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The global effort to establish Accelerator-Based Boron Neutron Capture Therapy
(AB-BNCT) facilities involves various accelerator technologies and neutron-
producing targets, each characterized by different properties of the primary
beam and neutron spectra they generate. With an emphasis on long-term
sustainability, it is essential to minimize the production of residual radioactivity to
the lowest possible level, particularly given their intended use in a hospital
environment. This paper aims to quantitatively assess the residual radioactivity in
these facilities, taking into account both primary and secondary activation. Primary
activation primarily arises from the interaction of the proton or deuteron beam and
the neutron-producing target. Secondary activation results from neutron-induced
reactions on the elements exposed to the neutron flux, with the Beam Shaping
Assembly (BSA) being the most exposed one. To assess activation, we evaluated
a representative group of target-BSA configurations. Primary activation was
calculated based on cross-sectional data and the corresponding target materials.
Neutron activation was assessed using Monte Carlo simulations with the MCNP 6.1
code. Regarding target activation, our findings indicate that °Be targets working with
protons of less than 10 MeV represent the cleanest option, while “Li targets working
with protons lead to the highest activation levels. As for BSA activation, the
neutron energy is a crucial factor. In the case of standard BSA materials, higher
neutron energy results in an increased number of potential reactions that produce
radioactive products. Additionally, our findings suggest that radioactivity induced by
impurities and minor components in alloyed materials cannot be disregarded and
must be taken into account in radioactivity calculations. In summary, this research
provides a comprehensive analysis of activation of the commonly used targets and
BSA materials, aimed at contributing to the optimization of AB-BNCT facilities from
a radiological perspective.

KEYWORDS

AB-BNCT, radioactivity, radiation protection, beam shaping assembly, neutron activation,
neutron production targets

1 Introduction

Worldwide, several projects are underway to establish clinical facilities for Accelerator-
Based Boron Neutron Capture Therapy (AB-BNCT). Some of these facilities are already
operational and actively treating patients, and others are currently under development or/
and in a construction stage. These projects are based on different accelerator technologies,
neutron-producing reactions, and bombarding energies, as shown in Table 1.
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TABLE 1 AB-BNCT facilities worldwide grouped by neutron producing reaction and beam energy.

Target-

reaction

Beam
energy (MeV)

Beam current
goal (mA)

Institute, country

10.3389/fnuen.2023.1275396

“Li(p,n)’Be 2.3-2.8 10-30 Xiamen Humanity Hosp., Aleynik et al. (2011), NEUBORON (2021), TAE Life Sciences
China (2021)
THEP, China Chen et al. (2022)
Helsinki Univ. Hospital, Neutron Therapeutics Inc (2019a), Neutron Therapeutics Inc
Finland (2019b), Porra et al. (2022)
Soreq, Israel Halfon et al. (2015)
National Cancer Center, Nakamura et al. (2021), Matsumura et al. (2023)
Japan
Edogawa Hospital, Japan Nakamura et al. (2021), Matsumura et al. (2023)
Nagoya University, Japan Uritani et al. (2018), Watanabe et al. (2021)
Shonan Kamakura Hospital, Neutron Therapeutics Inc (2019b), Neutron Therapeutics Inc
Japan (2023), Suzuki et al. (2023)
Budker Inst., Russia Aleynik et al. (2011)
Granada University, Spain Porras et al. (2020)
Birmingham University, UK* | Neutron Therapeutics Inc (2019b), University of Birmingham
(2022)
CNAO, Italy Aleynik et al. (2011), TAE Life Sciences (2021)
“Be(p,n)’B 30 1 Kyoto University, Japan Tanaka et al. (2009), Mitsumoto et al. (2013)
Kansai BNCT Res. Center, Tanaka et al. (2009), Kansai BNCT Medical Center (2019)
Japan
Southern Tohoku Hosp., Tanaka et al. (2009), Kato et al. (2020), Southern Tohoku Hospital
Japan Group (2020)
“Be(p,n)’B 8 10 Tsukuba University, Japan Kumada et al. (2014), Kumada et al. (2015), Kumada et al. (2019)
Gachon Univ.-Dawon Lee et al. (2021a), Bae et al. (2022)
Medax, Korea
°Be(d,n)'°B 1.45 30 CNEA, Argentina Kreiner et al. (2007), Capoulat et al. (2014b), Cartelli et al. (2020)
BC(d,n)"N 1.45 30 CNEA, Argentina Kreiner et al. (2007), Capoulat and Kreiner (2017), Cartelli et al.
(2020)

“Not intended for clinical BNCT.

TABLE 2 Nuclear reactions and resulting radioactive products for different AB-BNCT targets.

Product, T,/, Reaction Threshold energy or Q-value (MeV)
Li+p 7Be, 53.22 d "Li(p,n)Be Eures = 1.88
“Be + p Be, 53.22 d and tritium, 12.32 y “Be(p,t)’Be Ethres = 13.432
“Be(p,d + n)’Be Eihres = 20.4
°Be(p,p+2n)’Be Ethres = 22.9
°Be + d tritium, 12.32 years °Be(d,t)*Be Q = 4.602
BC+d tritium, 12.32 years 3C(d,t)"*C Q = 1312
¢, 5,700 years *C(d,p)“C Q = 5.962

Among these, there are high-energy 30 MeV cyclotrons that
utilize the *Be(p,n) reaction, as well as medium-energy RFQ-DTL
accelerators operating at 8 and 10 MeV also employing the Be(p,n)
reaction. Additionally, there are low-energy electrostatic accelerators
(both Tandem and Single-Ended) and RFQ machines that work with
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“Li(p,n) at around 2.5MeV, and a very low-energy electrostatic
quadrupole ESQ accelerator operating with the °Be(d,n) or
13C(d,n) 145MeV. A more comprehensive
compilation is provided in (Matsumura et 2023)
(exclusively for projects in Japan) and in “Advances in BNCT”

reactions at
al.,
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Schematic view of a typical Beam Shaping Assembly (BSA). Extracted from (Capoulat and Kreiner, 2022).

