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In this study, the effect of the collision axes offset in the collisional merging process of field-reversed config-
uration (FRC) in the FAT-CM (FRC amplification via translation-collisional merging) device was experimentally
investigated for the first time. The offset of incident axes during collision does not exhibit any considerable ef-
fect on particle inventory and trapped magnetic flux of the merged FRC, which is inconsistent with the results
predicted via the three-dimensional magnetohydrodynamic (MHD) simulation using the MHD infrastructure for
plasma simulation (MIPS) code. Based on the obtained results, the FRC exhibits robust stability and it does not
collapse even when subjected to destructive perturbations during the dynamic translation and collision processes.
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1. Introduction

A field-reversed configuration (FRC) is a magnetic
confinement system classified as a compact torus. An
FRC is considered a high-beta system because its volume-
averaged beta value is approximately unity ((8) ~ 1), which
is the highest among the toroidal magnetic confinement
systems [1,2].

The collisional merging formation of an FRC has been
attempted in the FRC amplification via a translational-
collisional merging (FAT-CM) device at the Nihon Uni-

versity [3]. During the formation process, the two initial
FRC-like plasmoids, which were formed using a conical
field-reversed theta pinch method, are accelerated up to su-
personic/Alfvénic speed using a magnetic pressure gradi-
ent toward the device axis [4] and they collide and merge
into a single FRC plasma near the midplane (Fig. 1). The
two initial plasmoids are said to be FRC-like because they
have an FRC-like reversed magnetic structure with a small
toroidal field component. However, an FRC is unstable
in the radial direction and causes internal/external tilt and
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Fig. 1 Schematic of the FAT-CM device and the axial profile of the external guide magnetic field.
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Fig. 2 Image of the offset collision.

wobble motion because of its simply connected geome-
try. During the translation process, the FRC may move
in a radial direction. Therefore, there is a high possibility
that the head-on collision of the two initial plasmoids does
not occur. We hypothesized that the offset of the transla-
tional axes of plasmoids during the collision would affect
the FRC performance after the collision/merging forma-
tion.

In this study, we experimentally investigated the ef-
fect of the offset of the plasmoid’s collision axes using
particle inventory and trapped magnetic flux as indicators.
Herein, the offset of the plasmoid’s collision axes describes
the distance of the radial shift from the axes of translation
of the two initial plasmoids (Fig. 2). Furthermore, we eval-
uate the dependence of the particle loss during the colli-
sional merging process and the poloidal magnetic flux of
the merged FRC on the offset of the plasmoid’s collision
axes via the simultaneous multipointed density measure-
ments and the internal magnetic probe array [5]. In addi-
tion, the three-dimensional (3D) simulation using the mag-
netohydrodynamic (MHD) infrastructure for plasma simu-
lation (MIPS) code was used to simulate the asymmetric
collision/merging process of FRC in [6].

2. Experimental Setup

Figure 1 shows that the FAT-CM device is symmet-
rical with the midplane (z = 0) of the device and com-
prises two formation sections (V- and R-formations) and
a confinement section. Figure 1 shows the axial profile
of the external guide magnetic field. The FRC plasma ra-
dius can be estimated by the excluded flux measurement
using a magnetic probe and flux loop [7]. If the curva-
ture of the FRC plasma edge is negligible, the excluded
flux radius is comparable to the separatrix radius. For esti-
mating the excluded flux radius, at each formation section,
14 magnetic probes were placed at intervals of 0.11 m and
two flux loops were installed. In the confinement section,
16 magnetic probes placed at intervals of 0.15 m were in-
stalled along the chamber wall. The excluded flux radius
rag 18 calculated as follows:

_ [ s
o = 1= 57 (1)

where ry, is the inner radius of the chamber, ¢ is the
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Fig. 3 (a) Cross sectional view of the FAT-CM device showing
the line of sight direction of T-cam at two cross planes
(z = £0.3m). (b) Cross sectional view of the FAT-CM
device showing the location of the probe (marked with a
red dot) in the center of the plane.

magnetic flux, and B is the magnetic field density. The
subscripts “p” and “v” denote for the discharges with
and without plasma, respectively. For the measure-
ments in the confinement chamber, the confinement cham-
ber can be considered flux-conserving tubes during the
translational-collisional merging processes because the
skin time (~5ms) is much longer than the timescale of
these processes so that ¢, = ¢,. Therefore, the excluded
flux radius can be obtained with the measurement of B,
and B, of the magnetic probe [7]. two interferometers were
installed on the midplane (z = 0 and —0.6 m) of the con-
finement section and one at the muzzle of the V-formation
section (z = 2.1 m).

For observing the internal magnetic field profile of
the FRC plasma, an internal magnetic probe array was in-
stalled on the midplane as shown in Fig.3. To observe
the radial motion during the translation process, an optical
observation system for computed tomography (tomogra-
phy camera: T-cam) [8] was installed in the confinement
chamber (Fig. 3 (a)). The radial shift motion was estimated
based on the radial distribution of bremsstrahlung radiation
observed using the T-cams at two crossplanes (z = 0.3 m)
of the confinement section, as shown in Fig. 1. The time
evolution of the particle inventory of a formed FRC was
evaluated using He-Ne laser interferometers for measure-
ment of the plasma density. A radial magnetic field profile
was observed using the internal magnetic probe array [5].

