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Abstract: Neutron beams, being electrically neutral and highly penetrating, offer unique
advantages for the irradiation of biological species such as plants, seeds, and microorgan-
isms. We comprehensively investigated the potential of neutron irradiation for inducing
genetic mutations by using simulations of spallation, reactor, and compact neutron sources
based on J-PARC BL10, the JRR-3 TNRF, and KUANS. We analyzed neutron flux, energy
deposition rates, and Linear Energy Transfer (LET) distributions. The KUANS simulation
demonstrated the highest dose rate of 17 Gy/h, significantly surpassing that obtained at
BL10, due to the large solid angle achieved with optimal sample placement. The findings
highlight KUANS's suitability for efficiently inducing specific genetic mutations and neu-
tron breeding, particularly for inducing targeted mutations in biological samples, also on
account of its LET range of 20-70 keV/um. Our results emphasize the importance of choos-
ing neutron sources based on LET requirements to maximize mutation induction efficiency.
This research study shows the potential of compact neutron sources such as KUANS for
effective biological irradiation and neutron breeding, offering a viable alternative to larger
facilities. The neutron filters used at BL10 and the TNRF effectively exclude low-energy neu-
trons while keeping the high-LET component. The neutron capture reaction, *N(n,p)!*C,
was found to be the main dose contributor under thermal neutron-dominated conditions.

Keywords: neutron; irradiation; quantum beam; breeding; mutations; LET; accelerator;
compact neutron source; reactor

1. Introduction

Genetic mutations are fundamental to biological evolution and crop improvement
and occur naturally or are induced artificially to develop desirable traits in plants, mi-
croorganisms, and other biological systems. To achieve targeted genetic modifications,
ionizing radiation has emerged as a powerful and chemical-free alternative for mutation
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induction. Various radiation sources, including ultraviolet (UV), X-rays, gamma rays,
heavy ions, and neutron beams, have been utilized for irradiation breeding [1-6]. Among
these, neutron beams are particularly advantageous due to their deep penetration and high
Linear Energy Transfer (LET) characteristics, which result in more efficient DNA damage
compared with low-LET sources such as X-rays and gamma rays. High-LET radiation
enhances double-strand break (DSB) induction, which plays a key role in mutagenesis
efficiency [7].

The primary mechanisms of radiation-induced DNA damage involve single-strand
breaks (SSBs) and double-strand breaks (DSBs), with high-LET radiation producing clus-
tered DNA damage that is more biologically consequential. The effectiveness of neutron
irradiation in inducing mutations is strongly dependent on LET. For instance, studies have
shown that in Arabidopsis thaliana, an LET value of 30 keV /um is optimal for inducing
albino mutants [8], whereas the Minimal Ionization Energy deposition (MIP) due to fast
charged particles is just 0.2 keV/pum. Higher LET values (50-100 keV/pm) have been
observed to enhance mutations in crops such as rice and chrysanthemum [8-10]. This high-
lights the importance of optimizing LET distributions for targeted genetic modifications.

While low-LET radiation, such as X-rays and gamma rays, induces mutations primarily
through base substitutions and single-strand damage, high-LET radiation, including heavy
ions and neutron beams, induces complex genetic changes, including large deletions
and chromosomal rearrangements [11,12]. Neutron irradiation is particularly effective
in inducing these complex mutations with lower doses compared with gamma rays or
heavy ions [13]. Fast neutrons (0.1-1 MeV) interact with hydrogen nuclei in biological
materials, producing recoil protons that deposit high-LET energy, leading to increased
mutation efficiency. Unlike heavy-ion beams, which require precise positioning due to
their short penetration range, neutron beams can uniformly irradiate samples, including
liquid-phase cultures, making them highly suitable for mutagenesis applications.

Historically, gamma rays were widely used for irradiation treatments from the 1950s
to the 1990s [14,15], while heavy-ion beams gained prominence from the 1990s to the 2010s
due to their ability to generate higher mutation frequencies through localized ionization
effects [15]. However, heavy-ion beams have low material permeability, requiring precise
sample placement within a narrow range. In contrast, neutron beams provide significant
advantages due to their superior penetration depth and uniform irradiation potential,
making them more effective for mutagenesis applications. Studies have shown that neutron
irradiation leads to higher mutation efficiency and a broader spectrum of genetic changes
compared with traditional radiation sources [13,16].