(International Atomic Energy Agency, 2022) which covers global
projects.

Considering that these facilities are intended to operate within
hospitals, an essential guiding principle should be the ALARA (As
Low As Reasonably Achievable) criterion. With a focus on long-term
sustainability, it is crucial to limit the production of residual
radioactivity to the lowest possible level, following the ALARA criterion.

The purpose of this study is to quantitatively assess the residual
radioactivity in AB-BNCT facilities, considering both primary and
secondary activation.

Primary activation occurs due to the interaction of the proton or
deuteron beam with various subsystems of the accelerator, resulting
in nuclear reactions (p,X) or (d,X), where X represents any open
reaction channel leading to radioactive products. The radioactive
product can be either the ejected particle or the heavy product of the
reaction. The most critical subsystem concerning primary activation
is the target material, since the major part of the beam directly
impacts it. Table 2 summarizes the radioactive products and nuclear
reactions relevant to each type of projectile and target material.

Secondary activation is a result of neutron-induced reactions
(n,X) occurring in any element exposed to the neutron flux.
Numerous subsystems can be activated, including the BSA,
shielding, target assembly, irradiation room walls, beamline,
ancillary equipment, wires, and other elements exposed to
neutrons. Among these subsystems, the BSA holds particular
significance, as it is located in close proximity to the neutron-
producing target. Its primary function is to moderate the
neutrons to the epithermal regime and efficiently guide them
towards the element intended for irradiation, effectively filtering
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out fast and thermal neutrons as well as gamma rays. Due to its close
proximity to the neutron-producing target, the BSA is the most
exposed subsystem, making it susceptible to significant activation.
Figure 1 shows a layout of a BSA indicating the constituent elements.

2 Materials and methods
2.1 Activity calculation

Daily operations typically involve alternating periods of
continuous irradiation and downtime. During irradiation, the
activity, denoted A, accumulates according to the following equation:

P) e P
A(t) = (A “E)er £ 1
(t) 073 3 (1)
In Eq. 1, ¢ is the irradiation time, p is the activity production rate,
A is the decay constant of the radioactive residue and A, is the
activity at the beginning of the irradiation.
During downtime, the activity follows the radioactive decay law:

A(t+t) = A(t) - e )

Here, t' denotes the length of downtime.

For a given scheme of operation, the activity accumulated over
time can be computed by alternately applying (Eqs 1, 2). Consider a
daily scheme of 8 h of irradiation followed by 16 h of downtime
(ie,t =8handt = 16h). The activity immediately after irradiation
on the N day of operation, A(N), can be expressed as:
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_ 1. N6k _ Pl asn P
AN)=|[AN=1) e A] ety 3)
Or equivalently,
By p By
A(N)=A(N—1)-e“4h+x(1—e“”‘) (4)

Following this recurrence, A(N) can be written in terms of the

activity accumulated over the first day of operation, A(1):
_ 24 \N-L P Agh N=2¢ _roan)k

A(N) = A1) (e**) +X(1—e )Y () (5)

We can obtain A(1) from Eq. 1 by setting Ay = 0, since the

activity at the beginning of the first day of operation is zero.

Therefore, A(N) can be expressed as:
_ P _A8h N-1/ _joam\k
AN) =5 (=) 3 () ©)

k=0

The sum in Eq. 6 is the geometric series ¥ ' with r = e 4245,

When |r| <1 (as is the case here), the sum is calculated as 11’_’:'. Thus,
for the considered scheme of operation (8 h of irradiation followed
by 16 h of downtime), the activity immediately after irradiation on

the N* day of operation can be calculated as:

1- (e—)uzth)N
1- e—A-24h

A(N) = % (1-e?h). 7)

2.2 Target activation

For the targets, the activity production rate (p) was calculated
from reaction cross-sections o (E) as:

p:/l-h-nAjS(E)'l-a(E)-dE (8)

Where 7 (in 1/s) is the number of projectiles (protons or
deuterons) per second impinging on the target, n, is the atom
density of the target, S(E) is the stopping power. Cross-sections were
taken from (Hermanne et al., 2014; Koning et al., 2019; Nakayama
et al,, 2021; National Nuclear Data Center, 2022) and stopping
powers from (Ziegler et al., 2010).

2.3 Beam shaping assembly activation (BSA)

In the initial stage, we conducted a comprehensive analysis of
the activation generated in commonly used BSA materials. Our
primary goal was to identify the most significant neutron-induced
reactions leading to radioactivity in each material. Considering that
reaction cross-sections depend on neutron energy, we organized our
analysis into three categories: low (up to ~1 MeV), intermediate (up
to ~8 MeV), and high-energy (up to ~28 MeV). Secondly, we
BSAs for
group. Using information gathered from publications by various
AB-BNCT facilities worldwide, we set up and simulated each BSA
with the MNCP 6.1 code (Goorley et al., 2012).

The low-energy group includes the facilities using 2.1-2.8 MeV

specifically analyzed some representative each

protons on lithium targets, where the maximum energy of the
neutron spectrum is of the order of 1 MeV or less, depending on
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the proton energy. Specifically, for protons of 2.3 MeV, the
maximum neutron energy is 573 keV. This group of facilities
report using moderators of MgF, (Uritani et al., 2018; Li et al,
2021; Torres-Sanchez et al., 2021; Qiao et al., 2023), AlF; (Lee et al.,
2021), CaF, (Wang et al., 2022) and Fluental™ (Chen et al., 2021).
As representative cases, we analysed the case of 2.3 protons with all
the aforementioned moderators.

