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Previously, the collisional merging formation of FRCs has been developed to generate high performance
FRCs. A drastic increase in the excluded flux and total temperature were observed in the FRCs generated with
this technique; furthermore, these phenomena strongly depend on the translation velocity of individual plasmoids.
However, the dependence of the merged-FRC performance on the translation velocity has not been studied in
detail. To study the dependence, the effect of installed auxiliary coils on the formation region on the translation
velocity of FRCs in the FAT-CM device has been evaluated by the simulation with a two-dimensional resistive
magnetohydrodynamics code, which is called Lamy Ridge. The control of translation velocity by using the
auxiliary coils has beenwas demonstrated on the order of several tens of km/s in the simulation. The trapped
poloidal flux and the total temperature of simulated FRCs have increased depending on the translation velocity.
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1. Introduction
A field-reversed configuration (FRC) is a compact

torus that has poloidal field and zero or small amount of
self-generated toroidal field [1, 2]. FRC has an extremely
high beta value (〈β〉 ∼ 1) that makes the potential for using
aneutronic fusion fuels such as D–3He and p–11B [3].

Recently, the technique of collisional merging forma-
tion of FRCs has been developed to generate high perfor-
mance FRCs [4]. Two initial-FRCs formed by the field-
reversed theta pinch (FRTP) method, which is a conven-
tional technique to form an FRC are translated at super
Alfvénic velocity toward each other so that they collide and
merge into a single FRC state. In the collisional merging
process, a drastic increase in the excluded flux and the to-
tal temperature of merged-FRCs was observed on the FAT-
CM device and the C-2/C-2U device [4, 5]. These phe-
nomena strongly depend on the translation velocity of in-
dividual plasmoids [6]. However, the dependence of the
merged-FRC performance, such as the excluded flux and
the total temperature, on the translation velocity has not
been studied in detail. To study the dependence, a method
for controlling the translation velocity of initial-FRCs that
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utilizes the auxiliary coils has been proposed and evaluated
by the two-dimensional resistive magnetohydrodynamics
(MHD) simulation.

2. FAT-CM Device
Figure 1 shows the schematic diagram of the FAT-CM

device and the axial profile of the external guide mag-
netic field. This device consists of a central confinement
chamber, quasi-steady state confinement coils, and two
FRTP formation sections, called “R-formation” and “V-
formation,” respectively. Each formation section consists
of a transparent quartz tube (0.25 m in ID) and theta-pinch
coils. The central confinement chamber is made of stain-
less steel (0.78 m in ID) and serves as a flux conserver
during translation, collision, and merging processes be-
cause the skin time (∼0.5 ms) is much longer than their
timescale. In the typical FAT-CM device operation, theta
pinch coils generate the main compression magnetic field
of ∼0.4 T, and quasi-steady state confinement coils gen-
erate the external magnetic field of ∼0.06 T. Initial-FRCs,
which are generated in each formation, ∼0.06 m radius and
∼1 m length, have ∼2.5 × 1021 m−3 of electron density and
∼200 eV of total temperature. Initial-FRCs are translated
due to the gradient of the external guide magnetic field into
the central confinement chamber. The translation veloc-
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Fig. 1 Schematic diagram of the FAT-CM device and the axial profile of the external guide magnetic field.

ity is 150 - 200 km/s, which is faster than the Alfvénic ve-
locity (∼70 km/s) calculated with the typical electron den-
sity of merged-FRCs and the external magnetic field at the
midplane of the FAT-CM device (∼0.06 T). Merged-FRCs,
∼0.2 m radius and ∼1.6 m length with 0.5 - 1.0 mWb of es-
timated trapped poloidal flux, have ∼1.5 × 1020 m−3 of
electron density and 100 eV of total temperature.

3. Model Equations
Lamy Ridge is a two-dimensional MHD code, which

has been developed to simulate the entire process of for-
mation, translation, and collisional merging of FRCs in the
C-2 device [7, 8]. The simulation of merged-FRCs in the
FAT-CM device with the Lamy Ridge code also appeared
in a previous study [9]. The code consists of the resis-
tive MHD equations supplemented with an energy equa-
tion, and neutral fluid equations. The equations for plasma
and neutrals interactively exchange their momentum, den-
sity, and energy through ionization. The energy equation
incorporates non-adiabatic effects, including thermal con-
duction, ionization loss, and radiation loss. In the code,
plasma is described by
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In addition, neutrals are described by
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Here, n is the density, u is the flow velocity, 〈σionv〉 is the
ionization reaction rate, v is the viscosity, M is the ion
mass, J is the current density in the toroidal direction, B
is the magnetic flux density, P is the plasma pressure, γ
is the specific heat ratio, T is temperature, veq is the re-
ciprocal of the energy equilibration time, χ is the thermal
conductivity, and R and I are the radiative energy loss and
ionization loss, respectively. Subscripts “i,” “e,” and “n”
indicate ion, electron, and neutrals, respectively. The total
of internal and kinetic energy density is defined as

w ≡ P
(γ − 1)

+
Mnu2

2
. (9)

