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Abstract—Introduction: While carbon ion radiotherapy is
highly effective in cancer treatment, it has a high risk of
causing soft error, which leads to malfunctions in cardiac
implantable electrical devices (CIEDs). To predict the risk of
malfunction prior to treatment, it is necessary to measure
the reaction cross-sections and contributions to the soft
error of secondary particles generated during treatments.
Methods: A field-programmable gate array was used in-
stead of CIEDs to measure soft errors by varying the energy
spectrum of secondary particles. Results and discussion:
The reaction cross-sections measured for each secondary
particle were 3.0 × 10−9, 2.0 × 10−9, 1.3 × 10−8, and 1.5
× 10−8 [cm2/Mb] for thermal neutrons, intermediate-energy
neutrons, high-energy neutrons above 10 MeV, and protons,
respectively. The contribution of high-energy neutrons was
the largest among them. Our study indicates that to reduce
the risk of soft errors, secure distance and appropriate
irradiation directions are necessary.

Index Terms—Carbon ion radiotherapy, cardiac im-
plantable electrical device (CIED), cross-section, neutron,
soft error.
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I. INTRODUCTION

THE number of radiotherapy treatments for patients with
cardiac implantable electronic devices (CIEDs), such as

pacemakers and defibrillators, is continuously increasing an-
nually [1]. Notably, there is a risk of CIED malfunction
caused by radiotherapy [2], [3], [4], [5], [6], [7]. For exam-
ple, there have been reports of malfunctioning Implantable
cardioverter-defibrillators causing ventricular tachycardia, ne-
cessitating cardiopulmonary resuscitation [8]. In other cases,
the malfunctioning of pacemakers resulted in premature atrial
pacing, causing symptoms, such as chest agony, shortness of
breath, and hypotension, which required intensive care [9].
CIED malfunctions are believed to be caused by soft errors
in their random-access memory [10]. In 1998, the American
Association of Physicists in Medicine considered the risk of
soft errors in relation to the cumulative dose to CIEDs and
set a threshold of 2 Gy [11]. However, the American Society
for Radiation Oncology guidelines for radiotherapy in patients
with CIEDs suggest that there might be no association be-
tween CIED malfunction and cumulative dose [12]. Daniel et
al. confirmed no correlation between soft errors and cumula-
tive dose, suggesting an association with neutrons [13]. With
the development of space exploration and automated driving,
studies on soft errors have increased. Iwashita et al. measured
the cross-section of soft errors for 10–800 MeV neutrons using
field-programmable gate arrays (FPGAs) [15], [18]. Currently,
neutrons originating from cosmic rays are considered a source
of naturally occurring soft errors. Therefore, it is highly likely
that neutrons also cause soft errors in CIEDs during radiation
therapy.

The possibility of device malfunction due to computed to-
mography is not clinically significant [14]. Regarding radiation
therapy, guidelines state that the risk of soft errors is high for
high-energy X-ray therapy, particle therapy, and boron neutron
capture therapy because of the large number of generated neu-
trons. Despite this, the quantitative risk of soft errors caused
by radiotherapy has not been sufficiently described, and no
relationship with neutron energy or quantity has been estab-
lished. In particular, carbon-ion radiotherapy (CIRT) produces
large quantities of high-energy neutrons as secondary radiation
through a nuclear reactions of a primary carbon beam; thus, risks
must be assessed to ensure safe treatment.
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In this study, we measured the soft errors in CIRT using
an FPGA and evaluated the cross-section and the contribution
of secondary particles. By evaluating the contribution of each
secondary particle, it should be possible to assess the risk of
soft errors occurring during treatment and devise strategies for
efficiently shielding against secondary particles.

II. MATERIALS AND METHODS

A. FPGAs

FPGAs are integrated circuits that can be configured by the
purchaser or designer [15]. They are widely used in electronic
devices, including CIEDs, and contain numerous radiation-
sensitive memory units. FPGAs have also been used to measure
soft errors caused by cosmic rays in electronic devices [15], [17].
Thus, we used an FPGA as an alternative to CIEDs to measure
the number of soft errors generated.