The intermediate-energy group includes facilities that produce
neutrons up to about 8 MeV. Within this category, we find those
using "’C and °Be targets with deuterons of 1.45 MeV, as well as
facilities utilizing °Be targets with protons of 8-10 MeV. Their
maximum neutron energies are 6.72, 5.76, and 6.13-8.14 MeV,
respectively. Facilities employing 8-10 MeV protons on beryllium
targets have reported the use of MgF, moderators in conjunction
with a fast neutron filter of iron (Kumada et al., 2018; Kumada et al.,
2019; Bae et al.,, 2022). Meanwhile, facilities employing 1.45 MeV
deuterons on "°C and °Be targets use alternating slabs of Al and
PTFE (Al + PTFE) as moderators (Capoulat and Kreiner, 2017) and
AlF; moderators (Capoulat, 2014a; Capoulat et al., 2014b). As
representative cases within this group, we analyzed the scenario
involving 8 MeV protons on a beryllium target and the scenario of
1.45 MeV deuterons on both "°C and °Be targets, all of them utilizing
their respective BSAs.

Lastly, the high-energy group includes facilities employing °Be
targets with 30 MeV protons. These facilities produce neutrons with
energies up to of 28.15 MeV. Moderators of CaF, with filters of
aluminium, iron and lead are reported for this group (Mitsumoto,
2023), and considered here as a representative case.

Table 3 summarizes the configurations considered here,
including their main elements such as the moderator, fast
neutron filters, and reflector. It is pertinent to remind that this
study exclusively focuses on the aspect of radioactivity generation.
Assessing the neutron beam quality achievable with each analyzed
configuration falls outside the scope of our research. For details on
this issue, refer to the citations in Table 3.

To assess secondary activation, energetically allowed neutron-
induced nuclear reactions with up to 4 light products were
considered for each element. For a nuclear reaction with cross-
section o, the activity production rate p is:

p:A.NAJqs(E).o(E).dE )

where gb(E) -dE (in 1/cm?-s) is the neutron flux in the element to
evaluate (moderator, fast neutron filters or reflector), N4 is the
number of target atoms for the reaction that generates
radioactivity in the element of interest. The integrals in Eq. 9
were calculated as F4 Tallies with the reaction cross-sections as
the tally modifiers (DE and DF cards). Cross-sections were taken
from different evaluated databases (Sublet et al., 2010; Brown
et al., 2018; Koning et al., 2019).

The accumulated activity concentration of each radioactive
product was calculated as indicated in Eq. 7 and compared to the
levels of clearance given in the IAEA Safety Guide RS-G1.7
(International Atomic Energy Agency, 2004). The clearance levels
represent the maximum activity concentration tolerable to release
radioactive materials from regulatory control. The values are derived
for each radionuclide in the IAEA Safety Report No44 (International
Atomic Energy Agency, 2005), and correspond to the activity
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TABLE 3 Description of the beam shaping assemblies considered in this study.

Beam energy, current Moderator

Li+p 2.3 MeV, 30 mA Fluental™, MgF,, AlF; or CaF,

10.3389/fnuen.2023.1275396

Fast neutron filter Reflector Refs

None Pb Chen et al. (2021)

Li et al. (2021)

Uritani et al. (2018)

Torres-Sdnchez et al. (2021)

Qiao et al. (2023)

Lee et al. (2021b)

Wang et al. (2022)

“Be + p 8.0 MeV, 10 mA MgF,

Fe Pb Kumada et al. (2018)

Bae et al. (2022)

“Be + p 30 MeV, 1 mA CaF,

‘Be + d 1.45 MeV, 30 mA PTFE + Al or AlF;

BC+d 1.45 MeV, 30 mA PTFE + Al or AlF;

concentration values such that individual effective doses to a critical
group (i.e., the public and workers) would be of the order of 10 uSv/a
and would have only a very low probability of approaching an
individual dose of 1 mSv/a.

For materials containing a mixture of radionuclides, the
normalized activity concentration (C) is defined as:

n G
CZZi:lf:

where C; is the concentration (in Bq/g) of the ith radionuclide in the

(10)

material, L; is the respective activity concentration for clearance and
n is the number of radionuclides present (ref paragraph 4.7 in the
RS-G1.7 Safety Guide).

Materials containing radioactivity can be cleared if C < 1 and
Ci < L; for all radionuclides present in the material. If these
conditions are not met, the cooling time is estimated as the
decay time required to meet the clearance condition after
retirement from service.

3 Results
3.1 Target activation

The °Be + p case, using 8 MeV protons, represents the cleanest
target. In this scenario, all reaction channels leading to radioactivity
are energetically forbidden (refer to Table 2). Only short-lived light
radionuclides, such as Be(p,n)’B (with a threshold energy of
2.057 MeV), °Be(p,d)®Be (with a Q value of 570keV), and
*Be(p,p + n)°Be (with an energy threshold of 1.850 MeV) are
produced. The resulting products are °B (with an energy width of
0.54 keV) which decays via proton emission to *Be, and *Be which
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3: Pb + Fe + Al Pb Tanaka et al. (2011)
Mitsumoto (2023)
None Pb Capoulat et al. (2014b)
Capoulat (2014a)

None Pb Capoulat and Kreiner (2017)

Capoulat (2014a)

rapidly disintegrates into two alpha particles without emitting
gamma radiation.

All the other targets produce activation, as depicted in Figure 2.
The total activity accumulated during the initial 30 days of operation
is plotted for each target. Among them, the lithium target (Li + p)
exhibited the highest activity, resulting from the radioactive isotope
’Be (with a half-life of 53.22 days) generated by the neutron-
producing reaction ’Li(p,n)’Be. This radionuclide undergoes
electron capture, emitting a 478 keV gamma ray in 10.44% of the
decays (yielding “Li as a product). After 30 days of operation,
2.1 TBq of "Be accumulate on the target, with nearly 82 GBq
accumulating within the first day.

Next in importance is the beryllium target bombarded with 30 MeV
protons ("Be + p(30 MeV)). The activity of "Be amounts to 390 GBq
during 30 days of operation and 15 GBq within the first day. This
activity results from various reactions, including “Be(p,t), “Be(n,d + n),
and °Be(n,p+2n). Additionally, the “Be(p,t)’Be reaction produces
trittum (4.2 GBq in 30days). This radionuclide emits very low-
energy beta particles (E < 18.591keV), and it does not emit any
gamma rays. Due to its long half-life (12.32years), tritium
accumulates at a slower rate compared to “Be, hence, for short
periods of time, the activity in this target is primarily attributed to "Be.

