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Abstract: A beam shaping assembly (BSA), a neutron moderator system, is a key component of an

accelerator based boron neutron capture therapy (BNCT) facility. The neutron energy recommended in
the JAEA TECDOC-1223 for the BNCT is much lower than the energy of the neutrons produced by

accelerator induced nuclear reactions. The neutron energy depends on the energy of the incident particle

and nuclear reaction. Therefore, the BSA should be designed considering the neutron energy dependency.

Now, several kinds of accelerators and reactions are used and proposed. Here, neutron producing reaction,

moderator system, and activations are introduced.
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Introduction

Boron neutron capture therapy uses a and Li particles
produced by a neutron induced nuclear reaction with a boron
nucleus to kill cancer cells. Therefore, high intensity neutron
sources are desired for highly efficient treatment. Nuclear
reactor neutron sources have been used for boron neutron
capture therapy (BNCT) for a long time since high intensity
neutron beams have been supplied only by reactors (1).
Furthermore, many of the reactors have been shut down
and then the number of reactors for BNCT reduced. Only
one reactor constructed recently for BNCT is in China (2).
On the other hand, accelerator-based neutron sources are
becoming popular in neutron application fields (3). However,
neutron intensity for BNCT is rather high compared with
that produced by a conventional accelerator with a power
of few kW. A high intensity neutron source more than
10" n/sec at a neutron generation target is required and there
was no accelerator that could apply to BNCT. Demand to
construct a BNCT facility in a hospital has been very high,
and at last, BNCT facilities using proton accelerators with
a power of few 10 kW have been developed (4,5), and also
constructed in the hospitals in Japan (6-8).

© Therapeutic Radiology and Oncology. All rights reserved.

So far, protons are used for neutron production, and
their energies range from 1.45 MeV to 30 MeV. An electron
accelerator was studied for BNCT (9) but not yet realized.
For low energy protons, a Li neutron target is used and a
Be target is used around 10 MeV or more. Blistering caused
by protons is one of big issues for target design. Neutron
yield per proton becomes higher with increasing the proton
energy. However, the neutron energy also becomes higher
and high energy neutrons need more process than lower
energy ones to get to the energy suitable for the BNCT.
Therefore, choice of a neutron moderator suitable for each
system is important. JAEA TECDOC-1223 (10) indicates
a guide line to BNCT for brain cancer to use epithermal
neutrons, although for cancers at shallow place such as a
skin cancer, and a head and neck cancer, a different guide
line is required for the use of thermal neutrons. However,
the guide line using the epithermal neutrons is the only one
guideline now existing, and the neutron sources to produce
the thermal neutrons are rather easy to design compared
with the epithermal neutron source. Therefore, design
study of neutron sources here is introduced mainly based on
the JAEA TECDOC-1223.
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Figure 1 Neutron yields of various reactions as a function of
projectile energy. This data was created by partially using the data
in Ref. (11).

Neutron production reactions

For neutron production, various nuclear reactions have
been used, for example, fusion reactions of

‘H+’H—*He+n+17.59MeV [1]

*H+'H—’He+n+3.27MeV 2]

proton reactions of

7Li+p—>7Be+n-1 .65Mel [3]

(Threshold energy =1.88 MeV)

gBe+p—>9B+n-l 85Mel [4]

(Threshold energy =2.06 MeV),

and deuteron reactions of

'Be+d—""B+n+4.36MeV [5]

"Li+d—"Be+n+15.03MeV [6]

"Li+d—"*He+n+15.12MeV [7]

"Li+d—’He+'He +14.17Me [8]

*He—*He +n+0.96Mel/

Neutron production by an electron accelerator that uses
(e,X) and (X,n) reactions (photonuclear reaction) in a heavy
metal target is another candidate. Figure I shows neutron
intensity as a function of the projectile energy (11). It is
recognized that at low energy region d-Be and d-Li are
effective, and then p-Li and p-Be. At an energy range above
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Figure 2 Neutron energy spectra at various emission angles for

the p-Li reaction at a proton energy of 2.8 MeV.
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Figure 3 Neutron energy spectra at various emission angles for

the p-Be reaction at a proton energy of 30 MeV.

