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Abstract— Characterizing low-energy neutrons (<10 MeV)-
induced single-event upsets (SEUs) and multiple cells
upsets (MCUs) is essential to validate the current standard for
terrestrial soft error rate (SER) and investigate its enhancement.
Following our preliminary analysis on the contribution of the
low-energy neutrons to the total terrestrial SER at the nominal
operating voltage of 1.0 V by Liao et al. (2020), this article
newly presents and analyzes the data measured at the low
operating voltage of 0.4 V. The dependence of SEU cross section
on the neutron energy is similar between the operating voltages
of 0.4 and 1.0 V, including onset energy of around 6 MeV. The
existence of MCUs at 4.1-MeV neutrons was also confirmed
at both the operating voltages. Based on the measurement,
we approximate the dependence of SEU and MCU cross sections
as Weibull functions of the neutron energy. The terrestrial
SER of SEUs and MCUs was calculated by folding the Weibull
function and the flux spectrum. The calculated result indicates
that the SER originating from the low-energy neutrons is less
than 6% in the terrestrial environment at New York and Tokyo
City. We confirm that disregarding the flux of neutrons below
10 MeV in the acceleration factor calculation at accelerated
neutron tests, which follows the current standard defined in
JESD89, could give a reasonable SER estimation accuracy
for both SEUs and MCUs. On the other hand, for covering
the beams having an extremely high proportion of low-energy
neutrons, considering the flux of neutrons above 6 MeV would
be an option for better SER estimation.

Index Terms— Low-energy neutrons, multiple cells upsets
(MCUs), single-event upset (SEV), static random access memories
(SRAMs).
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I. INTRODUCTION

SOFT errors induced by the terrestrial neutrons in the
secondary cosmic ray jeopardize the reliability of the

semiconductor devices. According to the test standard of
JESD89 [2], the flux of neutrons with energies more than
10 MeV is taken into account for the calculation of the
soft error rate (SER). However, the energy of the terrestrial
neutron has a wide range from keV to GeV. The proportion
of neutrons within the energy range from 1 to 10 MeV, after
this referred to as low-energy neutrons, to the total terrestrial
neutrons above 1 MeV is 36% at New York City (NYC) [3].
Therefore, characterizing low-energy neutrons inducing SER
is vital to validate the current standard for terrestrial
SER.

Several works characterized single-event upset (SEU) cross
sections induced by low-energy neutrons [4]–[6] and reported
their influence on terrestrial SER calculation [7]. In addition to
the terrestrial environment, Cecchetto et al. reported the impact
of low-energy neutrons on SER at high-energy accelerator
environments [8]. On the other hand, the dependence of
multiple cells upset (MCU) cross section on neutron energy is
less characterized except our previous work [1] as the author
investigated.

For investigating low-energy neutron-induced SEUs
and MCUs, we conducted irradiation experiments using
low-energy neutron beams of 6.0, 8.0, and 14.8 MeV,
combining the previously measured cross sections using 30-
and 70-MeV neutron sources [9]. A preliminary analysis
on the contribution of the low-energy neutrons to the total
terrestrial SER of SEUs and MCUs has been presented
in [1]. This article further discusses the impact of low-energy
neutrons disregarded in the acceleration factor calculation
using spallation neutron sources. We quantify the errors of
the terrestrial SEU and MCU rates estimated with accelerated
irradiation testing for this discussion. We also examine the
appropriateness of 10-MeV threshold for both SEU and MCU
rates with the experimental data at BL10 of Material and Life
Science Facility (MLF), Japan Proton Accelerator Research
Complex (J-PARC) [10]–[12], which has a large portion of
low-energy neutrons.
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Also, for analyzing the impact of the operating voltage
on the energetic dependence of MCUs, especially the onset
energy, this article reports a new set of measurement data at
an operating voltage of 0.4 V in the irradiation campaign using
monoenergetic low-energy neutron sources. All the discussions
in this article will cover the nominal voltage of 1.0 V and the
low operating voltage of 0.4 V.

