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[1] Nishikido F, et al., “Feasibility study for a PET detector
integrated with an RF coil for PET-MRI”, IEEE
NSS-MIC, M13-7, 2011.

[2] Nishikido F, et al., “Feasibility of a brain-dedicated
PET-MRI system using four-layer DOI detectors
integrated with an RF head coil”, Nucl.
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[3] EAKVER M, T[PET/MRI—{AERHEROBAT : o~
—/V KRRy 7 ADOWEIRIC L D ZRBEROFAL)
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[1]  Yamaya T, et al, Phy Med Biol 53:757-775, 2008

[2] Takuwa et al, J Neurosci Methods. 237:9-15,
2014

[3] Takuwa et al, Brain Res. 1369:103-11, 2011
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1. INTRODUCTION
Monitoring the delivered dose in the tumor and
surrounding normal tissues is important in advanced
ion beam therapy especially for light ion beams heavier
than helium [1]. At present, PET imaging is the only
diagnostic technique that allows non-invasive 3D
monitoring of dose delivered to the patient because
distribution of positron emitters generated in a patient
body through fragmentation reactions highly correlates
to the Bragg peak position [2, 3]. In addition to clinical
trials of off-line PET imaging, in-beam PET imaging,
e., PET measurement during patient irradiation, is
desired because half-lives (HLs) of positron emitters
produced through fragmentation reactions are generally
short (e.g., ~19 s HL of '°C and ~ 2 min HL of "0).
Yamaya et al developed an open-type PET, OpenPET,
for in-beam PET and three dimensional distribution of
positron emitters was successfully imaged in phantom
irradiated by carbon ion beams [4-6] (see Fig. 1(b)).
However, there are remaining issues of theoretical
differences between the Bragg peak position and the
peak of positron emitter distribution as well as limited
activity of positron emitters (100-1000 times lower
than clinical FDG-PET imaging). Therefore, it is
expected that positron emitter ion for radiation therapy,
i.e., a radioactive beam as a treatment beam, offers the
best solution for the in situ accurate monitoring of the
dose delivery using PET imaging.

Scanning Magnets
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Fig. 1. Layout of the ''C beam course (a), PET image of PMMA
phantom irradiated by '>C (b) and PET image of PMMA phantom
irradiated by ''C (c) [5].

Radioactive ion beams are generally produced by
in-flight fragmentation and Isotope Separation On Line
(ISOL) methods. In the former method the desire
radioactive ions are selected among the various
reaction products after the interaction of a primary
beam with a target. The separation stage is generally
based on the use of several dipole magnets to achieve a
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final mass A and charge Z selection. In the Heavy Ion
Medical Accelerator in Chiba (HIMAC) in carbon
therapy facility ''C ion beams are produced through the
in-flight fragmentation method with a 'C beam
impinging on a beryllium target although its use is
limited to physics experiment at this point [7] (Fig.
1(a)). Because treatment beam is a positron emitter,
beam stopping position in the target can be clearly
imaged by PET (Fig. 1(c)).

In this study, following the success of utilization of ''C
beam, we focus on potentials of a O beam. Oxygen
ions exhibit an increased relative biological
effectiveness (RBE) in the Bragg peak as compared to
the entrance region [8]. This advantage makes oxygen a
good candidate for ion beam therapy.

Ion radiotherapy of some tumors has already given in
combination with conventional photon therapy for
many patients [9]. A combination of different ion
therapy such as protons plus carbon ions or oxygen
ions might be favorable for a selected clinical situation
in near future. The ion beam of >0, which is a positron
emitter ion, has high potential to be used for tumors
treatment and accurate monitoring of dose delivery in
tumor. Moreover, the 'O beam can be used for
treatments with multiple ion beams.

The aim of this work is to study feasibility of
secondary O beam production for in-beam PET
through in-flight fragmentation by applying '°O
primary beam and optimal target. The nuclear reactions
between the '°O primary beam and target atoms are
being studied by the analytical and numerical methods.
Production rate and Purity of the secondary >0 beam
are investigated. The optimum target material and its
thickness from the calculation results are evaluated
practically for producing the secondary'’O beam in
HIMAC and in-beam PET imaging.

