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Energy flow in the collisional merging process of a field-reversed configuration (FRC) was experimentally
evaluated. Collisional merging formation of an FRC was carried out in the FAT-CM (FRC amplification via
translation-collisional merging) device. In this experiment, the field-reversed theta-pinch formed FRC-like plas-
moids are accelerated due to a magnetic pressure gradient. Then, two plasmoids collide at a relative speed of
~300km/s, which is faster than typical Alfvén and ion sound speeds (~50 km/s) on the separatrix. The kinetic
and internal energy of plasmoids before and after collision are estimated by simultaneous multi-point measure-

ments combining magnetic probes and interferometers. The energy flow in the collisional merging process is

compared to an experimental case with single plasmoid translation. This comparison indicates that the kinetic

energy of two accelerated plasmoids regenerates back into the internal thermal energy of the FRC after merging.

Moreover, density and neutron measurements suggest excitation of shockwaves. These results indicate that shock

heating may become a channel for energy regeneration.
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1. Introduction

A field-reversed configuration (FRC) is an extremely
high beta plasmoid that has a solely poloidal flux [1, 2].
The local beta value in most of the FRC volume, except in
the vicinity of the separatrix, is above unity.

Collisional merging formation of an FRC has
been carried out in the FAT-CM (FRC amplification
via translation-collisional merging) device [3]. In this
formation technique, two FRC-like magnetized plas-
moids, formed using the field-reversed theta-pinch (FRTP)
method, are accelerated due to a magnetic pressure gradi-
ent. The plasmoids are translated into the confinement re-
gion with a quasi-static magnetic field. The plasmoids col-
lide and, at the mid-plane of this region, they merge into
a single FRC state. The relative speed of plasmoids be-
fore collision exceeds Alfvén and ion sound speeds on the
separatrix of plasmoids. The increase of trapped flux and
plasma heating have been observed in collisional merging
formed FRCs. These phenomena have also been observed
in the C-2 series at TAE Technologies, Inc. [4]. The suffi-
ciently trapped flux of FRCs for tangential neutral beam in-
jection (NBI) have been realized in the C-2 series using the
collisional merging formation technique. Sustainment of
the FRC for over 5 ms with NBI and electric field biasing
have been achieved [5]. In experiments on the FIX device,
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the re-thermalization of a single translated FRC via shock-
wave excitation in the reflection process, due to a mirror
field, has been suggested [6,7]. Shockwaves will also be
excited in the collisional merging process since the plas-
moids collide with each other at a relative velocity that is
twice the translation velocity in single plasmoid translation
experiments [8]. Therefore, shockwaves are considered to
play an important role in the increase of trapped flux and
plasma heating in the collisional merging process.

In this work, the energy flow in the collisional merg-
ing process was experimentally evaluated with simultane-
ous multi-pointed measurements, which combine magnetic
probes and interferometers. The energy flow is discussed
by comparison to the single plasmoid translation case.

2. Energy of the FRC

Plasma pressure completely balances with an exter-
nal magnetic field when approximating a prolate FRC as
a columnar shape. Radial pressure balance is constant in
most of the prolate FRC volume, except for the axial edges.
The magnetic energy inside an FRC can be directly de-
scribed by NkgTiora [9]. The total energy, Eig, is defined
as the summation of thermal, magnetic, and kinetic energy:

3 1
Eotal = ENkBTtolal + NkpTioa + ENmivz- (1)

Here, N is the total inventory, kg is Boltzmann’s con-
stant, Ty i the sum of ion and electron temperature
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(Tiota = Ti +T.), m; is the ion mass, and v is the velocity of
an FRC. The first, second, and third terms in Eq. 1 indicate
thermal, magnetic, and kinetic energy, respectively. The
total temperature can be estimated from the external mag-
netic field intensity, Bey, density, n, and volume-averaged
beta, (8). The total temperature is described as

Bex12
T otal — 5 2
ol = 2)
and the volume-averaged beta is approximated by
2
By=1- )‘75 3)

Here, y; is the separatrix radius normalized by the device
wall radius. The thermal and magnetic energy can be esti-
mated without a density measurement.