Neutron irradiation has been performed at large-scale facilities such as spallation neu-
tron sources, e.g., ]-PARC (Japan Proton Accelerator Research Complex) [17], or research
reactors, e.g., the JRR-3 (Japan Research Reactor-3) TNRF [18], which require extensive
planning, have limited access, and incur high operational costs. Since the 1980s, neutron
irradiation has primarily been conducted by using nuclear reactors, but recent advance-
ments have led to the development of compact neutron sources, such as Kyoto University
Accelerator-driven Neutron Source (KUANS) [19]. These smaller-scale neutron sources
offer increased accessibility and irradiation efficiency while maintaining effective neutron
flux, making them a promising alternative for future genetic modification studies [20].

By integrating computational analysis with experimental insights, we aim to optimize
neutron-based mutagenesis protocols and highlight the potential of compact neutron
sources for genetic modifications in plants and microorganisms. In this study, we modeled
three neutron sources, i.e., ]-PARC BL10, the JRR-3 TNRF, and KUANS, as typical neutron
sources and evaluated the radiation parameters by employing Monte Carlo-based PHITS
simulations [21]. The results provide quantitative assessments of dose, LET distributions,
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and depth profiles in biological materials, contributing to the development of efficient
neutron irradiation methodologies for genetic research and crop improvement.

2. Method and Results
2.1. Irradiation Setup at ]-PARC and Simulation

Neutron irradiation experiments were conducted at the Materials and Life Science
Experimental Facility (MLF) within J-PARC BL10 (NOBORU) [17]. This general-purpose
beamline uses spallation reactions to generate fast neutron beams for irradiation studies.

We are conducting biological irradiation experiments at this beamline and will per-
form a quantitative evaluation of its performance. To simulate the experimental setup, we
employed PHITS (Particle and Heavy lon Transport System), which is a general-purpose
Monte Carlo particle transport simulation code that calculates neutrons, photons, and
electrons [21], incorporating neutron flux and energy spectrum data from published
sources [22]. The geometry replicates the experimental arrangement used for irradiation,
including the mercury target, moderator, beamline, and irradiation cell dimensions.

When neutrons interact with atomic nuclei, they induce some nuclear reactions, i.e.,
scattering, capture, or ion production, resulting in a proton or an alpha. The radiation
dose generated by neutrons is mainly caused by recoil protons produced by neutron
scattering with hydrogen. Thus, high-energy neutrons above 1 keV were used to irradiate
biological samples by cutting off slow neutrons, which would have caused the activation
of the samples. Figure 1 illustrates the schematic diagram of the BL10 experiment and
the associated simulation setup. In the left diagram, the illustration samples (yellow)
indicate the irradiation cells, each containing biological materials. Fast neutron beams
travel from the left side, retaining a 14 m distance from the irradiation cells. The values
of beam flux and divergence at the sample position were obtained from the database
in [22]. The neutron beam size was 7 x 7 cm?, and each sample was uniformly packed in
a cylindrical aluminum container with a diameter of 5.5 cm [23], a length of 2.3 cm, and
a thickness of 0.5 mm. The neutron flux in the irradiation area was 3.2 x 10® n/cm?/s
in 1 MW equivalent?. The neutron flux and energy spectrum data were obtained from
reference [24], and PHITS simulations were configured to replicate these conditions. The
simulation included calculations for recoil nuclei, nuclear spallation reactions, and ion
production through the *N(n,p)'*C reaction. The generated secondary particles were
tracked over repeated interactions until they reached a cutoff energy of 1 keV.

Fixed Slit (B,C)

Thicks
Shutter ickness 5Smm

( D o i E ﬂ/ ’7 Irradiation Device (slots)
; A A

neutron ' g ! Beamsize___ _ $.‘ B 4T YA R F>
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Figure 1. Schematic side view of the neutron beam irradiation setup at J-PARC BL10 (left) and its
photo (right). In the left diagram, the neutrons produced in the target travel to the beamline via the
moderator. The sample shown in yellow indicates the irradiation cells containing biological materials.
The B4C fixed slit and movable slit serve as an essential filter.
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Irradiation targets can be part of a plant, an embryo of a plant, seeds, yeast, microor-

ganisms, or microalgae and are characterized by their chemical composition, basically
including carbon (C), hydrogen (H), nitrogen (N), oxygen (O), and other relevant elements.
In this study, we employed an irradiation sample with proportions of C, H, N, and O of
42.0%, 7.0%, 4.4%, and 46.7% in weight%, respectively, and a weight density of 1.00 g/cm?

