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The effect of energetic beam ions on oblate field-reversed configurations (FRCs) has been studied experimentally in the
TS-4 plasma merging device. An important question is whether plasma flows and large ion gyroradii generated by beam
ions can stabilize the global modes, dangerous for large size (R ∼ 0.5 m) FRCs. In order to examine the kinetic effects
on FRCs, we developed an economical high power pulsed Neutral Beam Injection (NBI) system by use of a washer gun
plasma source, eliminating the time-consuming filament and water-cooling systems. We obtained the maximum beam
power up to 0.6 MW (15 kV, 40 A) and the pulse length over 0.5 ms, which is longer than the FRC lifetime in TS-4.
The Monte Carlo simulation for the tangential co-current NB injection indicates that the 15 kV co-injection beam ions
are trapped between the magnetic axis and the separatrix. A new finding is that two merging high-s (s ∼ 20) hydrogen
spheromaks with opposite helicities relax into the large scale FRC with poloidal flux as high as 15 mWb under the
assistance of the 0.6 MW NBI. Here, s is plasma size normalized by ion gyroradius. However, they did not relax to
an FRC without the assistance of NBI. These facts suggest that some ion kinetic effects such as toroidal ion flow are
essential to the FRC stability. Effect of high energy beam on parameter s of FRCs is a key to solve the unknown high-s
FRC stability. Recently, two new NB sources with acceleration voltage and current of 15 kV and 20 A were installed
on the TS-4 device on the midplane for tangential injection. We will start the upgraded FRC experiments with NBI
power of 1 MW.

I. INTRODUCTION

The field-reversed configuration (FRC) is a compact toroid
with small or zero toroidal magnetic field and dominantly
poloidal field. The FRCs have some potential for future fu-
sion plasma reactors due to its high beta and simple geome-
try characteristics. Recently, plasma heating and current drive
by neutral beam injection (NBI) are important research sub-
jects for FRCs. The NBI is a powerful and reliable actuator
for magnetically confined fusion reactors. The NBI has been
utilized mainly for additional heating for tokamaks. For ex-
ample, an NBI device with an energy of 1 MeV and an output
power of 40 MW is designed for ITER1. Although the NBI
for FRC plasmas was introduced sorely to FIX (FRC Injec-
tion Experiment) at Osaka University2, the heating efficiency
was low because the theta pinch formation method with poor
formation efficiency could not produce the poloidal flux large
enough to trap fast beam ions inside the FRCs. On the other
hand, FRCs formed by merging spheromaks with opposite he-
licities have an advantage in the large amount of poloidal flux
which can be increased by a center solenoid coil along the
center axis.

The conventional filament type plasma source, which uti-
lizes arc discharge between tungsten filaments, has problems
in high cost and painful maintenance of the NBI device. Be-
cause it requires high-energy power-supply equipments and a
water-cooling system to remove heavy heat loads to the per-
manent magnets3,4. The conventional NBIs have been applied
to many experimental fusion plasma devices but are not suit-
able for middle-class compact toroid experiments. We devel-
oped a new low-cost and maintenance-free NBI system by
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use of a washer-gun plasma source, eliminating the conven-
tional filaments and water-cooling systems. Its low-voltage
and high-current properties are suitable for the high-beta ex-
periments of present spherical tokamaks and FRCs.

It is important to experimentally elucidate the physics of
kinetic effects of energetic beam ions in oblate FRCs. A nu-
merical study shows that the NBI is useful not only for heating
but also for an improvement on stability by the energetic ions5.
The stabilization effects of kinetic ions have been intensively
investigated in the TS-4 plasma merging experiments. We
found that FRCs with high-s (average number of ion gyroradii
in the separatrix) are unstable in the large-scale device TS-4
at the University of Tokyo. In high-s FRC, its n = 1 mode
keeps growing, causing collapse of the whole configuration,
while in low-s FRC with fast flow the rotating n = 2 mode
(saturated) becomes dominant after n = 1 mode saturation6.
Our NBI experiment indicates that a future large-scale FRC
requires NBI driving internal flow and forming low-s compo-
nents in the FRC. A similar research plan was also proposed
in MRX at PPPL as SPIRIT concept7.

