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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 Dα 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-β 
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% (<β>=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 θ-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 θ-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 θ-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 θ-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 θ-pinch preformed energetic plasmoids. Figure 2 
shows a typical time evolution of the excluded flux radius, 
rΔφ, which approximates the separatrix radius, rs ~ rΔφ, 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-β 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, rΔφ, in C-2. Time is 
measured from the instant of synchronized field reversal in the θ-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 

rΔφ 
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(rs) ~ 0.4 m, length (ls) ~ 3 m, poloidal flux (φp) ~ 10 
mWb, electron density (ne) ~ 5×1019 m-3, external magnetic 
field (Be) ~ 0.1 T, average external beta (<β>) ~ 0.9, and 
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., π2~ *

2 inf Ω=
~ 10–

15 kHz for typical FRCs in C-2. Mirnov Bθ 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 Ωi ~ 2πfn=2 = 
6.3×104 rad/s, the predicted field strength required for 
quadrupole stabilization is BQuad ~ 50 G at the separatrix. 
Figure 6 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∆φ. 

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 (vθ: in the electron 
diamagnetic direction) to the FRC rotation in the ion 
diamagnetic direction. Figure 7 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. 7. 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. 6. 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 Dα emissions (λ ~ 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 Dα line emissions are 
deployed at multiple radial positions. Abel-inverted Dα 
emission radial profiles are used to obtain the neutral 
density profile given by 

exceeeeD vnTnnI ),(0 σ=α
[20]; 

where, ne and Te profiles are measured by CO2/He-Ne 
interferometer, Thomson scattering, and triple Langmuir 
probe diagnostics. Figure 8 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-β 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, a 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. 8. Estimated neutral density profiles during the quiescent phase of 
the merged-FRC with / without titanium coating on the chamber wall. 
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