When utilizing deuterons on beryllium and “°C targets ("Be + d
and “C + p), only low-energy pure beta emitters are produced. In
the case of the beryllium target, 4.1 GBq of tritium are generated
through the °Be(d,t) reaction during an 30-day period, with
150 MBq produced within the first day. Concerning the "C
target, it primarily results in the generation of tritium, with a
small amount of C. This radionuclide emits low energy beta
particles up to 156keV. Compared to other options, the
production of tritium with this target is significantly lower
(780 MBq over 30 days, 2.7 MBq within the first day).
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FIGURE 2
Total activity accumulated in different targets.

3.2 Beam shaping assembly (BSA) activation

Table 4 presents a compilation of the most relevant
radionuclides generated through neutron activation in commonly
used materials for low, intermediate, and high-energy facilities. The
materials are grouped according to their roles in the BSA, namely,
moderator, reflector, fast neutron filter, and fast neutron shielding.
Only radionuclides that exceed the clearance level after 5 years of
operation are shown. Radionuclides in each group are sorted in
decreasing order of relevance concerning the determination of
cooling time. Short-lived radionuclides (T;, < 2h) are not
included, as they have no significant impact on the cooling time.
The following subsection discusses each group of materials in detail.

3.2.1 Moderator materials

Moderator materials referred to in the literature for producing
epithermal neutron beams include calcium (CaF,) and magnesium
(MgF) fluorides, Fluental™ (AlF;: 69 wt%, metallic aluminum: 30 wt
%, and LiF: 1 wt%), AlF; and aluminum (Al).

In pure aluminum, long-term activation occurs exclusively in
the high-energy facilities. Tritium (T;/, = 12.32 years) and **Na
(Ty, = 2.6018 years) are produced through the *’Al(n,t) and the
“Al(n, 2n+a) reactions, respectively. These reactions have
threshold energies of 11.29 and 23.35MeV, resulting in the
complete absence of long-term radioactivity accumulation in
the low and intermediate energy groups. **Na (T, = 14.997 h)
is produced mainly by the *Al(n,a)**Na reaction, with a threshold
energy of 3.25MeV in intermediate and high-energy facilities.

It is worth mentioning that pure aluminum is not used for
structural applications due to its limited strength, corrosion
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resistance, and lack of other desirable properties for that purpose.
In commercially available aluminum alloys, metals or semimetals
(such as Si, Fe, Cu, Mn, Mg, Zn, and others) are added to aluminum
to enhance its structural properties. The presence of these minor
components must also be considered when analyzing neutron
activation.

In the 1,050 Al alloy (299.5 wt% Al, <0.25 wt% Si, <0.4 wt%
Fe, <0.05wt% Mg, <0.05wt% Mn, <0.05wt% Zn, <0.05wt% V,
and <0.03 wt% Ti), neutron activation leads, among others, to the
accumulation of ®*Zn (T;/, = 243.93 d), **Mn (T, = 312.2d) and
*Fe (T}, = 44.495 d). These radionuclides result from the activation
of the alloying Zn and Fe exclusively. Simulations made for
intermediate-energy facilities showed that these radionuclides can
extend the cooling time to several years (whereas pure aluminum
cools down within a few days).

Fluental™, also employed as a moderator, accumulates tritium
(Tyj» = 12.32 years) resulting from the °Li(n,a)’H reaction. This
exothermic reaction (Q = 4.783 MeV) is relevant for all energy
groups. In the intermediate and high-energy groups, the
accumulation of **Na (T, = 14.997 h) is also observed, arising
from the *Al(n,a)**Na reaction. Moreover, in the high-energy
group, as more reaction channels become accessible, additional
radionuclides are generated, including '*F (T, = 109.77 min, not
shown in Table 4) and **Na (T}, = 2.6018 years). Among these, only
the last one is relevant for long-term accumulation and may have
some additional impact on the cooling time.

In pure calcium fluoride (CaF,), several exothermic and low-
threshold energy reactions on natural calcium result in the
formation of radioactive isotopes of Ca and K, impacting the
radioactivity production in all energy groups. As far as long-term
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TABLE 4 Key radionuclides generated through neutron activation in some BSA materials for low, intermediate, and high-energy facilities. Radionuclides are sorted
by cooling time relevance. Short-lived radionuclides (T,,; < 2 h) are excluded.

Intermediate

Neutron-energy

group
Moderator Materials: Aluminium (pure) -

Aluminium Alloy (1050)
64Cu

Fluental™ *H

MgE; (pure)

“Zn, **Mn, *°Fe, **Mn and

**Na *H, **Na, **Na

SSZn’ 54Mn’ SQFe’ ASSC, SGMn’
**Na and *Cu

*H, “°Co, ®Zn, *Na, **Mn, *Fe, “Ca, *Fe, *Na,
48S¢, *'Cu, *°Mn and *“Zn
*H and **Na *H, **Na and *Na

**Na °H, **Na, **Na and "“C#

CaF, (pure) “Ca and ¥Ca
AlF; (pure) -
Reflector Materials: Lead (pure) -

%Fe, *'Mn, *Fe, *'Cr and
ESMn

Fast Neutron Filter
Materials:

Iron (pure)

Iron alloy %Fe, *'Mn, *Fe and °'Cr

“Ca and ¥Ca *H, *Ca, ¥Ca, *K, ’K and "“C#
2*Na 3H, *Na, *’Na and "“C#
_ 204T1 203Hg and 203Pb

5Fe, **Mn, *°Fe, °'Cr and **Mn = *H, *°Fe, **Mn, *’Fe, *'Cr, **Mn and *°Mn

%Fe, **Mn, *°Fe, *'Cr, **P, **Mn = °H, *°Fe, *Mn, *°Fe, °'Cr, **Mn, **P, *'Na, **Mn and
and *'Si 181

Lead (pure) -

Fast Neutron Shielding Lithiated polyethylene °*H

_ 2047 203Hg and 2°°Pb

°*H and **Na#¥ *H, *Na#¥ and "“CHH+

Materials:
Boronated Paraffin (pure = *H¥
)

*H¥ *H

*The accumulation of this radionuclide becomes relevant only after more than 15 years of operation.

