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Abstract

We report the first demonstration of self-organized formation of an FRC-like high-f plasmoid inside a mirror magnetic
field via high-speed collisional merging of two plasmoids that are counter-injected along a common line orthogonal to the
mirror-field axis. Unlike conventional axisymmetric FRC merging along the device axis, our approach injects two plasmoids
perpendicular to the mirror-field axis, potentially leaving both axial ends available for reactor-relevant components (e.g.
divertors or direct energy converters). In the FAT-CM device, deuterium plasmoids with a line-integrated density of (1-1.5)
x 10?° m™ were accelerated to ~150 km s™! each and merged at a relative speed of ~300 km s7!, creating a high-density region
directly within the mirror field. Diagnostics (excluded-flux probes, internal magnetic probes, interferometry, and ion Doppler
spectroscopy) show reversal of the poloidal field, transition from paramagnetic to diamagnetic rotation, and subsequent
spin-up—all characteristic of self-organization observed in axial merging as well. The merged plasmoid exhibits a confinement
time of ~ 130 ps, significantly exceeding the simple-mirror diffusion time (< 60 ps at mirror ratio R ~ 2.9) , implying a
closed-field structure that suppresses cross-field losses. These results suggest a feasible pathway toward mirror-FRC hybrid
operation and may broaden options for FRC formation and high-speed fueling in linear systems, while leaving the axial ends
potentially available for reactor-relevant components.

1. INTRODUCTION

A field-reversed configuration (FRC) plasma combines axial symmetry, a simply-connected topology, and
high-B confinement, making it a compelling basis for compact fusion concepts [1,2]. Recent advances—
axisymmetric collisional merging, scrape-off layer (SOL) control (edge biasing), and neutral-beam injection
(NBI)—have enabled high-performance, beam-driven FRCs and renewed interest in advanced fuels (e.g. p-''B)
[3,4]. In earlier FAT-CM studies, self-organization during merging process—including field-reversal reformation,
ion-flow reorganization, and rapid conversion of kinetic energy into thermal and magnetic energy—has been
clearly observed, reinforcing the view that collisional merging can robustly create relaxed, high-f states [5].

Despite  these  advances,  conventional X
axisymmetric merging intrinsically consumes both FRTP formation and
axial ends of the device for formation hardware, % ,
thereby constraining the integration of reactor-relevant b=
components such as divertors and direct energy
converters (DEC) and limiting operational flexibility
[3,6]. Moreover, FRC equilibrium and stability are Ao
sensitive to the density and temperature of the -
surrounding open-field-line regions (SOL/halo). When

the axial ends are occupied, active control of these FIG. 1. Conceptual diagram of the FAT-CM device
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wall and boundary conditions. These constraints
motivate alternative formation routes that both
preserve the axial ends and enable selective control of
the near-field edge/SOL environment.

In this work, we explore a new formation
topology: two FRC-like plasmoids are generated in
FRTP-type conical theta-pinch sections, accelerated,
and injected orthogonally into a mirror magnetic field
in the central confinement region. By design, the
transverse injection cancels axial momenta at impact,
concentrates energy deposition directly inside the
mirror field, and allows both device ends to remain
free for reactor components and edge-control
systems. As we show below, the orthogonal
collisional merging produces a reversed-field
structure, a paramagnetic to diamagnetic rotation
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transition, and spin-up analogous to axial merging,
while the observed lifetime (~130 ps) exceeds the
simple-mirror diffusion time (< 60 ps at R ~ 2.9),
indicating a closed-field, high-p configuration. This
mirror-FRC hybrid approach therefore opens a
complementary path to high-performance targets for
NBI in linear systems and broadens reactor design
space by decoupling formation from the axial ends.
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FIG. 2. FAT-CM hardware and diagnostics: (a)
experimental setup for orthogonal (vertical)
plasmoid injection into a mirror magnetic field;
(b) diagnostic layout for the collisional-merging
experiments.

2. EXPERIMENTAL APPARATUS

Experiments were conducted on the FAT-CM
device (Figures 2(a)-(b)). The system comprises two
formation-and-acceleration sections based on an
FRTP-type conical 8-pinch and a central confinement
section that provides a mirror magnetic field transverse to the plasmoid-injection axes. The aim is to investigate
whether orthogonal, high-speed collisional merging can broaden the options for forming an FRC-like high-f
plasmoid directly inside a mirror field, in a way that may keep the axial ends available for engineering functions
(e.g. divertors/DECs) and rapid fueling.

Each formation section uses a conical 8-pinch approximately 1 m in length with an opening angle of 1.72
degrees realized by arranging coils of inner diameters of 18, 17, 16 and 15 cm. A pair of auxiliary coils assists
reconnection control at the coil ends [7]. The formation vessel is fused quartz (ID 0.256 m, length 1.5 m). An
acceleration coil is wound directly on the vessel (ID 0.256 m, length 0.3 m). These sections generate FRC-like
plasmoids that are then accelerated by magnetic-pressure gradients toward the central confinement region [8].

