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Abstract

The switch of the radially-symmetric circuit using semi-
conductors of SIC-MOSFET, which is one of the next-gen-
eration semiconductors, consists of a circuit in which many
semiconductor switches are arrayed in parallel. Since all
parallel circuits are equal in length, distortion due to timing
jitter or impedance difference does not occur on principle
in the merged output waveform. This circuit is useful for
outputting an ultrashort pulse waveform. Therefore, we
have developed a circuit board that achieves even lower in-
ductance of the power transmission circuit by making a
double ring structure equivalent to a coaxial shape. We
compare the results of calculation, analysis and measure-
ment, and the superiority of the developed coaxial-type is
presented here.

INTRODUCTION

As a high-speed switch for high current and high voltage,
many apparatuses adopt a thyratron switch [1]. The thyra-
tron is the only device capable of switching a high current
of multi-kiloampere in nanoseconds. However, since the
thyratron is a discharge tube type, it requires several days
of conditioning before it is used in operation in order to
stabilize the internal plasma state. In addition, an unstable
state in which the jitter becomes large may occur suddenly,
or an event of sudden end of life may sometimes occur.

High-intensity proton beam accelerators such as J-PARC
[2] require a kicker system [3] that excites a high-current,
high-voltage output with an ultrashort pulse in order to ex-
tract a fast accelerated high-intensity beam. And, the cur-
rent kicker system uses the thyratron. High speed switches
require high performance with stable repeatability and set-
ting accuracy. Therefore, we have developed a radially
symmetric modular switch using SiC-MOSFET [4], which
is one of the next generation semiconductors. The radially-
symmetrical switch is composed of a parallel circuit in
which many semiconductor switches are radially aligned in
order to output a high current. The length of each parallel
circuit is equal, and as a result, no jitter of operation timing
or a difference in circuit impedance occurs, so it was con-
firmed by a test that distortion is not generated as compared
with an output waveform by a general line-symmetrical cir-
cuit.

In order to put this radially-symmetrical switch into
practical use as an alternative to thyratron switches, we
proposed a structure to realize further reduction of the
transmission line impedance. And the effectiveness was
confirmed in the demonstration test using test circuit
boards.
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CIRCUIT PATH DESIGN

The test circuit board of the radially-symmetrical switch
is composed of 8 parallel circuits [4]. In the case of
outputting a higher voltage, the output voltage can be
increased by stacking the circuit boards in multiple stages
in series. In this test, two circuit boards with 800 V output
per circuit board are stacked. A conceptual diagram of the
board is shown in Fig. 1.
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Figure 1: Conceptual diagram of the radially-symmetrical
switch board.

Basic Structure

The current path between the stacked circuit boards is
formed by connecting the 8 output (P) terminals using the
cylindrical spacer screws as in the case of the LTD circuit
[5]. This structure of the current path is called a “column-
type” in this paper. A 6 mm diameter spacer screw is placed
on a 40 mm diameter circle. There is a 28 mm round hole
in the center of the board, and an output (N) terminal using
a 20 mm diameter rod is inserted to form a current path for
the return current. The picture of the column-type board is
shown in Fig. 2.
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Figure 2: Picture of the column-type path.

Improved Current Path Structure

Instead of the spacer screws, a cylindrical copper ring is
used as current path between stacked circuit boards. The
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A
% combination of the cylindrical ring and the central rod has
5 the same structure as the coaxial cable in which the outer
% conductor surrounds the central conductor. In this paper,
'g_this structure is called a “coaxial-type”. Such a coaxial
+ structure can efficiently transmit high frequency pulses by
g the shielding effect that blocks the leakage of signals to the
2 outside. Therefore, further reduction in inductance can be
% expected. Moreover, this structure can also suppress the in-
2 fluence of noise. Furthermore, there is an advantage that
ithe design of the circuit system is easy because the charac-
Zteristic impedance is constant. A picture of this circuit
£ board with the coaxial-type is shown in Fig. 3.
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Figure 3: Picture of the coaxial-type path.

