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ABSTRACT

A heavy ion irradiation system was designed and constructed at RIKEN ring cyclotron
facility for studies of radiation physics and radiation biology. Carbon and neon beams
of 135 MeVju were firstly used for the experiments. A pair of wobbler magnets and a
scatterer were used for obtaining the uniform radiation field of about 10 cm in diameter.
A parallel plate ionization chamber was used for dose monitoring. A range shifter was
used for degrading the initial energy of the heavy ions. Precise depth dose distributions
were measured by a small parallel plate ionization chamber and a variable length water
column. LET(linear energy transfer) of the heavy ion radiation fields were measured by
a parallel plate proportional chamber.  From these basic measurements, biological
experiments using these heavy ions are now carried out at this facility.

INTRODUCTION

Biological researches with heavy ions have been studied over 30 years since the works
by Barendsen[1]. It has been proved that investigations using heavy ions are very
important to understand a mechanism of radiation effects on biological species[2].
Although many properties of the heavy ions on biological species have been studied, there
are problems to be solved yet, such as dependence of  RBE(relative biological
effectiveness), OER(oxygen enhancement ratio), or repair capacity etc. upon LET( linear
energy transfer). With the heavy ion beams, it is relatively easy to modulate the beam
and to make desired LET distributions. This is the most important aspect of the heavy
ion beam.

Because of their good dose localization and high biological effectiveness, the heavy



ion beams are expected to improve clinical results of radiation therapies. Clinical trials
have been performed at LBL ( Lawrence Berkeley Laboratory, University of California)
using Bevalac[3]. Also at NIRS (National Institute of Radiological Sciences in JAPAN),
HIMAC (Heavy Ion Medical Accelerator in Chiba) facility for the heavy ion radiation
therapy is now under construction[4]. Clinical trials at NIRS are scheduled to start in
1994. In addition it becomes very important to investigate biological effects of galactic
ray or cosmic ray for space sciences. High Z particles, such as Fe, in the galactic ray
are expected to have much influence on biological species[5].

The RIKEN ring cyclotron offers very suitable heavy ion beams for the above
investigations[6]. At the ring cyclotron, heavy ions, whose atomic number is less than
10, can be accelerated to the energy of 135 MeV/u and heavier ions up to Xe can also
be accelerated. A facility which irradiates the heavier ions for small fields was already
installed at the ring cyclotron facility[7]. But it was necessary to construct another
irradiation facility which realized a large radiation field of around 10 cm in diameter and
is suitable for biological experiments using heavy ions of Z =< 10. Therefore, a new
irradiation system has been constructed at the RIKEN ring cyclotron facility for the
irradiation of these heavy ion beams. Pioneering works of radiation biology with high
energy heavy ion beams have been performed at LBL(Lawrence Berkeley Laboratory,
California in U.S.A.) and GSI(Gesellschaft fur Schwerionenforschung, Darmstadt in
Germany) since 1970s and 1990, respectively. LBL firstly used an occluding ring[8] and
then changed the system to a wobbler system[9] to make uniform irradiation fields for the
heavy ion radiation therapy. Biological experiments have been performed using the same
system as the therapy course at LBL. GSI adopted a raster scanning method to make the
radiation field[10].

In this paper, detail of the beam course installed at RIKEN ring cyclotron facility is
presented and physical characteristics of the carbon and neon ion beams are described.

IRRADIATION FACILITY

Figure 1 shows an illustration of an irradiation system for biological experiments
installed at the irradiation room ES5 in the RIKEN ring cyclotron facility. The irradiation
system comprises wobbler magnets, a scatterer, a beam monitor, a range shifter, a range
modulator, a collimator and a sample changer. In order to make a uniform irradiation
field, we used a pair of wobbler magnets and the scatterer[9,11]. The range shifter is
used for changing LET (Linear Energy Transfer) at the irradiation site. The range
modulator is used for making a spread—out Bragg peak.

