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Comparison of the Pulsed Power Supply Systems
Using the PFN Switching Capacitor Method and
the IGBT Chopping Method for the J-PARC
3-GeV RCS Injection System

T. Takayanagi, T. Ueno, K. Horino, T. Togashi, N. Hayashi, M. Kinsho, and Y. Irie

Abstract—Each pulsed power supply of the bending magnets of
the 3-GeV Rapid Cycling Synchrotron injection area at the Japan
Proton Accelerator Research Complex has been designed and
manufactured for the painting injection in the transverse plane.
The magnet currents of both the shift bump magnet and the pulsed
steering magnet have a shape of trapezoidal waveform, the flat-top
part of which is used for beam injection. The horizontal and
vertical painting bump magnets change the beam orbit by using
a decaying waveform of the magnet current dynamically. The
system with a pulse forming network switching capacitor produces
lower current ripples due to the limited number of switchings for
the waveform formations. On the other hand, the system of an In-
sulated Gated Bipolar Transistor chopping system cannot be free
from ripple generation due to the continuous switching. However,
the Insulated Gated Bipolar Transistor chopping method has an
advantage, which produces any shape of required waveform. This
paper summarizes the comparison of these power supply systems
from view point of the switching noises.

Index Terms—IGBT and J-PARC, PFN, pulsed power supply,
switching noise.

I. INTRODUCTION

HE Japan Proton Accelerator Research Complex

(J-PARC) is comprised of three accelerators and three
experimental facilities [1]-[3]. The 3-GeV Rapid Cycling
Synchrotron (RCS) [4] is the second accelerator, which has
two functions, one is a source to produce the neutron and muon
at the Material and Life Science Experimental Facility (MLF)
and another is an injector to the following 50-GeV Synchrotron
(MR). The injected proton beam from the Linear Accelerator
(LINAC) to the RCS is accelerated up to 3 GeV at 25 Hz. With
the upgrading of both the injection beam energy from 181 MeV
to 400 MeV and the maximum peak current increasing from
30 mA to 50 mA of LIANC, the high intensity beam power of
1 MW with painting injection is the primary goal of the RCS.
For this purpose, it is important to reduce the unnecessary
beam loss during the injection and acceleration periods. The
continuous current ripple noise due to the switching resonates
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Fig. 1. Measured waveforms of each pulsed power supply at 540 kW beam

power. The left graph shows the waveforms of SB and PBH. The right graph
shows the waveform of PBV and PSTR. Setting parameter of the current is for
MR; SB is 14.8 kA, PBHI is 7.62 kA, PBH2 is 5.64 kA, PBH3 is 2.51 kA,
PBH4 is 2.97 kA, PBV1 and PBV2 are 530 A and —137 A with correlated
paintings, PSTR1 is 33.8 A and PSTR2 is —14.4 A. The formulas of the flexible

current waveforms of PBH and PBV are I = Imax(1 — (t/500)A0‘5) and

I = Imax(t/ 5)/\0‘5, respectively. Max means a rating current of each power
supply. The rating current [16]; PBHI is 29 kA, PBH2 23.4 kA, PBH3 and
PBH4 21.0 kA, PBV1 4+ 2.0 kA, PBV2 £ 1.52 kA, PSTR1 and 2 + 450 A.

with load and excites a forced beam oscillation [5], [6]. So the
reduction of the switching noise caused by switching operation
to form the waveform is essential toward power upgrade.

II. PERFORMANCE OF THE INJECTION
SYSTEM OF THE RCS

The beam injection system of the RCS consists of several
DC bending magnets [7], [8] and pulsed bending magnets. The
pulsed magnet of the RCS injection system deflects the beam
orbit for the painting injection in a transverse plane [9]-[12].
The pulsed magnets are a shift bump magnet (SB) [10], [11], a
horizontal painting magnet (PBH) [9], [12], a vertical painting
magnet (PBV) [9], [12] and a pulsed steering magnet (PSTR)
[13], [14], respectively.

In the steady operation for users, the beam power of 300 kW
has been achieved [5]. Furthermore, at the beam injection
energy of 181 MeV, the high power beam demonstration of
540 kW was performed in November 2012 [15]. The measured
waveforms of the power supply output current of each power
supply at the high power beam demonstration are shown in
Fig. 1 for the current SB, PBH, PBV and PSTR.
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III. SPECIFICATION OF THE PULSED MAGNETS FOR THE
PAINTING INJECTION IN THE TRANSVERSE PLANE

A. Pulsed Magnet for a Fixed Orbit

The four SBs, which are arranged in the RCS injection area,
produce a fixed main bump orbit to merge the injection beam
from the LINAC into the circulating beam of the RCS. The SBs
are connected in series and excited by one power supply. The
two PSTRs, which are placed in the injection beam transport
line from the LINAC to the RCS (L3BT), switch the injection
beam orbit to change the angle at the first charge-exchange foil
position [17] at 25 Hz. Each PSTR is excited individually.