3. Experimental Setup

Figure 1 shows a schematic diagram of the FAT-CM
device with diagnostic setup and the axial profile of the ex-
ternal guide magnetic field. The FAT-CM device has two
FRTP formation sections at both ends of the confinement
section. Formation sections are composed of a transpar-
ent quartz tube and conical theta-pinch coils. The coni-
cal theta-pinch coils provide a magnetic pressure gradient
for acceleration. The confinement section is composed of
a stainless-steel chamber and multi-turn coils for a quasi-
static confinement magnetic field of ~0.06 T. The metal
chamber serves as a flux conserver since the skin time
(~5 ms) is much longer than the timescale of the transla-
tion and collisional merging processes (several hundreds
of microseconds). Deuterium gas is used for plasma gen-
eration.

Magnetic probes and flux loops were used to estimate
the excluded flux radius [10]. The shape of the FRC sepa-
ratrix was determined by the axial profile of the excluded
flux radius. A set of fourteen magnetic probes and two flux
loops were installed on each formation section. Magnetic

probes were axially arranged on the quartz tube wall at in-
tervals of 0.11 m. Flux loops were wound on the quartz
tube at z = +£2.38 and +£3.15m. Sixteen magnetic probes
were also axially arranged on the chamber wall, in the con-
finement section, at an interval of 0.15m. The excluded
flux radius, rag, is calculated by

A = 1 1 9pBy
Ap — T'w - 5
’ B,

where ry, is the inner radius of the chamber or theta-pinch
coils, ¢ is the magnetic flux, and B is the magnetic field
density. Subscripts “p” and “v” in Eq. 4 indicate the cases
of plasma and vacuum discharge, respectively. The transla-
tion velocity of initial FRC-like plasmoids was determined
by the time-of-flight method for peaks of the excluded flux
radius at each axial point.

Two interferometers were installed on the mid-plane
(z = 0) of the confinement section and at z = —0.6 m. The
averaged electron density was estimated by dividing the
line-integrated electron density at mid-plane by a plasma
diameter of 2rp4. The total particle inventory was esti-
mated by the averaged electron density and the plasma vol-
ume calculated using the excluded flux radius.

A neutron detector was installed outside the metal
chamber in the confinement section (z = —0.3 m). It con-
sists of a plastic scintillator (Eljen Technology, EJ-200)
and a photomultiplier tube (PMT) (Hamamatsu Photonics
K.K., H6614-70). The scintillator emits when high energy
neutrons are injected into the neutron detector. The light
emission is detected by a PMT. The scintillator and PMT
are in a housing case made of stainless-steel, which shields
external light, low energy radiation, and high frequency
electromagnetic noise.

“

4. Experimental Results

4.1 Energy flow in the collisional merging
process

Figure 2 shows a typical breakdown of energy in sin-
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Fig. 1 Schematic diagram of the FAT-CM device with diagnostic setup (top) and the axial profile of the external guide magnetic field

(bottom).
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Fig. 2 Energy breakdown of the translated FRC-like plasmoid
at mid-plane.
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Fig. 3 (a) Time evolution of total energy and (b) breakdown of
energy before and after the collision.

gle plasmoid translation when the plasmoid passes through
the mid-plane. The typical translation velocity was around
150 km/s, which exceeds the Alfvén speed (~50 km/s) and
ion sound speed (~50 km/s), on the separatrix. The kinetic
energy is dominant over the thermal and magnetic energy
of the translated plasmoid at mid-plane. The kinetic en-
ergy would be more dominant in the collisional merging
formation process.

Figure 3 shows a comparison of energy time evolution
between the single plasmoid translation case and the colli-
sional merging case. The red line in Fig. 3 (a) denotes the
total energy of the collisional merging formed FRC. This
total energy does not include the kinetic energy since the
FRC after merging is almost still in the axial direction. The
blue dots in the figure indicate the total energy of the single
translated plasmoid at each time. The kinetic energy in sin-
gle plasmoid translation cases can be obtained only at the
time when the plasmoid passes through the measurement
point of the interferometer. This total energy is doubled
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Fig. 4 Time evolution of normalized total, kinetic, and internal
energy in the MHD simulation.

to compare with the collisional merging case. Figure 3 (b)
shows a breakdown of energy before and after the colli-
sion. The energy of the two plasmoids just before the colli-
sion was estimated from the energy of the single translation
case near the timing of the collision (# ~ 35 us). Here the
toroidal rotation energy of FRCs is neglected because it is
several Joules, which is sufficiently smaller than any other
energy. The plasmoids experience destructive disturbance
in the collisional merging process. However, rather than
the plasmoids being destructed in the collisional merging
process, the energy decay is suppressed compared with the
single translation case. This indicates that the kinetic en-
ergy regenerates back into internal thermal energy via a
collisional merging process.