around 10 MeV p-Be has better performance. The fusion
reactions have not been used as BNCT neutron sources,
since their neutron yields are not enough for the treatment.
The deuteron reactions are candidates for the low energy
accelerators (12) and under development. The photonuclear
reaction by the electron accelerator produces high intensity
X-rays and the X-rays contaminate the irradiation neutron
beam. This is one of problems to overcome when using the
electron accelerator.

At present, the p-Be neutron sources were constructed
in the hospital BNCT, Southern Tohoku Hospital (6) and
Osaka Medical College (7), and the p-Li source in National
Cancer Center (8). Therefore, here, the neutron sources
based on p-Be and p-Li reactions are described. Figure 2
shows an energy spectrum obtained by the p-Li reaction
at 2.8 MeV, and Figure 3 shows that obtained by the p-Be
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Figure 4 Neutron capture cross section of ""B(n,a) 'Li reaction.
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Figure 5 Dose distributions in a water phantom when

monoenergetic neutrons injected (16).

reaction at 30 MeV. The p-Li distribution was calculated
by using the Li-Yield (13), and the p-Be by MCNPX (14).
The energy produced by the p-Li is much lower than that
by the p-Be. Therefore, efficiency to slow down to the
suitable neutron energy range for BNCT is better in the
p-Li case than p-Be one.

Design philosophy of the neutron source

Now, the BNCT treatment has been applied to various
cancers, such as brain cancer, head and neck cancer, skin
cancer. Figure 4 shows the neutron cross section for (n,o)
reaction of boron (15). The absorption cross section is
inversely proportional to the neutron speed or E. Therefore,
high intensity neutrons having low energy are required at
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Table 1 Recommended beam characteristics in IJAEA TEC-
DOC-1223

Beam characteristics Recommended value

Epithermal neutron flux >1x10° n/cm®/s

Fast neutron component <2x107"® Gy-cm®
g-ray component <2x107" Gy-cm®
Thermal neutron ratio <0.05s

Current/flux ratio >0.7

the cancer position to induce the neutron capture by boron,
which produce o and Li particles. In the human body which
major component is water, neutrons form an energy spectrum
almost come to equilibrium with temperature of the medium.
Therefore, the energy peak of the spectrum appears around
the energy of ambient temperature, ~300K or 0.0253 eV. We
call the neutron around this energy as thermal energy neutron
or thermal neutron. If neutrons with an energy higher than
thermal energy enter the human body they move in the human
body before getting to the thermal equilibrium. Therefore, in
general, higher energy neutrons give higher thermal neutron
flux at a deep place of the human body. However, at an energy
range over few 10 keV the effect decreases due to the neutron
slowing down efficiency. Figure 5 shows dose distributions in
a water phantom for tumor with boron when monoenergetic
neutrons are injected into the phantom (16). The peak
position shifts towards the deep position in the phantom
but the peak dose decreases. Furthermore, the high energy
neutron relatively increases neutron dose at skin, since it has
high Kerma factor. Therefore, to use the high energy neutrons
are not preferable even if they can get to a deep region.
Nevertheless, since treatment at deep position is desired, a
neutron energy range of epithermal neutrons (from 0.5 eV
to 10 keV) was recommended in JAEA TECDOC-1223,
and a flux value of 10° n/cm’/sec was also. Furthermore,
recommended values for components such as fast neutron
component, y-ray component, thermal neutron ratio and
current-flux ratio (relating to beam divergence) in a neutron
beam were indicated. The values are summarized in Table 1.

Here, the neutron source design to produce the
epithermal neutrons is described.