#Only SWX™-215 Litihiated polyethylene (7.5%w "Li).
*#Only in 50%-w LiF loaded polyethylene, only after 15 years of operation.

*Due to the potential impurities in paraffin, other omitted radionuclides may also relevant.

activation is concerned, the most relevant one is **Ca (T, =
162.61 days), followed by “Ca (T, = 4.536 days) for the low
and intermediate-energy groups. In the high-energy group,
tritium-producing reactions (n,t) are energetically allowed,
making tritium the most significant product for determining the
cooling period. Additionally in this group, **K (T,,, = 22.3h) and
2K (T, = 12.355h) and *F (T, = 109.77 min, not shown in
Table 4) are without significant impact on the cooling time. For
longer periods of operation (10-15 years or more), a non-negligible
activity "*C will be present due to the ’F(n, d+ «). Given its long
half-life, the clearance time is significantly prolonged once this
radionuclide exceeds its clearance level. Hence, to limit the
cooling time of the material, it is crucial to limit the operation
time in order to maintain the activity concentration of '*C below the
clearance level.

In pure magnesium fluoride (MgF,) and aluminum fluoride
(AlF;), no long-term activation is generated in the low-energy group
of facilities. Within this group, the only energetically allowed
reactions are '“F(n,y)*°F (present in both MgF, and AlF;),
**Mg(n,y)*Mg (in MgF,) and ’Al(n,y)**Al (in AlFs), all of which
are exothermic processes. Due to their short half-lives (11.07 s for
*°F and 9.458 min for ’Mg), these radionuclides do not accumulate
in MgF,. Similarly, in pure AIF; where *F and **Al (T, =
2.246 min) are present, no radioactivity accumulates. Within
intermediate-energy facilities, only **Na (Ty, = 14.997h) is
produced. In MgF,, it forms through the endothermic **Mg(n,p)
reaction, with a threshold energy of 4.932 MeV. In AlF;, **Na is
produced through the endothermic *’Al(n,a)**Na reaction, with a
threshold energy of 3.25 MeV. This may result in some radioactivity
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accumulation in the long-term operation of both MgF, and AlF;
moderators. However, considering the half-life of **Na, the cooling
time is not expected to be excessively long. In high-energy facilities,
other reaction channels leading to long-lived radionuclides become
energetically accessible. Among these, *H (T}, = 12.32 years) and
*Na (T,/, = 2.6018 years) are the most relevant ones both in and
AlF;. As in the CaF, moderator, some activity of “C (T, =
5,700 years) may be non-negligible for longer times of operation.

3.2.2 Reflector

Most reflectors referred to in the literature are made of lead (Pb).
In pure lead, several exothermic reactions lead to the production of
radioactive isotopes. The highest activity is attributed to **’Pb (T, =
3.324 h) generated through the radiative capture (n,y) reaction on
*%5pb. The IAEA Safety Guide RS-G1.7 does not specify a clearance
level for this particular radioisotope. Therefore, it was omitted from
Table 4, and its contribution was not considered for estimating the
cooling time. This radionuclide exclusively emits beta particles (no
y) with energies up to 197.5keV, and nearly all Bremsstrahlung
radiation resulting from the deceleration of beta particles is self-
absorbed in the reflector, except for a small fraction originating from
*Pb in the outer shell of lead. Hence, this activity is expected to have
a minor impact on radiation exposure.

Other radioactive products from exothermic reactions are '*’Pt
(Ty/, = 19.8915 h), *°Pt (T, = 12.6 h), **Hg (T, = 46.567 days)
and Tl (T, = 3.783 years). For low and intermediate-energy
facilities, the activities from these radionuclides were found to not
exceed the clearance level after several years of operation, when lead
is used as a reflector.

frontiersin.org


https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2023.1275396

Capoulat and Kreiner

Concerning high-energy facilities, the activities of ***T, **Hg,
and also *”Pb (T, = 51.92h) are the most relevant products to
determine the cooling time. Simulations showed that tritium
resulting from (m,t) nuclear reactions on lead will not be
significant for up to several decades of operation.

It is worth mentioning that commercial high-purity lead in bulk
often contains small amounts of other elements, such as cadmium
(Cd), bismuth (Bi), tin (Sn), antimony (Sb), copper (Cu), and arsenic
(As). These elements are added to the alloy to enhance the physical
and mechanical properties of pure lead. When analyzing neutron
activation, it is essential to consider these minor components. From
these, the most significant radioactive products are '**Sb (T, =
2.7238 days) and 7°As (T, = 1.0942 days), resulting from the
radiative capture (m,y) reactions on antimony and arsenic,
respectively. Simulations showed that these activities will reach
the clearance levels in less than only 1year of service of the
reflector, even for small amounts of arsenic and antimony
(0.0001 and 0.002 wt%, respectively). For low and intermediate-
energy facilities, these components are indeed the ones that
determine the cooling time, considering that the only product
generated in pure lead **Pb has a shorter half-life.

3.2.3 Fast neutron filters

In this study, the term “fast neutron filter” refers to the initial
layer or layers of materials adjacent to the target and situated before
the moderator. Iron (Fe) is utilized in certain intermediate-energy
facilities. In high-energy facilities, layers of lead, iron, and aluminum
are employed simultaneously (refer to Table 3).

In pure iron, several exothermic and low-threshold energy
reactions contribute to the accumulation of radioactivity. The
primary contributor to this activity is **Mn (with a half-life of
2.58 h), which is generated in the **Fe(n,p) reaction. However, when
considering long-term generation of residues, *’Fe and **Mn
(generated through **Fe(n,y) and **Fe(n.p), respectively) become
more relevant to determine the cooling time of the filter due to their
longer half-lives (2.744 years and 312.2 days, respectively).
Simulations showed that for intermediate and high-energy
facilities the cooling times of these filters are of the order of
20 years, after 5 years of operation.

