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The Heavy Ion Medical Accelerator in Chiba (HIMAC) was completed in 1993, and since
June of 1994 heavy ion therapy has made a new start at this facility after closed-down of the
BEVALAC accelerator at LBL in Berkeley, California in 1992. The HIMAC is also opened for the
researchers of outside of NIRS as well as the clinical trial of the heavy ion therapy. In this report,
I will describe on the present status of HIMAC facility, the beam characteristics and the future
developments of HIMAC.

1. Introduction

Two years have passed since the completion of HIMAC (Heavy Ion Medical Accelerator
in Chiba) facility at NIRS (National Institute of Radiological Sciences). During these two years,
there have been several improvement of facility and progress of the operational techniques, such
as increasing of highly charged particles at ion sources, improvements of transmission ratios at
injector system, increasing the varieties of ion species and energies of the available beams, and
progress of the beam extraction technique at synchrotron et. al.. These improvements and
progress have conferred a great benefit on the users of the HIMAC beams as well as the clinical
trials of heavy ion therapy.

In the field of medical applications of heavy ion beams, the atomic and nuclear data are
very important and directly related to the treatment planning and the evaluation of the results.
Several research works have been continued in the field related nuclear data, such as track
structure measurements, fluence spectra measurements of fragmented particles caused by
spallation reaction between heavy ions and some tissue equivalent materials, measurements of
radial deviation of the heavy ions in the various materials and so on.

2. Present Status of Accelerator Performance

Performance of ion sources.
HIMAC is equipped with a PIG and an ECR ion sources. A PIG ion source is operated in a very short

pulse with a relatively long time interval. Such an operation increases appreciably an arc impedance resulting
in a high arc voltage. This feature improved the performance of the PIG ion source, such as the life time of the
hot cathode and the yields of highly charged ions. The out put beam intensities and emittance of both sources
are satisfactory for the treatment, however the ECR ion source is preferable in the daily operation for the clinical
treatment, because of the easiness of the source operation.

Performance of Injector Linacs.
An RFQ linac accelerates heavy ions with q/A^l/7 from 8 keV/u to 800 keV/u. The beam

transmission efficiencies through the low energy beam transport line and RFQ linac are attained to be around
80% and 90%, respectively, in daily operation. An Alvarez type linac (DTL) also accelerates heavy ions with
q/A > 111 from 800 keV/u to 6 MeV/u. Both linacs are operated with the same frequency of 100 MHz and with
a very low duty factor of 0.3% at maximum. At the output end of the DTL, a 100 fJ- g/cm2 thick carbon
stripping foil is inserted to improve a charge to mass ratio of the ions. Only one stripping stage is adopted at a
relatively higher ion energy of 6 MeV/u because of the reliability of the system and of the advantages for future
expansion to the acceleration of heavier ions.
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Table 1. Performance of the HIMAC ion sources (emA)
(Upper line for PIG, and Lower line for ECR)

Ion
Species

"He

12C

i«N

IfiQ

2 0Ne

28Si

40Ai

1+

12.0
3.9
1.0

0.45

0.05

2+

3.0
2.1
5.0
0.47
3.2
0.79
2.0
0.66
2.0
0.62

0.45

3+

(3.0)

2.5
0.59
2.3
0.47
3.8
0.7
0.4

1.5

Charge
4+

0.7
0.43
1.2
0.34

(3.0)
(0.44)

1.75
0.7
(0.6)

2.0
0.38

State
5+

0.02
0.06
0.2
0.18
0.3
0.28
(0.4)
(0.6)
0.3

(1.9)
0.34

6+

0.02
0.03
0.13
0.02
0.22
0.15

1.1
0.35

7+ 8+

0.02

0.05 0.01
0.01

0.5 0.2
0.27 0.24

necessary
9+ 10+ Intensity

0.65

0.16

0.12

0.13

0.34
0.09 (0.04)

Table 2. Typical beam performance of Injector

Ion species
(q/A)

Ion source
Intensity (e A)