II. PLASMA MERGING DEVICE TS-4

The plasma merging device, TS-4, is utilized to produce
two spheromaks with opposing helicities, to merge together
axially by means of magnetic reconnection, and to relax to
an oblate FRC8. Figure 1 shows the experimental setup of
the TS-4 device. Its cylindrical vessel with a diameter of 1.6
m and a length of 2.2 m has two flux cores whose internal
poloidal and toroidal field coils produce poloidal and toroidal
magnetic fields of the two initial spheromak plasmas, respec-
tively. Those toroidal field polarities are determined by those
current coils. The center conductor, which is equipped with



2

FIG. 1. Plasma merging device TS-4.

center solenoid coils, is located along the center axis to sup-
press toroidal mode n = 1 (tilt, shift) activities. Its typical
FRC plasma parameters are as follows: Ψ ∼ 15 mWb, Ip ∼ 30
kA, ne ∼ 1020 m−3, Te ∼ 10 eV, Ti ∼ 40 eV, major radius
R ∼ 0.5 m, and aspect ratio A ∼ 1.5, respectively.

III. DEVELOPMENT OF PULSED-TYPE NBI WITH WASHER
GUN PLASMA SOURCE

Figure 2 shows a schematic diagram of the newly-
developed NBI system, mainly composed of a washer-gun
plasma source, a plasma confinement vessel, three ion-
extraction electrodes, and a neutralization cell. We applied
a single stainless steel washer gun for the first time to the
plasma source. In the conventional plasma sources the neu-
tral gas is pre-ionized by hot electron emission from filaments
located on the interior wall of the plasma confinement ves-
sel. Their arc discharge requires high-capacity water-cooling
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FIG. 2. Schematic view of the developed NBI device.

system to remove heavy heat load to the permanent magnets
on the exterior wall of the vessel. In the new system, we re-
placed the filaments by a gas-injected stainless-steel washer
gun placed on the bottom of the vessel as a plasma source,
as shown in Fig. 2. It consists of alternate arrays of nine
stainless-steel (SUS304) washers and eight ceramic washers
and their washers are sand-witched between an anode and a
cathode. Fully ionized plasmas are generated inside the cylin-
drical discharge path between the electrodes to which high
voltage is applied. The generated plasma moves toward the
extraction electrodes from the washer gun via the plasma con-
finement vessel, whose pulsed operation enables us to exclude
the conventional filaments and water coolers from the system
and to adopt neodymium magnets for the cusp field.

A pulse forming network (PFN) with an ignitron is utilized
as a pulse power supply for the discharge current of the washer
gun. We design the pulse duration 1.9 ms for the PFN. How-
ever, the PFN is connected to the washer gun via an insulating
transformer for the purpose of the protection of the PFN power
supply system, which reduces the pulse duration shorter than
1.9 ms. The plasma generation process with the washer gun is
controlled by the open time of the gas valve, the charged gas
pressure, the charging voltage of the PFN, and the time from
the valve open to the beginning of the PFN discharge.

High beam current is realized not only by optimizing the
plasma generated by the washer gun but also by aging of the
electrodes by glow discharge cleaning. The short circuit acci-
dent between electrodes is mainly caused by small protrusion
of electrodes or their surface impurity. The glow discharge
cleaning for the electrodes is needed to avoid short circuit ac-
cidents for the acceleration electrode with the designed volt-
age.

Finally, we succeeded in the development of the NBI sys-
tem. Figure 3 shows (a) waveforms of the washer gun current
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FIG. 3. (a) Waveforms of the washer gun current and the output
current of PFN circuit, and (b) time evolutions of acceleration volt-
age, deceleration voltage, acceleration current, deceleration current,
ground current, and beam current.
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and the output current of the PFN circuit and (b) time evo-
lutions of acceleration voltage, deceleration voltage, acceler-
ation current, deceleration current, ground current, and beam
current, where the beam current is calculated from subtracting
the deceleration current and ground current from the acceler-
ation current. It is observed that the beam current exceeds 20
A over approximately 0.5 ms, which is suitable for our target
plasma in TS-4. Our experimental results reveal the success-
ful beam extraction up to 15 kV, 40 A and 0.6 MW. Recently,
two new NB sources with acceleration voltage and current of
15 kV and 20 A are under development. We will start the
upgraded injection experiments with NBI power of 1 MW.