Uniform irradiation field

During the exposure in the biological and physical experiments, the accelerator
extraction system is usually tuned a little in order to keep beam intensity constant.
Because of this fine tuning, the shape and the position of the transported beam at the



irradiation site are expected to change. In order to minimize the influence of these
fluctuations of beam characteristics on the uniformity of the irradiation field, the beam
was focused on the irradiation site by the beam delivering system. During the initial
tuning of the transport system, a zine phosphor sheet was set at the irradiation site and
the image of the beam spot gleaming on the sheet was monitored by a TV camera. The
size of the focused beam was usually around 5 mm in diameter.

The wobbler magnets were duplicated from the magnets installed at the beam course
for heavier ions[7]. Specifications of the wobbler magnets are described in Table 1. A
magnetic rigidity for 135 MeV/u carbon beam is 3.465 Tm. Distances from the magnets
to the irradiation site are 6.445 and 5.995 m. Sine and cosine wave currents are supplied
to the magnets. The focused beam can draw a circular shape at the irradiation site with
these wobbler magnets. A maximum radius of the circular trace of the 135 MeV/u
carbon beam is 6.6 cm at the irradiation site. Figure 2 shows the distance off the central
beam axis of the wobbled beam versus remote control voltage to the power supply, which
is proportional to the current of the wobbler magnets. The distance was obtained by
measuring the radius of the trace of the beam lightened on the zine phosphor screen. The
linear relationship between the beam radius and the remote control voltage held for the
radii from 15 mm to 60 mm. Figure 3 shows a typical picture of the circular trace of
the wobbled beam gleaming on the zine phosphor screen.

In order to make a uniform flat field, the wobbleded beam was scattered. A gold
scatterer was used for the beam broadening because ions were scattered by high Z
materials much more efficiently than by low Z materials for the same energy loss in the
scatterer. A gaussian angular distribution of the incident beam intensity was realized by
the multiple scattering in the scatterer. Open circles in Fig. 4 show a intensity
distribution of 135 MeV/u carbon beam at the irradiation site scattered by the gold
scatterer of 0.27 mm thickness. A solid curve in the figure shows a gaussian function
fitted to the measured data. The data were measured by scanning a small ionization
chamber at the irradiation site, whose sensitive area is 5 mm in diameter. The chamber
was used for the measurements of the lateral dose distributions and also for measurements
of depth dose distributions in our experiments. Figure 5 shows root mean squares of the
scattered angles for 95 MeV/u Ar, 135 MeV/u C and 135 MeV/u Ne beams by gold
scatterers. The root mean squares of the scattering angles were derived by radii where
the intensity went down to 1/e of the maximum intensity of the gaussian distribution
divided by the distance between the scatterer and the irradiation site. Solid and dashed
curves were results of the multiple scattering angle for 95 MeV/u Ar and 135 MeV/u C
beams calculated by Moliere theory[11]. Open triangle, open circle and closed circle in
Fig. 5 indicate the measured scattering angle of 95 MeV/u Ar beam by a 0.17 mm gold
scatterer, of 135 MeV/u C and Ne beam by a 0.27 mm gold scatterer, respectively. The
multiple scattering angles for 135 MeV/u C and Ne beams were almost equal each other.
The measured and the calculated scattering angles agreed very well as shown in Fig. S.

By wobbling the scattered beam with a radius of 56.7 mm, a uniform irradiation field
was realized as a solid curve shown in Fig. 6[8,9]. In this method, the beam intensity
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of the central part of the irradiation field will decrease when the wobbling radius becomes
larger. A dashed curve in Fig. 6 indicates the intensity distribution obtained by the
wobbling radius of 60 mm. We determined the wobbling radius of the incident beam so
that the difference between the intensity at the central part and that at the peripheral
highest part is less than 2.0 % of the average intensity of the irradiation field. At this
condition, the uniform irradiation field of around 10 cm in diameter was realized as
shown in Fig. 6.