Neutron moderation system
Neutron target

The beam shaping assembly (BSA), namely a neutron

tro.amegroups.com Ther Radiol Oncol 2018;2:55
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moderator system, consists of a target, a moderator, a filter
and a reflector. The target is one of difficult parts to design
at few 10 kw accelerator powers. Be and Li are used as the
target materials at present. The Be target is used, in general,
over about 5 MeV proton energies, and the Li target is used
less than about 3 MeV. For the target design, blistering and
radioactivity are important components to be considered
as well as cooling. The target structure changes depending
on the proton energy. Figure 6 shows a calculation result
of heat deposition in a Be target at various proton energies
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Figure 6 Heat deposition in a Be target at various proton energies.
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with the use of MCNPX (14). As well known, a Bragg peak
appears at the end of the proton trajectory. The proton
energy around the Bragg peak is less than the threshold
energy for the neutron production. Therefore, usually we
can avoid appearing the Bragg peak in the target without
serious reduction of neutron intensity since it will cause the
highest heat deposition and the blistering in the target, and
then shorten the target life.

As seen from Figure 6 the target thickness is about several
mm at a high energy proton about 30 MeV. In this case we
can use the Be target as a part of structure materials since it
has enough thickness, and the protons enter cooling water
behind the target as shown in Figure 7A. This is a method
to make a stable Be target (4). On the other hand, at lower
proton energy another method to mitigate the blistering
has to be adopted as shown in Figure 7B. The blistering
for various materials were studied by using protons (17).
A comparison of the blistering limits of Cu between 100
and 200 keV protons was performed and gave data that the
blistering limit of 200 keV proton is much higher than the
100 keV case. A Cu block with cooling channels is usually
used for the target cooling. Materials with high hydrogen
diffusion constant would be candidate materials to mitigate
the blistering. Properties of such materials, V, Nb, Ta and
Pd are summarized in Table 2 (17,22) as well as Cu data.

Target
Water coolant

Anti-blistering
material

Figure 7 Schematic view of a target design around 30 MeV proton (A) and that for low energy proton (B).

Table 2 Characteristics of anti-blistering material

Variables Vv Nb Ta Pd Cu
Blistering limit (10°%/m?) Not observed up Not observed up  200-300 (17) 0.04-0.1 (17)
to 120 (17) to 230 (17)
Hydrogen diffusion coefficient 5x107 (18) 8x107° (19) 2x107° (20) 4x107" (21) 2x107 (21)
(m?/s) at 25 )
Thermal conductivity (W/m/K) 30.7 53.7 57.5 71.8 401
Melting point () 1,910 2,477 3,017 1,555 1,084
Major activation product (half-life)  *V (3.7 m) (22) ®"Nb (16.1y) (22) '®Ta (114 d) 1%"Rh (56 m) (22)  *‘Cu (12.7 h) (22)

© Therapeutic Radiology and Oncology. All rights reserved.
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Figure 8 Transmission spectrum of 1 MeV neutrons through a F

plate.

"The table also includes radioactive product of each material.
The blistering characteristics for Cu were also investigated
by using 750 keV protons (23). All data indicated that Cu
has low value of the blistering limit. Therefore, the protons
should not be injected into Cu since it will shorten the
life time of the target. There were no data about Nb in
Ref. (17). However, other data existed, and the limit value
was about 4 times lower than that of V (23-25). To make
a long-life target, a material with high tolerance to the
blistering is placed behind the target as shown in Figure 7B.
One example is for a proton linac with an energy of 7 MeV
and a current of 0.1 mA for the neutron science use (22).
They chose V as the anti-blistering material, which activity
after the irradiation is high but decays quickly. The other
is for a proton linac with an energy of 8 MeV and a current
of 5 mA for BNCT (5). They examined bonding of a three-
layered structure, Be, anti-blistering material and Cu. As
intermediate materials, Pd, Nb, Ta, and Ti were tried to be
bonded by using a hot isostatic pressing method (26). For
Li target, two methods were proposed. A liquid Li target
is one candidate. For that a liquid Li loop is constructed to
make thin Li layer as a neutron production place (27,28).
However, this system is under development. On the other
hand, a solid Li target was already used and animal tests
were performed (29). A new system has been proposed
(30,31). In such a solid target, anti-blistering material such
as Pd was used just behind the Li layer.