2. MATERIALS AND METHODS

2.1 Simulations

When a light ion beam penetrates a thick target, it
undergoes nuclear reactions with the target atoms.
Fragments generated from the target nuclei are emitted
almost isotropically, whereas projectile-like fragments
are characterized by a narrow Gaussian-shaped
momentum distribution centered on the coming ion
velocity and angular distribution described by a narrow
forward-directed Gaussian spread [10].

The LISE++ code [11] and the Monte Carlo code
PHITS [12] were used for the evaluation of the



production of 'O from penetrating '°O beams in
different material targets with various thickness in
order to investigate the optimal choice of target
material to maximize the production rate of >0 beam.

The LISE++ code can predict intensity and purity of
ion beams at the different stages of the ion beams
accelerators for different primary ion beams. The code
includes projectile fragmentation, two body reactions
and other nuclear reaction models. The intensity of the
secondary O beam for '°O beams decelerating in
various materials with different thicknesses were
calculated using analytical method of the code. The
material has been varied over liquid hydrogen (H,,
0.071 g/em’), polyethylene (C,H;, 0.80 g/cm’),
polystyrene (CgHg, 0.98 g/cm3), PMMA (CsO,Hg, 0.96
g/em’), beryllium (Be, 1.85 g/cm’) and water (HO,
1.00 g/cm’). The energy of the primary '°O ion was 400
MeV/u.

Particle and Heavy Ion Transport code System,
PHITS, is a general purpose Monte Carlo particle
transport simulation code which was developed in
Japan. It can deal with the transport of all particles over
wide energy ranges, using several nuclear reaction
models and nuclear data libraries. The PHITS was also
used to evaluate the production rate of O using
numerical method. A cylinder with the radius of 10 cm
and the length of 200 cm was considered as target. A
mono-energetic and mono-directional beam of primary
"0 ion with the energy of 400 MeV/u impinging on the
target was simulated. The simulations were done for
various materials as used for LISE++ code. The flux of
0 beam in different depth of the targets with interval
of 1 cm were calculated by the code.

2.2 Measurements

After deciding the optimum material as a target
based on the calculation results, production rate and
purity of O beam was measured for the optimum
target in the HIMAC secondary beam line, as shown in
Fig. 2 [7], for '°O primary beam of 430 MeV/u.

50 beam
i e 3 e SB ]
F2 F3

/“60 primary beam from HIMAC

Fig. 2. Layout of the secondary beam line, SB1, used to produce '*O
beam.

Finally, the in-beam PET image was obtained using
a whole-body OpenPET prototype [13] as a Polymethyl
methacrylate (PMMA) phantom of 10x10x30 cm® was
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irradiated with the produced 'O beam from

polyethylene target of 11 cm.

3. RESULTS

3.1 Simulations

In Fig. 3, production rate of ’O beams produced by
"0 primary beam with energy of 400 MeV/u from
PHITS code are shown as a function of target thickness
for liquid hydrogen (H;), water (H,0O), beryllium (Be),
PMMA, polyethylene (C,H4) and polystyrene (CgHs).
The highest production rate was observed for the liquid
hydrogen target however, it was not practical to apply it
in the HIMAC secondary beam line. So polyethylene
was considered as the second optimum target.

0.035 .
003t 7N\ ——d |4
K \ —D—H20
00251 | 1
\ —O0—Be
g oo02f] popoTey ——PMMA |
o] 2 —«—C,H
= 0.015 | 7 b aEtTe 2
oo ll ﬁ/’éj_,a’f | IL _A_CBHS
0005 g o ] -61 R |
N
0 5 10 15 20 25 30

Target thickness (glcmz)

Fig. 3. Calculated production rate of the 'O beam produced by '°O
with energy of 400 MeV/u as a function of target thickness in
liquid hydrogen (H,), water (H,O), beryllium (Be), PMMA,
polyethylene (C,H,) and polystyrene (CsHs) using PHITS code.