This article is organized as follows. Section II introduces
the set-up of the experiment using monoenergetic low-energy
neutron sources. In Section III, combining the additional
experimental data using 30- and 70-MeV neutron sources,
we discuss the energetic dependence of SEU and MCU cross
sections at the operating voltages of 1.0 and 0.4 V. Based
on the measurement, we approximate the dependence of SEU
and MCU cross sections as Weibull functions of the neutron
energy. The terrestrial SER of SEUs and MCUs were calcu-
lated by folding the Weibull function and the flux spectrum
in Section IV. The impact of minimum energy of neutrons on
the calculated terrestrial SER is also discussed in Section IV.
Finally, Section V gives concluding remarks.

II. IRRADIATION TEST USING LOW-ENERGY NEUTRONS

The details on the design under test (DUT) boards and
set-up were described in our conference article [1]. Here,
we only introduce the necessary information with some addi-
tional explanation that is not included in [1]. We fabricated
the static random access memory (SRAM) for irradiation
tests at a commercial 65-nm technology node. Due to a
fabrication option of deep N-well (DNW), the parasitic bipolar
actions (PBAs) are enhanced, leading to a higher probability
of the occurrence of MCUs among the memory cells of SRAM
that were fabricated in the same N-well [13], [14]. We per-
formed static tests, and the operating voltage was set to 1.0 or
0.4 V during the hold time. The neutrons were injected into
the DUTs from the backside, which is the side of the printed
circuit board (PCB). Besides, Abe et al. [15] reported that the
packaging material would influence the irradiation result for
a low-energy neutron source. However, the compositions of
some materials used for packaging are not disclosed. On the
other hand, the PCB material is less uncertain. Therefore,
we irradiated the chips from the PCB side.

We utilized the all-direction neutron source at the National
Metrology Institute of Japan (NMIJ) in Advanced Industrial
Science and Technology (AIST) [16]. The energy spectrum
corresponding to each beam configuration (neutron source
and DUT direction) is shown in Fig. 1 ( c© [2021] IEEE.
Reprinted, with permission, from [1]). The method to obtain
the spectra is different at the directions between 0◦ and the
others. At 0◦ (ON-axis) direction, the flux is measured by
a thick radiator (TR) detector [17]. The TR detector consists
of a 0.5-mm-thick polyethylene radiator disk of 89 mm2 area
mounted in front of a totally depleted silicon surface barrier
detector of 150 mm2 area and 300 μm depth. On the other
hand, at 65◦ and 90◦ (OFF-axis) directions, the simulation
of Monte Carlo N-Particle Transport Code for Accelerator
Neutron Target (MCNP-ANT) [18] is utilized. We regarded
most neutron sources as monoenergetic ones, while the only

Fig. 1. Spectra of neutrons of the corresponding directions and beam sources.
c© [2021] IEEE. Reprinted, with permission, from [1].

exception is 90◦ in the 8.0-MeV beam because only 60%
neutrons accumulate within 0.1 MeV from its peak energy.

As discussed in [1], due to the short distance from the beam
exit to the DUT boards, the slight location difference of each
chip on the board varies the peak energy and fluence. However,
it was not considered in [1]. On the other hand, in this article,
we calculated the fluence considering the chip location inside
the board. In the following results, the horizontal error bars
indicate the energy range of neutrons at the chips on the DUT
board.

In this article, we use the same definition of the SEUs and
MCUs as our previous work [1]. We count the number of SEU
events as the total event number. In this definition, a single bit
upset (SBU) is counted as one SEU event, and an n(≥2)-bit
MCU is also counted as one event. We further separate the
MCU and SBU events from the SEU events to investigate the
dependence of the MCU cross section on the neutron energy.
In our static test, MCU events were detected according to
the physical locations of bit upsets regardless of their logic
word addresses. Note that, in each round of the static test,
the proportion of upset bits to the total memory bits was
small enough to ensure the low probability of pseudo-MCUs
consisting of multiple SBUs.

