
 

  
  

A field-reversed configuration (FRC) has been known 
as an extremely high-beta compact toroid which is confined 
purely with poloidal magnetic field. The FRC is known as a 
torus confinement system naturally at the highest limit of 
pressure gradient in the second stability of ballooning mode 
instability. 

The configuration of FRC which is locally added 
toroidal magnetic flux is expected to be relaxed into a high-
beta (nearly 100%) and high ellipticity (has extremely high 
q value in vicinity of separatrix) spherical tokamak (ST) like 
configuration1). The techniques to form ST-like FRC have 
been demonstrated in experiments of a spheromak merging, 
a field-reversed theta-pinch and a helicity injection into a 
FRTP-FRC 2). Furthermore, it has been reported that a high-
beta stable ST-like FRC configuration is spontaneously 
formed in a fast translation experiment of FRTP-FRC 1, 2). 

In this work, for a cross-section study of high-beta 
toroidal confinement system, we propose and 
experimentally demonstrate a novel method to generate A 
ST-like FRC from highly-elongated high-beta FRC. To 
investigate the property of the ST-like FRC especially 
transited from high-beta FRC side, a new facility of FRC 
translation experiments, FAT (FRC Amplification via 
Translation) has begun operations. 

The FAT facility has a quasi-cylindrical confinement 
region with a large bore quartz tube, i.e. high aspect-ratio  
(low length-to-diameter ratio) compared with a conventional 
FRC as shown in Fig. 1. The confinement region has a 
center solenoid coil on the geometrical axis. A simply-
connected FRC formed in the theta-pinch formation region 
is translated into the confinement region with the translation 
velocity of 100 - 200km/s, then relaxed into a torus shape.  

In the initial series of experiments, it was 
demonstrated that the translated plasmoid becomes a 
quiescent FRC without disruption through the dynamic 
translation process with rapid radial expansion 3, 4). Also 
mass dependency of the equivalent NBI (neutral beam 
injection) effect5) has been demonstrated in the translation 
experiments into the confinement chamber filled with 
deuterium and hydrogen gas6). Figure of 2 indicates a 
recover of polodal flux after the first reflection by the 
equivalent NBI effect. 

Furthermore, development of formation technique has 
been conducted in the theta-pinch formation region. Theta-
pinch FRC formation has been demonstrated with thin 
(4mm in diameter) stainless steel center conductor in the 
case of 6mT bias field, 0.18T main compression field and 
the center conductor current of 1kA. The successful 
formation of FRC with the electron density of ~1020/m3, a 
plasma radius of 4cm and an elongation of 10, has been 
demonstrated. The magnetic structure of ST-like FRC is 
confirmed by the internal magnetic field measurement. 
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Fig. 1. Schematic view of FAT facility with a center 

solenoid and conductor (top) and magnetic field profile 

on the geometrical axis. 

 
Fig. 2. Trapped poloidal magnetic flux of translated 

FRCs in the formation region. From the left, early phase 

and after the translation process, respectively. 

 

  
  

  
  

Higher performance plasma diagnosis and heating 
systems are necessary for promotion of the deuterium 
experiments and the Large Helical Device (LHD) project for 
fusion research. Especially in Thomson scattering 
diagnostics, a high average power laser system with high 
pulse energy and high repetition rate is required. To develop 
such high average power lasers, damage and thermal 
problems such as thermal lensing, thermally induced 
birefringence and thermal stress fracture in optics should be 
resolved. 

A Faraday rotator (FR) used for polarization rotator 
and optical isolation of laser light is one of the most 
important optical elements in high performance laser 
systems. The terbium gallium garnet (TGG) single crystal is 
the most widely used material in Faraday rotators for high 
average power lasers because it has a high Verdet constant 
of 35-40 rad/Tm for a 1 m wavelength [1]. However, 
commercially available FR cannot be used for kilo-watts 
class laser systems due to thermal effects. Recently, large 
aperture size of 10 cm diameter ceramic TGG can be 
manufactured and its thermal effects have been actively 
studied beyond the range of 100 W [2]. In the near future, 
the ceramic TGG Faraday rotator will be replaced by current 
materials in high-average power lasers.  

The goal of this work is to develop a FR which can be 
applied to kilo-watts class pulse laser systems using ceramic 
TGG. In the last year, we proposed a disk type FR and 
studied its depolarization characteristics [3]. We observed 
the depolarization ration of 4 x 10-4 and its leakage profile at 
140 W laser irradiation power from 4 mm-thick ceramic 
TGG sample. For detail thermal analyses, the fundamental 
thermal properties such as thermal expansion  and thermo-
optic coefficient dn/dT are necessary. In this year, we 
studied the temperature dependencies of these parameters at 
300–500 K temperature range for detail analyses.  

Figure 1 shows the experimental setup of  and dn/dT 
measurement. The details of the specimens along with the 
experimental setup can be found in [4]. We formed two 
Fizeau interferometers with the reflected He-Ne laser light 
of the sample, and the shift in the fringes due to temperature 
variation were recorded using photodetectors. From the 
values,  and dn/dT were evaluated as follows: 

 
  = 1 / L1 dL1 / dT                     (1) 

 
 1 / nL2 d(nL2) / dT =  + 1 / n dn / dT     (2) 

 
where L1 and L2 are the vacuum and TGG path, respectively, 
and n is the refractive index of ceramic TGG.  

Figure 2 shows the experimental results of measuring 
 and dn/dT, respectively. The open circles and triangles 

represent the results of  and dn/dT. For ceramic TGG, the 
experimental values of  and dn/dT at 300 K were 7.0 x 10-6 
K-1 and 17.5 x 10-6 K-1, respectively. As can be seen in Fig. 
2, these parameters increase with temperature. This suggests 
that thermal effects increase with temperature, thus 
temperature dependence of  and dn/dT should be addressed 
especially in high-power laser applications. The detailed 
discussion can be found in [4]. We believe that these 
experimental values will be useful for developing and 
designing a new Faraday rotator that can be used for over 
1 kW average power and high pulse energy laser systems.   
 
  
  
 
 
 
 
  
  
  
  
  
  
  

Fig. 1. Experimental setup of the  and dn/dT 
measurement of ceramic TGG.  

  
   
  
  
  
  
  
 
 
 
 
 
 
 
 
 
  
  

Fig. 2. Temperature dependence of  and dn/dT of 
ceramic TGG in the 300-500 K temperature range. 
  
  

1) Yasuhara, R. et al.: Opt. Express 15 (2007) 11255. 
2) Yasuhara, R. and Furuse, H.: Opt. Lett. 38 (2013) 1751. 
3) Furuse, H. et al.: Ann. Rep. NIFS (2013-2014) 468. 
4) Furuse, H. et al.: Opt. Mat. Express 5 (2015) 1266. 

425

§19. Research and Development of Cooling 
Faraday Rotator for High Energy Laser 
Systems for Plasma Diagnosis and 
Heating

Furuse, H. (Kitami Institute of Technology), 
Yasuhara, R. 