Commercial iron contains small amounts of alloying elements,
including carbon (C), silicon (Si), manganese (Mn), sulfur (S), and
phosphorus (P), to enhance the mechanical and chemical properties
of the iron. Simulations showed that the presence of these elements
slightly increases the activity of **Mn (resulting from radiative
capture on >>Mn) and generates additional radioactivity of **Na
(Ty), = 14.997 h), *'Si (T, = 157.36 m), 2P (T, = 14.268 days).
However, their influence on the cooling time is expected to be
minimal when compared to that obtained for a pure iron filter.

Concerning lead filters (used in the high-energy facilities) the
isotopes *”Pb (T, = 51.92 h), **Hg (T, = 46.567 days) and ***T1
(Ty/, = 3.783 years) are the main radioactive products as similarly
observed in the lead reflector. Due to the proximity to the target, the
filter is exposed to a much higher neutron flux as compared to the
reflector. Consequently, the activities and, therefore, the cooling
times are larger. Simulations showed that nearly 38 years of cooling
would be required after just 1 year of service for the filter.

In pure aluminum filters, the relevant radionuclides concerning
long-term radioactivity are the same as those mentioned above for
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aluminum moderators. Similarly, for aluminum alloys, the
radioactivity produced by the activation of alloying elements
must be considered, even for high-aluminum content alloys.

3.2.4 Fast neutron shielding
Lithiated polyethylene and boronated paraffin are common
materials for fast neutron shielding (and also thermal neutron
shielding).
contains 7.5 wt% of natural Li*?. Other polyethylenes containing
50 wt% of lithium fluoride (LiF) are also used (Komori et al., 2023).
In lithium polyethylene, tritium (T,,, = 12.32 years), primarily

Most of the commercial lithiated polyethylene

generated in the exothermic °Li(n,a)’H reaction, is produced in the
long term. Light elements such as carbon, oxygen, and hydrogen
present in polyethylene mainly produce very short-lived light
residues, with half-lives ranging from milliseconds to seconds.
The activity of “C (T,, = 5,700years), coming from the
exothermic (n,y) reaction on “C is expected to be low due to the
small abundance of *C in natural carbon (1.07%). Simulations made
that  the
concentration activity of “C remains below the clearance level

for intermediate-energy facilities demonstrate
even after several decades of operation.

Some commercial lithium polyethylene may contain impurities
such as chlorine (Cl), calcium (Ca), and sodium (Na), typically in the
range of 0.001-0.004 wt% each. Simulations for intermediate-energy
facilities showed that the activity of **Na (T, = 14.922 days) exceed
the clearance level in less than 1 year of operation. However, due to
its much shorter half-life compared to tritium, it does not
significantly impact cooling times.

In lithium polyethylene containing LiF, when used in high-
energy facilities, also '*F coming from the endothermic (Eqpres =
10.432 MeV) "F(n, 2n) reaction rapidly accumulates after a few
hours of operation. However, due to its short half-life (T, =
109.77 min), it rapidly decays, having no impact on long-term
accumulation. Some activity of "“C (Ty, = 5,700 years) is
expected due to the F(n, d+ a), which may have an impact on
the cooling time if the "*C clearance level is exceeded.

In pure paraffin loaded with 66% wt of pure boric acid, only
some activity of tritium is generated in the long-term operation
through the exothermic '°B(n, 2a)’H reaction. Simulations for
intermediate-energy facilities showed that the accumulated
activity remains below the tritium’s clearance level even after
several decades of irradiation. Obtaining pure paraffin, however,
is difficult, and additionally, the type and level of impurities vary
greatly depending on its origin and manufacturing process. X-Ray
Fluorescence (XRF) analysis conducted for different samples in our
laboratory revealed small but non-negligible amounts of Ca (9.6 wt
%), Cl (0.13 wt%), Fe (0.17 wt%), Cu (0.0012 wt%), Ni (0.001 wt%),
Zn (0.0002 wt%) among others. Additionally, trace amounts of
heavy metals (Pb, Hg, and Cd) were also detected. Considering
these elements, simulations were conducted for intermediate-energy
facilities using a boronated paraffin shielding surrounding the
reflector. It was found that, only ®Zn (T,, = 243.93 days,

1 Shieldwerx SWX-215 Poly-based Shielding. https://www.shieldwerx.com/
poly-based-shielding. Accessed 7 August 2023.

2 JCS Nuclear Solutions JC215 Lithium Polyethylene. https://johncaunt.
com/products/lithium-polyethylene/. Accessed 7 August 2023.
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produced in the radiative capture on *Zn) resulted in long-term
accumulation. All other radioactive residues remained below their
respective clearance levels even after several decades of service.
However, considering the variety of potential impurities in this
material, each case must be analyzed carefully.

3.3 Evaluation of a representative group of
beam

3.3.17Li + p (2.3 MeV)
Only Fluental and CaF,
Moderators composed of pure AlF; and pure MgF, does not

moderators become activated.
produce long-term radioactivity, as described in §3.2.1. Figure 3
shows the normalized concentration activity (C) as a function of
the operation time, with the corresponding cooling times indicated as
dot labels for a Fluental and a CaF, moderator. In Fluental, C is due to
tritium, and in CaF, it is due to **Ca with a small contribution of *’Ca.

In the lead reflector, none of the products individually or
together exceed the clearance level, regardless of the moderator
material.

3.3.2 °Be + d (1.45 MeV) and **C + d (1.45 MeV)

Both in the PTFE + Al and AIF; moderators, the element of
concern is aluminum. Activation of PTFE in the PTFE + Al
moderator remains negligible even in a long-term operation, as
the saturation activities of all radioactive products, as well as their
normalized sum, remain well below the clearance levels. Fluorine in
AlF; produces only very short-lived *°F (T, = 11.07 s). Figure 4
illustrates the values of C for these moderators over the operational
period. Both pure aluminum and the 1,050 alloy are considered for
the aluminum present in the PTFE + Al moderator.