IV. NUMERICAL SIMULATION OF THE NEUTRAL BEAM IN
AN OBLATE FRCS

Numerical simulations have been performed for the pur-
pose of checking whether the newly-developed NBI system
can be applicable to the oblate FRC in TS-4 and whether fast
neutral beam particles can be ionized and trapped in a TS-4
plasma and can yield the kinetic energy to the plasma by us-
ing the orbit calculation code. Figure 4 shows the calculated
FRC equilibrium calculated by using Grad-Shafranov equa-
tion, where parameters of the FRC plasma are measured ex-
perimentally as follows: Ψ ∼ 15 mWb, Ip ∼ 30 kA, and
P ∼ 600 Pa. Then the ionization positions of tangentially-
injected 15 keV neutral beam particles are calculated on the
midplane of TS-4 using the Monte Carlo code and the orbits
of the produced fast beam ions are calculated for the purpose

-0.4 -0.2  0  0.2  0.4

z (m)

 0

 0.2

 0.4

 0.6

 0.8

r
 (

m
)

-10

 0

 10

 20

P
ol

oi
da

l f
lu

x 
Ψ

 (
m

W
b)

FIG. 4. Numerical poloidal flux contours of an FRC in TS-4 (Ψ ∼ 15
mWb, Ip ∼ 30 kA, P ∼ 600 Pa).
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FIG. 5. Particle trap rate.

of checking whether they are trapped in the FRC. Figure 5
shows the particle trap rate. It indicates that many fast beam
ions are trapped between the axis and the separatrix due to
the gyroradius of the beam ion as long as the separatrix radius
and the radially inward Lorenz force v × B. Larger amount
of magnetic fluxes is needed to trap beam ions in the wider
range.

V. INITIAL RESULTS OF MERGING FORMATION OF
LARGE-SIZE FRCS WITH THE ASSISTANCE OF NBI

The neutral beam injection was performed during the merg-
ing formation of FRC in TS-4. Poloidal flux and plasma cur-
rent were increased as much as possible by a solenoid coil for
the purpose of trapping the beam ions efficiently. Time for
merging completion is approximately 380 µs, although it is
slightly changed with or without NB. Figure 6 shows poloidal
flux contours and toroidal field (colors) of merging sphero-
maks with and without NBI and Fig. 7 shows their time evo-
lutions of poloidal flux and plasma current. Fig. 8 also shows
their radial profiles of electron density as a function of time. A
new finding is that two merging high-s hydrogen spheromaks
with opposing helicities relax into the large scale FRC with
poloidal flux as high as 15 mWb under the assistance of the
0.6 MW NBI. However, they did not relax to an FRC with-
out the assistance of NBI. Although the beam ion density is
almost a few percent of the plasma density, it is observed that
ne around the magnetic axis of the FRC with NBI is almost
twice that of the FRC without NBI. These facts suggest some
ion kinetic effects such as toroidal ion flow are essential to
FRC stability.

FIG. 6. Poloidal flux contours and toroidal field of merging sphero-
maks (a) without and (b) with NBI. In the case (b) merging sphero-
maks relax into an oblate FRC.
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FIG. 7. Time evolutions of poloidal flux Ψ and plasma current Ip of
hydrogen FRCs without NB and with NB whose injection radii are
r = 0.4 m and 0.6 m. The shaded area denotes deviations for five
discharges.

(a) FRC without NBI (b) FRC with NBI

FIG. 8. Radial profiles of electron density ne of hydrogen FRCs with-
out NB and with NB as a function of time. Their working gas is
deuterium.

Figure 9 shows time evolutions of poloidal flux and plasma
current of hydrogen, deuterium, helium, neon, and argon
FRCs with NBI. The maximum poloidal flux and plasma cur-
rent at the merging completion are approximately 14 mWb
and 50 kA, respectively. They do not depend on the gas
species or the mass. However, FRC with lower-s tends to last
longer after merging, indicating that kinetic effect is important
for FRC stability.

VI. SUMMARY

The effect of energetic beam ions on oblate FRCs has been
studied experimentally for the first time in TS-4. In order to
examine its kinetic effects, we developed a new pulsed NBI
system by use of a washer gun and finally attained the max-

imum beam power of 0.6 MW (15 kV, 40 A) for the pulse
length of 0.5 ms, which is longer than the FRC lifetime.
The Monte Carlo simulation indicates that the tangential co-
current NB ions of 15 keV are efficiently trapped between the
magnetic axis and the separatrix. We found that two merging
high-s hydrogen spheromaks with opposite helicities relaxed
into the large scale FRC with poloidal flux as high as 15 mWb
under the assistance of the developed NBI, suggesting that ki-
netic effects are essential to FRC stability. Recently, two new
NB sources with beam energy of 15 keV are under develop-
ment. We will perform the upgraded FRC experiments using
three NBI systems with the output power of 1 MW.
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FIG. 9. Time evolutions of poloidal flux Ψ and plasma current Ip

of hydrogen, deuterium, helium, neon, and argon FRCs with NBI
(injection radius r = 0.6 m).