© Therapeutic Radiology and Oncology. All rights reserved.
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About the radioactivity point view, the Be reaction does
not produce radioactive elements less than about 10 MeV,
but the Li reaction produce ‘Be and its half-life is 53.5 days.
A special method to handle the target is required.

Moderator

Design of a BSA depends on the proton energy since
the produced neutron energy spectra changes since the
maximum neutron energy is expressed approximately by
(proton energy — threshold energy). The neutron energy
is much higher than the recommended neutron energy
for BNCT. Therefore, we need neutron moderator. One
of major processes of the neutron moderation is elastic
scattering of moderator nucleus. Ratio of the scattered
neutron energy FE, to the initial energy E, is expressed by
the next formula.

E/E =[(1+0)+(1-a)cos0]/2 [9]

Here,

a=[(A-D/(A+DF [10]

A=Ma/Mn (Ma and Mn are masses of moderator
nucleus and neutron), and 6 is scattering angle in the
center of mass system. Therefore, lighter nucleus is better
for slowing-down. For obtaining thermal neutrons that
is effective for cancer at shallow position, hydrogen and
deuteron containing materials are optimal since they have
high slowing-down efficiency and a thermal equilibrium
spectrum at ambient temperature is obtained. Deuteron
containing material such as heavy water is better than
light water since it does not produce 2™ y-rays emitted
by neutron absorption. However, according to the
TAEA TECDOC-1223, neutrons from 0.5 eV to 10 keV
are desired for the deep position cancer. The neutron
moderator effective to slow down to this energy range is
different from hydrogenous materials. Little bit higher
mass number nucleus than hydrogen are preferable. In such
materials fluorine is the best candidate since it also has low
threshold energy, about 100 keV, of inelastic scattering,
another process of slowing-down, which can effectively
reduce the neutron energy. Figure § shows a transmitted
neutron spectrum through a fluorine virtual plate by
a simulation calculation using PHITS code (32) with
JENDL-4.0 (15). The incident neutron energy was 1 MeV
and this shows an example of the slowing-down scheme that
indicates the effect of the inelastic scattering.

There are several materials including fluorine such as
MgF,, CaF,, PbF,, PTFE [(CF,),] and Fluental (AlF;: 69%,
Al: 30%, LiF: 1%). Energy spectra were calculated at an

tro.amegroups.com Ther Radiol Oncol 2018;2:55
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Figure 9 A model BSA used for calculation of the neutron spectra

of various moderator materials (33). BSA, beam shaping assembly.
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Figure 10 Energy spectra at the exit of the collimator obtained by

various moderator materials (33).

exit of a simple BSA shown in Figure 9 (33). Here, an Fe-
filter was placed between the target and the moderator, and
Pb reflector was put around the target and the moderator.
In this case, a proton energy of 8 MeV and a Be target were
assumed. Figure 10 shows the energy spectra obtained under
the condition that the same epi-thermal neutron intensity
was obtained in each moderator. The spectrum of Fluental
has the highest fast neutron flux and the fast neutron
component was also highest among the moderators studied
here although the thermal neutron intensity was effectively
reduced. PbF, and CaF, give almost the same spectrum
but the flux of PbF, moderator is little bit higher around

© Therapeutic Radiology and Oncology. All rights reserved.
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moderator materials (34).

the peak. MgF, and PTFE give almost the same spectrum
but MgF, is better than PTFE since PTFE gives higher
fast and thermal neutron intensities. MgF, gives the best
performance among them and the difference among them is
small other than Fluental.