to simulate typical bean (plant) seeds [25].
The aluminum (Al) cylinder was chosen as a sample container, instead of Petri dishes,
for its small neutron capture cross-section to avoid the loss of neutrons and the production

of gamma rays, which contribute to low-LET radiation on the samples. Notably, aluminum
is less likely to be radioactivated. Five Al cells were densely arranged along the beamline

to evaluate the depth profile of the dose rate.
Because slow neutrons do not contribute to high LET but cause activation, we utilized
a boron carbide filter (B4C) of 5 mm in thickness (Movable Slit in Figure 1) to attenuate
them [18]. We simulated the dose of neutrons with and without the B4C filter and calculated
their energy spectra with PHITS, as shown in Figure 2a. The neutron spectra are shown
in a double-logarithmic graph, with the vertical axis showing per-unit lethargy, which
takes the natural logarithm as the unit. The spectrum without B4C shows a peak in cold

neutron energy around 10 meV, followed by a gradual increase up to ~1 MeV, i.e., the
energy of the generated spallation neutrons. With B4C, neutrons below 10 eV completely

disappear, but more than 70% of neutrons survive in the vicinity of 1 MeV, which is useful
for irradiation. The total flux was attenuated to 1.0 x 10% n/cm?/s, mainly due to the

absence of low-energy neutrons.
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Figure 2. (a) The neutron flux as a function of energy with and without the B,C filter at J-PARC BL10.
The dashed line represents the unfiltered neutron flux, while the solid line illustrates the spectrum
after B4C filtering, highlighting the attenuation of low-energy neutrons. The LET distributions for
different charged particles calculated with the beam power of 1 MW in the cases without (b) and with
(c) the B4C filter. The solid black line shows the total dose from all particles combined, the dotted
red line represents the LET distribution of electrons, and the dashed blue line shows that of protons.
Additionally, the green dashed line corresponds to 12C jons, the yellow dashed line to 14N ions, the
purple dashed line to 1°O ions, and the light green dashed line to *C ions. (d) The exponential
decrease in absorbed dose with the increase in depth. The comparison between irradiation with and
without the B4C filter highlights the filter’s role in moderating neutron penetration. The fitted curve
follows the exponential of a quadratic polynomial fit f(x) = e~ (atbxrex?) confirming significant
attenuation of absorbed dose with the increase in sample depth.

We also assessed the LET without and with B4C, as shown in Figure 2b,c, and to further
quantify neutron dose variation with sample depth, we performed a depth-dependent dose
analysis, as shown in Figure 2d. The data confirm an exponential decrease in absorbed
dose, consistent with neutron attenuation through the biological samples. The fitted curves,
modeled using the exponential of a quadratic polynomial fit, highlight significant neutron
energy loss with the increase in depth, emphasizing the impact on biological mutation
efficiency. The LET is classified according to electrons, protons, and other nuclei. The scat-
tering of neutrons with materials generates recoil nuclei, which become secondary charged
particles with high LET that deposit energy in localized positions, causing significant
biological damage.

In the spectrum of the BL10 simulation in Figure 2b, the energy deposited by re-
coil protons from neutron scattering with hydrogen nuclei is represented in the range of
1-100 keV/um LET. The low-LET component (~1 keV/pum) is due to the high-energy
protons generated by scattering with high-energy neutrons of ~100 MeV, while the high-
LET component is due to neutrons of ~1 MeV. The energy deposited by electrons is due
to gamma rays from neutron absorption reactions, with a peak in the MIP region of
0.2 keV/um. The LET corresponding to 100-1000 keV is due to the recoil of nuclei such as
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C, N, and O in the sample. Additional contributions from heavy ions such as C, N, and
O are highlighted in Figure 2c. These heavy ions show significant energy deposition at
higher LET values (100-1000 keV/um). The total dose spectrum (black line) incorporates
all particles, with peaks due to electron interactions at lower LET values and broader
distributions due to heavier ions and protons at higher LET values.

