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1.   Introduction

The Resilient Environmental Adaptation Research 
Project at NTT Space Environment and Energy Labo-
ratories has been promoting research toward a resil-
ient society that can respond flexibly to future envi-
ronmental changes. The resilient society we aim for 
is a world in which we can adapt to environmental 
changes. We will not only be able to avoid or forestall 
the damage to human society caused by natural phe-
nomena but will also be able to take advantage of 
natural phenomena that have been regarded as 
scourges. In October 2023, our project welcomed a 
new research group, the Environment and Socioeco-
nomic Nexus Forecasting Technology Group. 
Together with this research group, we are working to 
accelerate research aimed at sustainable prosperity 
for people and the global environment (comprehen-
sive sustainability), which requires anticipating more 
long-term and complex events and taking early 
action.

The technological themes we are working on to 
achieve these goals can be roughly categorized into 
the following two phases. The first is adapting to 

environmental changes to enable more proactive 
measures in advance to be taken in response to 
extreme natural phenomenon, and the second is pre-
dicting future environmental changes for the adapta-
tion by taking into account the mutual effects of the 
global environment and human activities. With 
respect to these themes, we introduce the latest 
research topics in cosmic-ray barrier technology and 
global environmental futures forecasting technology, 
respectively.

2.   Forefront research initiatives of cosmic-ray 
barrier technology

This section introduces findings in cosmic-ray 
research (solar flares and radiation from galaxies), 
which is part of our ongoing research aimed at envi-
ronmental adaptation to avoid or lessen damage 
caused by natural phenomena. Sophisticated elec-
tronic devices support our lives in numerous ways, 
but they increasingly fall victim to soft errors caused 
by cosmic rays. When cosmic rays, which rain down 
from space, collide with oxygen or nitrogen atoms in 
the atmosphere, neutrons are generated. When  
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neutrons collide with a semiconductor in an elec-
tronic device, they can cause soft errors, a phenome-
non in which the data stored in a semiconductor are 
changed. Soft errors have the potential to negatively 
impact social infrastructures, such as telecommunica-
tion failures (Fig. 1). In considering measures against 
soft errors in electronic devices, it is important that 
the system design takes into account the frequency of 
the soft-error-induced failures of each device. The 
frequency of soft-error-induced failures varies great-
ly depending on the energy of neutrons reaching the 
device. Therefore, it is critical to clarify the energy 
dependence of the soft-error rate (SER)*1 (SER at dif-
ferent neutron energies).

NTT Space Environment and Energy Laboratories 
and Hokkaido University have joined forces and suc-
cessfully measured the semiconductor SER at con-
tinuously varying neutron energies in the low energy 
range of 10 meV (milli-electron volt) to 1 MeV 
(mega-electron volt), a range which has not been 
previously measured [1]. The findings revealed a 
complete picture of the neutron energy dependence of 
semiconductor soft errors in conjunction with our 
measurements in the high-energy region, which were 
successful in 2020 (joint research between Hokkaido 
University, Nagoya University, and NTT) (Fig. 2). 
Taking countermeasures against soft errors is essen-
tial for electronic devices that support our current 
social infrastructure. Clarifying the SER for different 
neutron energies is of utmost importance for studying 

such countermeasures since the SER varies greatly 
depending on neutron energy.

We measured soft errors caused by low-energy neu-
trons below 1 MeV using the time-of-flight method 
with a high-speed soft-error detector developed in 
2020. The time-of-flight method is a means of calcu-
lating the neutron speed and converting it to kinetic 
energy by measuring the time taken for the neutron to 
travel a certain distance. The experiment was con-
ducted by connecting a high-speed soft-error detector 
developed by NTT to the instrument for neutron 
source characterization (neutron beamline for obser-
vation and research use (NOBORU)) installed at the 
Materials and Life Science Experimental Facility of 
the Japan Proton Accelerator Research Complex 
(J-PARC) (J-PARC Proposal No. 2022A0249). The 
intensity of neutrons used for irradiation at this facil-
ity was evaluated by Hokkaido University using the 
gold foil activation method*2. The SER in a field-
programmable gate array (FPGA)*3 was measured for 
continuously varying energies with high resolution. 

Fig. 1.   Mechanism of soft error occurrence.

