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Abstract

In the X-ray free electron laser facility, SACLA (Spring-8 Angstrom Compact free electron LAser), more than 70
klystron-modulators are operated as the high power RF sources for the electron linac. In the modulators, thyratrons are
used as a high power switching module, and it has problems such as self-triggering, long-term instability, and a lifetime
limit of several ten thousands hours. In order to solve these problems, we have developed a solid-state switch using ultra-
fast high-voltage thyristors, with a rated voltage of 50 kV, a peak current of 5 kA, a pulse width of 5 ps, and a repetition
of 60pps. To replace the thyratron, the thermal loss in the switch is required to be less than 1 kW, and the heat dispersion
can be cooled by the natural convection of insulation oil. We performed high-power pulse operation to be used as a test
modulator with 45 kV, 2.75 kA, 8 us, 60 pps, and continuously operated it for 72 hours. In the operation, we confirmed
that the surface temperature of the thyristor element was less than 50 °C, and the thermal loss in the switch were below 1
kW.
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Figure 1: Diagram of the klystron-modulator of SACLA.
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Table 1: Requirements for Solid-State Switch

Charging Voltage 50kV
Pulse Current S5kA, 4 ps
3.3 kA, 8 us
Switching Time <500 ns
Repetition Rate 60 pps
Timing Jitter <1 ns (STD)
Thermal Loss <1 kW

—— Voltage (Left axis)

— - — Integrated Loss

Chassis Size 0.50 m(W)<0.25 m(D) < 0.70 m(H)

BEIEAMNESTWAZERICINELLS ., 1 XHE
0.50 mX HAT& 025 mX & 0.70 m ANIZIN DD H
WD, Fiz, Mufgm Tl 45720 it rEa
25ZE, ZUTHO BARIRICEVHBEITE DL, FE
BORRR, RA AN BI85, BARIZIE,
AT AR ERFRE L7080, HEVEDS 1 kW LA
T, Mg oM IL FEICT 50CUL T2 BAELLT-,
T, PERE T OEE L, BHm Ol H CE5HH
W EDL D ELTz, B ARAAL T ~D ERMERE
Table 1 27”7,

3. HFEARRAYF
3.1 PAUARFEF

FFHEIRTIE, AT b LD L7 EmEIE,
KB ZHND LD 72 N ER AL T IXRTZHFAEL
TELT ., Lo THRXITEBDOHR T2 E I H| THAS
DR THRERAS T T2, ZOLE, I E O
BIESCRKEVHR SNV AEROLOEHNDZLET, #
T O HEE DI TE, FFHOHESCREOa AN
MR DHIENTED,

Air Insulation Oil

Gate Circuits x14

Trigger Master Circuits

g b= Current (Left axis) (Right axis)
X 4} -1 0.8 -
- LT 3
= Lo o
g a3 5= 06 @
E U — :
=2 e 04 &
S \ i =
ﬁ ‘ ’/ o
Py 1 0.2 §
g A <
5 O~ 0.0
> |

ALl . | ' ! .02

0 2 4 6

Time (micro sec.)

Figure 2: Waveforms of the pulse test of one thyristor
element: voltage (solid line, red), current (dot line, blue),
and integrated loss power (dashed line, green).

Table 2: Specifications of Thyristor Module, S38[7]

Forward Off-stage Voltage (10 msec) 4.7kV
Peak Forward Current (10 ps, 60 pps) 7 kA
Current Rise Rate 30 kA/us
Gate Current for Turn-ON >50 mA
Turn-ON Jitter 2 ns (max.)
Recommended Base Temperature <50 °C
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Figure 3: Circuit diagram of the solid-state switch.
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Figure 4: Photograph of the solid state switch installed in
the L-band modulator.
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Figure 5: Voltage waveforms of each stage in switching
operation.
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Figure 6: Voltage waveform between the anode and
cathode of the switch, and the current waveforms of each
parallel line. The current difference at peak is about 7%.
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Figure 7: Waveforms of voltage, current, and integrated
loss power in the rated operation of the modulator.
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Figure 8: Trend of temperatures (upper) and PFN voltage
(under) in long duration operation.

Table 3: Heat Balance of Water and Heat Components

2.62 kW  Water Flow: 11 L/min.
AT:34K

Heat Absorption of
cooling water

Heat Dispersion of 0.32 kW  Calculated from Heater

Klystron Heater Current and Voltage

Pulse Transformer 0.88 kW  Calculated by Diff. of Prim.

and Sec. Power

Resistors  0.44 kW  Calculated by Currents

Heat Dispersion of 0.98 kW  Difference value of the

Solid-State Switch

absorption and dispersions
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