The total doses are obtained by integrating the LET values in Figure 2b,c. In the case
without the B4C filter, the total energy deposited on the sample is 6.7 x 10® MeV/cm3/s
with 1 MW beam power. Recoiled protons account for 85% of the total deposit; the
contribution of electrons, caused by neutron capture gammas, is 1.5% of the total; the total
due to C, N, and O recoil nuclei is 11%. A detailed discussion of the total doses is given in
Section 4 based on a comparison with the other facilities.

2.2. Irradiation Setup at JRR-3 (TNRF)

Historically, most neutron irradiation has been carried out by using nuclear reactors.
In the JRR-3 experiments conducted at the TNRE, a thermal neutron beam generated by a
research reactor with a beam power of 20 MW was used to irradiate the samples, as shown
in Figure 3. The neutron flux at the TNRF port is 1.0 x 108 n/cm?/s, with a beam size
of W255 x H305 mm [26]. This beamline produces fast neutrons and gamma rays in the
thermal neutron beam. For irradiation at this beamline, a cadmium (Cd) plate of 0.5 mm
in thickness was used to attenuate the thermal neutrons and reduce the activation of the
sample materials.

Cd filter
Main Beam Thickness 0.5 mm

Reactor . Slow Beam  NRE.2
Shutter TNRF-1 Shutter

Beam size
25x20 cm2 1

Core o neutron Eea_m ______ %@%@
—'}— i e ample Size

Beam sizg (L=2.3 ¢cm, D=5.5¢cm|) -
4x4cm?

_______ L - - >

Start point
(0.00 mm)

6100 mm

Stop point
6300 mm e

Figure 3. A schematic of the neutron irradiation setup (side view) at JRR-3 (TNRF), which produces
thermal neutrons and fast neutrons. The setup includes a Cd filter covering the irradiation samples
to generate fast neutrons in advance. The sample shown in yellow indicates the irradiation cells
containing biological materials.

We developed a simulation based on the BL10 case. With the same sample parameters,
we used the neutron flux and its energy spectrum in the beam area from reference [18] as
the input of the simulation. The neutron beam originated from the reactor’s core in water
located 6.1 m away with a beam size of 4 x 4 cm? and was transported along the beam
path with a widening to 25 x 20 cm? at the sample position.

We calculated the neutron fluxes in the cases with and without the Cd filter, and the
calculated neutron energy spectra are shown in Figure 4a. The spectrum without the Cd
filter shows a large peak of around 10 meV, indicating a high flux of thermal neutrons. The
neutron flux gradually decreases to about 1 MeV, unlike at BL10, covering a broad spectrum
from thermal to high-energy neutrons. The use of the Cd filter of 0.5 mm alters the neutron
flux spectrum by reducing thermal neutrons while preserving high-energy ones. This is
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due to the high absorption cross-section of Cd, which effectively eliminates neutrons below
1 eV. The simulation result of the total neutron flux with the Cd filter is 2.1 x 10" n/cm?/s
at 20 MW, which is 15% of that without the Cd filter. The reduction is greater than that of

BL10 (31%) because the main components at the TNRF are thermal neutrons.
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Figure 4. (a) The neutron flux as a function of energy with and without the Cd filter at JRR-3, TNRF
port. The dashed and solid lines represent the neutron flux without and with the Cd filter, respectively.
The LET distributions for different charged particles calculated with a reactor power of 20 MW in
the cases without (b) and with (c) the Cd filter. The solid black line indicates the total dose from all
particles combined, the dotted red line represents the LET distribution of electrons, and the dashed
blue line shows that of protons. Additionally, the green dashed line corresponds to 12C jons, the
yellow dashed line to '*N ions, the purple dashed line to 1°0 ions, and the light green dashed line
to #C ions. (d) The depth-dependent neutron dose reduction with and without the Cd filter. The
data indicate that the Cd filter effectively suppresses the thermal neutron contribution, significantly
reducing the dose compared with the unfiltered case, which is crucial to radiobiological experiments
requiring a selective neutron energy spectrum. The fitted curves representing the exponential of a
(¢ ~(a+bxtex *)) further highlight the attenuation behavior for both conditions,
confirming that the neutron dose decreases exponentially with depth.

quadratic polynomial fit

The LET values of the JRR-3 simulation without and with the Cd filter are shown in
Figures 4b and 4c, respectively. Protons contribute to the dose at higher LET, similar to
the BL10 case, but show a sharper peak at 10-100 keV /um. This is because the maximum
energy of neutrons produced by a nuclear reactor is limited to 2 MeV. In the case of the
Cd filter, the total dose was 1.7 x 10° MeV/cm?/s, of which 74% was due to protons and
17% to electrons. In the case without the Cd filter, the total dose was 6.6 x 10° MeV/cm3/s.
Notably, the contribution of the *N(n,p)!4C reaction accounted for 55% of the total dose.
The effect of such ion emission reactions is more significant than that of recoil in thermal
neutron irradiation.