III. ENERGETIC DEPENDENCE OF LOW-ENERGY

NEUTRON-INDUCED SEUS AND MCUS

A. Onset Energy

In this work, the onset energy is defined the same as our
previous work [1], at which energy the neutron-induced SEU
cross section decreases to 0.1 X for the initial time from the
saturated value in the high-energy region. Figs. 2 and 3 show
the measured dependence of the SEU cross section on energy
at operating voltages of 1.0 and 0.4 V, respectively. The x-
axis coordinate of each data point represents the peak energy
of the spectra of each neutron beam. Blue markers are used
for the results with the measured spectra at ON-axis directions,
and green markers are used for the result with the calculated
spectra in the OFF-axis directions. All the results were with the
vertical error bars standing for one standard deviation in cross
section, and the horizontal error bars standing for the energy
range of neutrons at the chips on the DUT board. It should
be noted that the result of 1.0 V in Fig. 2 is similar to [1,
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Fig. 2. Measured energetic dependence of SEU cross section at 1.0 V.
Vertical error bars stand for one standard deviation in cross section and the
horizontal error bars stand for the energy range of neutrons at the chips on the
DUT board. The onset energy is roughly 6 MeV for our devices at operating
voltage of 1.0 V. It should be noted that this figure is similar to [1, Fig. 5],
but the cross sections in OFF-axis direction are recalculated by considering
the difference of the flux at each chip location.

Fig. 3. Measured energetic dependence of SEU cross section at 0.4 V with
left y-axis. The ratio of SEU cross section at 0.4–1.0 V is also plotted with
the right y-axis. Vertical error bars stand for one standard deviation in cross
section and the horizontal error bars stand for the energy range of neutrons
at the chips on the DUT board. The onset energy is roughly 6 MeV for our
devices at operating voltage of 0.4 V.

Fig. 5], but the cross sections in the OFF-axis direction are
recalculated by considering the difference of the flux at each
chip location.

At both the nominal voltage of 1.0 V and the low operating
one of 0.4 V shown in Figs. 2 and 3, we observe a similar trend
of the dependence of SEU cross section on the neutron energy,
where a rapid increase starts from around 6 MeV and the cross
section reaches saturation at about 30 MeV. This observation
indicates that a lower operating voltage may not influence the
onset energy of energetic dependence of neutron-induced SEU
cross sections. According to our definition of the onset energy,
the figures show that it is roughly 6.0 MeV in our devices.

Despite the unchanged onset energy at operating voltages
of 0.4 and 1.0 V, a lower operating voltage leads to a lower
critical charge and, consequently, a higher SEU cross section.
Moreover, we observe the SEU cross section ratio at 0.4–1.0 V
is not constant with energy variation, as shown in Fig. 3 with
the right y-axis. The ratio increases as the neutron energy
increases from 6.0 to 30 MeV, where the ratios at 3.1 and
6.7 MeV with large error bars are excluded. The increasing
ratio indicates, on the contrary, the SEU cross section of
SRAMs operating at low voltage decreases more significantly
compared to the nominal operating voltage as the energy of

Fig. 4. Energetic dependence of SBU and MCU event cross sections at 1.0 V.
Vertical error bars stand for one standard deviation in cross section and the
horizontal error bars stand for the energy range of neutrons at the chips on
the DUT board. It should be noted that this figure is similar to [1, Fig. 6],
but the cross sections in OFF-axis direction are recalculated by considering
the difference of the flux at each chip location.

neutron becomes lower. As we will discuss in the follow-
ing section, this characteristic influences the contribution of
low-energy neutrons to the total SER of SRAMs operating at
different voltages.

