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Abstract

Neutron-induced single event effect is one of the signif-
icant factors affecting the reliability of semiconductor de-
vices in avionics and ground facilities. The 100 MeV pro-
ton cyclotron in China Institute of Atomic Energy
(CYCIAE-100) provides white neutron and quasi-monoen-
ergetic neutron induced by proton and W/Li bombardment.
Based on the white neutron beam of CYCIAE-100, the
white neutron energy spectrum was measured by neutron
time-of-flight method with double scintillator spectrome-
ter, as well as the theoretical energy spectrum was calcu-
lated by the Monte Carlo method. The neutron irradiation
test for ESA SEU monitor with different technology nodes
were carried out, and the neutron single event upset sec-
tions are obtained simultaneously. In addition, based on the
quasi-monoenergetic neutron beam line, the simulation of
neutron energy spectrum was carried out. As a conclusion,
the white neutron and quasi-monoenergetic neutron pro-
vided by CYCIAE-100 are well suitable applied to the
study of neutron single event effects.

INTRODUCTION

Galactic cosmic rays and solar rays interact with nitro-
gen and oxygen in the earth's atmosphere to produce a large
number of neutrons. Neutron incident semiconductor de-
vices cause single event effects (SEEs), leading to logic in-
version and functional failure, which seriously threaten the
safety and reliability of aircraft electronic systems[1-3]. In
addition, in the nuclear power stations and spent fuel re-
processing plants, neutron radiation produced by the nu-
clear reaction also reduce the reliability of electronic con-
trol systems and visual monitoring systems.

In order to measure the neutron-induced single event ef-
fects and to evaluate the risks of neutron radiation, accel-
erated tests based on the ground neutron sources were per-
formed and progressively became the predominant ap-
proach, since the environmental atmospheric neutron test
is time-consuming. Many neutron irradiation test equip-
ment from white neutron source, quasi-monoenergetic neu-
tron source and 14 MeV monoenergetic neutron source has
been established, such as CHIPIR of ISIS [4], QMN of
TSL [5], and so on. The white neutron source, which has
an energy spectrum very close to the atmosphere neutron
environment, are used to directly evaluate the atmospheric
neutron effect. As a contrast, the monoenergetic and quasi-
monoenergetic neutron sources are used to measure the
cross-section curve of SEEs as a function of neutron en-
ergy, which is helpful in exploring the mechanism of the
neutron SEEs.
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In 2016, the first SEE experiment for electronic devices
was carried out on the 100 MeV proton cyclotron
(CYCIAE-100) in China Institute of Atomic energy
(CIAE). This cyclotron provides a 70-100 MeV, 0.01-
200 pA proton beam [6]. Meanwhile, with W and Li tar-
gets, both white neutron and quasi-monoenergetic neutron
can be produced by proton and W/Li bombardment, which
provides good neutron sources for experimental research
of neutron SEEs.

In this paper, we first measured the white neutron energy
spectrum by time-of-flight method with double scintillator,
and then tested neutron SEE for ESA SEU monitor. The
possibility and ability of irradiation test by quasi-monoen-
ergetic neutron were also analysed.

WHITE NEUTRON EXPERIMENT

Prior to SEE testing, the neutron energy spectrum shall
be accurately measured. Since the CYCIAE-100 induces a
continuous proton beam, the withe neutron beam produced
by proton bombards W targets is also a continuous beam.
The conventional neutron measurement methods for
pulsed neutron are not adequate. Therefore, the neutron
time-of-flight (TOF) experiment with two scintillator de-
tectors were performed. By measuring the neutron flight
time at a certain distance, we obtain the flight speed of neu-
trons, and hence the energy of neutrons.
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Figure 1: The measurement of white neutron spectrum.

The white neutron target is tungsten copper alloy WCu7,
93% of which is tungsten, 12 mm thickness and 75 mm
diameter. After passing through 2 mm copper and 5 mm
water, 100 MeV protons bombard the 12 mm thick WCu7
target and white neutron are produced.

As shown in Fig. 1, one liquid scintillator detector (scat-
tering detector) is placed on the neutron beam behind the
target, which is detect the start signal of flight neutron, and
the other (main detector with high efficiency) is placed at
a distance L (L=3 m) and 45° direction of the proton beam,
which is detected the stop signal of flight neutron. The
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gamma signal was removed by pulse shape discrimination
(PSD), and the time spectrum of flight neutron were ac-
quired by a DT5730 digitizer in the coincidence mode, see
Fig. 2.
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Figure 2: The TOF spectrum of white neutron spectrum.

With the detection efficiency correction for two liquid
scintillators by Monte Carlo simulation, the neutronic en-
ergy spectrum can be obtained by converting the TOF spec-
trum with Eq. (1).

E=my’( -1
L, (1)
1-(—)
tc
where E is the energy of flight neutron, mo is the mass of
neutron, L is the distance between two scintillator detec-
tors, t is the flight time of neutron and c is the velocity of
light.

