.
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Fusion Based on the Inductively-Driven Lithium Liner Compression of an FRC 
Plasmoid 
John Slough, David Kirtley, Richard Milroy 
MSNW LLC 

Abstract Text: 
A method for achieving the compressional heating required to reach fusion gain conditions based 
on the compression of a Field Reversed Configuration plasmoid (FRC) is described. An 
inductive technique is employed to accelerate an array of thin, lithium metal bands radially 
inward to create a three dimensional compression of the target FRC. The FRC is formed inside 
the vacuum vessel using a rotating magnetic field generated by antennas located outside the 
reactor vessel. No ports or opening of the reactor is required during fusion burn. The metal bands 
can be located a meter or more from the target implosion site, and with inductive drive the driver 
coils are physically positioned outside the reactor vacuum wall. The speed and direction of the 
shells for the desired convergent motion is controlled by appropriately shaped flux concentrators 
inside the vacuum vessel that also serve as cooling conduits and breeding blankets. An effective 
fusion blanket is formed with shell convergence absorbing the fusion energy as well as the 
radiated plasma energy during the brief fusion burn. The resultant vaporized and ionized blanket 
shell expands compressing the external magnetic field providing for direct energy conversion. 
Several aspects of the process have been explored experimentally and numerically and are 
reviewed as well as a description of a sub megajoule experiment for obtaining fusion breakeven 
with the FRC. 
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Magnetic Structure of the Maryland Centrifugal Experiment 
Willliam C. Young,  C. A. Romero-Talamás, R. Reid, R. F. Ellis , A. B. Hassam 
University of Maryland 
Abstract Text: 
Magnetic Structure of the Maryland Centrifugal Experiment William C. Young, C. A. Romero-
Talamás, R. Reid, R. F. Ellis , A. B. Hassam The Maryland Centrifugal Experiment (MCX) 
plasma confinement concept combines a magnetic mirror geometry with a radial electric field 
generated by a biased, internal, axial electrode. The resulting ExB force drives a rotation with 
velocity shear that includes a centrifugal force component along the field lines, yielding an axial 
confinement that counteracts end losses along the open field lines.  

To understand magnetic evolution in MCX and with the aim of improving confinement, several 
arrangements of magnetic loops are used to measure axial and azimuthal profiles of magnetic 
fields generated by the MCX plasma. Recently added internal magnetic probes, locally make 3-
axis magnetic measurements on a microsecond timescale for the duration of the plasma 
discharge. Typical plasma duration in MCX is 5 milliseconds. The results of these measurements 
will be shown to provide insight into the coarse structure and evolution of currents within the 
MCX plasma. Additionally, the internal probes are complemented by loops external to the 
vacuum vessel that measure the averaged axial and local radial magnetic field, on a millisecond 
timescale limited only by the time response of the vacuum vessel. Along with average density 
measurements from an interferometer system, these axial profiles obtained from the internal and 
external magnetic field measurements allow for peak rotation velocity, peak temperature, and a 
2D density profile to be solved for from ideal MHD equilibrium theory. The MHD equilibrium is 
obtained via a numeric, perturbative solution of the full Grad-Shafranov equation including 
supersonic rotation for timescales of ~1ms. There is remarkable agreement between the results of 
this solution from the measured magnetic fields and the rotation velocities measured from 
multichord impurity Doppler spectroscopy. This comparison demonstrates the signature and 
efficacy of centrifugal confinement, a central goal of MCX. Research is ongoing of the impact of 
shorter timescale evolution of the magnetic field on the plasma confinement using the internal 
magnetic probes and other MCX diagnostics. 

Work supported by the U.S. Department of Energy. We thank R. C. Elton for discussions of 
spectroscopic techniques. 
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