The confinement region employs Helmholtz-like coils (z = 0.62 m, x = £0.235 m) and mirror coils (z =
0.275 m, x = £0.874 m) that are independently powered, permitting separate control of the mirror ratio (R) and
the transverse confinement-field strength. The confinement vessel is SUS304 (ID 0.775 m, length 2.0 m, thickness
4 mm). Field calculations (Fig. 4) indicate Bx ~ 0.08—0.04 T across the mid-plane, a mirror spacing ~2.2 m, and R
~ 2.9-5.8; typical operation in this study used R ~ 2.9. From the maps in Fig. 4(a) and (b), injected plasmoids
encounter a magnetic-pressure barrier from the transverse field in —0.8 m < z < 0.8 m before entering the
confinement region.

Excluded-flux probe arrays were installed at x = 0, £0.3, 0.6 m in the confinement vessel to estimate the
evolving excluded-flux radius (7ex). A 3.39 um He—Ne heterodyne interferometer was located near the exit of each
formation section to monitor injected-plasmoid density and at z = 0, x = 0.05 m to capture density after merging.
Internal B-probe arrays were positioned at z = 0, x = 0 with sampling along y, and at z= 0, x = 0.25, —0.05, —0.35
m to track the reversed-field structure near the vessel axis. lon Doppler spectroscopy (IDS) measured ion
temperature/flow at x = 0.1 m, z= 0.2 m. A high-speed camera at x = —1.0 m, z = 0 recorded end-on dynamics in
the transverse field. This diagnostic set enables cross-validation of topology (excluded flux), magnetic structure
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(magnetic probes), and flow/temperature (IDS), while imaging provides qualitative context for rotation and
deformation.

3. EXPERIMENTAL RESULTS
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single-sided operation, demonstrating acceleration of 0.06
FRC-like plasmoids from both formation sections. With 25 0.05
orthogonal injection into the mirror field, the two 20 0.04
plasmoids collide and merge in the confinement region B s
[Fig. 4(c)]. In typical shots, deuterium plasmoid with a g 15 0.03 ‘%
line-integrated density of 1~1.5 x 10* m™? were F 002
accelerated to approximately 150 km s°!; merging 0.01
occurred at a relative velocity of 300 km s™!. After 5 ’
collision, the merged structure expands along x, reflects 0 0.00
at the mirror throats, contracts, and then re-forms. These -1.8 _1'5 - -4 12
motions appear robust over the operating window
explored here. (®) 30 shot #23121
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High-speed imaging (Fig. 5) reveals that 25 0.05
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FIG. 3. Magnetic-field distributions in the FIG. 4. Time evolution of the excluded-flux
FAT-CM device: (a) B. (blue) along the  radius (re) measured by the probe array: (a)
formation/acceleration — axis  with  overlaid injection from the R-side formation region
transverse confinement field By (red), illustrating only; (b) injection from the V-side formation
the magnetic-pressure barrier that injected ~— T€gion only; and (c) orthogonal injection with
plasmoids must overcome; (b) By along the collision/merging in the confinement region.
confinement-vessel axis, showing contributions Black dashed lines at x = 0.15 m and x = 0.20

0.25 0.50

from the mirror coil (red), Helmholtz coil (blue), ~ ™ indicate the internal B-probe insertion
and the total field (black). location and the viewing chord of IDS,
respectively.
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6(a)) show a reversed-field structure emerging soon
after collision, temporarily disappearing, and then
reappearing, while rex (Fig. 6(b)) peaks at impact,
contracts, grows again, and finally decays. The IDS
(Fig. 6(c)) shows a ~20 ps delay between collision and
the paramagnetic to diamagnetic transition, followed
by spin-up. These observations—the reversed-field
signature, rotation reversal, and spin-up—are
consistent with self-organization reported in axial
merging and FRTP-formed FRCs [5,9,10].

From rex decay and probe comparisons, the
merged plasmoid persists for ~130 ps. For reference,
simple-mirror diffusion times estimated for the present
conditions (deuterium, R ~ 2.9, ne ~ 0.5 x 10 m™3, T
~ 100-200 eV) are < 60 ps (Table 1). The observed
lifetime therefore exceeds the simple-mirror
expectation by more than a factor of two, suggesting a
closed-field structure with reduced parallel loss. We
note that probe insertion can perturb local fields and
thus interpret single-point B. wavef  orms with
caution

The IDS measurement indicates 7i ~ 100-200
eV, and interferometry at the mid-plane gives ne ~ 0.5
x 10* m™ during the quasi-stationary phase. The
merged plasmoid translates while maintaining
diamagnetic rotation, consistent with a high-f state.
While full equilibrium reconstruction is beyond the
present scope, the combined magnetic and flow
diagnostics support the presence of a reversed-field,
high-B configuration during the growth and plateau
phases preceding decay.

