


of each target was enough to stop the deuteron beam. The
target ladder was electrically insulated from the scattering
chamber. To measure the beam currents, a current integra-
tor was connected to the ladder on which the targets were
mounted. In order to avoid the emission of secondary elec-
trons from the target, permanent magnets which generated
a magnetic field of about 300 G near the target were at-
tached to the ladder perpendicular to the beam.

The neutron dose eguivalents were measured by the two
survey meters (Aloka Model TPS-451C) at a distance of
66 cm from the target position to the front surface of each
detector. The detectors were installed at the angles of 0°,
90°, 135° to the beam direction to inspect dependence of
the angular distributions of neutron dose equivalents. A
liquid scintillator (Bicron BC501A) was mounted for mon-
itoring the yield ratios between neutrons and ~-rays. The
events of neutrons and ~-rays were identified using the
pulse shape discrimination method. After the beam expo-
sure, ~y-ray dose equivalents were measured by a~y-ray sur-
vey meter for estimating the life-time of residual radioac-
tivities.

RESULTS
Neutron and ~-ray yields

Figure 2 shows spectra for neutrons and ~y-rays mea
sured in the pulse shape discrimination method with alig-
uid scintillator. In this example, the neutron yield ratio at
E4=3.5 MeV was much smaller than that of £3=10 MeV.
The counting rates, in which the natural v-ray backgrounds
wereincluded, are shown in Figure 3. Neutrons and ~y-rays
yields decreased with increasing target atomic number, es-
pecialy a E4=3.5 MeV, as expected from the considera-
tion of the Coulomb barrier which suppresses nuclear reac-
tions.

Neutron dose equivalents

Figure 4 and 5 shows the neutron dose-equivalent rates
normalized with beam currents and the detector solid an-
gea Eq=3.5 MeV and E4=10 MeV. We confirmed that
the neutron dose-equivalent rates were proportiona to the
beam currents. Each dose-equivalent rate at forward an-
gles was larger than those at backward angles. How-
ever, the difference was not prominent, especialy in large
atomic-number targetsat £4=10 MeV. The dose-equival ent
rates of these energies tend to decrease with increasing the
atomic number of thetargets. Although the dose-equivalent
rate for gadolinium showed an interesting enhancement at
E4=3.5 MeV, we could not confirm whether the neutrons
were originated only from the gadolinium or from a stain
remained on the surface of the target. In these data, the
background originated from other than a target was not
evaluated. However, the maximum background level can
be supposed to be the same order of magnitude with the
dose-equivalent rates from tantalum or tungsten. These
rates were lessthan 1/1000 of aluminum at £4=3.5 MeV.
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Figure 2: Examples of discrimination spectra between neu-
trons and ~-rays. The spectra shown in the upper and
lower panels were obtained from a thick tantalum target
at Fq=3.5MeV and 10 MeV, respectively.
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Figure 3: Neutron and ~y-ray yields normalized with the
beam current.

The Coulomb force between the target nuclei and the
deuteron suppresses nuclear reactions such as a proton
transfer or a break-up of a deuteron for emitting a neu-
tron. This effect is stronger a E4=3.5 MeV than at
E4=10 MeV using large atomic-number targets. Conse-
quently, the strong neutron reductions were found in the
large atomic number targetsat £4=3.5 MeV compared with
E4=10 MeV as shown in Figures 4 and 5.
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Figure 5: Neutron dose equivalent at £3=10 MéeV.

Residual -ray activities

Theresidual ~-ray dose equivalents were measured sev-
eral times for estimating the life-times of the radioactivi-
tiesin C, Al, Ti, Mo and Tatargets. The results are shown
in Figure 6. The life-times obtained from the fitting with
the exponential function are enough for choosing cyclotron
and the self-shield materials. Each life-time measured from
the carbon and aluminum targets were rel atively short com-
pared with those of titanium and tantalum.

DISCUSSION

The results of neutron dose equivalents from several tar-
gets indicate that generating neutrons will be reduced by
utilizing a metallic sheet with a large atomic number to
which the beam or the scattered deuteron with the energy
of less than 3.5 MeV may hit in a cyclotron. By this sim-
ple device, the quantity of the self-shield will be small in
comparison with the existing one. Therefore, we propose
to apply thin large atomic-number materials such as tanta-
lum or tungsten to the defl ector, the chamber, the target cell
and some other parts where the beam or scattered deuteron
may hit.
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Figure 6: Residual ~-ray activities after beam irradiation.

As an example of the materials, a tantalum sheet with
a thickness of 32 um in consideration of the longitudinal
straggling can stop a deuteron beam of 3.5 MeV. While the
life-time of radioactivity of tantalum target irradiated by
deuteron beam was|ong compared with light nuclei such as
carbon and aluminum, so that further practical experiment
using ademonstration cyclotron accel erating deuteron with
a maximum energy of 3.5 MeV will be useful to design
the self-shield by considering residual radioactivities. For
more precise investigation of radiation sources in a cy-
clotron for PET, construction of a demonstration cyclotron
isrequired to reduce the total size of the PET system.
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