Transmission efficiency (%)
LEBT
RFQ
DTL (Alvarez)

Stripping efficiency (%)

(Charge State)
Transmission efficiency (%)

MEBT

Output Intensity (e fi A)

He1 +

(1/4)
PIG
480

45
93
92
100
l-*2

96
357

c 4 +

(1/3)
ECR
140

93
92
96
93

4-*6

93
152

Ne 4 +

(1/5)
PIG
250

48
92
91
90
4-»10

100
180

Ar8+

(1/5)
ECR
105

71
93
86

18
8-»18

81
20

Performance of Synchrotron
The two synchrotron rings are operated independently from each other except that the magnets must be

excited with the phase difference of 180°. The accelerated ion species and energies with the upper ring and the
lower ring (referred as U-ring and L-ring, respectively) are summarized in Table 3.

Improvement of beam extraction pattern.
At the beginning stage of synchrotron operation, the large beam intensity fluctuation was observed in the

extracted beam structure from the synchrotron. This fluctuation was caused by a current ripple of the
synchrotron magnets, and there was no feedback system in the magnet power supplies to stabilize the extracted
beam intensity. High frequency components of the ripple in the extracted beam structure are appreciably
suppressed after careful tuning of the synchrotron magnet power supplies. At the flat top, voltage ripples of the
power supplies of QF and bending magnets are kept extremely low values of less than 1 x 10'6 and 1 x 10'5,
respectively (50 Hz). A beam ripple, however, has still remained at high level. By reducing the sextupole
fields for chromaticity correction, the beam spill was satisfactorily improved. This fact means that the field
fluctuation of the bending magnet may affect strongly on the beam intensity ripple through the sextupole fields.

- 9 3 -
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Table 3. Accelerated ion species and energies
(Upper line for U-ring, and Lower line for L-ring)

Ions

4He2+

12/-.6+

16Q8 +

2 0 Ne 1 ( > f

2 2 N e l l > f

2 8 S i M +

4 0 A r 1 8 +

Energy(MeV/u)

150
150

80

230

100
290
290
800
800

100

230
230
100
100
290

230

400

290

135

290
290

550

150
150

400
400

650
650

230
230

430

290
290

600
600

350 400 430

3. Present status of HIMAC operation:

After clearing the radiation safety investigation of the facility, physical and biological experiments
were performed for a few months using 290 MeV carbon beams which were expected to use for the first clinical
trials of head and neck cancer treatments as well as a careful beam tuning of accelerator. After confirming the
reliability of the total system, the first clinical trial started on June 21, 1994. In this early stage of the
accelerator operation, all devices were turned off over night except for the vacuum system and the control system.
After turning on in the morning, it took only 4 hours to get the accelerated beam in a treatment room. Most
part of the time are spent in tuning of the ion source and low energy beam transport (LEBT) elements.

After October 1994, HIMAC is operated day and night from Monday 7 p.m. to Saturday 7 p.m. In
the day time of every Monday, weekly maintenance is scheduled. Accelerator Engineering Corporation (AEC)
is responsible for the machine operation and the weekly maintenance. Major activities of the accelerator group
of NIRS are set toward the improvements of the beam performance. The machine time from 9 a.m. to 7 p.m. of
the weekday is scheduled for the clinical trials and from 7 p.m. to the next 7 a.m. is opened for users with carbon
ions. From Friday 7 p.m. to Saturday 8 p.m., various kind of ion species are accelerated for users in physics
and other fields of researchers.

Total of 37 weeks per year are available as machine time, other 2 weeks are for beam tuning and 13
weeks are scheduled shut down for machine maintenance etc. About 1,500 hr. per year was spent by the
clinical trials and about 2,500 hr. of machine time is assigned to the basic experiments and beam tunings.