Irradiation beam monitor

The wobbled and scattered beam was extracted from a vacuum pipe through a 50 um
aluminum sheet. At just downstream of the vacuum window, a parallel plate ionization
chamber was placed as an irradiation dose monitor. Figure 7 shows an illustration of the
irradiation dose monitor. Aluminum sheets of 15 um thick were used for signal and high
voltage electrodes. The signal electrode was sandwiched by the high voltage electrodes
with gaps of 10 mm. The chamber was filled with air. Formula of the current
suppression by a general recombination is well established for a parallel plate ionization
chamber in the field of high energy electron or photon beams. If it is also valid for the
heavy ion radiation field, the effect of the general recombination is less than 0.5 % at
usual dose rate of around 5 Gy/min when 1500 V is applied to the high voltage
electrode[12]. The output current of the monitor was fed into a current-to—frequency
converter(I-F converter), which made a pulse per 100 pC of the output charge of the
chamber monitor(see Fig. 10). Maximum pulse rate of the I-F converter was about 500
kHz.

Range shifter

A range shifter was placed between the irradiation site and the dose monitoring
ionization chamber. The range shifter consisted of two large wheels, and 8 absorber
sheets were mounted on each wheel.  The combination of the two absorbers in each
wheel realized 64 kinds of absorber thicknesses. This range shifter was used for
degrading the beam energy. Radiation fields of various LET values can be realized by
choosing an appropriate absorber thickness. Depth dose distributions were also obtained
by measuring ionization currents of the small ionization chamber placed at the irradiation
site for various absorber thicknesses of the range shifter. In order to measure the Bragg
curves efficiently, the ionizations were measured in small intervals near the Bragg peak
and in rough intervals around the entrance positions. For the specified heavy ion beams,
we prepared specific sets of the range shifter absorbers. ‘

Range modulator

A range modulator was installed beside the range shifter for making a spread-out
Bragg peak. For a radiation therapy, it is very important to develop a method for
designing the range modulator. In order to decrease irradiation dose to normal tissue, we
have to make a spread—out Bragg peak in which the biological response is uniform over
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the region of interest. We have made two kinds of range modulators to investigate how
to design the spread-out Bragg peak for radiation therapy. One was designed so as to
have the flat biological response in the spread Bragg peak. And the other was designed
SO as to have a flat physical dose distribution in the spread Bragg peak to irradiate
massive biological objects.

Other devices

At the irradiation site, a final beam collimator and a sample changer were installed.
For measuring the beam intensity distributions in Figs. 4 and 6, the small ionization
chamber was scanned by the sample changer. For irradiating the biological objects
sequentially, many samples also can be set on the sample changer and the aperture of the
collimator is adjusted according to the size of the samples. A water column was usually
used at the irradiation site in' the measurements of depth dose distributions in water.
Figure 8 shows pictures of the irradiation course.

Control System : :

Figure 9 shows a block diagram of the control system for the beam irradiation system.
The devices were controlled by a microcomputer PC9801 RX (NEC Co.) through GPIB
interface. The scintillator in the figure was used for a fluence measurement in the
dosimetry of the heavy ion irradiation field[13]. The LET, the AE-E counters were used
for LET measurements and particle identification measurements, respectively. The
ionization chamber was used for measurements of lateral dose distributions of the
irradiation fields together with the sample changer to change the position of the chamber.
This chamber was also used for measurements of depth dose distributions together with
the water column or the range shifter. The output of the I-F converter of the monitor
was fed to the fast counter. The fast counter had an output signal, whose level was high
during the counting. The output signal was used to control the beam shutter. Then the
beam shutter was open while the counter was working. The pulse train from the I-F
converter was also fed to the rate meter, which was used for monitoring the beam
intensity during the irradiation.