B. The Soft Error Principle

The process of soft error generation differs for high- (above 10
MeV) and low-energy neutrons (thermal neutron). High-energy
neutrons cause spallation reactions with the Si atoms in the
device, resulting in charge generation. The accumulation of
charges can invert memory and lead to soft errors [15], [16]. For
low-energy neutrons, the boron neutron capture reaction (10B(n,
α)7Li) generates charged particles. High-energy ion particles
also generate high-density ionization, directly or indirectly.

If a memory that is directly related to the operation of CIEDs
is inverted, device behavior may become unpredictable, such as
temporary errors in pacing or resetting to backup settings [16].

C. Soft Error Measurement

Soft errors generated via carbon-beam irradiation were mea-
sured using an FPGA (Cmod s7, Digilent). First, 9.93 Mb of
data were written onto the FPGA using Vivado 2019.2 (Xilinx).
The FPGA was then placed in a phantom and irradiated with a
carbon beam for 10 min. The number of soft errors or memory
inversions was determined by comparing the post-irradiation
memory data with written data.

D. Classification of Secondary Particles

Neutrons are considered the primary source of soft errors,
especially at energies above 10 MeV [15], [17], [18]. How-
ever, previous studies have reported non-negligible contributions
from thermal neutrons [1], [17], [19]. Protons have also been
found to cause soft errors [13], [20]. Therefore, we evaluated
four secondary particles as contributors to the soft errors, includ-
ing thermal neutrons (1–0.5 eV), intermediate-energy neutrons
(0.5 eV–10 MeV), high-energy neutrons (10 MeV), and protons.

E. Experimental Setup

The experiments were performed at the Gunma University
Heavy Ion Medical Center, Japan. We used a pencil beam with
a Gaussian distribution of σ = 11 mm, energy of 290 MeV/u,
and beam intensity of 1.0 × 109 particles/s (same as the clinical

Fig. 1. Experimental setup (a) and FPGA board used (b).

intensity). The phantom used in the experiment was a 200 mm
× 200 × 500 mm3 PMMA block (Fig. 1). The phantom density
is homogeneous, and the density is 1.18 g/cm3. A cavity suffi-
ciently large to fit the FPGA board was positioned 100 mm from
the edge of the phantom. The FPGA was placed at the center and
connected to a personal computer located outside the irradiation
room.

F. Experiment With Distance Variation

The irradiation position and distance from the FPGA were
varied from 50 mm to 200 mm at 10 mm intervals. The number
of memory inversions was measured for each condition after
irradiation for 10 min; approximately 10 measurements were
performed for each condition.

G. Radiation Quality Variation

The quality of the secondary particles irradiated toward the
FPGA was altered using different materials on the front and
back. Polyethylene containing 10% 10B2O3 (P.E. with 10B), Fe,
Ni, Pb, and graphite plates were used to change the radiation
quality. Soft-error measurements were performed under nine
different conditions (Table I). Approximately 7–10 repeated
measurements were performed for each condition with 10 min
of irradiation. The distance between the irradiation position and
the FPGA was fixed at 80 mm.

H. Monte Carlo Simulation

A Monte Carlo simulation was performed to calculate the
distribution of secondary particles using PHITS [21]. The ex-
perimental setup was reproduced to calculate the neutron and
proton fluxes at the FPGA location. The energy was set to
290 MeV/u, the source nuclide was 12C, the beam shape was
a Gaussian distribution with σ = 11 mm, and the number of
particles generated was set to 1 × 107. The library of cross-
sections was JENDL-4.0 [22]. The number of histories was set
so that the calculation error was less than 5%.
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TABLE I
EXPERIMENTAL CONDITIONS

Fig. 2. Monte Carlo simulation results. Carbon ions (290 MeV/u) were
irradiated from the upper side of (a) to a PMMA phantom on a couch
made of carbon fiber reinforced plastic. A: (a) shows the flux distribution
of high-energy neutrons >10 MeV assuming FPGA at z = 8 cm. B:
Neutron spectrum at the FPGA position (x = 0 and z = 8 cm).

Fig. 3. Secondary particle distribution calculated via PHITS simulation
(a), and the number of soft errors generated with varying distances from
the irradiation position (b). Error bars indicate standard deviation.