B. Pulsed Magnet for a Dynamically Changing Orbit

The four PBHs, which are divided into two pairs, deflect
the circulating beam in the horizontal direction. One pair is
arranged for the upstream of the SBs, and another pair is
arranged on the downstream of the SBs. The two PBVs vary
the injection angle vertically at the first charge-exchange foil
position. The PBVs are placed in the L3BT line at a betatron
phase of 7 upstream of the stripping foil. Each magnet is
excited individually. The PBH and PBV dynamically change
the beam orbit using the decaying waveform of the magnet
current during the beam injection of 500 us, which is generated
in a square root functions of time [9], [12].

IV. DESIGN OF THE PULSED POWER SUPPLY
FOR A FIXED ORBIT

As for the pulsed power supply of the SBs and PSTRs,
the trapezoidal waveform of the magnet current is required.
The flat-top of the waveform is used for fixing a beam orbit
during the beam injection. In order to form the trapezoidal
waveform, a different circuit system of each power supply has
been adopted. One is the system with the IGBT chopping and
another is the system with the PFN switching capacitor. The
IGBT chopping method is used by the injection bump system
and the PFN switching capacitor method is used by the PSTR in
the present J-PARC RCS. With the energy upgrade of LINAC to
400 MeV, a new power supply of the SB has been designed and
manufactured by the PFN switching capacitor method [6], [18].

A. IGBT Chopping System for the Current SB Power Supply

The main circuit of the current SB power supply is composed
by the multiplexing circuit of IGBT assemblies, as shown in
Fig. 2. One chopper power panel (CHP) is composed by 8 mul-
tiplexing circuit of the IGBT assemblies and the circuit is
divided on the basis of the midpoint earth (neutral point).
Therefore, the voltage applied between magnet terminal and
ground can be reduced by half. The carrier frequency of the
IGBT element is 6 kHz and the controlled switching frequency
is 48 kHz by eight 8 multiplexing circuit of the IGBT assem-
blies. The power supply output current and output voltage per
1 power panel is 3 kA and 6.4 kV. The constitution of the cur-
rent SB power supply is 7 parallels (CHP No. is A to G). So the
power supply of the current SB excites the maximum current
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Fig. 2. Schematic view of the main circuit of the current SB power supply.
of 21 kA. The performance of the SB power supply has the
specification of +-1.0% deviation from the programmed pattern.
This specification satisfies the performance of the controlled
beam injection orbit with high accuracy and the stability for
every shot at the current injection beam energy of 181 MeV.

The power supply generates the required waveform pattern
by 48 kHz chopping of the IGBT assemblies. When the output
current and falling time are changed, the output voltage is
adjusted by monitoring the deviation of the current from the
required waveform. The waveform can be changed within the
maximum output voltage of 6.4 kV and effective current of
5 kA, of which a rise and a fall time can be changed from
185 ps to 500 ps with the flat-top time to be 620 us.

B. PFN Switching Capacitor Method for the New SB Power
Supply and the PSTR Power Supply

The power supply of the PFN switching capacitor method is
composed of the many capacitor banks. The circuit system of
the power supply is a commutation strategy using the electrical
charge and discharge of the capacitor. The trapezoidal wave-
form of the power supply output current is created by fewer
switching times. The units of the power supply comprise the
rise-fall unit and the flat-top unit. The rise-fall unit controls the
starting-up and the falling-down processes of the trapezoidal
waveform. The flat-top unit keeps the output current constant at
the flat-top.

The new SB power supply for the injection energy upgrade
has been designed [6], [18], of which the power supply output
current is 32 kA and the output voltage is 13.2 kV. The compo-
sition of the new SB power supply is 16 banks in parallel. One
bank excites the maximum current of 2 kA and the maximum
output voltage is 13.2 kV. The schematic view of the one bank
is shown in Fig. 3. One bank is composed of 12 rise-fall units
and the 2 flat-top units, which are connected in series (positive
and negative). The main circuit is divided on the basis of the
midpoint earth (neutral point). When a waveform alteration
is required, a change of the power supply (PS) voltage and a
commutation strategy by the changeover switch is performed at
every unit. However, a rise and a fall time cannot be changed
individually because the starting-up and the falling-up units are
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Fig. 3. Schematic view of the main circuit of the new SB power supply with
one bank.

the same. The fall time can be changed from 150 us to 500 us.
As for the flat-top time, it is fixed in 650 us. The power supply
of the PSTR excites the maximum current of 450 A and the
maximum voltage of 400 V [14]. In the trapezoidal waveform,
a rise-fall time is changed from 500 ps to 1500 us and the flat-
top time is changed from 650 s from 850 pis. The deviation of
the output current is &= 0.2%.