The simulation results in Figure 4d demonstrate that the use of a Cd filter significantly
reduces the thermal neutron contribution, leading to a sharper decline in absorbed dose
with depth. This reduction is particularly relevant for radiobiological experiments where
selective neutron energy is required. The fitted curve in the figure illustrates the expected
attenuation behavior, emphasizing the importance of neutron filtration in optimizing
dose delivery.

By incorporating the Cd filter, the absorbed dose in deeper layers of the biological
samples is reduced by approximately 85% compared with unfiltered irradiation. The
primary contributor to dose deposition in the filtered setup remains fast neutrons, whereas
the unfiltered conditions show a greater influence of thermal neutron interactions and
secondary gamma-ray production.

2.3. Simulation of a Compact Neutron Source (KUANS)

In recent years, many compact neutron sources have been constructed by using small
accelerators and Be or Li targets [19]. To explore the possibility of the use of neutron
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irradiation for genetic mutation based on a compact neutron source, we developed a
simulation model of Kyoto University Accelerator-driven Neutron Source (KUANS) [20],
which is an early-type source and has a relatively low power, as an example to estimate the
irradiation dose.

KUANS consists of a proton linear particle accelerator (LINAC), a Be target, a polyethy-
lene moderator, carbon reflectors, and radiation shields made of boron-doped polyethylene
and concrete. It has been developed for research and development of neutron devices,
as well as for educational purposes. Here, we consider the use of KUANS for biological
irradiations. Neutrons in KUANS are generated through the ?Be (p, n) ?B reaction, using a
pulsed 3.5 MeV proton beam and a maximum averaged current of 100 pA. The threshold
energy of the neutron production reaction is 2057 keV, and the maximum energy for the
neutrons is 1.3 MeV. The neutron production rate is expected to be ~10'! n/s [20], which is
six orders of magnitude lower than that of ]-PARC (~10' n/s).

At KUANS, the produced fast neutrons are normally moderated with a polyethylene
moderator with a volume of 10 x 10 x 10 cm® to obtain a thermal neutron beam. The
moderated neutrons are transported perpendicularly to the proton beam direction and
used as a pulsed neutron beam [20]. Because unmoderated fast neutrons are useful for
biological irradiation, we set up a computational geometry in our simulation where we
removed the polyethylene moderator and set the sample right in front of the target where
the generated neutrons could hit it directly. The schematic diagram of KUANS for the
simulation is illustrated in Figure 5. Fast neutrons were produced by the Be target. The
samples were located 50 mm from the Be target to interact with a higher number of fast
neutrons. Because the Be target was covered with a graphite reflector, the transmitted
neutrons also had a certain probability of returning to the sample position. The neutron
spectrum from the Be target was calculated according to the reaction cross-section [27] and
proton energy loss in Be [25]. The neutron distribution was assumed to be isotropic.

Carbon
Be target reflector

Flight tube Shield

Proton accelerator (LINAC)

_ _Protonbeam_ — _ - - - - - - - -
Neutrq,,
€am

Start point ‘ 3 4
(0.00 mm) ‘
3m :
! Concrete
<
50 mm
~5m

Figure 5. A schematic diagram (side view) of KUANS. In the diagram, proton beams travel from the
left side to the Be target (indicated in red color), producing neutrons traveling around it. The sample
shown in yellow indicates the irradiation cells containing biological materials.