3.2 Measurements

The polyethylene target with three thicknesses of 5
cm, 11 cm or 14 cm was set at the HIMAC secondary
beam line as a production target and irradiated with '°O
beam of 430 MeV/u. Fig. 4 shows the production rate
of O beam at the F2 in secondary beam line
(momentum acceptance of +5%). It can be seen that the
polyethylene of 11 cm has the highest production rate.
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Fig. 4. Measured production rate (%) of the 'O beam produced by
"0 with energy of 430 MeV/u as a function of the polyethylene
thickness (the momentum acceptance of +5%).

Purity of the °O produced beam are given in Table I.
The purity of the produced beam for three targets is
around 75%, which is not high enough. There is a need



to increase the purity of the beam in near future since
the most important contaminated fragments are "N,
positron emitter with the half-life of 10 min, and e,
positron emitter with half-life of 20 min.

Table I. Purity of 150 beam from irradiated polyethylene
targets.

Polyethylene thickness (cm) 5 11 14

Purity (%) 759 738 76.9

Phantom

Fig. 5. Experimental setup for in-beam PET image in the HIMAC (a)
and image results of the irradiated PMMA phantom with the
produced "*O beam (b) and (c).

In-beam PET imaging was also carried out in the
HIMAC, as shown in Fig. 5. A phantom of 10x10x30
cm’ was irradiated with the produced *O beam from
polyethylene target of 11 cm, Fig. 5 (a). The irradiation
time was about 6.6 s and the PET data were measured
immediately after irradiation for 13 min by the
whole-body OpenPET. The results of the imaging are
illustrated in Fig. 5 (b) and (c).

4. DISCUSSION AND CONCLUSION

The optimum material as a target to produce ~O
beam from primary beam of '’O beam was decided
based on simulation results from LISE++ and PHITS
codes. The production rate and purity of the produced
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beam for the optimum target of polyethylene for
thickness of 5 cm, 11 cm and 14 ¢cm were measured in
the secondary beam line of the HIMAC. The in-beam
PET image of the produced beam for the polyethylene
target of 11 cm was obtained using the whole-body
OpenPET system. The O beam was successfully
produced in the HIMAC. However it was also shown
that the purity of the beam should be improved. The
results for the polyethylene targets with different
thicknesses show that the contamination of the
produced O beam from “N and ''C fragments is
serious and needs to be improved in near future.
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1. Introduction

Positron emission tomography (PET) is an imaging
modality which becomes one of the most important
imaging systems for the diagnosis of cancer at early
stages. There is a continuous effort to improve the
sensitivity and spatial resolution of the PET scanner.
The spatial resolution of the PET system can be
improved by use of advanced detectors which are
capable of measuring depth-of-interaction (DOI)
position. Dedicated brain PET scanners have been
developed based on DOI detectors. PET-hat [1] and
HelmetPET [2] are examples of the DOI based brain
PET scanners. A four-layer DOI detector has been
proven to achieve high spatial resolution in the
JPET-D4 [3]. The sensitivity of a PET scanner can be
enhanced by increasing the solid angle of the scanner,
such as rearranging the detectors in different positions.
In most cases, dedicated brain-PET scanners are
designed using a conventional cylindrical geometry. A
novel dedicated brain-PET scanner based on a
hemispheric-shaped and a jaw detector was proposed to
increase the sensitivity near the cerebellum region [4].
Its performance was evaluated using numerical
simulations for a non-block detector configuration. In
this study, we conducted a Monte-Calro simulation of
the Helmet-Jaw PET scanner constructed from
block-detectors. The sensitivity of the Helmet-Jaw PET
scanner was compared to that of the conventional
cylindrical PET scanner.

