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Abstract

In order to improve the efficiency(usable RF to totd
pulse) of a klystron modulator, a system using a solid
state compensation circuit has been deveoped This
system remarkably improves a fla-top and flatness of the
output waveform of the modulator by means of waveform
synthesis. This paper presents the design  and
specifications of the compensation circuit and the results
of apreliminary test using aline-type modulator.

1 INTRODUCTION

The power efficiency of the klystron modulaor is
extremdy important. Its improvement is a mgor
chdlenge in a large scde liner collider such as the Jgpan
Liner collida[l]. The effective output power of the
modulaor is the power of the flat-top portion of the high-
voltage output pulse and hence, the rectangular output
pulseis required In order to redize the rectangular output
pulse, we have been devdoping a system that improves
the output waveform of the modulaor with a simple
method of waveform synthesig[2]. This system, which
uses a solidstate compensation drcuit, can essily
improve an effective fla-top widh of the output
waveform, resulting in a high power efficiency of the
modulator.

2 IMPROVEMENT OF OUTPUT
WAVEFORM

Figure 1 shows a basic linetype modulator with a
compensaion circuit to synthesize the output waveform.
The modulator manly consists of a high-voltage DC
power supply, a pulse forming network (PFN), a high-
power switch, a pulse transformer and a compensation
cdreuit. The compensaion crcuit is connected in series to
ether the primary or the secondary ground side of the
pulse transformer. In this figure this circuit is connected
to the primary ground sice. The output current waveform
of the modulaor has usudly ripples and droop as the solid
curve shown in Figure 2(g). They can be improved by
adusting the PFN but it is very dfficult to expand usable
flat-top part because (1) there is a cartain limit determined
by PFN drcuit paameters and (2) the rise and fdl times
of the output waveform ae dso determined by the
limitation of time constant of the output circuit indudng
the pulse transformer and klystron. If the compensation
dreuit produces a waveform to suppress both the ripple
and droop, and to expand the fla-top & the rise and fdl
pats as the broken curve shown in Figure 2(a), and it is
synthesi zed with the output current waveform of the PFN,
an effective flat-top width of the output waveform will be
significantly improved as shown in Figure 2(b).
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Figure 1: Basic line-type modul ator with a compensation

circuit.
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Figure 2(a): Output current and compensation current

waveforms.
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Figure 2(b): Improved output current waveform.
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3 TEST CIRCUIT

3.1 Test circuit

The test modul ator was designed to generate an output
pulse with a pesk current of 300 A and a pulse widh of
2.5 ps. Figure 3 shows the circuit dagram of the test
modulaor. Thetest modulaor consists of aPFN, al5 Q
resistor as a dummy load, a solidstate switch and a
compensaion drcuit. The PFN consists of 5 sections
with fixed cgpacitors and tunadble inductors. The
cgpacitance and inductance of each section are 14 nF and 3
MH, respectively. The PFN is charged by an inverter DC
power supply. The solid-state switch is used to dscharge
the PFN. It consists of 8 Insuladed Gae Bipolar
Transistors(IGBTs),  MITSUBISHI ~ CM300DY -28H
stacked in series. The CM300DY-28H is rated & 1.4 kV
pesk voltage and 300 A average current. The output
current was meesured with a Pearson’s current transformer
that is instdled between the compensation circuit and the
IGBT switch.

3.2 Compensation circuit

The compensation dircuit is connected in series to the
ground sice of a dummy resistor as shown in Figure 3. It
is made of aDC power supply and 12 dode sections, each
which consists of abaance resistor R, adode D, a solid
stae switch S and an energy storage capacitor C. The
switch S is mace of 8 Mad Oxide Semiconductor Fidd
Effect TransistorstMOSFETs), MITSUBISHI FS14SM-
18A connected in padld. The FS14SM-18A has a
maximum voltage rating of 900 V, an average current
rating of 14 A and a pulsed current rating of 42 A. The
dode D is used as a bypass-dode and consists of 4 dodes
NIHON INTER KSF30As connected in padld. The
KSF30A is rated & 600 V and 30A average current. The
cgpacitance of the energy storage capacitor C was
determined to be 10 pF in order to keep its voltage drop
within 20%. Each gate circuit for the MOSFET switches
is connected with a control circuit through opticd cables.
The control circuit is used to control both the timing and
width of each gate trigger pulse and to make a waveform
pattern to improve the output pulse.

