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A super-Alfvenic/sonic collisional merging formation of field-reversed configurations (FRCs) with low-
density and high-temperature initial-FRCs was attempted on the FAT-CM device at Nihon University. To vary the
density and temperature of initial-FRCs, the low-density/high-temperature (LD/HT) FRC formation technique
was applied to the initial-FRC formation. The electron density of initial-FRCs formed using the LD/HT FRC
formation technique was reduced to about 50% of that in the standard cases. The ion temperature was increased
as the electron density decreased because the plasma pressure completely balances with the external magnetic
pressure in an ideal FRC. The ion mean-free-path also increased to the equivalent value of the diameter of the
initial-FRCs. Therefore, the initial-FRCs will be collision-less. These collision-less initial-FRCs were success-
fully translated. The observation results of the collisional merging formation process of FRC from the internal
magnetic probe array and two axially arranged interferometers indicate that the performance of the FRC formed
after the collision and merging declined in cases with collision-less FRCs and it depends on the kinetic energy in

the collision process.
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1. Introduction

A magnetically confined plasma with the highest
volume-averaged beta value ((8) ~ 1) is a field-reversed
configuration (FRC) plasma. An FRC has only a poloidal
flux maintained by the toroidal current flowing in the FRC
itself [1,2]. Ideally, the plasma pressure completely bal-
ances with the external magnetic pressure so that an FRC
is known as an extremely high beta plasmoid. This feature
will facilitate the realization of the development of a high-
efficiency fusion reactor having aneutronic fuel capability.

The recent experiments in the C-2 series at TAE Tech-
nologies, Inc., have achieved the formation of FRCs having
high enough magnetic flux for the tangential neutral beam
injection (NBI) by a collisional merging formation method
[3,4]. In the collisional merging formation scheme, two
oppositely formed initial-FRCs are accelerated and trans-
lated by a magnetic pressure gradient and collide with each
other at a relative speed that exceeds both the Alfvén speed
and ion sound speed [5]. After the collision, a single FRC
is formed. The quasi-steady state sustainment of the result-
ing FRC for over 30 ms has also been achieved by combin-
ing the NBI and radial electric field biasing [6].

Experiments for observation of the collisional merg-
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ing formation process have been conducted on the FRC
amplification via translation-collisional merging (FAT-
CM) device at Nihon University [7]. Shockwave excitation
and heating have been suggested by the multi-point density
measurement and neutrons/soft X-ray observations [8, 9].
The kinetic energy of initial-FRCs in the collision process
can be converted to the internal energy of the formed FRC
after merging via shock heating. Additionally, the inter-
nal magnetic observations and toroidal flow measurements
have suggested the self-organized formation of FRC [10].
The initial-FRC’s properties may affect the reformation
process of FRC and/or energy conversion via shocks. In
this work, the effect of the initial-FRC’s properties on the
collisional merging process and performance of merged-
FRCs was evaluated. To vary the density and temperature
of initial-FRCs without making any changes to the experi-
mental device, the low-density/high-temperature (LD/HT)
formation technique for field-reversed theta-pinch (FRTP)
method [11] was applied to the initial-FRCs formation in
the collisional merging formation scheme. The LD/HT
technique had been developed to form a dilute and hot FRC
using an FRTP formation method.

2. Experimental Setup
The FAT-CM device has two oppositely directed
formation/acceleration sections and a central collision/
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Fig. 1 Schematic view of the FAT-CM device with diagnostics setup and axial profile of external guide magnetic field.