V. DESIGN OF THE PULSED POWER SUPPLY
FOR A DYNAMICALLY CHANGED ORBIT

The power supplies of the PBH and PBV produce the decay
waveform pattern of the magnet current. The painting injection
controls both the uniformity and the shape of the beam profile
by the decay waveform [12], [13]. The decay waveform has a
shape of square root function of the injection time, which is
produced by the IGBT chopping methods.

The main circuit of the power supply is composed of the
multiplexing circuit of IGBT assemblies, which is similar to the
current SB power supply. In one chopper power panel, IGBT
assemblies are composed of 6 multiples. The phase of the signal
carrier is shifted between the positive side and the negative side
so that one chopper panels becomes 12 multiples as a whole.
The carrier frequency of the IGBT element is 54 kHz. In one
chopper power panel, the controlled switching frequency is
648 kHz by 12 multiplexing circuit of the IGBT assemblies.
The waveform of the power supply output current is produced
by the IGBT chopping with 648 kHz.

VI. COMPARISON OF THE IGBT CHOPPING METHOD
AND THE PFN SWITCHING METHOD

One of the causes of the current ripple on the output current
waveform is the switching operation of the power source. The
induction noise from the stray capacitance between the power
supply board and the grounding due to the switching operation
causes a potential variation of the power supply. The charac-
teristics of the pulsed power supply with the IGBT choppers
and the PFN capacitor switching were obtained by measuring
the potential variation. Each potential variation was measured
by a voltage probe between the power supply board and the
grounding.

The measurement result of the current SB with IGBT chop-
ping method is shown in Fig. 4. And the measurement result of
the new SB with PFN switching capacitor method is shown in
Fig. 5. In case of the IGBT chopping, the voltage spikes due
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Fig. 4. Measurement result of the power supply output current (upper trace)
and the voltage spikes (lower traces) of the current SB with IGBT chopping
method.
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Fig. 5. Measurement result of the power supply output current (upper trace)
and the voltage spikes (lower trace) of the new SB with PEN switching capacitor
method.
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Fig. 6. Measurement result of the trapezoidal waveform with IGBT chopping
system of PBH4. Lower trace with voltage spikes shows the potential variation.

to the switching operation were observed throughout all over
the power supply output current. In case of the PFN switching,
however, the voltage spikes were observed only four times,
when the capacitor switching is made to form a trapezoidal
waveform.

VII. INFLUENCE OF THE IGBT CHOPPING METHOD

The measurement results of the current and voltage spikes
for both the trapezoidal waveform and the decay waveform
with PBH4, which is produced by the IGBT chopping methods,
are shown in Figs. 6 and 7, respectively. In these results, the
obvious difference of the waveform pattern is not confirmed.
Furthermore, FFT analysis of the measurement results, which
are both the power supply output current by PEARSON CT
(model 1423) at output point inside the power supply board and
the potential voltage with trapezoidal waveform and painting
waveform, was performed, are shown in Figs. 8 and 9, respec-
tively. The sampling time of the FFT is about 2 ms. Though the
cutoff frequency of the CT is 1.2 MHz, the higher harmonics of
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over 54 kHz could be seen because of the connection the wave-
form was observed through a low path filter with 106 kHz cutoff
frequency. However, it is confirmed that the switching operation
affected the power supply output current. In the FFT analysis
of the potential voltage, the peaks were confirmed in the wide
range, where the 54 kHz is the IGBT element frequency,
the 324 kHz and 648 kHz its higher harmonic components.

The influence upon the beam monitor was obtained by the
FFT spectrum of the signal of the HO dump monitor [17], as
shown in Fig. 10. The HO dump monitor is located at the dump
line of the RCS injection area near the PBH4, which monitors
the unstripped particles at the charge-exchange foil. The FFT
analysis result showed the harmonics components of the IGBT
element frequency. The beam signal of the HO dump monitor is
0.94 MHz and 1.88 MH. The beam monitor is seriously affected
by the switching noise with IGBT chopping.
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Fig. 10. FFT spectrum of the signal of the HO dump monitor with PBH4.

VIII. CONCLUSION

Comparisons of the pulsed power supply system using the
IGBT chopping method and the PFN switching capacitor
method were performed. As for the PFN system, there was
no current ripple in a flat-top time because it switches only
in a turning point in order to form the waveform. In case of
the IGBT chopping method, the noise is observed continuously
over the whole period. However, the IGBT chopping system has
the advantage to form an arbitrary waveform pattern. In order to
increase the beam intensity for producing 1 MW beam power,
not only the reductions of the beam loss due the switching
noise but also the painting injection using the arbitrary wave
pattern are required. It is in progress to study the reduction
of the switching noise due to the IGBT chopping, which im-
proves the phase of the signal carrier and the circuit composi-
tion using the multiconductor transmission-line theory [19].
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