Resistivity includes Spitzer resistivity ηS, Chodura resis-
tivity, and numerical resistivity by diffusivity Dη,

η = ηSDS + μ0Dη +CC

(
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])
me

e
√
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(10)

Here, ε0 and μ0 are the permittivity and magnetic perme-
ability of free space, and VD and VT are the drift velocity
and ion acoustic velocity, respectively. The viscosity, DS,
CC, fC, and Dη are adjustable values. In addition, magnetic
field is described by

B = ∇Ψ × ∇θ, (11)
∂ψ

∂t
= r(u + B)θ +

η

μ0
Δ∗Ψ, (12)

J = −Δ
∗Ψ
μ0r
θ̂, (13)

where Ψ is the poloidal flux per radian, and θ̂ is the unit
vector in the toroidal direction. The code advances equa-
tions in time by using a semi-implicit algorithm to take
large time steps.

The simulation result under the typical condition of
FAT-CM experiments is shown in Fig. 2. The entire pro-
cess of collisional merging formation of FRCs has been
simulated, also the performance of simulated merged-
FRCs was approximately consistent with that of experi-
mental FRCs (Fig. 3).
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Fig. 2 Contour maps of plasma temperature computed by Lamy
Ridge under the typical conditions of FAT-CM experi-
ments.

Fig. 3 Time evolution of excluded flux radius, averaged electron
density, total temperature, and the trapped poloidal flux
assuming the rigid-rotor equilibrium model [2].

Fig. 4 Contour plot of the magnetic flux in “V-formation” dur-
ing the acceleration of FRCs with auxiliary coils. Solid
and dashed lines indicate positive and negative sections,
respectively. The dashed bold line indicates the separa-
trix. (a) Shows the formed initial-FRC; (b) and (c) show
FRC accelerated by an auxiliary coil.

Fig. 5 Waveform of the current on auxiliary coils in the case of
the maximum translation velocity presented in this paper
(case 4).

4. Auxiliary Coil
The auxiliary coil was developed to control the trans-

lation of FRCs formed by the FRTP method [10]. In the
previous study, a set of the auxiliary coils was used to sep-
arate an FRC into two parts; in addition, the ejection timing
of each FRC was controlled by the gradient of the magnetic
field changed by auxiliary coils.

The auxiliary coil is a set of one turn coils (20 mm
width, 3 mm thickness, 320 mm OD) that are installed on
each formation. The contour plot of the magnetic flux
function in “V-formation” during the acceleration of FRCs
with auxiliary coils is shown in Fig. 4. Also, Fig. 5 shows
the typical waveform of current on auxiliary coils in the
simulation. These coils are used to change the profile of
the external guide magnetic field. In the operation for ac-
celeration, the current is triggered when FRCs are under
the auxiliary coils, which increases the gradient of the ex-
ternal guide magnetic field (Figs. 4 (b), (c)). Then, FRCs
are accelerated more than in the operation without auxil-
iary coils.
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Fig. 6 Dependence of the total temperature and trapped poloidal
flux on the maximum velocity during the translation.

Fig. 7 Time evolution of internal, kinetic, and total energy of
FRCs.

5. Simulation Results
Here, four cases are presented. In case 1, auxiliary

coils are not used. In case 2, the coils on the downstream
side, also in case 3, and the coils on the upstream side are
used. In case 4, the coils on both sides are used.

The dependence of the total temperature, which is
volume-averaged in separatrix, and the trapped poloidal
flux at the time when the kinetic energy of FRCs be-
came zero (i.e., after merging) on the translation velocity is
shown in Fig. 6. Here, the average of the axial velocity of
each fluid element in the separatrix is defined as the trans-
lation velocity of FRCs. FRCs have been accelerated using
auxiliary coils in the simulation. In case 4, the translation
velocity is increased by up to 20 km/s. The translation ve-
locity control by adjusting the number of installed coils,
and their locations has been demonstrated. Furthermore,

the averaged total temperature and the trapped poloidal
flux increase depending on the translation velocity. Fig-
ure 7 shows the internal, kinetic, and total energy inside the
separatrix in case 1 and case 4. Translated FRCs collided at
the time indicated by dashed lines in each case. The plots
before the collision show the average energy of FRCs in
each formation section. It is observed that kinetic energy
is converted to internal energy in the collisional merging
process. These results indicate that the total temperature
and the trapped poloidal flux of merged-FRCs increase due
to the higher kinetic energy of initial-FRCs.

6. Summary
Collisional merging formed FRC in the FAT-CM de-

vice has been reproduced in the simulation using the Lamy
Ridge code. The performance of simulated FRCs was ap-
proximately consistent with that of experimental FRCs.
These results indicate the usefulness of this code for eval-
uating the global behavior of FRCs during the collisional
merging formation. The acceleration of FRCs with auxil-
iary coils has been evaluated by the simulations. The trans-
lation velocity control by adjusting the number of installed
coils and their locations has been demonstrated on the or-
der of several tens of km/s; in addition, the dependence of
merged-FRC performance on translation velocity was ob-
served in the simulation.
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