4. DISCUSSION AND SUMMARY

The observed plasma lifetime was compared
with the diffusion due to the mirror-loss. Using
standard loss-cone—limited mitror-diffusion formulae
that scale with the ion—ion collision time [11], the
diffusion time 7p is expressed as

For isotropic diffusion:

In (cot%) — cosb,
TD_iSO = 157

7 (D

cosf,
For radial diffusion:

In (sii@o)

0s6,

Tp raq = 1.57 7; ~0.78(InR)1; (2)

Here, & is the loss-cone angle at the mid-plane,
related to the mirror ratio R via sin® o= 1/R; Ziis the
ion—ion collision time evaluated at the local plasma
parameters; and In denotes the natural logarithm.
Equation (1) corresponds to the isotropic case and Eq.

(a)
FIG. 5. High-speed, end-on images of
orthogonal  (vertical)  collisional merging

(frame spacing 1.5 us; panels progress
lefi-to-right  and  top-to-bottom).  Left:
confinement field B. along —x. Right: B, along
+X.

Observation of reversal magnetic field

0.08
0.04
=2
0.00 —
d
-0.04
-0.08
0.30 : u T —— #23011 wio Internal magnetic probe
025 F 1 —— # 23075 w/ Internal magnetic probe
0.20 |
£ !
> 0.15 | 1
K i
0.10 | !
1
0os | i
1
0.00 1
© 20—
— |
1] 1
= 1
€ 10F 1 -
X 1
- 1
= ]
I
T | VPV
© 1
°
A d dat:
2 -1of \/“/V\p/:
= Averaged data
T x-positive field
1 1 I

25 50 75 100 125 150
Time [ps]

FIG. 6. Characteristics of orthogonally injected
plasmoids: (a) contour of the poloidal field B,
versus time from the internal B-probe array, (b)
time evolution of the excluded-flux radius ves
near x = 0, z = 0; (c) IDS-inferred ion-flow
evolution. Here, positive flow is taken in the ion
diamagnetic direction due to the Bi-positive
field.Red and blue traces correspond to B.
along +x and -x, respectively.
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TABLE 1. CONFINEMENT TIME OF SIMPLE MIRROR
Diffusion Time 7 [us]
Mirror Ratio R 5.1 2.9
Plasma

Parameter

n=5X10"m?3,
T=200eV

n=1x10"m?3,
T=100eV

isotropic radial isotropic radial

62.6 91.6 394 66.2

11.4 16.4 7.10 12.0

(2) to the radial case used in Table 1. With the present
operating point (R ~ 2.9), Egs. (1)—~(2) yield > < 60
us, consistent with Table 1. 723348

e
>

In contrast, the merged plasmoid persists for ~
130 ps, i.e., more than twice the simple-mirror
estimate. Together with the reversed-field signatures
and diamagnetic spin-up, this supports the
interpretation that the merged state attains a
closed-field, relaxed configuration with suppressed o 0 m 2
parallel losses. Time [ps]
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Figure 7 shows the time evolution of Bex at x = FIG. 7. Time evolution of magnetic flux density
0.15 m on the x-axis (z=0). A representative change =~ observed by an internal magnetic probe
from Bex =0.075 T to Bin = 0.065 T near the mid-plane  installed at x = 0.15 m, z = 0, inserted from the
implies a toroidal current density per unit length of J»  x-axis direction
~(Bex = Bin)/po~ 110 kA m™'. Withne~5 X 10Y
m>>, Ti ~ 100 — 200 eV, and an empirical Tiow ~ 1.2 T}, pressure-gradient estimates |V P| give diamagnetic currents
of order 10>~ 10?° kA m2 [12], compatible with the reversed-field indicated by internal probes. Because probe

insertion can locally perturb the field (Figs. 6 and 7), these current values are treated as order-of-magnitude
estimates.

These results indicate that two plasmoids, counter-injected along the same line (coaxial), where that
injection line is orthogonal to the mirror-field axis, can merge inside the mirror field to form a high-p, FRC-like
plasmoid whose lifetime can substantially exceed simple-mirror diffusion estimates. This geometry decouples the
merging (injection) axis from the confinement (mirror) axis and thus may broaden the operational space for FRC
formation and high-speed fueling in linear/mirror systems—potentially keeping the ends of the mirror axis
available for reactor-relevant components (e.g., divertors, DECs) and edge/SOL control hardware. Future work
will clarify performance limits and scalability through systematic scans of R, edge/SOL biasing, and coupling to
NBL
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