Furthermore, it is considered that effectiveness of the
moderator materials will depend on the proton energy
or the produced neutron energy. Therefore, energy
dependency was studied (34). Proton energies from 8 to
30 MeV were studied and required accelerator power
was evaluated for moderator materials of CaF,, MgF, and
AlF; under the condition of the same epithermal neutron
intensity and fast neutron component. Figure 11 shows
the required accelerator powers for these materials. The
required powers for these materials are almost the same
at an energy region above around 15 MeV, and below this
energy Mgk, is the best. Furthermore, MgF, produce the
same epithermal neutron intensity with minimum thickness
of the moderator at every proton energy studied (34).

Reflector

To obtain high intensity of the epithermal neutrons, the
reflector should not have high slowing down efficiency.
Therefore, high mass number materials are preferable due
to Eq. [9] in moderator chapter. Pb, Bi, W and Fe can be
considered as usually used materials. Pb and Fe would be
realistic candidates since W is expensive and Bi produce
a emitter nucleus, Po, by absorption of neutrons. The
neutron spectra emitted from the collimator exit were
calculated by using a similar BSA shown in Figure 9. In this

tro.amegroups.com Ther Radiol Oncol 2018;2:55
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case MgF, was used as the moderator material. The energy
spectra are shown in Figure 12 and it was found that Pb
gives higher intensity than Fe.

Filter

Filter is another issue to be studied. Fe and Al were studied
since both have similar neutron cross section around MeV
region as shown in Figure 13 (15). The number densities
of Al and Fe are 0.0602x10°* and 0.0848x10** atoms/cm’,
respectively. Al has lower cross section below about few
10 keV and over MeV. Both materials have a dip around
30 keV. Energy spectra at the exit of the collimator
were calculated at proton energy 8 MeV using the same
BSA shown in Figure 9 (33). First, the Fe-filter BSA was
designed to attain the epithermal neutron intensity of

1.5x10” n/sec/cm’, little bit higher than the TECDOC

© Therapeutic Radiology and Oncology. All rights reserved.
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Figure 14 Energy spectra (A) and dose distributions in a water
phantom in the case of Fe (B) and Al (C) (33).

value, and then the Al-filter BSA was designed to attain
the same epithermal neutron intensity. Therefore, the fast
neutron component was different each other. The energy
spectrum of the Al-filter BSA has almost the same shape
in the thermal and epithermal region, but at high energy
region the Al-filter BSA gives higher intensity as shown
in Figure 144. To check this effect, dose distributions in
a water phantom were calculated under the condition on
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Figure 16 Energy spectra obtained at Kyoto University Reactor
BNCT facility (35). BNCT, boron neutron capture therapy.

10 ppm boron concentration in water. The result is shown in
Figure 14B,C. In the case of the Al-filter, it is clearly
recognized that neutron dose near the surface is much

© Therapeutic Radiology and Oncology. All rights reserved.

higher than the Fe-filter case. However, the filter is not
effective or reduces the epithermal neutron intensity at low
energy proton less than about 3 MeV. Therefore, no filter
was used for the p-Li neutron sources.

Examples of existing facilities

Here, existing facilities are introduced. At first, the neutron
source at Kyoto University Reactor, KUR (5 MW) is
introduced as a reference to the accelerator-based facilities,
since it has been used for BNCT for a long time and the
number of the treatment is largest in the world (35). Figure 15
shows the beam line of the KUR BNCT facility. It is
equipped with a epithermal neutron moderator consisting
of Al and D,0, and spectrum shifter of D,O. Various energy
spectra are produced by using this moderator system.
Typical energy spectra are shown in Figure 16, namely,
thermal, mix and epithermal spectra.