3. Experimental Results

Figure 4 shows the typical behavior of FRCs in two
cases with a small shift (case 1) and a larger shift (case 2).
Figure 4 (a) shows the shift (n = 1) motion of the initial
(before the collision) plasmoid measured using a T-cam.
Each dot traces the center of gravity of the initial plasmoids
at the time just before the collision. One of the simplest
methods for estimating the center of gravity is to use the
radial profiles of bremsstrahlung radiation observed using
the T-cam. The interpolated profiles were integrated from
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Fig. 4 Typical behavior of FRCs before and after the collision/merging process (Translational-collisional merging process: 20 - 40 us, Re-
laxation process: 40 - 50 us, Decay process: 50-200 us). Time evolution of (a) the center of gravity of initial-plasmoid translation
axes at the R1 section (z = —0.3 m) and V1 section (z = 0.3 m), (b) contour maps of magnetic fields (B,) radial profiles, particle
inventory at (c) the muzzle of the V-formation section and (d) the midplane in the confinement sections in each case. The dotted

lines in (c) and (d) indicate the times of the observation.

the ends, and a channel with half of the total output value
was determined as the center in each profile. The center of
gravity was estimated by obtaining the intersection points
of the determined center of each profile. Figure 4 (b) de-
picts the contour maps of radial magnetic field (B,) pro-
files. The time evolution of the profile was obtained us-
ing the complementation of the measurement points of the
magnetic probe [5]. Figures 4 (c) and 4 (d) show the time
evolution of the particle inventory at the muzzle of the V-
formation and the confinement sections, respectively. The
length of FRC plasma is given by the full width of two-
thirds of the maximum of the excluded flux radius axial
profile at each time. The volume of the FRC plasma Vg
is given by the volume of the rotating body with the ex-
cluded flux radius r4 inside the length of the FRC plasma
The average electron density n. was estimated by divid-
ing the line-integrated electron density by the diameter of
the plasma 2r,4. Herein, the total particle inventory N can
be calculated as follows: N = ncVas. The particle loss

of FRC plasma before and after the collision can be esti-
mated as the ratio of particle inventory at the midplane in
the confinement section to twice that at the muzzle of the
V-formation. Herein, the particle inventories in the V- and
R-formations were assumed to be equal. In both cases, the
field-reversed structure of the B, profile was observed after
the collision/merging even when there is a large difference
in the offset.

Figure 5 depicts the dependence of the poloidal flux
after merging on the offset at the collision. In the presented
experiments, oppositely translated FRCs always have finite
offset. Offset [%] is the ratio of the distance between the
centers of gravity in the two cross sections to the excluded
flux radius at the time of impact. Poloidal flux was esti-
mated from the B, radial profile measured using the inter-
nal magnetic probe array. Poloidal flux ¢, was defined as
follows:

R TAg
¢p=— f 2nrB.dr = f 2nrB.dr, 2)
0 R
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Fig. 5 Poloidal flux relative to offset before and after the colli-
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Fig. 6 Particle loss relative to offset before and after the colli-
sion.

where R is the radius of magnetic field neutral position
(B, = 0) [9]. Under a constant external magnetic field,
the poloidal flux is approximately proposed to the cross
sectional area of the plasma, as expressed in Eq. (2). In the
presented experiments, there was no considerable depen-
dence of the magnetic on the offset of the collision axes.
The particle loss was almost the same, regardless of the
offset of the collision axes. Figure 6 depicts the correlation
between the offset of translation axes and the particle loss
for several different plasma shots. In the presented experi-
mental results, there is no considerable correlation between
the offset of translation axes and the particle loss.

4. Prediction by 3D MHD Simulation
Using the MIPS Code

Herein, considering both finite offset of the collision
axis and any toroidal effects on the dynamics, we execute
a MIPS simulation for predicting the 3D behavior of the
merging. The FRC tends to be unstable to the tilt instabil-
ity [10]. Figure 7 depicts 3D MHD simulation results for
two different initial perturbations. At the beginning of the
simulation, tiny perturbations less than 0.1% of the trans-
lational speed are added randomly to the velocity space.
The first one is when initial perturbations of toroidal mode
number n = 1, which gives the primary modeling of the
observed offset, were applied to two FRCs before the col-
lision, as shown in Fig.7 (b). The simulation result sug-
gests that the radial displacement with n = 1 enhances tilt
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(©

Fig. 7 3-D diagrams of the FRC plasma before and after the col-
lision via 3D MHD simulation. (a) Two initial plasmoids
before collision, (b) with initial perturbations of toroidal
mode number n = 1 applied to both two FRCs, (c) with
higher (n < 8) modes of initial perturbations.

instability. The second one is when initial perturbations
with higher (n < 8) modes number were applied, as shown
in Fig.7(c). The simulation result suggests that applied
initial perturbations with higher mode numbers suppressed
tilt instability; however, the merged FRC collapses soon
after the collision. The simulations predict that the FRC is
not formed after the collisional merging process with the
offset collisional axes without applying the initial pertur-
bation. In the 3D MHD simulation, merging cannot be
completed within a timeframe of the growth of the insta-
bilities, even with modest perturbation.

S. Summary

During collision/merging processes, the initial FRCs
have an even larger offset of collision axes and experi-
ence destructive perturbation during collision/merging pro-
cesses. After merging, the FRC reaches a quiescent FRC
equilibrium without considerable performance degradation
in terms of particle inventory and trapped magnetic flux.
By contrast, the 3D MHD simulation shows strong tilt and
plasmoids merging is not completed, even with the mod-
est initial disturbance of about 0.1% of the Alfvén speed.
This difference between the experimental and simulation
results suggests that the experimentally formed FRCs have
an effective stabilization mechanism that maintains the ax-
isymmetry of the dynamic merging process.
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