I. Multivariate Analysis

A multivariate analysis was performed to evaluate the contri-
bution of each secondary particle to soft error generation. The
soft error number is expressed by (1). The data in Figs. 3, 4, and
5 were used in the analysis.

y = β1x1 + β2x2 + β3x3 + β4x4 (1)

where, y indicate the expected number of soft errors. β1,
β2, β3, and β4 represent the cross-sections of thermal neu-
trons, intermediate-energy neutrons, high-energy neutrons, and
protons, respectively. Meanwhile, x1, x2, x3, and x4 indicate

Fig. 4. Radiation quality with each condition normalized with condition
0, in which only acrylic was used. Blue: thermal neutrons (1 meV–0.5
eV), Orange: intermediate-energy neutrons (0.5 eV–10 MeV), Gray:
high-energy neutrons (>10 MeV), and Yellow: protons. The error bars
indicate the error considering error propagation as a ratio to condition 0.

Fig. 5. Variation in the average number of soft errors for each experi-
mental condition. Error bars indicate standard deviation.

the number of thermal neutrons, intermediate-energy neutrons,
high-energy neutrons, and protons, respectively.

The cross section (regression coefficient) was calculated to
minimize (2).

E (D) =

n∑

i=1

(yi − (β1x1 + β2x2 + β3x3 + β4x4))
2 (2)

where, E(D) is the error function, n is the number of data, and
yi is the number of soft errors measured.

The Dannett test was used to assess the contribution of
high-energy neutrons compared to that of other particles. The
significance level was set at p < 0.05.
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Fig. 6. Results of multiple regression analysis. Cross-sections are
shown for each particle type. Error bars indicate standard deviation. In
this study, cross- section is defined as the probability of soft errors per
megabit (Mbit).

III. RESULTS

A. Neutron Distribution

Fig. 2 shows the flux distribution of high-energy (>10 MeV)
neutrons and the neutron spectrum at z= 8 cm. The carbon beam
is irradiated from the upper side of the figure. A large number of
neutrons were produced in the axial direction of the beam and
fewer in the lateral direction. Many high-energy neutrons were
generated along the beam axis. The peak was generated on the
high energy side due to the high energy of the carbon beam. The
high-energy neutrons collided with the nucleus, lost energy, and
reached equilibrium with the thermal motion of the molecule,
thus producing a peak on the low energy side as well.

B. Distance Dependence

Fig. 3 shows the change in the secondary-particle fluxes cal-
culated by PHITS and the number of soft errors as a function of
distance from the irradiation position. We confirmed that the flux
of secondary particles decreased rapidly as the distance between
the irradiation position and the FPGA increased. Consequently,
the number of soft errors decreased rapidly with distance.

C. Radiation Quality Variation

Fig. 4 shows the changes in the fluxes of thermal,
intermediate-energy, and high-energy neutrons, as well as pro-
tons, under different conditions calculated by PHITS. We ob-
served clear variations in radiation quality.

Fig. 5 shows the number of soft errors generated under dif-
ferent conditions. The number of soft errors generated varied
depending on radiation quality.

D. Multiple Regression Analysis

A multiple regression analysis was conducted using the results
shown in Figs. 3, 4, and 5 (Fig. 6). The data on the number of soft
errors and the number of secondary particles for each condition
at a distance of 80 mm were analyzed to obtain cross-sections.
The contribution of each secondary particle, calculated from the
results obtained in Fig. 6, as well as the contributions of each
radiation source to condition 0 are shown in Table II, considering
neutron and proton fluences (to obtain the contribution, the

TABLE II
PERCENTAGE OF ERRORS CAUSED BY EACH PARTICLE OUT OF 116

ERRORS IN CONDITION 0

product of the cross section and fluence was divided by the
number of errors).

The contribution of high-energy neutrons (>10 MeV) was
significantly higher than that of other particles (p < 0.05,
Table II). Although other particles are also considered to con-
tribute to soft errors, the magnitude of their contribution was
smaller than that of the high-energy neutrons.

IV. DISCUSSION

In this study, we measured soft errors generated from CIRT
and evaluated the contribution of secondary particles.

