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1.   Introduction

NTT, Nagoya University, and Hokkaido University 
joined forces and successfully measured semicon-
ductor soft error*1 rates*2 at continuously varying 
neutron energies from 1 to 800 MeV. The findings 
reveal, for the first time, the complete picture of the 
energy dependence of semiconductor soft errors. 

Data on soft-error-rate dependence on neutron 
energy are critical when studying the impact of cos-
mic rays on semiconductors and investigating coun-
termeasures because the number of soft errors is 
heavily dependent on the incoming neutron energy. 
However, it has been impossible to measure data that 
have a wide and continuous energy range. Therefore, 
the soft error rates measured to date have been limited 
to several discrete neutron energy levels. 

We developed an ultrahigh-speed error-detection 
circuit that enables us to precisely measure flight 
times of neutrons arriving at the semiconductor even 
if the velocities are close to the speed of light. From 
the flight time, we can deduce the speed of the neu-
trons causing the soft errors. The circuit makes it 
possible to measure soft errors caused by neutrons 
across an extremely wide range of energies up to 800 
MeV. 

Soft error rates, which we measured successfully, 
are among the most basic and critical data to predict 
the number of soft errors caused by neutrons in vari-
ous environments not only at ground level but also at 
high altitudes, in space, or even on another planet. 
The data will be useful in a variety of fields, e.g., 
evaluation of semiconductor reliability in space sta-
tions, study of soft-error prevention measures to be 
taken in semiconductor materials, soft-error tests 
using an accelerator, and simulation of the process in 
which soft errors occur. 

The research results were published in IEEE Trans-
actions on Nuclear Science on November 19, 2020 

[1, 2].

2.   Research results

In this research, we have developed a high-speed 
error-detection circuit that can detect soft errors 
within several nanoseconds (nanosecond = one bil-
lionth of a second) so that we can identify the energy 
of a neutron close to the speed of light using a time-
of-flight method. With this method, measuring the 
traveling time of a neutron from a neutron-production 
target to a device, we can calculate the velocity of the 
neutron, hence its energy. Using the 800-MeV high-
energy proton linear accelerator at Los Alamos 
National Laboratory, USA, we conducted experi-
ments with three field programmable gate arrays 
(FPGAs) with different design rules: 28, 40, and 55 
nm. We were able to measure soft error rates at con-
tinuous energies with very high-energy resolution, as 
shown in Fig. 1.

It was found that the energy dependence of soft 
error rates was more or less similar for the three 
FPGAs. The soft error rate increased rapidly from 3 
to 20 MeV but was almost constant thereafter. 
Though upon closer examination, slight variations in 
the rate among the three FPGAs were found.

3.   Key technical points

(1) Time-of-flight method
The (kinetic) energy E of a neutron can be deter-

mined by measuring the neutron speed, i.e., time it 
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*1 Soft error: Unlike hard errors, which cause permanent failures in 
a device, soft errors cause temporary failures, from which the de-
vice concerned can recover by rebooting itself or overwriting 
data.

*2 Soft error rate: The probability at which one neutron causes a soft 
error in a unit area. In more technical terms, it is defined as a sin-
gle event upset (SEU) cross section or sometimes defined as the 
probability at which a soft error occurs within a unit time.
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takes for a neutron to travel a certain distance. It is 
expressed by Eq. (1) based on the special theory of 
relativity using the energy of the neutron having 
speed v and rest mass m0, where c is the speed of 
light.
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2    Eq. (1)

In our experiments, neutrons were generated within 
an extremely short time of 125 picoseconds (picosec-
ond = one trillionth of a second), and the time taken 
for them to fly about 20 meters was measured. This 
made it possible to measure the energy of a neutron 
traveling at a speed close to that of light. 
(2)  Ultrahigh-speed error-detection circuit (NTT, 

Nagoya University, and Hokkaido University)
Neutrons that cause soft errors travel at extremely 

high speed. To measure their energies, it is necessary 
to detect soft errors at nanosecond resolution. How-
ever, commonly used memories, such as static ran-
dom access memory (SRAM), read data sequentially, 
thus take several milliseconds to scan the amount of 
data (megabit order) sufficient for soft-error detec-
tion. This means that the time-of-flight method can-
not be used in such memory to determine the energy 
of high-energy neutrons. To solve this problem, we 
developed a circuit that can detect malfunctions 

caused by soft errors in logic circuits with extraordi-
nary speed (Fig. 2). By using this circuit, we were 
able to detect a soft error that occurred in configura-
tion random access memories (CRAMs). Each 
CRAM has a capacity of a few tens of megabits and 
is made up an FPGA circuit. Our circuit can detect a 
soft error at a speed equivalent to the operational 
speed of the FPGA, which is on the order of nanosec-
onds. By using this high-speed error-detection cir-
cuit, we can now identify the energy of neutrons that 
cause soft errors.
(3)  The 800-MeV high-energy proton accelerator at 

Los Alamos National Laboratory
Using the high-energy accelerator at Los Alamos 

National Laboratory, we conducted experiments in 
which we measured soft error rates at continuous 
energies using our ultrahigh-speed error-detection 
circuit. The accelerator accelerates protons up to 800 
MeV, which is about 90% the speed of light, and the 
protons hit the tungsten target and generate high-
energy neutrons. The energy distribution of neutrons 
generated in this facility is similar to that in nature of 
up to 800 MeV. A neutron detector, called a fission 
chamber, has been used in this facility to measure the 
energy spectrum of neutrons up to 800 MeV.

4.   Future prospects

The obtained data enable us to calculate the number 

Fig. 1.   Soft-error-rate measurement results.
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of soft errors caused by neutrons in any environment, 
not only on earth but also at high altitudes, in space, 
or even on another planet. In addition, the data will be 
useful for selecting an optimal accelerator for soft-
error tests, development of neutron sources for soft-
error tests, studies of measures to prevent soft errors 
in semiconductor devices, and simulation of the pro-
cess in which soft errors occur. The data have the 
potential to lead to dramatic advances in research and 
development in a variety of fields.
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Fig. 2.   Our ultrahigh-speed error-detection circuit.
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