The accelerator-based BNCT were constructed in Japan.
Energies used are 30, 8 and 2.5 MeV, and the last one uses

tro.amegroups.com Ther Radiol Oncol 2018;2:55
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Li target. The first two were already presented (4,5). Here,
these two facilities are introduced. The first facility in the
world is C-BENS in Institute for Integrated Radiation and
Nuclear Science, Kyoto University. Figure 17 shows the
BSA of C-BENS. The proton energy and current are 30
MeV and 1 mA, and the produced neutron energy is less
than about 28 MeV, very high. Therefore, to reduce the fast
neutron component is one of the most important roles of
the BSA. Here, Pb is used to produce neutrons by reactions
such as (n,2n), and then Fe and Al are placed as filters. As a

© Therapeutic Radiology and Oncology. All rights reserved.
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Figure 20 Energy spectrum at iBNCT BSA (5). BSA, beam
shaping assembly.

moderator CaF, is used. The energy spectrum of this system
is shown in Figure 18 with a comparison of KUR facility (4).
The energy spectra include higher energy component and
the characteristics enable us to treat deeper position cancers.
Similar system was built in two hospitals in Japan (6,7).
iBNCT was constructed in Tokai village in Ibaraki
prefecture (5). The proton energy is 8 MeV and the current
expected is S mA. The BSA is shown in Figure 19 (5). Main
components of the BSA are Fe filter, MgF, moderator and
Pb reflector. The energy spectrum is shown in Figure 20.
The spectrum of iBNCT has higher epithermal component
compared with the reactor source, but fast neutron

component is lower than that of C-BENS.

tro.amegroups.com Ther Radiol Oncol 2018;2:55
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Table 3 Radioactive products created by nuclear reactions in the
moderator and iron filter

Therapeutic Radiology and Oncology, 2018

Table 4 Decay type, half-life and energy of emitted radiations of
produced radioactive nuclei

Material RI Reaction Threshold E (MeV) RI Decay type  Half life Energy (MeV)
F F-20 F(n,y)°F - F-20 B 1158 B:5.4,7:1.63
F-18 9F(n,2n)"°F 11.0 F-18 B* 109.8 m B*:1.66 (97) EC (3)
N-16 °F(n,0)"°N 3.0 N-16 B, (0.0008) 7.14's B:10.4, y: 7.11, 6.13 (69)
Mg Mg-27 »Mg(n,y)” Mg - Mg-27 B 9.45m  B:1.75,y: 0.40, 1.35 (70)
Na-24 #Mg(n,p)*’Na 5.3 Na-24 B 15.0 h B: 1.39, y: 1.369, 2.754
Ca Ca-49 *Ca(n,y)*“Ca - Ca-49 B 8.8m B: 1.95, y: 3.10 (89)

Sc-49  *Ca(n,y)**Ca, (87) — 49Sc - Sc-49 B 57m B:2.01,y: 1.76 (0.03)

Ar-37 “Ca(n,o)* Ar 1.0 Ar-37 EC 35.1d ¥: non

Ca-45 “Ca(n,y)*Ca - Ca-45 B 165 d B: 0.252, y: non

Ca-47 *Ca(n,y)"’Ca - Ca-47 B 453d B: 0.67, v: 1.3 (74), 0.8

**Ca(n,2n)"’Ca 10 K-42 B 12.4 h B: 3.52, v: 1.524 (18)

K-42 “Ca(n,p)?K 3.6 K-43 B 22.4h B: 0.83, y: 0.62 (81)

K-43 “Ca(n,p)°K 2.0 Al-28 B 2.27m B:2.86, y: 1.78

Al Al-28 ZTAI(N,y)*eAl - Mn-56 B 257 h B: 2.85, v: 0.84 (99), 1.8
Mg-27 ZAl(n,p)*Mg 25 Fe-59 B 456d B: 0.475,v:1.29, 1.095
Na-24 Z7Al(n,0)**Na 5.4 Fe-55 EC 2.60y y: non

Fe Mn-56 %Fe(n,p)**Mn 45 Mn-54 EC 303d v: 0.835 (100), e: 0.83

Fe-59 *®Fe(n,y)°Fe - Parentheses indicates percent of each radiation scheme.