This drcuit works as follows. The energy storage
cgpacitor C of each section is initidly charged by the DC
power supply. This charging voltage corresponds to the
compensdion voltage The compensation drcuit is
connected in series to the PFN in this system. Hence, the
PFN voltage is given by subtracting the compensation
voltage from the charging voltage of the inverter power
supply. When dl the MOSFET switches are opened, the
compensaion drcuit is compledy separated from the
output circuit, and the output current flows through the
dodes D. When the MOSFET switch of one of the
sections is dosed, the current in the dode of the section is
commutated The energy storage capacitor of the section
is now connected in series with output circuit, and the
charging voltage of the energy storage capacitor is added
in the output circuit. By controlling the MOSFET switch
for each section, a compensation waveform is generated.
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Figure 3: Simplified diagram of the test modulator with a
compensation circuit.

4 RESULTS

4.1 Improvement of the output pulse waveform

Figure 4 shows an example of the output current
waveforms a the dummy load with and without
compensation, & a PFN voltage of 9 kV. The
compensation crcuit operated & 1 kV. The trigger
controls for the MOSFET switches were carefully
performed to obtan both maximum fla-top widh and
best flaness of the pulse, while checking the output
waveform. The output current waveform without
compensation was rounded with no fla-top but the
compensated waveform became rectangular with a wide
fla-top widh of 1.2 ps. The compensation current
waveform is dso shown in Figure 4. It shows a
significant improvement with the compensation circuit.

300 —T T ]
3 With compensatio 1

250 F R 1

I r/\/ -.—‘-Jndﬂ“"'l"n\\ ]

—_ F o~ gy ) ]
;E’ 200 [/',--,.'r-r / 1"'-.\
@ 150 E . Withiout.compensation \‘.\ b
5 [ R ]
© [ ]
5 100 [ : ]
o [ Compensation cuirent waveform ]
5 C / ]
@) 50 2 N ]
0 :J T b oo

50 L

0O 05 1 15 2 25 3 35 4
Time(us)

Figure 4: Output current waveforms with and without
compensation, and the compensation current waveform.
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In order to investigae the peformance of the
compensation, the fla-top width of the output pulse was
messured & a compensation voltage of 0, 1, 2 and 3 kV.
The modulator was charged & 9, 10, 11 and 12 kV,
respectively to keegp a pesk vaue of the output current.
The flat-top widh is the widh required for the output
current to be over 98% of its maximum vdue. Figure 5
shows the fla-top widh as a function of compensation
voltage The fla-top widh is proportiond to
compensaion voltage. Comparing the fla-top widhs a 0
and 3 kV, it is found tha the fla-top widh is incressed
by factor 2.
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Figure 5: Improved flat-top width as a function of
compensation voltage.

4.2 Improvement of the flat-top waveform

Figure 6 shows the expanded pulse top traces of the
output current & the dummy load, with and without
compensation, & a PFN voltage of 10 kV. The
compensaion circuit operated a 1 kV. The output current
waveform without compensation had a 400 ns flat-top
within +0.25%, while the output waveform with
compensaion had a 520 ns flat-top within £0.1%. It is
found tha both the fla-top widh and flaness of the
output current pulse can be excellently improved.
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Figure 6: Expanded pulse top traces of the output current
with and without compensation.

5 ALLPLICATION

This system is effective in reducing the size of the
storage capacitor in a drect switching modulaor, which
consists of an on-off switch and a storage cgpacitor. The
compensation dircuit is connected in series to the ground
side of the klystron load In this type of moduletors, the
required cgpacitance of the storage cgpacitors is inversdy
proportiond to the droop of the output waveform. For
example, twice the doop can be compensaed by using
the compensation circuit, so that the storage cgpacitor
sizes can be reduced by haf for achieving the same droop
characteristic. Therefore, the use of this system results in
compact direct switching modulators.

6 CONCLUSIONS

In order to improve waveform efficiency of a klystron
modulaor, a system using a compensaion circuit has
been devdoped We have designed and assembled a
experimentd modulator to investigate the performance of
this system. From the experimentd results, we found that
this system enables us to produce excdlent waveform
with a wide flat-top and good flatness and it improves the
energy efficiency.
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