Figure 10 shows a flow chart of the program "PROFILE" which controls the sample
changer, the electrometer and the fast counter in order to measure the beam profile by
the small ionization chamber. First, a preset count, which determines irradiation dose of
each position, is set on the fast counter. Scanning positions, where dose is to be
measured, are read. Then, the detector moves to the first position by the pulse motor
controller of the sample changer. After the detector stppes, the procedure of the charge
measurements by the electrometer is started. The fast counter starts to count the output
pulse train from the I-F converter of the beam monitor. The beam shutter is open while
the counter is working. When the counter is stopped with the preset count, the beam
shutter is closed. The charge measured by the electrometer is read and stored into the
computer memory. The procedure of the charge measurement finishes with resetting the
electrometer. Then the detector moves to the next position and the charge measurement
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by the electrometer is repeated.

Figure 11 shows the flow chart of the program "BRAGG" which controls the range
shifter, the water column, the electrometer and the fast counter to measure Bragg curves.
First, the preset count is set on the fast counter. The absorbers of the range shifter are
chosen and the thickness of the water column is set through the pulse motor controllers.
Next the program goes to the charge measurement routine as the same as the "PROFILE"
program.  After finishing a charge measurement, the program repeats the charge
measurement again, or goes back to the preset counter routine, or the range shifter setting
routine, or the water column setting routine.

Figure 12 shows the flow chart of the program "EXPOSURE" which controls the
range shifter, the fast counter and the sample changer to expose samples. First, the
absorber number, the distance between neighboring samples, the calibration constant of the
dose monitor (Gy/count), and the irradiation doses are input. Then the first sample is set
at the center of the irradiation field. And the preset count, which is obtained from the
irradiation dose and the calibration constant, is set on the fast counter. Next, the fast
counter is started. Then the beam shutter is open until the counter reaches to the preset
count. After finishing the irradiation, the next sample is set at the center of the
irradiation field. And the exposure is repeated.

~ Once the whole procedures are set in these programs, all subsequent steps are
proceeded automatically and the measurements are performed with high efficiency.

DEPTH DOSE DISTRIBUTION

Dosimetry for the irradiation of the heavy ion was described in a separate paper[13].
Fluence of the uniform irradiation field was measured by a plastic scintillator, and dose
at the entrance position of the depth dose distribution was obtained by multiplication of
the fluence by the stopping power of the heavy ions at the position.

Depth dose distributions were measured by the small ionization chamber. The
chamber was a parallel plate ionization chamber and had an entrance window of 2.5 um
aluminized polyester sheet, which played also as a high voltage electrode. A signal
electrode was 5 mm in diameter surrounded by a guard ring. The gap between the signal
and the high voltage electrodes was 2 mm. Air was used for the chamber gas.

The depth dose distributions were measured by changing the absorber thickness of the
range shifter or by changing thickness of the water column. The absorber thicknesses of
the range shifter were chosen so as to get the Bragg peak in the depth dose distribution
of the monoenergetic heavy ion beam. The water equivalent thickness of each absorber
in the range shifter was deduced from the positions of two Bragg peaks, which were
obtained by changing thickness of the water column, with and without the absorber. The
difference between the depth of the two Bragg peaks corresponds to the water equivalent
thickness of the absorber. In Table 2, the thicknesses of the absorbers of the range
shifter are listed for the cases of 135 MeV/u carbon and neon beams, respectively. In
order to get adequate data points around the Bragg peak, thicknesses of the absorbers
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mounted on the first wheel of the range shifter were chosen in around 350 um step.
Thicknesses of the absorbers mounted on the second wheel for the case of neon beam
were around half of those for the case of carbon beam because the range of the neon
beam is 2 cm, which is about half of the range of the carbon beam.

