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Abstract

Multiple-energy operation was developed to realize fast 3D scanning irradiation for carbon-ion radiotherapy. The
operation can output various carbon-ion beams with different energies in a single synchrotron cycle. The beam control
system applying this operation also has been developed to quickly provide the beam energy and intensity required from
the irradiation control system. The performance of multiple-energy operation was verified by the experiments at HIMAC.
The operation system could output the beams of more than 197 different energies in 63 seconds. The beam intensity could
be controlled for their energies without large ripple and overshoot. Experimental irradiation for prostate cancer treatment

was also successfully performed, and its result proved that our system can greatly reduce the irradiation time.
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Figure 1: The accelerator and the beam control systems
for scanning irradiation.
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Figure 2: Excitation current pattern of the bending
magnets for multiple-energy synchrotron operation.

Table 1: Parameters of Multiple-energy Synchrotron
Operation at HIMAC

Injection energy 6 MeV/u
Output energy 48-430 MeV/u
Number of energy steps 202

Energy interval 1-7 MeV/u

Range interval 1-2 mm water-equivalent length

Transition time 10-50 ms/step

Ref. operation cycle 33s
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Figure 3: Beam trajectories and envelopes in the HEBT
chopper section. The solid and the dotted lines represent
the trajectories of the passing and the interrupted beams,
respectively.
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Figure 4: Circulating beam in multiple-energy
synchrotron operation. In each panel, the output current
and voltage of the power supply of the synchrotron
bending magnets, Izy and Vg, the RF frequency for
acceleration and deceleration, Fgr, and the circulating
beam current measured by the DCCT, Ipccr, are
indicated from the top.
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Figure 5: Experimental result of variable energy
irradiation using multiple-energy synchrotron operation.
The measured beam intensities are shown in (a) as an
overview and (b) in detail. In this experiment, the
carbon-ion beams with 197 different energies, from 430
to 74 MeV/u, were output in 63 s.
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Figure 6: Test result of 3D scanning irradiation using
multiple-energy synchrotron operation. The irradiation
pattern planned for prostate cancer treatment was used
in this test.
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