The neutron flux in the sample in the KUANS geometry is shown in Figure 6a. It
has a high peak of around 1 MeV, and thermal neutrons are vanishingly small due to the
absence of moderators. In addition, as the design does not use a moderator, the thermal
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neutron flux is kept small even without using a thermal neutron filter such as B4C or Cd.
This is suitable for higher-LET irradiation without causing activations. The neutron flux
at KUANS is 4.6 x 10® n/cm? /s, which is 1.4 times higher than the 3.2 x 108 n/cm?/s at
J-PARC. This is because the distance from the target to the sample is very small (50 mm) at
KUANS, compared with the 14 m at BL10, and larger solid angles are available. The LET
from protons ranges in a relatively narrower region, 20-70 keV/um, as shown in Figure 6b
because the neutrons generated by the Be target are concentrated at 0.5-1.3 MeV.
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Figure 6. (a) The simulated neutron flux in the sample at KUANS as a function of energy. (b) LET
distributions for different charged particles. The solid black line represents the total dose from all
particles, the dashed blue line is that of protons, and the dotted red line is for electrons. The green
dashed line corresponds to 12C ions, the yellow dashed line to 4N ions, the purple dashed line to
160 ions, and the light green dashed line to *C ions. (c) The absorbed dose distribution across a
cylindrical sample, showing a depth-dependent attenuation trend. The fitted curve, representing

(e 7(a+bx+cxz))

the exponential of a quadratic polynomial fit , closely follows the measured data,

confirming a predictable exponential decrease in dose with the increase in depth.

Figure 6¢ presents the dose profile across a cylindrical biological sample exposed to
KUANS neutron irradiation. Unlike reactor-based sources, KUANS produces a dose rate of
17 Gy/h, with absorbed dose attenuation following an exponential decline. The high-LET
component in KUANS irradiation ensures efficient mutation induction despite moderate
dose rates.

The simulation confirms that neutron energy loss due to scattering is minimized when
using compact neutron sources such as KUANS. The results indicate that placing biological
samples closer to the neutron source enhances absorbed dose efficiency while maintaining
uniform energy deposition across the irradiation target.

At KUANS, we achieved the highest dose rate of 17 Gy/h, 4.5 times higher than
that obtained at ]-PARC BL10 (3.86 Gy/h without B4C filter) and 42 times higher than
that obtained at JRR-3 TNRF (0.38 Gy/h without Cd filter). The LET range at KUANS
(20-70 keV/pm) closely aligns with optimal mutation induction, making it a viable alterna-
tive to large-scale neutron facilities. While J-PARC BL10 provides broad LET distributions
up to 100 keV/um and high neutron flux, the JRR-3 TNRF is more suited for experiments
requiring thermal neutrons with specific activation reactions (14N(n,p)14C). These find-
ings underscore the importance of selecting the appropriate neutron source based on LET
requirements and experimental objectives.

3. Discussion

In the previous section, we calculated the irradiation at ]-PARC BL10, the JRR-3
TNRF, and KUANS. The results of key parameters, such as neutron flux and energy
deposition rates for each particle, are summarized in Table 1. In this section, we discuss the
effectiveness of biological irradiation at each site.



Quantum Beam Sci. 2025, 9, 11

13 of 17

Table 1. The simulation results for J-PARC, JRR-3, and KUANS.

Neutron Flux Total Energy Deposited  Energy Deposited by  Energy Deposited by

Facility Beam Power [n/em?/s] [MeV/cm3/s] Recoil Protons Electrons
([Gy/h]) [MeV/cm?3/s] [MeV/em3/s]
J-PARC o
BL10 1MW 3.2 x 108 6'(7;8 61)0 5.7 x 10° 1.0 x 105
(w/0B4C) ’
J-PARC 6
BL10 1MW 1.0 x 108 4‘4(;5;0 3.7 x 10° 8.8 x 10°
(w/B4C) ‘
JRR-3 5
TNRF (therfg;;/ggwer) 1.4 x 108 6‘?0281)0 4.3 x 10° 1.9 x 10°
(w/0 Cd) ’
JRR-3 1.4 x 105
TNRF (theri?ali’lggwer) 2.1 x 107 (0.08) 1.0 x 10° 2.3 x 10*
(w/Cd)
7
KUANS 3.5 MeV x 100 A 46 x 108 3'0(1X7)10 21 x 107 5.3 x 106

The choice of cylindrical aluminum samples over Petri dishes was motivated by the
need to ensure uniform and accurate neutron irradiation. Unlike plastic or glass Petri dishes,
which introduce unwanted neutron scattering and low-LET gamma emission, aluminum
cells minimize neutron absorption and maintain a high-LET irradiation environment.
Given that Petri dishes are primarily suited for monolayer cell cultures, our approach better
represents volumetric biological samples, which is essential to neutron irradiation studies
targeting genetic mutation induction. By using aluminum cylindrical samples, we achieved
a consistent dose profile that aligns with the simulation model, allowing for a more reliable
evaluation of neutron-induced biological effects.