Detailed depth dose distributions in water were obtained by changing thickness of the
water column, which was placed at the irradiation site. The water column ‘had an
entrance and an exit window of 1 mm Lucite. Although the thickness of the water
column can be set in 10 um accuracy relative to a point of origin, the absolute thickness
of the water column at the origin should be measured by other means. In order to get
the water equivalent thickness of the origin of the water column, the two Bragg curves
obtained by the range shifter and the water column were compared. Horizontal axes of
the two Bragg curves were corresponding to the thickness of the water absorber. When
the Bragg curve of the water column is horizontally shifted and mult”iplied some factor
in order to overlap completely with the Bragg curve of the rangé shifter, the shift length
corresponds to the water equivalent thickness of the origin of the water column. The shift
length was obtained by least square fit of the Bragg curve and the shifted Bragg curve
obtained by the range shifter and by the water column, respectively. Figure 13 shows the
comparison of the two Bragg curves in the case of 135 MeV/u carbon beam. Open
circles and closed triangles are showing the shifted Bragg curve measured using the water
column and the Bragg curve measured using the range shifter, respectively. The shift
length was 5.059 mm in that case. The shape of the Bragg curve agreed completely each
other. Although the distance between the range shifter and the irradiation site was around
20 cm, Bragg curve distortion due to the multiple scattering in the range shifter was
negligible.

This depth dose distributions should be modified by effects of an energy dependence
of differential W value (w), difference of the w value for primary particle and
secondaries, and the initial recombination in the measurement of the ionization charge.
Since there are a few data concerning to the w value, we assumed the constant w value
at present.

Initial Recombination ,

The depth dose distributions were measured with the small ionization chamber with
high voltage of 400 V. As discussed in reference [11], an initial recombination plays an
important role in measuring the ionization current of an air—filled parallel plate ionization
chamber. The parallel plate ionization chamber is the best ionization chamber for
measuring the depth dose distribution of heavy ion beams, because the depth of the
measuring point can be well determined when the parallel plate is put perpendicular to
the beam axis. When a thimble chamber is used for the dosimetry, the pathlengths from
absorber surface to the central and edge part of the chamber are different each other.
Then the sharp Bragg peak may be broadened by this effect. In Fig. 14, inverses of the
ionizing current were plotted against inverses of the applied high voltage at the various
depth in water for 135 MeV/u neon beam. The inverses of the ionization currents in the
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figure were normalized by that at the high voltage of 400 V. The data corresponding to
1/V < 0.01 can be fitted by a straight line. As shown in the figure, the slopes of the
plot were steeper as the values of LET were larger. The extrapolated values at the
infinite voltage, what is 1/V=0, indicate the real ionization currents. Figure 15 shows the
LET dependence of the slope for carbon and neon beams. As shown in Fig. 15, the
slope increased almost linearly as the value of LET increased except near the Bragg peak.
Near the Bragg peak, the beam is not monoenergetic and has a wide LET distribution.
Perhaps, the slope of the recombination curve for the case of the broad LET spectrum is
not a function of the dose average LET. Figure 16 shows the LET dependence of the
extrapolated values. The depth dose curves can be corrected by this figure. Figures 17
and 18 show the depth ionization curves for 135 MeV/u carbon and neon beams,
respectively. Open circles in the figures are the raw data of the ionization currents and
solid curves are the ionization currents corrected by the initial recombination. The
distortion of the depth dose distributions due to the initial recombination was not so large
as shown in the figures. ‘

LET MEASUREMENTS

Linear energy transfer ( LET ) is the most important physical quantity when we
discuss the biological response to heavy ion beams. In case of low energy ion beams,
LET is obtained by calculation very accurately. In case of high energy heavy ion beams,
on the contrary, it is very difficult to calculate the LET because of contributions from
fragmented nuclei. Then, we measured the LET by a parallel plate proportional counter.
The counter had two anode wires, whose spacing was 5 mm. The anode wires of 30 um
in diameter were sandwiched between the parallel plate cathodes. The gap between the
~ anode and the cathodes was 2.5 mm. We used 2.5 pm aluminized polyester film as the
entrance window of the counter. Tissue equivalent gas ( C;Hg 54.6%, CO, 40.14%, N,
5.26% by volume) was flowed through the counter during the measurements. An annular
shaped plastic scintillator was placed in front of the LET counter. Diameter of the hole
of the plastic scintillator was 5 mm. The signal from the scintillator was used as an
anti—coincidence gate to the LET counter. Then, signals of the heavy ions which pass
through the central part of the counter were analyzed by a pulse height analyzer system.
Tissue equivalent gas of 5 mm thick at 760 torr is corresponding to 5 um thick of the
tissue material with density 1. Details of the particle identification system will be
discussed elsewhere.