At the range of the energy from 3.1 MeV to the onset energy
of 6.0 MeV, both Figs. 2 and 3 show that the SEU cross section
induced by the neutrons with the energy at this region stay
almost the same at both voltages. The reason why the cross
section in this low-energy region is not decreasing to zero
could be attributed to the neutron–silicon elastic scattering
below the onset energy. Watanabe et al. [19] report that the
elastic scattering releases heavy secondary ions with a short
stopping range and induces SEUs.

B. Energetic Dependence of MCU Cross Section

Figs. 4 and 5 show the cross sections of SBU and MCU
events at operating voltages of 1.0 and 0.4 V, respectively,
where the SBU and MCU events are categorized from the
SEU events. All the results were with the vertical error bars
standing for one standard deviation in cross section, and the
horizontal error bars standing for the energy range of neutrons
at the chips on the DUT board. It should be noted that the
result of 1.0 V in Fig. 4 is similar to [1, Fig. 6], but the
cross sections in the OFF-axis direction are recalculated by
considering the difference of the flux at each chip location.
We observed a similar energetic dependence trend in terms
of the onset energy and the rapid saturation at both operating
voltages.

The comparison between the MCU and SBU at 1.0 V
in Fig. 4 was presented in detail in our previous article
[1]. As the key observation from that article, we found the
proportion of MCU to the total events stays high even at
4.1 MeV. This is because in our device, MCUs are often
caused by PBA at the operating voltage of 1.0 V, which
is reported in [20]. PBA stands for parasitic bipolar action.
A secondary ion generated by nuclear reaction perturbates the
well potential, and the parasitic bipolar transistor (source–
well–drain) becomes “on” [13], [14]. When PBA happens,
the memory cells of SRAM that were fabricated in the same
well are likely to upset together, and the MCU occurs. Because
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Fig. 5. Energetic dependence of SBU and MCU event cross sections at 0.4 V.
Vertical error bars stand for one standard deviation in cross section, and the
horizontal error bars stand for the energy range of neutrons at the chips on
the DUT board.

Fig. 6. Energetic dependence of the proportion of MCU events to the total
SEU events at 1.0 and 0.4 V. Error bar is with one standard deviation.

triggering PBAs needs a large charge, we concluded in [1] that
the reactions between silicon atoms and low-energy neutrons
release secondary ions with large linear energy transform
(LET).

At an operating voltage of 0.4 V, Figs. 5 and 6 show
a similar trend of energetic dependence of MCU and its
proportion to the total events. At both operating voltages,
our measurement results show that MCUs occur even below
6 MeV. On the other hand, as the difference between 0.4 and
1.0 V, Fig. 6 shows the proportion of MCU at 0.4 V is less.
The PBA effect contributing to the high proportion of MCUs
becomes much weaker at a lower operating voltage.

IV. EVALUATION ON TERRESTRIAL SERSEU AND SERMCU

BASED ON MEASURED ENERGETIC DEPENDENCE OF

CROSS SECTIONS

A. Contribution of Low-Energy Neutrons to the Terrestrial
SERSEU and SERMCU

Based on the experimental result, we fold the SEU (includ-
ing SBU and MCU) and MCU cross sections with the differ-
ential flux of neutrons above 1 MeV calculated with EXPACS
[3] at Tokyo, Japan, and NYC, USA. For SER folding, we used
the widely used and the same formula as [1]

SER =
∫ ∞

E0

σ(E) · φ(E)d E (1)

where E stands for the energy of the neutron, σ(E) stands
for either neutron-induced SEU or MCU cross section as a

TABLE I

FITTED PARAMETERS IN WEIBULL FUNCTIONS OF (2) FOR ENERGETIC
DEPENDENCE OF SEU AND MCU CROSS SECTIONS AT 0.4 AND 1.0 V

Fig. 7. Curves fitted to Weibull function of (2) for the dependence of SEU
(including SBU and MCU) and MCU cross sections on energy at (a) 1.0 V
and (b) 0.4 V. The lines stand for the fitted curve, while the red markers stand
for the experimental values used in curve fitting and the black markers stand
for other experimental values. (a) SEU and MCU fitting at 1.0 V. (b) SEU
and MCU fitting at 0.4 V.