The neutron flux directly impacts the dose rate and the irradiation time required to
achieve specific biological effects. KUANS produces a neutron flux of 4.6 x 108 n/cm?/s,
which is 1.4 and 3.3 times higher than that of BL10 or the TNRF, respectively. The most
dominant factor in KUANS inducing the largest flux despite its lower neutron generation
rate is the distance from the target. By placing the sample at a distance comparable to
the size of the target, a large solid angle of ~1 sr can be obtained, which is a significant
advantage compared with using neutrons as a beam, as in the case of large facilities (50 usr
for ]-PARC BL10). In addition, the workspace being surrounded by reflectors but without
moderators is a major advantage for the use of fast neutrons. Since slow neutrons have low
LET, moderators have minimal impact on mutation efficiency.

The dose rate per unit time was the highest for KUANS, 3.0 x 107 MeV/cm?/s, despite
the small neutron production rate. This is 4.5 times higher than the BL10 result without the
neutron filter. In both cases, KUANS and BL10, the energy deposited is mostly derived from
recoil protons. Because the fraction of high-energy neutrons is lower, the total dose rate with
the filtered beam at the TNRF was 1/31 that of BL10 with the filter. Based on the density of
the sample used of 1.00 g/cm3, the dose rate can be converted to 2.5, 0.08, and 17 Gy/h for
BL10 (with B4C), the TNRF (with Cd), and KUANS, respectively. Although a dose rate of
17 Gy /h may be considered moderate for radiobiological experiments, neutron irradiation
presents distinct advantages due to its high-LET characteristics. Previous studies indicate
that a total dose of 40 Gy with LET values of 30-70 keV /um is sufficient to induce genetic
mutations in seeds and microorganisms. With a dose rate of 17 Gy /h, the required exposure
time is approximately 2.4 h, making KUANS an efficient alternative to high-dose gamma
or heavy-ion irradiation while ensuring uniform neutron penetration without excessive
lethality. The result highlights the potential of compact neutron sources such as KUANS
for efficient irradiation. Low-LET doses due to electrons are more likely to cause SSBs
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rather than DSBs and should be mitigated for efficient mutation. In the present calculation,
the dose due to the electrons was suppressed to less than 30% of the total dose under
all conditions.

The neutron filters used at BL10 and the TNRF were found to be effective in eliminating
neutrons below eV while retaining MeV neutrons. Low-energy neutrons increase the dose
by electrons generated by gamma rays; however, these only contribute to low LET values
below 10 keV/um. Therefore, it is expected that the contribution would be comparable to
that of gamma irradiation. Thus, neutron filters allow only for irradiation with high LET.
With the B4C filter, the dose rate of electrons is reduced to 1/15 that at BL10, while that of
protons is kept at 65%. The results obtained at the TNRF without a filter showed that the
energy deposited due to the *N(n,p)'*C reaction with thermal neutrons was dominant.
This reaction accounted for 54% of the total dose, while the contribution of recoil protons
was 11%. The *N(n,p)!4C reaction emits protons at 583 keV and C at 42 keV, resulting in
LET values of 49-90 keV and 200 keV, respectively, both of which are high enough to induce
DSBs in DNAs. This reaction may be responsible for the similar mutations observed with
thermal neutron irradiation and fast neutrons [28]. If ion-emitting nuclides with neutron
capture, such as °Li and 1B, can be implemented in the samples, high LET values are
obtained even with thermal neutrons only.