RESULTS AND DISCUSSIONS

Figure 19 shows a depth dose distribution in water for 135 MeV/u carbon beam.
Open circles in the figure show experimental results measured by the ionization chamber.
The experimental data were corrected according to the LET dependence of the initial
recombination. Solid curve is a theoretical result. For the primary beam, the calculation
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took account of the effects of a range straggling and a fluence reduction due to nuclear
reactions of the incident particles with target nuclei. The calculation also took account
of a fragmentation effect, that is to say, dose contributions of secondary and tertiary
nuclei. produced by nuclear reactions[14,15]. In the calculation, the fragmented nucleus
was assumed to have the same velocity as the primary particle when the nucleus was
produced. A few percents of the entrance dose were deposited in the region deeper than
the Bragg peak. The dose in this region is contributed by the fragmented nuclei. Then
we call this dose contribution as "fragmentation tail". Because the energy of the incident
beam was relatively low, the dose contribution by the fragmented nuclei was less than 10
% of the entrance dose. As shown in Fig. 19, the experimental data agree with the
theoretical result very well except for the data very near the Bragg peak. Figure 20
shows the expanded dose distribution near the Bragg peak. The peak height of the
experimental result was lower than that of the theoretical result. This discrepancy can be
caused by the following two reasons. One is the momentum spread of the beam, which
was neglected in the calculation. The other is the energy dependence of the differential
W value of the heavy ions. If the incident beam has the momentum spread, the height
of the Bragg peak becomes lower and the width of the Bragg peak becomes wider than
those of the original Bragg peak. The theoretical Bragg peak width was wider than the
experimental width as shown in Fig. 20. If the differential W value becomes larger as
the energy of the heavy ion becomes lower, the height of the Bragg peak of the
experimental rtesult becomes lower and the width becomes wider than those of the
theoretical result. Figures 21 and 22 show the depth dose distribution in water for 135
MeV/u neon beam and its expanded distribution, respectively. Open circles in the figures
are the experimental results, which were corrected by the initial recombination effect, and
the solid curve is the result of theoretical calculation. The height of the Bragg peak of
the experimental result was again lower than that of the theoretical one. But the width
of the Bragg peak was the same each other. Then, the discrepancy may be explained by
both of the two reasons, the momentum spread of the incident beam and the energy
dependence of the differential W value.

Figures 23 and 25 show the dose average LET for 135 MeV/u carbon and neon
beams, respectively. Figures 24 and 26 are the expanded figures of the Figs. 23 and 25,
respectively. Open circles in the figures are the experimental results and the solid curves
are the theoretical results. The theoretical results agreed with the experimental values
except again near the Bragg peak, especially in the carbon case.

Dose Calibration Procedure

When the depth dose distribution is measured and the absolute dose at the entrance
position is measured by the fluence measurement method, dose per monitor count can be
determined. Because of daily fluctuation of the extracted energy of the heavy ions, we
usually measure Bragg curve using the range shifter for the dose calibration. Figure 27
shows the procedure of the dose calibration with the result of the Bragg curve
measurement. First the data of the Bragg curve using the range shifter and the reference
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data which include the depth, dose and LET are read from the hard disk. The distance
between the two Bragg peaks is calculated. Then the LET (stopping power of the heavy
ion in water) are interpolated from the reference data. The absolute dose at the entrance
position is calculated by multiplying the LET by the measured fluence. We can also
deduce the absolute dose with the differential W value obtained by a comparison of the
fluence dosimetry and the ionization chamber dosimetry. Assuming the differential W
value is constant, we determine the dose for the deeper region by multiplying the absolute
dose at the entrance position and the relative iomization value. Except very near the
Bragg peak, the described dosimetry is good enough for the biological experiments.