4. Physical Studies for heavy ion therapy

Depth dose distributions
The depth dose distributions for monoenergetic carbon beams were measured by the ionization

chamber for the nominal incident energies of 290, 350 and 400 MeV/u. Fig. 1 shows a depth dose distribution
for monoenergetic incidence of 290 MeV/u carbon beam. The closed triangles indicate the relative ionization
in water, which is converted from the data of the measurement in Lucite to the water equivalent thickness in this
figure. A solid line in the figure shows a calculated depth dose distribution which has been taken the
contributions of secondary and tertiary particles into account.

Several ridge filters to make the Spread-Out Bragg Peak (SOBP) for carbon beams were designed by
using the calculated depth dose distribution and LET distribution of the monoenergetic beams, and the
biological responses of HSG cells for carbon beams. The typical depth dose distributions for several thickness
of SOBP are shown in Fig. 2.

- 9 4 -
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Fig. 1. Physical depth dose distribution for carbon
290 MeV/u beams.
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Fig. 2. Physical dose distribution for SOBP of
carbon 290 MeV/u beams

Determination of absorbed dose.
Three different methods are applied to the determination of absorbed dose for heavy ion beams at

HIMAC. Those are an ionization chamber method, a fluence measurement method and a silicon diode detector
method. The fluence measurements have been done using a plastic scintillator and CR-39 track detector. The
data of plastic scintillator were compared with those of a CR-39 track detector. The results by the use of both
detectors agree within 1.2%. The measured fluence was converted to the dose by multiplying the stopping
power which corresponded to the energy at each depth by the measured fluence.

At the beginning stage of the fluence measurements, the beam intensity has to be reduced about 1 x
106 particles per pulse from synchrotron because of the spiked beam structure which causes to produce a piled-
up signal at high intensity. However, the recent fluence measurements is performed with the same intensity at
the treatment. Because the extracted beam spill from synchrotron is considerably improved as above
mentioned. Furthermore, a new counting technique of the tracks on the CR-39 was developed by the use of an
atomic force microscope (AFM). This method is possible to observe more than 107 tracks/cm2 etch pit density
on CR-39 and to analyze within a minute.

Silicon diode detectors are also excellent charged particle detectors and suitable for the determination
of relative absorbed dose, especially for in vivo dosimetry. Because they are stable, linear in their energy
response to all charged particles, and can be made small. The absorbed dose for heavy ions was derived by the
product of the measured ionization current with the silicon diode by the calibration factor.

Table 4 shows the results of the comparison of the three methods. The results show that the three
methods agree within 5 %. In case of ion chamber dosimetry, there is very large uncertainty in the W value for
the high energy carbon ion. If the W value in air were 33.7 eV, which was suitable for high energy electrons
and gamma-rays, the result of ionization chamber would give 4.5% higher value.

Table 4. Comparison of the three dosimetry

(Fluence measurements at the intensity below 6.4 x 105 cpp)
Detector p/cm2/monitor
CR-39 (2.050±.O17)xl05

Plastic Scintillator (2.074 ± .047) x 105

(Ratio of the dose by the three dosimetry methods)
Dosimetry method Ratio
Ionization Chamber 1.0
Fluence Measurement 0.958
Silicon Diode 0.973
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Physical beam characteristics for heavy ions. (LET distribution, Fragmentation)
Fluence spectra of fragmented particles caused by spallation reactions between carbon ions and

polymethyl methacrylate (PMMA) target were measured with E-A E counter telescope method for the energies
of 290 MeV/u and 400 MeV/u at HIMAC. Fig. 3 illustrates a typical result of the scatter plot of the residual
energy E and the energy loss A E for 290 MeV/u carbon beam in PMMA at the depth of 120.7 mm. The
abscissa represents the residual energy E measured by the BGO scintillator and the ordinate the energy loss A E
from the plastic scintillator. Fragmented particles are clearly separated to some groups and filled in Fig. 3.

Fluence spectra of each element were derived from the number of particles in each group by
normalizing with the total number of incident particles because of the flatness and the broadness of the incident
beam. Fig. 4 displays the fluence spectra at the incidence of 290 MeV/u carbon beam. In this figure, dose
represents the results of this work and lines are calculational results by Sihver et al. for the sake of comparison.