The fraction of high-energy neutrons decreased as the distance
increased because the energy of high-energy neutron is reduced
by collisions with nuclei, resulting in an increase in the fraction
of thermal neutrons (Fig. 3(a)). The risk of soft errors decreased
rapidly as the distance between the irradiation position and
FPGA increased (Fig. 3(b)). The highest probability of soft
errors was observed for high-energy neutrons.

Scattering by many nuclei is important for neutron shielding.
However, high-density materials do not necessarily reduce soft
errors efficiently, because the scattering cross-section is not
proportional to the atomic number, hydrogen efficiently removes
neutron energy, and the absorption cross-section of thermal
neutrons varies greatly from nuclide to nuclide (Supplemental
Fig. 2).

Neutrons lose their energy through elastic scattering and
become thermal neutrons. As hydrogen efficiently takes en-
ergy from neutrons, the use of acrylic or polyethylene with
high hydrogen content decreases the number of high-energy
neutrons and increases the number of thermal neutrons. In
contrast, boron has a large absorption cross section for thermal
neutrons; therefore, polyethylene with boron can thermalize and
absorb neutrons. Graphite, aluminum, iron, nickel, and lead are
materials with different densities and atomic numbers and have
different scattering cross sections and thermalization rates for
high-energy neutrons. Lead has the highest density but also
the highest atomic number; hence, the neutron energy is hardly
reduced. Iron and nickel have nearly the same atomic number
and are close in density. However, they have different cross
sections for generating protons, and the number of protons
increases with nickel compared to that in iron.

Of the nine conditions shown in Figs. 4 and 5, the number
of soft errors decreases under conditions where low-energy
neutrons, high-energy neutrons, and protons can be shielded. Al-
though there are some conditions in which the number of soft er-
rors decreases even without a substantial decrease in the number
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of high-energy neutrons, it can be inferred that many low-energy
neutrons and protons are shielded in these conditions, indicating
that the contribution of low-energy neutrons and protons cannot
be negligible. In contrast, even if intermediate-energy neutrons
increase, soft errors do not increase, which may indicate that the
contribution of intermediate-energy neutrons is minor.

The cross-sections for soft errors with thermal, intermediate-
energy, and high-energy neutrons, as well as protons, were
2.08 × 10−9 [cm2/Mb], 1.43 × 10−9 [cm2/Mb], 9.29 × 10−9

[cm2/Mb], and 1.02 × 10−8 [cm2/Mb], respectively. The contri-
bution of high-energy neutrons was the highest, accounting for
approximately 58.5% of the secondary particles (Table II).

Our results are comparable with those of previous studies. The
cross-sections estimated by Iwashita et al. were 8–10 × 10−10

[cm2/Mb] for thermal neutrons and 2–3 × 10−9 [cm2/Mb] for
high-energy neutrons [17]. Xilinx’s Device Reliability Report
showed that the cross-section for neutrons at the Los Alamos
Neutron Science Center was 6.99 × 10−9 [cm2/Mb] [23]. Al-
though the obtained cross-sections for the intermediate-energy
neutrons were large, this may be due to a measurement error, as
indicated by the large error bars. Nevertheless, the contribution
of secondary particles to soft error was considered reasonable
based on past results.

Andrea et al. demonstrated that the cross-section of a single-
event upset for protons was slightly larger than that for neutrons
[24]. The same trend is observed in Fig. 6, which is considered
a reasonable result. This contribution was small because of the
small number of protons used in this study. However, because
the cross-sections were comparable to those of high-energy
neutrons, the risk was considered higher if a treatment generated
more protons.

Soft errors can also be generated by ions other than neutrons
and protons (e.g., deuterons, tritons, and alpha-rays); however,
the amount produced by these ions was much lower than that
produced by protons. Alpha particles and deuterons generate
approximately 1/10 the number of protons. Their contribution
to soft errors was considered to be small and was not considered
in this study.