Pure aluminum generates **Na as the sole radioactive
product, with a half-life of 14.922 days. This radionuclide decays
to slightly less than half its initial concentration during a 16-h daily
downtime. After about 4 days of operation, an effective saturation
level is reached, and upon retiring the material from service, it
requires a cooling time of 4.2 days. In the 1,050 alloy, C values and
cooling times are substantially larger, attributed to the activation of
its alloying elements. The cooling process is mainly determined by
two key nuclides: ©*Zn (with a half-life of 243.93 days) and **Mn
(with a half-life of 312.2 days), which are produced by the activation
of natural Zn and Mn, respectively.

In the pure AlF; moderator no long-term radioactivity is
produced, as described in §3.2.1. The 3.2-day cooling time shown
in Figure 4 is due to **Na resulting from the activation of aluminum.

As for the lead reflector, the saturation activities of all radioactive
products, along with their normalized sum, consistently stay well
below the allowable levels, whether using an AlF; or PTFE + Al
moderator. Consequently, the values of C will remain below
1 throughout the reflector’s operational lifespan.

3.3.3 °Be + p (8 MeV)

Figure 5 illustrates the C values and cooling times throughout
the operation time for both a pure iron and an iron alloy fast neutron
filter. In the pure material, the most important contribution to the C
value arises from **Mn (with a half-life of T/, = 312.2 days) over the
entire range of operation time. In the alloy, in addition, there is an
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even more substantial contribution of **Mn resulting from the
activation of alloying natural manganese, which significantly
increases the C value during the first year of service. Due its
short half-life (T, = 2.5789h), the presence of **Mn has no
impact on the cooling times when compared to the pure
material, where natural manganese is absent, both for pure iron
and the alloy. In both materials, cooling times are determined by
**Mn until it reaches the saturation level at about 3 years of service,
and then, by *Fe (T, = 2.744 years).

Regarding the MgF, moderator, only **Na (T, = 14.997 h) is
generated. A saturation C = 2 value is reached within 3 days of
service, resulting in a cooling time of about 15 h. In the lead reflector,
the activities of all radioactive products, as well as their normalized
sum, remain well below the allowable levels.

3.3.4 °Be + p (30 MeV)

The C values and cooling times for the moderator and the
reflector are shown in Figure 6, and for the fast neutron filters in
Figure 7.

In the CaF, moderator, most of the activity is due to '*F, which
rapidly decays with a half-life of 109.77 min. The key contributors to
the cooling time are initially *Ca (T, = 162.61 days), and later tritium
(Ty/, = 12.32 years) once it surpasses the clearance limit after 1 year of
operation and “*Ca had practically reached the saturation level. After
approximately 15 years of service, "*C (with a half-life of 5,700 years)
reaches the clearance limit. Due to its longer half-life, the activity of "C
becomes the primary factor defining the cooling time since then.

In a pure lead reflector, **Pb, with a half-life of 51.92h,
contributes significantly to C. However, the cooling time is
primarily governed by ***T1 (T, = 3.783 years) and tritium
(T, = 12.32 years) once they exceed their respective clearance
levels at approximately 1 month and 40 years of service, respectively.

Regarding the fast neutron filters, iron stands out as the most
activated material, with C ranging from about 10° to 10° depending
on the operation time. In pure iron, **Fe (T, = 2.744 years) rapidly
surpasses the clearance limit (within the first day of operation),
determining the cooling time until tritium (T,,,-12.32 years) does so
at 18 months of service.

The pure aluminum filter requires only 10-15 days of cooling
when used for less than 6 months, mainly due to the presence of **Na
(Ty, = 14922 days) as the sole significant product. After
approximately 4 months of operation, when *’Na (T, =
2.6018 years) reaches its clearance level, cooling times increase to
several years. Similarly, at around 9 months of operation, tritium
reaches the clearance level, becoming the dominant factor in the
cooling period, resulting in cooling times of several decades.

In the aluminum 1,050 alloy, ©°Zn (T, = 243.93 days) and **Mn
(T2 = 312.2 days) determine the cooling time during the first year
of operation. Subsequently, tritium and *“Co (T,/, = 1925.28 days),
which have reached their clearance levels, become the relevant
products in determining the cooling time.

Finally, in the pure lead filter, the most significant contribution
comes from *”Pb (T}, = 51.92 h). Additionally, above the clearance
level, there are **’Hg (T, = 46.594 days), **T1 (T,,, = 12.31 days)
*Tland (T, = 3.783 years), with the latter having the most impact
on the cooling time during early operation. Subsequently, after
8 months of operation, tritium reaches the clearance level and
becomes the contributor that determines the cooling time.
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Normalized activity concentration (C) and cooling times for pure and alloyed (1,050) aluminum, as well as for AlFs moderators when employed with
°Be and **C targets and a 30-mA beam of deuterons of 1.45 MeV.
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TABLE 5 Radioactivity induced in targets and beam shaping assemblies for different AB-BNCT approaches.