function of the neutron energy E , and φ(E) stands for the
differential flux as a function of the neutron of energy E .
As will be stated below, although the function for approximat-
ing the energetic dependence is different, the assumptions for
the dependence are the same as [1]: 1) the cut-off energy for
neutrons to induce upset events is 1 MeV (E0 = 1 MeV); 2) the
cross section keeps the same value at the energy range from 1
to 3 MeV; and 3) the cross section comes to the saturated value
above 70 MeV. Note that Autran et al. [21] reports the SER of
thermal neutrons, which are defined as neutrons with energy
below 1 eV, is estimated to be 5 FIT/Mbit at 65-nm node in
simulation, and its contribution is less than 1% to the total SER
at 45 nm in the experiment. With these assumptions, we utilize
Weibull function to approximate the energetic dependence of
SEU and MCU cross sections as follows:

σ(E) = A

(
1 − e

(
E−Eonset

w

)S )
+ A0 (2)

where Eonset is equal to the onset energy of 6.0 MeV, A is
the saturating value of the cross section and equal to σmax =
σ30 MeV from our experimental data, and A0 is the constant
cross section in 1–3 MeV region and equal to σ3.1 MeV for SEUs
and 0 for MCUs. Other parameters in the Weibull function are
fitted by Scipy of Python using least nonlinear squares with
the data of cross sections at 6.0, 8.1, and 14.8 MeV, at which
the beam spectra are the measured ones and more reliable.
Fig. 7(a) and (b) show the curves fitted with the experimental
data of SEU and MCU cross section at 1.0 and 0.4 V. The
detailed parameters are listed in Table I.

The folding results of SERSEU and SERMCU are shown
in Fig. 8(a) and (b) for operating voltages of 1.0 and 0.4 V,
respectively. The contributions of neutrons whose energy are
1–3 MeV, 3–10 MeV, and above 10 MeV are plotted in
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Fig. 8. SERs of SEU and MCU at NYC and Tokyo estimated with folding
at (a) 1.0 V and (b) 0.4 V. The contributions of neutrons whose energy is
1–3, 3–10, and above 10 MeV are plotted separately. The contribution of the
neutrons below 10 MeV to the total SER is also presented numerically in the
figure. It should be noted that (a) is similar to [1, Fig. 8], but the type of
the function of energetic dependence of cross sections is Weibull function,
instead of linear interpolation in [1]. (a) SERs at 1.0 V. (b) SERs at 0.4 V.

different colors. It should be noted that Fig. 8(a) is similar
to [1, Fig. 8], but the type of the function of the energetic
dependence of cross sections is Weibull function, instead of
linear interpolation in [1]. From these two figures, we observe
that the low-energy neutrons below onset energy contribute
to the total SEU and MCU rate negligibly at each operating
voltage.

On the other hand, at a lower operating voltage of 0.4 V,
we notice that the total SERs are higher due to a smaller crit-
ical charge compared to the nominal operating voltage, while
the relative contribution of low-energy neutrons decreases.
Let us look back at the ratio of cross section at 0.4–1.0 V
in Fig. 8(b) with right y-axis. We could find the lower
proportion is consistent with the relatively large decrease in
SEU cross section at low-voltage operation with the decrease
in neutron energy.

B. Impact of Disregarding the Flux of Neutrons Below 10
MeV in the Acceleration Factor Calculation

Terrestrial SER is often estimated by accelerated irradiation
tests using spallation neutron sources. Due to the small cross
section and consequent limited contribution of low-energy
neutrons, JESD89 [2] suggests that the low-energy neutrons
should not be counted in calculating the acceleration rate
of the high-flux test environment to the low-flux terrestrial
environment. However, the spectrum difference between the
terrestrial environment and the test environment brings some
error into the estimated SER. This section quantifies the
estimation error supposing several neutron sources at widely
used beam facilities and BL10 of MLF, J-PARC.