2. Methods

Geant4 simulation toolkit was used to evaluate the
sensitivity of the scanners. In the simulation, the
Helmet-Jaw PET was constructed from a total of 52
four-layer DOI block detectors arranged in a
hemisphere having a radius of 12.5 cm, a jaw-part and
a top cover. Each block detector has 16xX16x4 crystal
arrays with 2.8 mmX2.8 mmX7.5 mm constructed
from GSO. The hemispheric shape was formed by
arranging cylindrical ring detectors in such a way that
the side of each block detector in each ring has a
tangential point on a hemisphere as shown in figure 1.
The top and the jaw part of the Helmet-Jaw PET had
five detectors as shown in figure 1. The angle
subtended by the jaw block detectors was 123°. A
cylindrical PET, with a radius of 13 c¢cm and a total
number of 51 block detectors, was also simulated
(figure 2b). The sensitivities of the scanners were
evaluated using a point source placed at several
positions of the FOVs. The energy window was set
from 400 keV to 600 keV, and true coincidences were
obtained.
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Fig. 1. Helmet-Jaw PET; (a) front view, and (b) side view.
The detectors on the hemisphere and the jaw part are defined
in the same sphere. The center of the scanner is defined
halfway between the top detector and the bottom side of the
16-block detectors ring.

(b) Sideview

Front vicw

e (- = ‘:T_’1

Helmet-Jiw PET Oy

Fig 2. (a) Helmet-Jaw PET, and (b) cylindrical PET. Each
individual ring in the cylindrical PET had 17 block detectors
resulting in a total of 51 blocks. The broken lines pass
through points of comparison for sensitivity. Lines (1), (2)
and (3) intersect axial points at z = +5 cm, z = 0 (center), and
z = -5 cm, respectively. Lines (4) and (5) pass along the axial
axes through the centers of the scanners.

3. Results

Figure 3 shows the sensitivities of the scanners at
several positions. The sensitivities of the Helmet-Jaw
PET for regions that coincides near the cerebellum
region and the top part of cerebrum were 8.1%, and
18.0% on average, respectively. The sensitivities of the
cylindrical PET for the same regions were 6.6% and
4.2%, respectively. The position of the cerebellum was
estimated on the FOVs of the scanners around x = -5
cm and z = -5 cm along line (3), while the position of
the cerebrum was estimated along the x-axes at axial
axes around z = +5 cm along line (1).

In figure 3b the sensitivities along the x-axes (line (2)
in figure 2) through the centers of the axial FOVs of the
scanners are shown. Figure 3d shows the sensitivity
along the axial axes through the centers of the FOVs
(line (4) in figure 2). In both figures 3b and d, the
sensitivity of the cylindrical PET scanner had higher
value at the center of the scanner (near the choroid
plexus region). The main reason for this is that the
cylindrical PET had larger solid angle coverage for the
point sources near the center. It should be pointed out



that, the Helmet-Jaw PET had also a good sensitivity at
this point.
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Fig 2. (a) Helmet-Jaw PET, and (b) cylindrical PET. Each
individual ring in the cylindrical PET had 17 block detectors
resulting in a total of 51 blocks. The broken lines pass
through points for comparison of the sensitivities of the two
scanners. Lines (1), (2) and (3) intersect axial points at z = -5
cm, z = 0 (center), and z = +5 cm, respectively. Line (4)
passes along the axial axes through the centers of the
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scanners.

4. Discussion

Except near the choroid plexus region, where the
helmet-jaw PET had also a good sensitivity, the
helmet-jaw PET had a significant improvement than
that of the cylindrical PET. This is because
rearrangement of the block detectors enhanced more
coincidence events to be detected. The sensitivity of the
Helmet-Jaw PET at the edges of the FOV was
enhanced by rearranging the detectors in the jaw and
top part, without which enough true coincidence counts
would not be obtained.

5. Conclusion

The sensitivities of the Helmet-Jaw PET and a
cylindrical PET were investigated and compared using
Geant4 simulation toolkit. The results showed that the
Helmet-Jaw PET scanner could achieve higher
sensitivity and would be promising for the accurate
measurement of brain functions.
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