confinement section as shown in Fig. 1. The initial-FRCs
are formed using the FRTP method; a conventional tech-
nique of FRC formation. Each formation/acceleration sec-
tion (V-/R-formation) consists of a conical theta-pinch coil
and a discharge tube made of transparent quartz. In the
FRTP formation scheme, an axial bias magnetic field (pe-
riod of around 500 ps) is first applied to the discharge tube
supplied with deuterium gas. The deuterium gas is locally
supplied only to the formation sections by pulse solenoid
valves 5 ms before applying the bias magnetic field. Sec-
ond, the gas is pre-ionized by a fast-oscillating magnetic
field (period of around 6 us). Finally, a rapidly rising main
compression magnetic field (rise time is around 3 -4 us)
in the opposite direction to the bias magnetic field is ap-
plied at the timing when the bias magnetic field first peaks.
This field radially compresses the pre-ionized plasma with
its frozen-in bias magnetic flux. The closed poloidal mag-
netic flux is formed via magnetic reconnection at both ends
of the formation/acceleration section; thus, forming the
initial-FRCs. The initial-FRCs are accelerated by an ex-
ternal magnetic pressure gradient generated by a conical
theta-pinch coil and is translated in the axial direction. The
translation speed reaches up to ~200km/s, and the rela-
tive speed in the collision process is 2 - 8 times the typical
Alfvén and ion sound speed on the separatrix. The two
initial-FRCs collide near the center of the device, where
they merge to form a single FRC.

Magnetic probes arranged along the device wall were
used to estimate the plasma shape and global motion in
the axial direction. Two interferometers for the electron
density measurement were installed on the confinement
section (z = —0.6 m) and the muzzle of the V-formation
section (z = 2.1 m). The installation location of the ion
Doppler spectrometer for the ion temperature measure-
ment was changed to the confinement section (z = —0.3 m)
or on the muzzle of the V-formation section (z = 2.1 m)
depending on the experimental conditions. The internal
magnetic probe array [12], installed at the mid-plane of the
device, can be used to observe the three components (x, y,
and z directions) of the magnetic field and its radial profile
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Fig. 2 Time evolution of current on the theta-pinch coil in stan-
dard and LD/HT operation.

and time evolution simultaneously.

3. Low-Density/High-Temperature

FRC Formation

The LD/HT FRC formation technique had been de-
veloped for FRTP formed FRCs without translation on the
Nihon University compact torus experiment (NUCTE) -III
device [11]. In this technique, the temperature and den-
sity of the formed FRC can be varied by changing the cur-
rent on a theta-pinch coil without changing the gas supply
conditions. Figure 2 compares the current on the theta-
pinch coil between the standard operation case and LD/HT
operation cases. In the LD/HT operation, the bias mag-
netic field is strengthened, and the trigger time between
the pre-ionization and main compression field is extended.
The density of the FRTP formed FRC is reduced by dif-
fusing the pre-ionized plasma frozen-in by the bias mag-
netic flux. Because the trapped flux, density, and temper-
ature of an FRTP formed FRC depends on the intensity
of the bias magnetic field [13, 14], the main compression
field is applied at timing with the same intensity of the bias
magnetic field as in the standard case. If the volume is
not changed, the temperature increases as the density de-
creases to keep the balance between the plasma pressure
and external magnetic pressure in an FRC. Therefore, the
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dilute and hot parameters are realized and the FRC will be
a collision-less plasma. In the previous experimental cases
on NUCTE-III, the density of the FRC was reduced from
1.1 to 0.56 x 102! m~ and the total temperature (sum of
the electron and ion temperatures) was increased from 350
to 810eV.

4. Experimental Results

4.1 Initial-FRCs formation/single-sided
translation
The time evolution of the plasma volume, the aver-

aged electron density and ion temperature of initial-FRC
at the V-formation section is shown in Fig.3. The red
lines and blue-dashed lines denote the parameters averaged
over five shots in the LD/HT and standard operations, re-
spectively. The hatched area denotes the standard devia-
tion. The LD/HT initial-FRCs were successfully formed
and translated. The plasma volume at the time when the
translation starts (the end of the line) was almost the same
in each case. The volume of the FRC is determined by
balancing the plasma pressure with the external magnetic
pressure. Therefore, consistent plasma volume suggests
that the plasma pressure is not changing. The electron
density reduced from ~2.3 to ~1.5x 10> m™3. The ion
temperature increased from ~70eV to ~130eV with a re-
duction in density. These results also indicate maintaining
the plasma pressure. The ion mean-free-path calculated
from the measured values also increased from ~10 mm to
~50 mm. This value is comparable to the typical radius of
initial-FRCs (~60mm). Therefore, initial-FRCs become
collision-less plasma.