To avoid confusion in the discussion below, we define
terrestrial SER as the SER obtained by folding the NYC
spectrum with an energy-dependent cross section. We also
define the estimated SER as the SER calculated by folding or
measured at accelerated neutron test, either of which is divided
by the acceleration rate. According to the definition above,
the estimated SER is calculated in an irradiation campaign as

TABLE II

PROPORTION OF LOW-ENERGY NEUTRONS IN THE TOTAL FLUX AND
THE ACCELERATING RATE ACC CORRESPONDING TO THE MINIMUM

ENERGY Emin

follows:
SERestimated = SERfacility

Accfacility

= SERfacility∫ ∞
Emin

φfacility(E)d E/
∫ ∞

Emin
φNYC(E)d E

(3)

where φfacility(E) and φNYC(E) are the differential neutron
fluxes at a beam facility and NYC. SERfacility is the SER
calculated by cross section folding with (1), and Accfacility is
the acceleration rate of beam facility, which is defined as the
ratio of integration flux of the neutron source to integration
flux at NYC. As shown in this equation, Accfacility depends
on minimum energy Emin, which is the lower limit of the
integration, namely, defines the energy threshold of negligible
low-energy neutrons. We evaluate the difference between the
estimated SER and the terrestrial SER as the estimation error
supposing the terrestrial SER is correct.

To analyze the estimation error dependent on different
minimum energies, we select 1 MeV, 10 MeV, and a medium
value of 6 MeV, close to the onset energy of neutron-induced
SEUs and MCUs in our device. Meanwhile, as various spectra
φfacility(E) of spallation neutron sources, we select popular
facilities of Los Alamos Neutron Science Center (LANSCE)
[7], [22], TRIUMF [23], ChipIr [24], the Research Center for
Nuclear Physics (RCNP) [25], and J-PARC [11], [12]. The
proportion of low-energy neutrons in each facility and NYC
are shown in Table II. From the table, we could understand
BL10 at J-PARC contains an extremely high proportion of
low-energy neutrons. The table also includes accelerating rate
Acc corresponding to each minimum energy Emin.

Using (1), we calculate SERfacility by folding the cross
section with the differential flux of each neutron source. The
estimated SER at each beam facility is shown in Figs. 9
and 10 for operating voltages of 1.0 and 0.4 V, respectively.
From these two figures, we observe that for both SEUs
and MCUs, setting the minimum energy to 6 and 10 MeV
produces a smaller estimation error compared to 1 MeV. The
most accurate estimation for SEUs is achieved when Emin

is 6 MeV at ChipIr, BL10, and TRIUMP, while 10 MeV is
better at LANCSE and RCNP. This tendency is similar at
nominal and low operating voltages. At all the facilities and
operating voltages, the best MCU estimation is achieved with
Emin = 10 MeV.

On the other hand, the estimation error is vastly different
among facilities. The estimation at TRIUMF is relatively
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Fig. 9. SER estimation in unit of failure in time (FIT) rate with different minimum energy Emin. (a) Emin = 1 MeV, (b) Emin = 6 MeV, and (c) Emin =
10 MeV. In each figure, terrestrial SER at NYC is added to the right side for comparison.

Fig. 10. SER estimation in unit of FIT rate with different minimum energy Emin. (a) Emin = 1 MeV, (b) Emin = 6 MeV, and (c) Emin = 10 MeV. In each
figure, terrestrial SER at NYC are is to the right side for comparison.

