
The objective of this study is to stabilize vertical 
instabilities of elongated tokamak plasmas by the use of
saddle coils which make helically perturbed fields. 
Although several studies have been made on the effects [1], 
they have been conducted in tokamaks with circular cross-
sections. To demonstrate the vertical stabilizing effects on
elongated plasmas, we have been constructing a small 
tokamak device (R = 0.33 m, a = 0.09 m, Bt = 0.3 T) which 
has elongated cross-sections up to = 1.8. We assembled 
the vacuum vessel and the toroidal field coils and succeeded
in plasma production by ECR with 2.45-GHz RF power.

We extended the concept of the semi-stellarator 
configuration as shown in Fig. 1. This is composed of only 
conventional toroidal field (TF) coils and a set of 
parallelogram-shaped saddle (PS) coils. The arrows plotted 
on the PS coils indicate the direction of current flow which 
is in the opposite direction with each other. The slanting 
windings on the outboard side of torus corresponds to the 
semi-stellarator windings as mentioned above. The PS coils 
do not go through the inboard side of torus leaving 
sufficient space for an ohmic heating coil for current drive.

The most novel feature of this configuration is 
rotationally asymmetric. The PS coils are arranged at only
one side of torus in the toroidal direction. One set of coils
generate averaged vertical field Bav only near the PS coils.
However, surprisingly, the force balance in horizontal 
direction can be achieved even in the opposite side of torus.
We investigated 3-D equilibrium of current carrying plasma 
with semi-stellarator fields by using free boundary version 

of the VMEC code. Figure 2 shows poloidal cross-sections 
of MHD equilibria at different toroidal angles from = 0 to 

= 270 by 45 steps, which were obtained with VMEC.
The blue and red lines shows two cases Ip = 5 kA and 2.5 
kA, respectively, where the current of the PS coils IPS = 10 
kA in both cases. It is obvious that force balance in 
horizontal direction is achieved all along the torus even 
though the PS coils are mounted only in one side of torus. In 
other words, the rotationally asymmetric stellarator field can 
also function as conventional vertical field, in the same way 
as symmetric semi-stellarator field. There are little changes 
in the Raxis between the two cases even though Ip in the case 
of (a) is twice as large as that in small case (b). 

It is conjectured that this effect provides the robustness 
against horizontal displacement due to rapid changes in 
plasma parameters, even without active control. As a result, 
active controlless start-up and the avoidance of major 
disruptions might be demonstrated in future.

1) Ikezi, H., Schwarzenegger, K. F.: Phys. Fluids 22 (1979)
2009.

Fig. 2 Comparison of the flux surfaces between two cases of plasma current Ip = 5 kA and 2.5 kA calculated with the 
VMEC code in its free-boundary mode. IPS 10 kA in both cases. The PS coils are located between 0 and 180 .

Fig. 1 Location of the parallelogram-shaped saddle (PS) 
coils corresponding to semi-stellarator windings. (a) bird’s 
eyeview (b) development diagram (c) poloidal cross section.

 
     This work has been conducted as a part of the LHD 
Project Research Collaboration "Experimental verification 
of helium line spectroscopy models by intermachine and 
intermethod comparison"(NIFS11KOAH027). 
     A major problem associated with the measurement of 
the electron energy distribution function (EEDF) based on 
the commonly used "Druyvesteyn  method"[1] is the 
accurate determination of the second derivative. The most 
commonly used method to obtain the second derivative of 
the probe current (I) with respect to the probe voltage (V) 
is to perform numerical differentiation of the I–V 
characteristic.  
    In this study, we designed a differentiator circuit with 
a circuit simulator (LTspice) that can simulate circuit 
characteristics such as the gain and phase, including the 
operational amplifier. As a result, taking derivatives both in 
the temporal and Fourier domains are possible. The phase 
delay caused by a low-pass filter is corrected by 
performing a Fourier transform of both the Ie and d2Ie/dt2 
signals. 
    The Fourier transform of the second time derivative of 
x(t) is proportional to the frequency squared multiplied by 
the Fourier transform of x(t), having a phase delay at 180°: 
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 where F denotes the Fourier transform operator. Equation 
(1) indicates that the amplitude increases without limit with 
ω2. Therefore, a low-pass filter needs to be implemented, 
which then causes a phase delay in the high-frequency 
components. In order to obtain the second time derivative 
of the probe current with high accuracy, the linearity of the 
gain should be conserved, and the phase difference should 
be maintained at 180° over the frequency of interest. 
    In order to compensate for the errors caused by the 
phase delay, the phase of the second time derivative is 
corrected on the basis of the Fourier transform of the 
original probe signal: 

 

d 2I p(t)
dt 2

= F −1 F
d 2I p(t)

dt 2
"

#
$

%

&
' exp i ϕF (I p(t))+π( )( )

"

#
$
$

%

&
'
'

  (2) 

where |  | denotes the amplitude, and φF is the phase 
component of the Fourier transform. A fast Fourier 
transform (FFT) is used to calculate the Fourier transform. 
    Fig.1 (a) shows the I–V characteristic for the 
experiment conducted in MAP-II divertor simulator [2]. 
The results for the EEDF calculated by the originally 
detected second derivative with and without phase 
correction are shown in Fig.1 (b). The dotted lines are the 
Maxwell distribution functions for Te = 4.03 eV, which is 
determined from a logarithmic plot of the I–V characteristic 
normalized to the electron density. Fig.1 (c) shows a 

logarithmic plot of EEDF(ε)ε-1/2 known as the electron 
energy distribution probability function (EEPF). Assuming 
the EEDF has a Maxwell distribution, the reciprocal of the 
slope of the EEPF corresponds to the electron temperature. 
 We have revealed that the discrepancy in the electron 
density and temperature obtained from the EEDF with 
phase correction is smaller than that without phase 
correction[3,4], suggesting that the phase correction played 
a crucial role in the EEDF measured using a differentiator 
circuit. 
 
Note: MAP-II device has been disassembled and has been 
moved to Tsukuba University. 
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Fig.1 (a) I-V characteristic (MAP-II shot #26410). (b) 
EEDFs calculated from the second time derivative with 
and without phase correction. The dotted lines indicate 
Maxwell distributions (4.03 eV) normalized to the 
electron density. (c) EEPFs 
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