°Be(p,n) °Be(d,n) 3C(d,n)

30 MeV, 1 mA 1.45 MeV, 30 mA  1.45 MeV, 30 mA

Target: Radionuclides and activity after 30 days "Be: 2.1TBq Only prompt ’Be: 390 GBq *H: 4.2 GBq °H: 4.1 GBq *H: 780 MBq"'C:
of operation radiation 2.2 kBq
BSA: Main radionuclides and Moderator Fluental: (°H, MgF,: None CaFy: (**Ca, °H, 37.1 years) PTEE + Al 1,050: PTFE + Al 1,050:
cooling time after 5 years of 115 years) (“Zn,**Mn, 8.0 years)  (*°Zn,**Mn, 8.0 years)
operation
CaF,: (**Ca, AlF5: None AlF5: None
3.2 years)
MgF,: None
AlF;: None
Reflector Pb: None Pb: None Pb: (**T1, 19.1 years) Pb: None Pb: None
Fast Neutron Iron: (°**Mn,*Fe, Pb: (°H,**"Tl, 47.4 years)
Filter 17.5 years)
Al 1,050:
(*H,%Co,*°Zn,**Mn,
33.7 years)
Iron: (°H,>’Fe,”*Mn,
42.8 years)
4 Summar 30-day period of operation, assuming a daily operation of
y P P g y op

8h. The cleanest target option is the °Be(p,n) case when

Table 5 shows a comprehensive summary of the results using 8 MeV protons, since only prompt radiation is

obtained from the analyzed configurations for both the produced. Among the remaining options, the *C(d,n) case has
target and the BSA. The target activities are calculated for a  the lowest activity.
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As for the BSAs, the table shows information on the long-
term activation of their elements (moderator, reflector, and fast
neutron filters, when applicable) for all evaluated configurations.
The information provided includes radionuclides that have the
most significant impact on the cooling process, along with the
corresponding cooling times. The cooling times corresponds to a
5-year operational period. Based on these results, long-term
radioactivity can only be avoided in the BSA configuration
"Li(p,n) when using MgF, or AlF; as a moderator, and in the
cases of *Be(d,n) and '*C(d,n) when using AlF; as a moderator.

5 Conclusion

A comprehensive evaluation was conducted on different targets
and Beam Shaping Assemblies (BSAs) intended for Accelerator-
Based Boron Neutron Capture Therapy (AB-BNCT). The primary
focus of this assessment was to analyze their activation to facilitate a
better understanding of the most suitable materials and
configurations to effectively minimize the generation of residual
radioactivity.

Regarding the targets, utilizing 8 MeV protons on a “Be target is
the cleanest option: only prompt radiation and no radioactivity is
generated. Conversely, the lithium target is the one with the highest
activity, producing 2.1 TBq of "Be, a gamma-ray emitter with a half-
life of 53.22 days, after 30 days of service. To minimize the gamma ray
exposure (for instance, of workers involved in tasks such as handling
or replacing the target) it is imperative to limit the target’s service time
to no more than a few days. The beryllium target, when bombarded
with 30 MeV protons, also produces “Be, although at a lower level
(390 GBq in 30 days) and generates tritium as well. Meanwhile, when
1.45MeV deuterons are used with “Be and 13C targets, external
exposure does not set a limitation, since only low-energy pure beta
emitters are generated: tritium, in both targets and 14C in the 13C
one. The kinetic energy of these beta particles is E < 18.591 keV and
E < 156 keV for tritium and "*C, respectively. Tritium’s beta particles
can be effectively stopped within less than 1 cm of air, and those from
"C are halted in the outer protective dead layer of the skin. For these
cases the limiting factor, instead of exposure, is the long-term activity
accumulation, due to the half-lives of tritium and "*C (12.32 years and
5,700 years, respectively).

In the BSA, activation is due to neutrons and the key factor to
consider is their energy. Based on the neutron energy, AB-BNCT
facilities can be classified as low (E < 1 MeV), intermediate (up to
6-8 MeV), and high (up to 28 MeV). Generally, higher neutron
energies facilitate a greater number of energetically feasible
reactions, leading to the generation of radioactive products.

The reactions leading to the most relevant radioactive product
were identified for the common BSA materials and for each neutron
energy group and based on the IAEA Safety Guide on Application of
the Concepts of Exclusion, Exemption, and Clearance, the normalized
activity concentrations and their respective cooling times were
estimated over their lifespan, indicating which materials are most
suitable for specific energy regimes. A detailed analysis was presented
for some of the most common BSA materials.

In the low-energy group, only exothermic reactions produce
radioactive products. For commonly used BSA materials, the
dominant reaction type is (n,y). Most of (n,p) (n,a) (n,d) are
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with  the of materials

containing °Li, where the exothermic (n,a) reaction yields tritium.

energetically forbidden, exception

Fluental moderators are the potentially critical in this group, as
they generate tritium activities that require decades of clearance.
CaF, moderators demand about 3 years due to **Ca. Meanwhile,
MgF, and AlF; moderators do not produce long-term radioactivity,
making them the cleanest options as moderators.

In the intermediate-energy group most (n,p) (n,a) and (n,d) reactions
become accessible for neutrons of these energies although the cross-
sections are generally low in most BSA materials. However, there are
exceptions in the cases of ”Al(n,)*Na and **Fe(n,p)**Mn, which result
in radioactivity production in materials containing aluminum and iron,
respectively. Tritium-producing reactions (nt) are, in general,
energetically forbidden for this group, as they have threshold energies
ranging from about 8 to 10 MeV in most BSA materials.

The critical materials within this group are iron (whether pure or
alloyed) and aluminum alloys. For iron, the main radionuclides that
determine the clearance time are **Mn and *Fe, resulting in a
clearance time of about 20 years. For aluminum alloys, it is
imperative to consider the activation of the alloying components
to estimate cooling times, as pure aluminum does not generate long-
term radioactivity. Even for a high-content aluminum alloys like the
1,050 alloy, the cooling times may extend to several years. In their pure
form, AIF; and MgF, stand out as the cleanest moderator options.

In the high-energy facilities, tritium producing reactions (n,t)
reactions become accessible and significantly impact on the cooling
time in some BSA materials including iron, aluminum and CaF,.
Reaction channels with multiple ejectiles (such as (n, 2n) (n,n + p)
(n,n+a) etc.), which are forbidden at lower energies, become
accessible and should be considered for total activity calculation.

After 5 years of operation, cooling times of approximately 30 years
are necessary for pure aluminum, 40 years for CaF, and iron (whether
alloyed or pure), and 50 years for lead when used as a fast neutron filter;
whereas, when used as a reflector, nearly 20 years of cooling time are
required. It was observed that to control and limit cooling times, it is
crucial to ensure that the longest-lived radionuclide generated in each
material remains below its respective clearance level.
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