A similar energy flow trend was observed in a two-
dimensional resistive magnetohydrodynamics (MHD) sim-
ulation. The simulation code, called Lamy Ridge, consists
of resistive MHD equations and fluid equations [11, 12].
This code has been developed to simulate the collisional
merging formation of FRCs. The MHD equations, supple-
mented with energy equations, exchange the density, mo-
mentum, and energy with fluid equations via ionization.
A shockwave is modeled using the sharp and monotonic
algorithm for realistic transport method, which is a mod-
ern shock-capturing method [13]. The plasma pressure and
global motion of the FRC in the FAT-CM device have been
successfully reproduced [14]. The time evolution of the
simulated FRC energy is shown in Fig.4. The energy is
normalized by the maximum value of total energy in each
case. In the collisional merging case, the kinetic energy
efficiently regenerated back into the internal energy com-
pared with the single plasmoid translation case, as was ob-
served in the experiments. This simulation result supports
the experimental observations. Therefore, it is suggested
that the “collision of plasmoids” is an important process in
the regeneration of kinetic energy.
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Fig. 5 Contour maps of computed electron density under the
typical condition in the FAT-CM device. Solid lines and
dashed lines denote the magnetic field line. The dashed
bold line denotes the separatrix. The vertical dashed-
dotted line denotes z = —0.6 m.

4.2 Side evidence of shockwave excitation

Side evidence suggesting shockwave excitation was
also observed. In the electron density measurements, a
steep change in the electron density waveform was ob-
served at two different sections. Figure 5 shows the line-
integrated electron density at the mid-plane (red line) and
the cross-section of ¥ = 0.2m and z = —0.6 m (blue line).
The steep change in the blue line was delayed by that at
mid-plane. This result suggests the formation and propa-
gation of a shock front. A shock front was also observed in
the MHD simulation. Figure 6 shows contour maps of the
computed electron density. A high-density region suggest-
ing a shock front was formed in the collision process (¢t ~
35 us).

The typical ion temperature was ~100eV after col-
lisional merging. The tail component of a Maxwell-
Boltzmann distribution with the typical ion temperature
of ~100eV has sufficient energy to drive a deuterium-
deuterium (D-D) reaction. However, the neutron gen-
eration rate calculated from the typical ion temperature
(100eV), electron density (10%° m~?), and volume (0.2 m?)
of the merged FRC is too small (~10~° neutrons per sec-
ond) to be detected in the timescale of the collisional merg-
ing process (~20 us). Therefore, a D-D reaction in thermal
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Fig. 6 Time evolution of the line-integrated electron density at
mid-plane and cross-section of r = 0.2m, z = -0.6 m.
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Fig. 7 Time evolution of neutron radiation.

equilibrium plasma with the aforementioned ion temper-
ature should not occur. In the experiments, neutron ra-
diation was observed in collisional merging, as shown in
Fig.7. The red solid line and green dashed-dotted line in
the figure denote the collisional merging cases and the blue
dashed line denotes the single plasmoid translation case.
This observation suggests ion acceleration and its depen-
dency on the relative velocity at the collision. In previous
work, related ramp up of soft X-ray radiation, which in-
dicates plasma heating, has also been observed after colli-
sional merging [15].

Comprehensively considering these results, it is ex-
pected that shockwaves are excited via collision of plas-
moids at super Alfvénic/sonic speed and that the excited
shock causes energy regeneration of kinetic energy back
into thermal plasma energy.

5. Summary

The energy regeneration from kinetic energy back into
internal thermal energy in the collisional merging process
of FRCs was experimentally observed by simultaneous
multi-pointed energy measurements in the FAT-CM de-
vice.

Shockwave excitation during the collisional merging
process is suggested from density, neutron, and soft X-ray
radiation observations. Particle acceleration should occur
around shockwaves [16] and accelerated high-energy parti-
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cles thermalize in the plasma. The shockwave may play an
important role in the observed regeneration process, from
kinetic to thermal energy.
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