*1	 SER: The probability at which one neutron causes a soft error in 
a unit area. In more technical terms, it is defined as a single-event 
upset (SEU) cross section or sometimes as the probability at 
which a soft error occurs within a unit time.

*2	 Gold foil activation method: A method of calculating the number 
of neutrons used for irradiation by measuring gamma rays from 
radioactive Au-198 produced when gold foil is irradiated with 
neutrons.

*3	 FPGA: A logic device with which the user can program a logic 
circuit in the field.
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The data show that the SER tends to be lowest 
around 0.1 MeV but increases as the energy decreases. 
We assume that this is due to boron (boron 10), which 
is present in trace amounts in semiconductors. 
Among the low-energy neutrons, we determined that 
the SER is higher with neutrons in the energy band 
around 25 meV (2.5 x 10–8 MeV), known as thermal 
neutrons*4. These thermal neutrons are produced 
when high-energy neutrons enter hydrogen-contain-
ing materials, such as water, plastics, and electronic 
substrates, and lose their speed. Therefore, their num-
ber varies greatly depending on the surrounding envi-
ronment (Fig. 3). For example, if semiconductors are 
cooled by water, the thermal neutron count is expect-
ed to increase significantly. Thus, the data obtained in 
this study will make it possible to simulate the num-
ber of failures caused by soft errors, taking into 
account the surrounding environments of electronic 
devices, and to take measures appropriate for this 
energy region.

With the data obtained in this study, we have clari-
fied the characteristics of the occurrence rates of soft 
errors caused by low-energy neutrons in cosmic rays. 
The findings make it possible to more accurately cal-
culate the rate of failures caused by soft errors, which 
is the key to evaluating soft errors and studying coun-
termeasures. Soft errors have the potential to cause 
malfunctions in all electronic devices that contain 
semiconductors. Evaluating soft errors and counter-
measures against them is crucial to a variety of indus-
tries and business fields, from current information 
and communication technology equipment and trans-
portation infrastructure to artificial intelligence-
based automatic control and smart factories, which 
are expected to become more ubiquitous.

Going forward, we hope to contribute to the  

Fig. 2.   SER at different neutron energies measured in this study.

Neutron energy [MeV] 

10−14

10−12

10−11

10−10

10−9

10−8

10−7

10−13

10−8 10−7 10−6 10−5 10−4 10−3 10−2 10−1 100 101 102 103

 S
E

R
S

E
U

 C
ro

ss
 S

ec
tio

n 
[c

m
2  

/ M
bi

t]

Fig. 3.   Process of thermal-neutron generation.

Condition that increases number of low-energy neutrons 
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*4	 Thermal neutrons: Neutrons with an energy around 25 meV. 
When neutrons are repeatedly scattered in a material, they are 
called thermal neutrons because, on average, they equal the ther-
mal kinetic energy possessed by the atoms of that material.
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construction of a safer and more secure social infra-
structure by simulating the number of failures caused 
by soft errors, taking into account the surrounding 
environments of electronic devices, and by studying 
soft-error countermeasures appropriate for low-ener-
gy regions. In due course, we will apply the results of 
our research to countermeasures in space against cos-
mic rays, thereby contributing to constructing the 
Space Integrated Computing Network [2], and the 
advancement of humankind in space.

 
3.   Recent trends in global environmental futures 

forecasting technology

To improve societal resilience, global environmen-
tal futures forecasting technology is needed to predict 
and adapt to the changing environment as well as to 
restore the environment, which has been impacted by 
human activities [3]. Such technology is used to 
model and simulate physical phenomena, such as 
climate and weather, as well as biological and chemi-
cal phenomena, such as ecosystems and carbon 
cycles, on the basis of global-scale observations. 
Through highly accurate prediction of extreme 
weather events, such as typhoons and linear precipi-
tation zones, as well as changes in marine ecosystems 
caused by human activities in conjunction with cli-
mate change, more proactive response measures can 
be taken. The following sections introduce the prog-
ress in typhoon observation toward improving the 
accuracy of typhoon forecasting and marine ecosys-
tem circulation forecasting technology toward clari-
fying the path to restore the environment.