Conclusion

The irradiation field realized by this facility is around 10 cm in diameter. And the
uniformity in beam profile was very good. Then, many biological systems, such as
cultured cells, spheroid, small fishes, mice and so on, can be irradiated at various LET
with the carbon and neon beams. Using this irradiation and dosimetry system, many
biological experiments are now performed at the RIKEN ring cyclotron facility[16].
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Table 1 Specification of wobbler magnets
Pole gap size (mm) 60
Pole length (mm) 300
Maximum magnetic field (T) 0.127
Maximum current (A) 20
Number of turns 318 x 2
Inductance (H) 0.11
Frequency (Hz) 60

Table 2. Absorber thickness of the

range shifter.

No 135MeV/u C 135MeV/u Ne
(mm) (mm)
1 0.35 0.35
2 1059 0.59
3 1095 0.95
4 | 1.27 1.27
5 1.59 1.59
6 1.90 1.90
7 1225 2.25
8 11.42 3.84
16 | 23.10 8.15
24 | 28.97 11.42
32 | 34.974 14.98
40 | 37.284 19.53
48 | 39.618 21.929
56 | 42.021 23.10
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Fig. 3. Assembly of the zine
phosphor screen, the small
chamber and the scintillation
counter(top, middle)
Photograph of the circulating
trace of the wobbled beam
gleaming on the zine
phosphor screen. (bottom)



"SSAWOIY} I
LZ°0 1O IoIa}jeds plo3 oY) AQ 9IS UOHRIPRLI 3] B
weaq uoqied N/AQAN GET JO uonnquusip Ajsuaiuj b "S1q

(Wur) uonISO 9SIQASURIT,
08 09 0y 0¢ 0 0¢- Ot~ 09- 08-

0
| T T T T T T T T T ] |
i O d .,
- a e,
@,
s =
<
@)
]
=
00T &
2.
<
g
0ST §
=3
=
o8
E
00 —
=3
i , N
IS N N T I T T N O B N I I N M e Yoy




‘sureaq
(o010 pesod) uwodu N/ASN SET pue ‘(97010
uado)uoqres n/A9N Ge1 ‘(o18uern uado)ry n/AIN
G6 10] So[ue poIayeds 9y} Jo arenbs ueaw JOOY

(trur) SSQUIOIY [, I9I9}18S PIOD)
v0 £0 ¢0 70

"¢ "1

01

Sl

(uerpeIw) 9[3UY SUIINROS



‘Apanoadsor ‘w09 pue Wl /'9G
JO SnIpel ® UM WEedq PIIaYeds 9yl June[noId
£q pazi[eal SUONNQINSIP Y} MOYUS SI[FUBLY PISO[d
pue sopIO UadQ ") UOHRIPEIN 9y} Je Wedq
uoqIed JO SP[AL} UOLBIPRLI JO Uonnquusip Ajsudjuy ‘9 "B

() TonIsSO 9SIQASURL],
0¢ 0 0¢- O~

— T T 171 T T 17 T U

-
W)

- 051

-
=
(jmun A1BNIqIR) 9SO(] QATIR[OY

00¢



‘IOQUUBYO IOJIUOW UOLJBIPBII 92U} JO UOHRISH{[] ‘1 81y

g9
107 NSUL
NS/ | or|or|or) o/ 0/ \
N / yonp wnurume
V C Jm V\l /// N\ / ~ Suu-Q
\ e \ X/ T ] / 130uds 0 ./ \k \\\\\\\\ Bunr ssoxddns
e . e ./@/ N O AN I Cﬂ\f\\\\ wﬂﬁﬁlo
- - ) . TS | V\\Vk P h
. Nes-e [ e
. . N //MJ e ; U\i\
- - NoOH MOpULM
N - put
G- | reuds
//./ \\\ .
T |- 98eij0s Y3y
e A\ FU T _
N 1 1
. / \\\\\ 3
< |
! ) 0 NN
N NS (0N
1
wljvnlll.n S S _ R Eﬂﬂh
U"&ﬂl.l}\l‘.”l"du@ Aﬂ'l.!.”ildvuﬂn
R




