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A FRC has favorable features such as extremely high beta, natural diverter, linear device geometry and 
without central structure. However, lifetime of the FRC has been severely restricted by the rotational 
instability generally appeared in dynamically formed FRC and has been known as most destructive 
instability for the FRC. In this study, magnetized plasmoid injection into FRC by double-sided magnetized 
coaxial plasma gun has been conducted on the Nihon University Compact Torus Experiment (NUCTE), 
aiming to mitigate spin-up of a FRC. The injected plasmoid has spheromak like configuration and travels 
axially to merge with the pre-existing FRC. Suppression of toroidal spin-up and mitigation of rotational 
instability were achieved by the double-sided plasmoid injection without degradation of the plasma 
performance 

 
1. Introduction 

A FRC has been a potential candidate as 
advanced fusion reactor core plasma since the FRC 
has favorable technological futures: extremely high 
beta, natural diverter, linear device geometry and 
elimination of central structure [1]. Although the 
FRC has these attractive features, problems have 
still remained. One of critical issues is to suppress 
toroidal spin-up since the rotational instability, 
which is most destructive instability for 
dynamically formed FRC and is an interchange-like 
mode driven by the centrifugal effect in rotating 
plasmas, severely restricts a lifetime of FRC [2]. 

In this study, plasmoid injection into FRC by 
double-sided magnetized coaxial plasma gun 
(MCPG) has been conducted on the Nihon 
University Compact Torus Experiment (NUCTE) 
[3], aiming to suppress the rotational instability. 

 
2. Experimental set-up 

This experiment has been performed on 
NUCTE-III which is θ-pinch-based FRC device. 
The NUCTE-III consists of a quartz discharge tube 
with 2 m in length and 256 mm in I.D., a one turn 
theta-pinch coil with 32 elements and two MCPGs 
on both ends as shown in fig.1. The diagnostic for 
measuring typical plasma parameters consists of a 
flux loops with set of magnetic probes to determine 
an axial profile of the separatrix radius rs, He-Ne 

interferometer to measure line-integrated electron 
density 𝑛!𝑑𝑙  and ion Doppler spectrometer to 
determine an ion toroidal flow speed and ion 
temperature. Besides 60 optical diagnostic systems 
consists of collimator, grass optical fiber tube and 
photo multi-plier tube with a band pass filter (λ = 
550±5 nm) were mounted on the quartz discharge 
tube for Bremsstrahlung measurement.  
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Fig.1. A schematic view of NUCTE –III with two 

MCPGs 

 
Fig.2.  The conditions of double-sided plasmoid 

injection of (a) PTI and (b) PI 



 

3. Conditions of the plasmoid injection 
The injected magnetized plasmoid travels axially 

with velocity up to 50 km/s and merges with 
pre-existing FRC. In addition to the plasma thermal 
energy, the plasmoid with spheromak-like 
configuration provides poloidal and toroidal 
magnetic fluxes to the FRC. In this double-sided 
plasmoid injection experiment, two injection modes 
were available as illustrated in fig.2; One is the 
poloidal and toroidal fluxes injection (PTI) in which 
two MCPGs produce plasmoids with parallel 
toroidal flux, and the other is the poloidal flux 
injection (PI) in which the MCPGs produce 
plasmoids with anti-parallel toroidal flux to be 
cancelled out after injection.  
 
4. Experimental results 

Table 1 shows the typical parameters of target 
FRC and injected plasmoid.  

 
Table I. Typical parameters of FRC and plasmoid 

 Εthermal 
(J) 

Εmagnetic (J) Total inventory 
(×1019) 

FRC 2600 1800 2 
Plasmoid 3 + 3 230 (PTI) / 120 (PI) 0.09 

 
Table II. Mitigation effects of the plasmoid injection 

the rotational instability 
 τonset (µs) Trotation(µs) τgrowth(µs) 

w/o Injection 25 15 0.7 
PTI 32 21 1.7 
PI 33 23 2.5 

 
Since the total energy of magnetized plasmoids of 
240 J was only 5 % of FRC total energy, injected 
energy by plasmoids could be neglected compared 
to the energy loss of a target FRC.  

Table II summarizes the results of plasmoid 
injection on the elliptic deformation. Both injection 
cases showed mitigation of the instability, and the 
PI case showed more effective suppression; delayed 
onset time τonset from 25 to 35 µs, prolonged 
rotation period Trotation by 7 µs (145 % extension) 
and prolonged growth time τgrowth by 1.7 µs (300 % 
extension). 

The mitigation on the rotational mode is possibly 
provided by the decrease in plasma rotation speed, 
or slowing down of the FRC’s spontaneous spin-up. 
Experimental results also showed suppression of 
FRC’s spin-up in injection cases. Figure 3 shows 
time evolution of toroidal angular velocity observed 
at the separatrix of FRCs (r~5cm). Spin-up of the 
FRCs with injection of plasmoids stopped to rise 
after 23 µs from the initiation of MCPG discharge 
although spin-up of no-injection case kept 
accelerating in the whole time. Flow velocity inside 

the separatrix has also been decreased as shown in 
fig.4. This indicates the plasmoid injection reduces 
a toroidal torque causing a spin-up, and then 
spontaneous rotation could be mitigated. Since an 
elliptic deformation is caused by centrifugal force 
by plasma rotation [2], this mitigation effect of 
FRC’s spontaneous-rotation is considered to delay 
the onset time of elliptic deformation and to 
prolong the growth time.  

 
5. Summary 

We have demonstrated the double-sided 
plasmoid injection to control the rotational 
instability. In both injection cases we have achieved 
reduced angular velocity and suppressing effects of 
elliptic deformation. Therefore proposed method 
successfully mitigates the FRC’s spontaneous 
rotation and following elliptic deformation.  
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Fig.3. Time evolutions of angular velocity of the 

cases with and without injection case 

 
Fig.4. Radial profiles of flow velocity at t = 25 µs. 