Fe-55 *Fe(n,y)*Fe -

Mn-54 “'Fe(n,p)*Mn 1.0 15.0 hours. “*Na is major nucleus of residual radioactivity
in the case of MgF, moderator, but the nucleus is produced
by neutrons with energy above 5.3 MeV. Therefore, **Na

Radioactivity contribution will be small at proton energy lower than

Low activation of the system is required for safer
operation. The radioactivity at a time less than few hours
after irradiation will be important for daily operation.
Radioactive materials are produced by neutron reactions,
and the products depend on the neutron energy, namely, the
proton energy. Table 3 shows radioactive products created
in the moderator and Fe-filter, and Table 4 shows decay
characteristics of the radioactive nuclei.

F produces *’F with a half-life of 11.5 sec by neutron
absorption and does not produce long half-life products less
than 11 MeV. “’F is dominant just after the irradiation. When
using a high energy proton over about 13 MeV, F with a
half-life of 109.8 min is produced, and this remains at long
time after the irradiation. Mg produces two nuclei *’Mg by
neutron absorption and **Na by (n,) reaction over 5.3 MeV.
The former has a short half-life, 9.5 min, and the latter

© Therapeutic Radiology and Oncology. All rights reserved.

about 8 MeV. ¥Ca emitted y-rays and the half-life is 8.8 m.
Therefore, this nucleus is dominant in a short period after
the irradiation. ’Ar radiation become dominant at longer
time but this nucleus emits a very low energy characteristic
X-ray with an energy of 2.58 keV as a product of the decay
of Ca, and it will be very easily shielded. In the case of Al,
radioactivity comes from “*Al by neutron absorption, *’Mg
by (n,p) with a threshold energy of 2.5 MeV and **Na by (n,o)
with a threshold energy of 5.4 MeV. **Al has a short half-
life of 2.27 m and become negligible after few ten minutes.
The contributions of *’Mg and **Na depend on proton
energy and “*Na radioactivity exist at rather long time after
irradiation due to 15.0 hours half-life. In the case of Fe,
four radioactive materials are produced. Fe and “Fe are
created by neutron absorption, and **Mn and **Mn by (n,p)
reaction, in which threshold energies are 1.0 MeV and 4.5

tro.amegroups.com Ther Radiol Oncol 2018;2:55
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Figure 21 Dose around the exit of the BSA for different moderator
materials at 8 MeV (A) and 12 MeV (B). Fe-filter data are also
indicated (34). BSA, beam shaping assembly.

MeV, respectively. **Mn has a half-life of 2.57 hours. On the
other hand, **Mn has a half-life of 303 days. Therefore, *Mn
will be a main contributor in a period of few hours after
irradiation.

From the quantitative consideration written above, it is
expected that the residual activity depends on the moderator
material and the proton energy. Figure 21 shows dose data
around the exit of the collimator under the condition that
each system gives the same epithermal neutron intensity
with the same fast neutron component at each proton
energy (34). Figure 21A4 is the data at 8 MeV and Figure 21B
at 12 MeV. At 8 MeV, for MgF, and CaF, BSA cases the
effect of *°F is observed at early time and then ’Mg and
*Ca become dominant in the total dose and the decays of
both nuclei are almost the same since they have almost the
same half-life. After them, dose from **Na appears in the
case of Mg and “Ar in the case of Ca. In the case of AlF;,
*Al is dominant at the early time and then **Na. At 12 MeV

© Therapeutic Radiology and Oncology. All rights reserved.
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contribution of **Na become larger at a time later than
about 1 hour both in Mg and Al case. On the other hand,
the dose of the Ca case is almost the same between 8 and 12
MeV since the same neutron reactions contributes to the
dose. Therefore, at the proton energy larger than about 10
MeV CaF, will be better and at the energy lower than this
energy MgF, will be better.

Summary

Consideration on the BSA design based on the IAEA
TECDOC-1223 was presented. Some of the quantitative
values may change depending on the further optimization of
the BSA. A thermal neutron source for cancers at a shallow
position should be considered although it was not discussed
in detail in this paper. If considering the dismantlement of
the facility, long lived radioisotopes should be also evaluated
such as T produced by Li, Po by Bi etc.
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