S

s

Residual Energy E (BGO)
Fig. 3. The scatter plot of the residual energy E

and the energy loss A E in PMMA.

5. Biological studies for heavy ion therapy
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Fig. 4. Fluence spectra of fragmented particles

for 290 MeV/u carbon beams.

Determination of RBE values:
The relative biological effectiveness (RBE) of heavy ions varies not only biological variables, but also

physical parameters such as ion species, energy, LET from a large reservoir of beams which can be obtained by
HIMAC. Although the carbon beams were selected at the beginning stage of the clinical trials, it is very
important to know the biological dose distributions at SOBP of carbon beams as well as physical dose
distributions for clinical trials. These biological data were obtained by the use of five cell lines originated
human carcinoma before starting the clinical trials. They were Hela S3 epitheloid carcinoma, HT1080
fibrosarcoma, T98 glioblastoma, HSGc-C5 salivary gland carcinoma and HK human keratinocytes. These cell
lines cultured in vitro were irradiated by single dose of 290 MeV/u carbon beams with 6 cm width SOBP. The
RBE for 10% cell survivals is depending on the cell lines, and ranging between 1.2 and 2.3 at proximal SOBP
(40 keV/# m) and increases between 2.0 and 2.7 at distal SOBP (82 keV/// m). It was found that the
biological dose of each point was uniformly distributed within the SOBP of 290 MeV/u carbon beams from these
experiments. Normalizing the relative biological dose at entrance, a mean value within 6 cm SOBP was 1.9
and the data were in a range between 1.6 and 2.2, within 15% of the mean value. (Fig. 5)

RBE difference between single irradiation and multi-fractionated irradiation.
Biological doses for skin reaction at 42, 45, 48, 55, 65 and 80 keV/ m, which correspond to the edge

of proximal SOBP, 1 cm downstream of proximal edge, 2 cm, 3 cm, 4 cm and 5 cm, respectively, were also
calculated from figure and plotted against path of SOBP where we normalized physical doses to proximal SOBP.
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As shown in Fig. 6, uniform distribution was obtained for skin reaction after fractionated irradiations, but not
for single irradiations. The biological dose distribution for single irradiation was similar to physical dose
distributions in such that biological dose of 2.0 at proximal SOBP decreased down to 1,7 at distal SOBP (i.e., ]
cm upstream of distal fall off). The fractionated irradiation experiments have been done not only for isoeffect
dose of skin dry desquamation but also that of skin shrinkage. The distributions of biological doses within
SOBP were fairly uniform after fractionated irradiation or small dose per fraction for both experiments, however
those were declined at mid through distal peaks after single irradiation or large dose per fraction.

Fractionated irradiations of heavy ion beams would improve dose localization. Normal tissue is
irradiated by entrance with low LET, and may repair radiation damage more efficiently than tumors which are
irradiated by high LET at SOBP. We have to continue these experiments until delivering the best fractionation
for heavy ion treatment.

1) How many fractionation are the best for the treatment.
2) What intcr-fractionation intervals are the best for.
3) Dependency for ions, LET, tumors, size and depth.

As no single method could answer all these questions at ones, it may be effective to start a research program to
which several groups join and draw conclusions.
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Fig. 5. Normalized biological dose distribution
for 6 cm SOBP carbon 290 MeV/u beams.
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Fig. 6. Physical and biological dose
distributions within 6 cm SOBP.

6. Future up-grade of HIMAC

As the future plan of HIMAC up-grade, we are considering the following items in near
future:

1) Adding ECR ion source of 18 GHz for heavier particle acceleration than Ar.
2) Time-sharing acceleration of the different ion species from pulse to pulse by injector.

This feature will make possible to allow plural groups to use different ions at same time.
3) Construction of the secondary beam lines.

Furthermore, we are intensively studying the developments of a fast extraction, of a junction line
between upper and lower rings, and a synchrotron operation by a storage-ring mode. These
future plans will be widely come up to the users requests.
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