Biological effects are determined by genetic mutations induced by DSBs of DNA.
Therefore, they are influenced not only by the total dose but also by LET. The optimum
LET for mutation induction differs among biological species. For seeds of Arabidopsis,
peak lethality occurs at LET values of 290—400 keV/um [29,30], while the induction of
mutation for generating albino mutants appears most effective at around 30 keV /pm [8-10].
A LET value of 50 keV/um of '2C°* ions was ideal for achieving phenotype mutants in
rice seeds [31]. In the case of Chrysanthemum, it was reported that a LET of 76 keV/pum
was most effective for inducing flower color mutants [32]. As discussed in the previous
sections, neutron irradiation results in a different LET value for heavy ions; typically,
the LET of carbon (C) ions ranges from 10 to 200 keV/um, and that of iron (Fe) ions is
100 to 500 keV/um [8,30]. The J-PARC and KUANS experiments resulted in different
LET distributions. This is because the incident neutron energy at KUANS is 0.5-1.3 MeV,
whereas at ]-PARC, it includes higher neutrons above 100 MeV. The LET at J-PARC is
broadly distributed from 1 to 100 keV/um for protons and 100-1000 keV /pum for 12¢ 14N,
and 10, whereas at KUANS, it is concentrated in the 20-70 keV range. Based on the results
of this study, we can use different neutron sources depending on the required LET range to
induce more efficient genetic mutations.

The results highlight the benefits of compact neutron sources such as KUANS, which
provide high LET and dose rates with minimal sample activation. While J-PARC BL10
and the JRR-3 TNRF offer controlled neutron spectra and established facilities, KUANS
achieves comparable mutation efficiency in a more accessible setup. Neutron source
selection should be based on the required LET range and irradiation conditions to maximize
biological effectiveness.

4. Conclusions

In this study, we developed a simulation that replicated real experimental setups
to assess the potential of neutron irradiation for inducing genetic mutation in biological
species. We conducted PHITS simulations for J-PARC BL10, the JRR-3 TNRF port, and
KUANS. J-PARC BL10 and the JRR-3 TNRF have been previously demonstrated to be
facilities that can be effectively employed for mutagenesis, while KUANS was investigated
as a compact neutron source alternative. The simulations used a typical bean (plant) seed
model for the assessment of irradiation effects.
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The dominant contributors to dose deposition were the recoil protons generated
by fast neutron scattering (~1 MeV), highlighting the significant role of fast neutrons in
radiation-induced mutations. Despite its lower neutron rate, at KUANS, we achieved
a dose rate of 17 Gy/h, which is 4.5 times higher than that obtained at J-PARC BL10
(3.86 Gy /h without B4C filter) and 42 times higher than that obtained at the JRR-3 TNRF
(0.38 Gy/h without Cd filter). These findings emphasize the efficiency of compact neutron
sources in biological irradiation applications. The suppression of gamma-ray contributions
ensured optimal LET characteristics for mutation induction. Since the JRR-3 TNREF is
customized for thermal neutrons and fast neutrons are suppressed, the effect of recoil
protons is small. In the JRR-3 TNRF experiment without the Cd filter, the 14N(n,p)”C
reaction was the dominant dose contributor, contributing five times more than the recoil
protons. This reaction plays a significant role in neutron-induced mutations, particularly
in thermal neutron environments, and doping with ®Li or 1B, which absorb neutrons to
produce ions, may enable genetic mutations even under thermal neutron irradiation alone,
such as in Boron Neutron Capture Therapy (BNCT).

Recoil protons were the primary contributors to the neutron-induced dose, with LET
values ranging from 1 to 100 keV/um. The KUANS experiment exhibited a narrower LET
distribution at 20-70 keV /pm compared with the J-PARC BL10 simulation, as KUANS neu-
trons were limited to 1.3 MeV, reducing the presence of higher-LET components. We could
induce genetic mutations more efficiently by using different neutron sources depending on
the required LET range.

The depth-dependent dose analysis confirmed an exponential attenuation trend, with
LET distributions significantly influencing DNA damage efficiency. The LET range in
KUANS is particularly favorable for genetic mutation studies, aligning with previous
findings on optimal LET values for mutagenesis. Our results indicate that compact neutron
sources such as KUANS are not only viable but also efficient alternatives to large-scale
neutron facilities. With high LET values and effective dose rates, KUANS can facilitate
neutron-induced mutagenesis in a more accessible and cost-effective manner, paving
the way for advanced radiation breeding techniques. Neutron filtration techniques play a
critical role in tailoring neutron spectra to enhance biological effectiveness while minimizing
unwanted secondary interactions. LET-dependent DNA damage models indicate that
neutron source selection should be tailored to specific mutagenesis goals to optimize genetic
modification outcomes. These insights contribute to the future design of radiobiological
studies, refining neutron-based breeding techniques and improving neutron irradiation
conditions for targeted genetic modifications.
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