The translation speed of the initial-FRCs was mea-
sured using the time-of-flight method with magnetic
probes arranged along the device wall in single-sided trans-
lation cases. The average translation speed at the mid-
plane of the device in the LD/HT cases was ~139 km/s, and
it was slightly faster than in the standard case (~130 km/s).
The internal energy of a single-sided translated initial-FRC
at the confinement section was not changed in each case
because the plasma pressure was almost the same in each
case. In contrast, the kinetic energy during translation was
decreased by the reduction in particle inventory as shown
in Fig. 4. The average mass of the single-sided translated-
FRC at the mid-plane in the standard and LD/HT cases
were 36 x 107 and 18 x 10~° kg, respectively.

4.2 Collisional merging process with LD/HT
initial-FRCs

Figure 5 shows the time evolution of the plasma vol-
ume, the averaged electron density and ion temperature
of the merged-FRCs in the confinement section. In con-
trast to the observation results of initial-FRCs in the for-
mation/acceleration section as shown in Fig. 3, the elec-
tron density and ion temperature of the merged-FRCs were
not changed. This indicates that the density and tempera-
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Fig. 3 Time evolution of current on the theta-pinch coil in stan-

dard and LD/HT operation.
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Fig. 4 Comparison of kinetic and internal (sum of thermal and
magnetic) energy of a single-sided translated initial-FRC
at the confinement section.

ture of the merged-FRCs do not depend on those of the
initial-FRCs. The volume and internal energy of merged-
FRCs were small. These changes indicate the decrease
in the plasma pressure (more precisely, the particle inven-
tory). Figure 6 compares of the poloidal magnetic flux es-
timated from a direct measurement using the internal mag-
netic probe array in each case. The poloidal magnetic flux
¢y s estimated by

R Ts
¢p = _f 27rrBZdr = f 27rrBZdr, (1)
0 R
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Fig. 5 Time evolution of each parameter of FRCs after merging
in standard and LD/HT operations.
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Fig. 6 Comparison of poloidal magnetic flux measured using in-
ternal magnetic probe array at the mid-plane.

where R is the magnetic axis, ry is the separatrix radius,
and B, is the magnetic field in the z-direction. The de-
crease in the internal energy due to the reduction in the par-
ticle inventory and direct internal magnetic observation re-
sults indicate declining plasma performance in the LD/HT
cases. The above results clearly indicated that the perfor-
mance of merged-FRCs, such as the internal energy, de-
pends on the kinetic energy of the initial-FRCs during the
collision/merging process as shown in Fig. 7. It is unknown
why the density and temperature of merged-FRCs were the
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Fig. 7 Dependence of internal energy (25us after collision/
merging) on the kinetic energy of initial-FRCs.

same in each case. These may be determined by the bound-
ary and/or collision conditions of the collision section, that
were not changed in this work, such as the external mag-
netic field structure and relative speed of collision.

5. Summary

The LD/HT FRC formation technique was applied to
initial-FRCs formed in the collisional merging formation
scheme of FRC on the FAT-CM device. The LD/HT initial-
FRCs were successfully formed and translated. The trans-
lation speed did not change much; however, the kinetic en-
ergy was decreased considerably due to the mass reduc-
tion.

The collisional merging formation of FRCs with
LD/HT initial-FRCs was attempted for the first time. The
decline in the performance of the merged-FRCs was ob-
served by both the external and internal magnetic measure-
ments in the LD/HT cases. The performance of merged-
FRCs depends on the kinetic energy rather than the param-
eters of the initial-FRCs.
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