Fig. 8. Photographs of the
irradiation system installed at
the RIKEN ring cyclotron
facility. The upper stream
(top), around the irradiation
site (middle and bottom) of
the irradiation port.



CONTROL of IRRADIATION SYSTEM

Wobbler Power D/A
Magnets Supply Converter
) Pulse Motor
Range Shifter Controller %
0.
0]
Sample Changer —
Pulse Motor
Controller
Water Column E— -
lonization
Chamber || IF Fast
Monitor Converter Counter
—L 1 A l) ‘t interval Beam Shutter
M::ar nalog A4 Intensity Monitor
lonization
Chamber Electrometer
Scintillator Discriminator Fast
Counter
LET Counter |— .
Multi-parameter
AMP ADC
AE Counter Interface
E Counter
Personal
Computer
Scaﬁerer Scaﬂerar
Controller

Fig. 9. Block diagram of the control system.



Profile Program

START

preset counter

read scan data

i=0

move to i-th position
Vi
ARGE MEASUREMENT

.........................
.

START Electrometer
\/ :
Counter Start ; S

<.____.__
)0

COUNTER
=0
Counter stop 3

L

wait 1 sec

\

| READ Electrometer

\/
RESET Electrometer

Fig. 10. Flow chart of the program "PROFILE".
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Depth Dose Measurement Program

Fig. 11. Flow chart of the program "BRAGG".

preset counter

set range shifter
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Exposure Program

Enter Comment

Absorber Number

v

Sample spacing

/

Monitor Calibration
Constant (Gy/count)

\/
Irradiation Doses to Samples

\/
i=0

~

move to i-th position

W

Set Preset Counts
for i-th sample

V

.. Beam Shutter

Counter Start
>0

comﬁf§j>—~—

=0

" OPEN

> Beam Shutter

Counter Stop

i=it1

Fig. 12. Flow chart of the program "EXPOSURE".
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Ionizaticn (C)

1.200 10°8

1.000 10°8

8.000 107

6.000 10~

4.000 107

2.000 1072

1.200 10°%

1.000 1078

8.000 107

Ionization (C)
(@)}
S
[aw)
=
O

Il»lll![llT‘ll!'!ll1

10 20 30 40

T T I T T T [ T T T ‘ T T T l T T T

1 I ! I 1 l 1.1 ! I i ! |

1 1 I I i | 1 [ 1 i

34 36 38 40
Depth in Water (mm)

Comparison of the Bragg curves measured with
the range shifter(closed triangles) and water
column (open circles), which is horizontally shifted
5.059 mm. The expanded graph near the Bragg

peak is shown in a lower graph.
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Fig. 14.
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Dose Calibration Program

Read Measured Data

ABS#0
ABSHi

ooooooooooooooooo

--Coul omb
--Coulomb

Read Reference Data

Depth x  Dose

oooooooooooooooooo

LET

length between
the two Bragg Peaks

Calculate

depth, relative dose, and LET
from the reference Bragg curve
ABS# Depth Rel.Dose LET
\/ V4
luence Calibration Chamber Calibration
\“—_ —
N
F=Particle/cm® /count Differential W value
\/ \/
D(ABS=0) = F*LET(ABS=0) D= 0W/e/m

l

i

Dose Calibration Factor

ABSE Depth Rel.Dose Gy/count LET

oooooooooooooooooooooooooooooooooooo

Fig. 27.

Flow chart of the program "DCALIB" for the

heavy-ion dosimetry.
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