Fig. 11. Estimated SER from the experimental data at (a) 1.0 V and (b) 0.4 V in the irradiation campaign at BL10. In each figure, terrestrial SER at NYC
is added to the right side for comparison. (a) Estimated SER from the real experimental data at BL10, 1.0 V. (b) Estimated SER from the real experimental
data at BL10, 0.4 V.

stable regardless of the value of minimum energy, thanks
to its proportion of low-energy neutrons compatible with the
terrestrial environment. Even if the minimum energy was set to
1 MeV, the maximum estimation error at TRIUMF is relatively
precise for both SEUs and MCUs, taking into account two
operating voltages. In contrast, the estimation at RCNP and
LANSCE has more significant errors. When the minimum
energy was set to 6 or 10 MeV, on the other hand, the SER
estimation error becomes acceptable, even though the beams
at RCNP and LANSCE have more low-energy neutrons. The
most suitable minimum energy for estimating MCU rates at
LANSCE, TRIUMF, and RCNP is 10 MeV, while the least
error of SEU rate estimation is with Emin = 6 MeV at
TRIUMF, and with Emin = 10 MeV at RCNP and LANSCE,
respectively.

Meanwhile, due to a significantly large proportion of
low-energy neutrons, the accuracy of estimated SER at ChipIr
and BL10 is sensitive to Emin. In the case of Emin = 1 MeV,
the SEU rate is underestimated significantly at ChipIr and

BL10 at two voltages of 1.0 and 0.4 V. But, conversely, if with
Emin = 10 MeV, the SEU rate is overestimated at ChipIr and
BL10. The medium value of 6 MeV achieves the most accurate
estimation of the SEU rate for both the facilities with a large
proportion of low-energy neutrons in their beams.

Moreover, the data in the real irradiation campaign at
BL10 with the same device and testing procedure reported
in [10] also supports the above observation. Fig. 11 shows
the actual influence of the minimum energy on the estimated
SERs. It should be mentioned that the difference from the
results in Figs. 9 and 10 is that the SERfacilitys are calculated
from the number of SEU and MCU events measured in the
irradiation experiments instead of folding the cross sections
with the spectrum. Fig. 11 indicates that the SEU rate estima-
tion becomes the most accurate at 6–7 MeV. As for the MCU
rate, the accuracy is the highest at 9 MeV, which is consistent
with other facilities in Figs. 9 and 10.

On the other hand, you might find a difference between the
SERs estimated from BL10 experiments in Fig. 11 and the
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SERs estimated by folding the cross sections in Figs. 9 and 10.
For example, at 1.0-V operating voltage, the SER estimated
from the experiment is with 810 FIT/Mbit in Fig. 11(a),
while that from the folding is 1032 FIT/Mbit when the
same Emin = 10 MeV is applied. Such a difference could
be attributed to the source of BL10 containing a significant
amount of low-energy neutrons, as shown in Table II. A more
accurate estimation using the response function needs more
measurement data to accurately characterize the low-energy
region curve.

V. CONCLUSION

Between the nominal and low voltages of 1.0 and 0.4 V,
the dependence of SEU cross section on the neutron energy
is similar, including the onset energy. The existence of MCU
at 6.0-MeV neutrons was also confirmed at both the operating
voltages. As for the 0.4-V operation, the overall proportion
of MCU is lower than that of 1.0 V due to the weaker PBA
effect at lower operating voltage.

The low-energy neutrons contribute to the total SER of
MCUs was around 3% at 1.0 and 0.4 V in the terrestrial envi-
ronment. In contrast, low-energy neutrons contribute around
6% and 5% to the total SER of SEUs at 1.0 and 0.4 V,
respectively. When estimating terrestrial SER, the current
standard of disregarding the flux of neutrons below 10 MeV
in the acceleration factor calculation is reasonable for the
spallation beams whose low-energy neutron portion is 30% to
60%. However, for the beams with more low-energy neutrons,
the 10-MeV threshold may significantly overestimate the SEU
rate. In this case, the threshold of 6 MeV, which corresponds
to the onset energy, is more appropriate for SEU rate estima-
tion. Also, the 6-MeV threshold works for other facilities in
SEU rate estimation, while 10 MeV is good for MCU rate
estimation at all facilities.
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