CIRT produces many high-energy (>10 MeV) neutrons. The
contribution of high-energy neutrons decreased as the distance
increased, resulting in a rapid decrease in the number of soft
errors. The differential cross-section (angular distribution) of
high-energy neutron generation is also important when con-
sidering its effect on CIEDs. A large number of high-energy
neutrons were produced in the axial direction of the beam,
whereas the number produced in the transverse and upstream
directions was small (Supplemental Figs. 1, 5) [25]. CIEDs,
such as pacemakers, are typically placed around the left clavicle.
For example, when a patient is in the supine position and
irradiated from above, relatively few high-energy neutrons reach
the frontal body surface. Therefore, if CIEDs are placed on the
upstream side of the beam or at a sufficient distance in the lateral
direction, the risk of soft errors is reduced. However, if the
CIEDs are located downstream of the beam axis (i.e., irradiated
from the back or right side of the patient), the number of
high-energy neutrons increases along with the risk of soft errors.
Under clinical conditions, the risk would be higher than that

in this study owing to neutron generation from dose monitors,
range shifters, and collimators, which are installed upstream
of the patient. The MLC, range shifter, and spreader Bragg
peaks also produce neutrons and protons, which complicate
the evaluation. They were, therefore, not considered in this
study.

Scanning irradiation is a potential method for reducing the
contribution of neutrons because it decreases the neutron dose
compared with passive irradiation [26]. Henrik et al. demon-
strated that the risk of a CIED malfunction during scanning
proton irradiation was sufficiently low [27]. We also consider
it noteworthy to compare our findings with proton therapy but
quantitative comparisons between carbon beam therapy and
proton beam therapy are difficult. However, the risk of proton
therapy may be greater because previous studies have shown that
proton therapy produces more secondary neutrons even when the
dose in [Gy (RBE)] is the same.

Shielding of neutrons can also reduce this risk, as shown by
Kakino et al. [18]. However, this study focused on X-ray therapy
(photoneutrons), in which the energy of the generated neutrons
was much lower (up to ∼1 MeV) than that in CIRT (up to
∼100 MeV). Neutrons with energies of ∼100 MeV have a small
reaction cross-section, making effective shielding challenging.
Therefore, more effective methods for shielding high-energy
neutrons must be developed.

In this study, bit flips are counted as soft errors. One soft error
does not necessarily mean one malfunction; a soft error can
probabilistically cause a malfunction if it occurs in an important
memory directly related to the operation of the CIEDs.

This study had several limitations. The results were obtained
from only one type of FPGA, and we did not evaluate the soft-
error probability with a clinical device. The risk of soft errors
varies with the process size and circuit design [29]. The risk
during clinical exposure may also vary depending on the process
size of the CIEDs. The process size of CIEDs varies from product
to product, with semiconductors of various process sizes used
in a single product. FPGA manufacturers have published failure
in time numbers [23]. By evaluating similar risk coefficients for
CIEDs, the risk of soft errors can be assessed using simulations
or simple measurements.

The risk during clinical exposure may be several times higher
than that in this study, considering the irradiation time. The
treatment involves 12–16 fractions of 1–2 min of irradiation
with a dose of 50–70 Gy, depending on the tumor-type and
tumor site. However, it is difficult to accurately assess the risk in
treatment irradiation by solely relying on the results in this study.
As the purpose of this study was to determine the contribution
of secondary particles to soft errors, a simple geometry was
created. The effects of MLCs, range shifters, and spread-out
Bragg-peaks must be considered in treatment irradiation because
they also produce neutrons and protons. Further experiments
under clinical conditions are required.

Therefore, the accuracy of this study was insufficient for
clinical application. Devices that can measure soft errors are
required to improve simulation accuracy. Irradiating only pro-
tons or neutrons with specific energies would provide a more
accurate confirmation of the contribution of each secondary
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particle. Despite needing improvements in measurement accu-
racy, our study provides a quantitative framework for evaluating
and comparing the risk of soft error occurrence and a useful
basis for future risk assessments.

V. CONCLUSION

We successfully measured soft errors exerted by CIRT and
evaluated the contribution of secondary particles. High-energy
neutrons (>10 MeV) were the main contributors among the sec-
ondary particles. To reduce the risk of soft errors, it is necessary
to maintain a sufficient transverse distance and avoid placing the
CIEDs downstream of the beam. These findings provide valuable
insights for future risk assessments in the field of radiotherapy.
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