 
4.   Progress in typhoon observation for 

improving forecasting accuracy

Typhoons, which can have a major impact on soci-
ety, have been intensifying in strength and causing 
more damage as a result of global warming and other 
consequences of climate change. To prepare for 
typhoons more effectively, it is important to accu-
rately predict the strength of typhoons at landfall as 
early as possible. However, typhoon forecasts based 
on the analysis of satellite images are limited in accu-
racy.

In 2021, in collaboration with the Okinawa Institute 
of Science and Technology (OIST), NTT began 
observing the area directly beneath typhoons, which 
cannot be observed by satellite, using a wave glider. 
In the summer of 2022, we successfully conducted 
the world’s first simultaneous marine and atmospher-

ic measurements at multiple locations in the north-
west Pacific Ocean directly beneath a Category 5 
typhoon, which is the strongest class typhoon, before 
it reached land [4]. In this experiment, Seiuchi-san, 
NTT’s autonomous wave glider for atmospheric and 
ocean observations, came as close as 11 km from the 
center of the typhoon (Fig. 4) and was able to capture 
rapid changes in pressure in the storm area (top of 
Fig. 5). Compared with OIST’s OISTER, Seiuchi-san 
measured a rapid decrease in sea-water temperature 
(approx. 2°C) closer to the center of the typhoon 
(middle of Fig. 5). Seiuchi-san also measured a 
maximum wave height of approximately 9 m (bottom 
of Fig. 5), providing information on the interaction 
between the atmosphere and ocean directly under the 
typhoon, which had not been available from satellite 
observations.

In 2022, we started a joint research project with the 
Typhoon Science and Technology Research Center 
(TRC) of Yokohama National University, a research 
institute in Japan specializing in typhoon research, to 
improve the accuracy of typhoon forecasting [5]. We 
will continue to progress typhoon observation for 
real-time typhoon data collection and aim to improve 
the accuracy of typhoon forecasting by using the 
acquired atmospheric and oceanographic observation 
data and incorporating them into the TRC’s typhoon 
forecasting model.

 
5.   Progress of marine ecosystem circulation 

forecasting technology

The marine ecosystem circulation forecasting tech-
nology models the food chain and material cycle 
processes of marine ecosystems and predicts the 
impact of human activities on marine ecosystems in 

Fig. 4.   Observation of No. 11, Hinnamnor/Henry.
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addition to the effects of climate change [2]. This 
technology contributes to the maintenance of ecosys-
tem services such as the protection of fisheries 
resources and carbon dioxide fixation. 

As a first step, we developed an ecosystem model 
for closed-cycle land-based aquaculture to predict 
changes in the ecosystem. We first hypothesized the 
impact of human activities on marine ecosystems on 
the effluent from closed-cycle land-based oyster 
aquaculture. We then developed a material circula-
tion process model for oyster aquaculture, consider-
ing the simple food chain between oysters and phyto-
plankton, which is their diet.

Closed-cycle land-based aquaculture is a method of 
aquaculture carried out in a closed space on land 
without contact with rivers or the ocean. The water 
quality is maintained by removing food and excreted 
waste while circulating the water. In addition to oys-
ters, phytoplankton (algae) are produced in the land-
based oyster farm targeted in this study, and wastewa-
ter from the oyster tank is used to cultivate the algae, 
thus achieving completely closed land-based aqua-

culture without wastewater. Oyster cultivation is not 
simply a matter of increasing the amount of phyto-
plankton. Undigested feed left by oysters can lead to 
water contamination, which affects oyster growth. 
For efficient recirculation in land-based aquaculture, 
it is important to determine the balance of circulation, 
including the optimal amount of oyster excreta and 
feed, which can be done by predictive simulation. We 
developed a model for predicting changes in phyto-
plankton levels in recirculating land-based oyster 
aquaculture (Fig. 6). The model was also used to 
predict phytoplankton production from wastewater 
discharged from oyster aquaculture.

In the future, we will extend the model and the 
knowledge obtained and apply it to modeling ecosys-
tems in coastal areas where human activities have a 
large and complex impact as well as in open ocean 
areas that are expected to be increasingly used in the 
future. We aim to develop a forecasting technology 
for marine-ecosystem cycles that will help to restore 
the ecosystems.

Fig. 5.   Observation data: air pressure (top), water temperature (middle), significant wave height (bottom).
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Fig. 6.   Biogeochemical cycle in land-based oyster farm.
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