INDUCTANCE CALCULATION

A conceptual view of the coaxial-type and the column-
2 type is shown in Fig. 4. In the coaxial-type, the radius (@)
% of the inner conductor is 10 mm, the inner radius of the
-2 outer conductor (b) is 15.5 mm, and the outer radius (c) is
% 24.5 mm. There is an air layer between the inner and outer
?conductors. The self-inductance per unit length of the co-
< axial line can be obtained from Eq. (1). However, in the
& current output circuit, it is necessary to regard the transfer
§ circuit as two coils and to evaluate the total inductance due
@ to the structure of the circuit board. The total inductance
g can be estimated by the magnetic storage energy from the
§ current flowing in the current path. Although this circuit is
= a pulse circuit, it was calculated using the static magnetic
« field two-dimensional analysis model using OPERA [6, 7]
E for reference. The contour maps of the magnetic flux den-
8 sity (B) of the two models analysed with OPERA-2D are
2 shown in Fig. 5 and 6. It can be confirmed that the coaxial
% type has a well-rounded magnetic field distribution with
2 less disturbance.

The self-inductance using the magnetic flux between the
inner and outer conductors analysed by OPERA-2D is ob-
= tained from Eq. (2). The calculation results of the self-in-
2 ductance at a current (/) of 400 A are shown in Table 1. The
= results of the Eq. (1) and the result using the analysis result
% of the Eq. (2) are nearly equal, indicating that the analytical
£ model is correct.

& The total inductance using the magnetic energy (We) is
+ obtained from Eq. (3). The magnetic energy of the coaxial-
g type and the column-type analysed by OPERA-2D is 14.0
ZmJ/m and 15.1 mJ/m, respectively. So, the total induct-
= ances are 175.4 nH/m and 188.7 nH/m. The results are ad-
£ ditionally shown in Table 1. The total inductance of the co-
g axial-type was reduced by about 10 % compared to the col-
§ umn-type.
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Figure 4: Conceptual view of the coaxial-type and the col-
umn-type.
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Table 1: Calculated Inductance
Path type 6)) 2) 3)
Coaxial 87.7nH/m 87.5nH/m 175.4nH/m
Column - 113.3nH/m 188.7nH/m
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Figure 5: Contour plot of magnetic flux density of coaxial-
type analysed by OPERA-2D.
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Figure 6: Contour plot of magnetic flux density of column-
type analysed by OPERA-2D.
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MEASUREMENT RESULT

Semiconductor Switch Operation Test

The device of SiC-MOSFET is SCT3030KL made by
Rohm Co., Ltd. The rated drain current ID per element is
72 A. The circuit boards were stacked in two stages, and a
3.75 Q load was connected to the output end. The circuit
supplies 426.6 A at a charging voltage of 800 V. The result
of measuring two types of output voltage waveforms is
shown in Fig. 7. However, no difference was found be-
tween the two results. In this experiment using a semicon-
ductor switch, the contribution of the inductance reduction
is not visible because the loss is large.
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Figure 7: Measurement result of measuring two types of

output voltage waveforms.

Gap Switch Test

Another test was performed using a gap switch. In this
test, the FET switch was replaced by a gap switch at the
output and all FET switches on the circuit are bypassed. In
addition, all diode resistors were removed as shown in Fig.
8. By the setup, the inductance dependence of the current
path structure can clearly by seen. A picture of the gap
switch section is shown in Fig. 9.
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Figure 8: Block diagram of the gap switch circuit.
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Figure 9: Picture of the gap switch test.

After charging 40 V, the current waveform flowing
through the central rod when the gap switch was shorted
was measured using a Rogowski coil (CWT Mini 30). The
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measured current waveform is shown in Fig. 10, and the
peak current and oscillation time obtained from the wave-
form are shown in Table 2. In the coaxial-type, the output
current is 1.2 times higher and the oscillation time is 0.96
times shorter. The difference between the analysis and the
experiment is the difference between static calculation and
dynamic experiment. The analysis of the pulse circuit re-
quires dynamic analysis including skin effect. In the future
work, we evaluate the inductance dependence using the dy-
namic analysis of OPERA-3D [8].

The experimental test demonstrates the realization of
low inductance with the improvement of the current path.
It has been confirmed that the coaxial-type is superior for
high speed pulse output waveforms.
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Figure 10: Current waveform measured by gap switch test.

Table 2: Experimental Results

Path type  Peak current (A) Period (s)
Coaxial 320 4.96E-07
Column 264 5.17E-07

SUMMARY

The experimental results confirm that the coaxial-type
can realize low inductance. Although the reduction rate of
the inductance confirmed by the experiment results was
about 10 %, this is a big effect in the output system of high-
current, high-voltage, high-speed pulse waveforms. In the
future, when a low impedance characteristic is required at
the output stage with a large number of stacked layers, the
coaxial path structure will be useful.
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