Figure 3 shows the measured neutron energy spectrum
and contrasts it with the theoretical spectrum simulated by
Monte Carlo method. Limited by the need to discriminate
against gamma rays, the lower limit energy of the neutron
measured is only 3 MeV, the Fig. 3 showed that the meas-
ured energy spectrum almost completely coincided with
the calculated one from 3 MeV to 100 MeV energy region.
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Figure 3: The measured energy spectrum, and compare to
the theoretical spectrum by Monte Carlo simulation.
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As a result, with 100 MeV/1 pA proton, 3.28x10*
n/(cm?-s) neutron from 3 MeV to 100 MeV were produced
at the position 15 m away from the target in 0-degree di-
rection, and neutrons above 10 MeV account for 12.4%.

Base on the white neutron spectrum, the Europe space
agency single event upset monitor (ESA SEU Monitor)
was applied to measure the cross section of neutron SEU.

The irradiation experimental results show that the neu-
tron SEU cross section of the SEU Monitor (250 nm,
16 Mbit, 3.3 V) is 31.0 upsets/h with 3 pA proton, that is
5.47x107"3 upsets/(cm?>bit). Usually, 10 MeV is considered
as a threshold energy for high energy neutron SEE, but
more and more evidences are provided to certify that less
energy neutron can also lead to SEE in advanced electronic
systems [7, 8]. The contribution of neutron below 10 MeV
to SEE is critical too. Considering the energy above
10 MeV accounts for 12.4% of the white neutron source in
CYCIAE-100, this neutron source is more suitable to test
the neutron radiation effects for nuclear industry rather
than for atmospheric environment.

QUASI-MONOENERGETIC NEUTRON
SIMULATION

The monoenergetic neutron in the energy range of sev-
eral MeV to 20 MeV are mainly produced by the two-body
nuclear reaction induced by different light ions, such as the
14 MeV D-T neutron source. In the energy region above
20 MeV, "Li (p, n) "Be reactions are primary used.

The reaction energy of "Li (p, n)’Be is -1.646 MeV and
the threshold energy of neutron production is 1.881 MeV.
At the incident proton energy of 1.9-2.4 MeV, the "Li (p,
n)’Be reaction produces only the ground state "Be, i. e., 'Li
(p, no)’Be, and the produced neutrons are monoenergetic
neutrons with a large cross section (300-500 mb). The pro-
ton energy exceeds 2.4 MeV and the produced "Be can be
excited to its first excited state (0.43 MeV), i.e., 'Li (p,
np)’Be and "Li (p, n;)’Be occur simultaneously. For SEE
cross-sections, the energy dependence is not particularly
sensitive, so both no and n; are treated as single-energy
peak neutrons. When the proton energy exceeds 3.68 MeV,
the "Li (p, n’He)*He reaction channel is opened, which is a
three-body reaction and produces neutrons as a continuum
spectrum with energies below the monoenergetic peak.
Higher proton energies even excite 'Be to the second and
third excited states as well as other multi-body breakup re-
action. In summary, no and n; from "Li (p, no)’Be and "Li
(p, n1)’Be constitute the monoenergetic peak neutron,
while neutrons from other reaction channels constitute the
continuous spectrum of neutrons with lower energy than
the monoenergetic peaks.

Since the "Li (p, no, 1)’Be reaction has the largest cross
section in the 0° emission direction, the neutron from 0°
emission direction is chosen as the irradiation source. Fig-
ure 4 shows the cross sections of the "Li (p, no, 1)'Be reac-
tion at different energy proton from 10 MeV to 800 MeV,
and it can be seen that the cross sections are first increasing
rapidly and then then tends to be flat (data source [9, 10]),
as shown in Fig. 4.
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Figure 4: Nuclear reaction cross-section of "Li (p,no,1)'Be.

The neutron flux of the monoenergetic peak emitted at
the 0° direction can be calculated using the following equa-
tion

)

where g5_((ng1) is the 0° direction "Li (p, no, 1)’Be reac-
tion cross section, @, is the incident proton intensity, p 7;;

is the atomic density of the Li target, and d 7, is the 'Li

target thickness.

For 100 MeV/1 pA incident protons, the neutron flux
calculated by Eq. (2) is 1.28x10% n/(m?-s) at a position 5 m
away from the Li target.

In fact, the quasi-monoenergetic neutron target is natural
Li, 6 mm thickness and 52 mm diameter. Figure 5 shows
the theoretical spectrum by Monte Carlo simulation. With
100 MeV/1 pA proton, 2.92x10* n/(cm?-s) neutron from 0
MeV to 100 MeV were produced at the position 5 m away
from the target in 0 degree direction, and monoenergetic
peak neutrons account for 51.8%. Since 70, 80, 90,
100 MeV protons can be derived from the CYCIAE-100
directly, so four quasi-monoenergetic neutron sources are
available for neutron radiation effects.

Pg=o(No,1) = g=0(No1) X Py X p7,; X d 7,
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Figure 5: Neutron spectrum of 100 MeV proton bombards
the 6 mm Li target.
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As shown in Fig. 5, the neutron energy spectrum differs
greatly in different emission directions, with the highest
proportion of peak neutrons in the high-energy part of the
0-5 direction. The main reason is that the Li(p, n) reaction
consists of direct nuclear reaction mechanism and com-
pound nucleus reaction mechanism, the direct nuclear re-
action is mainly the knockout reaction, which produces
neutrons with foreshortening and high energy, while the
compound nucleus reaction evaporation neutrons in all di-
rections, which is homogeneity and is mainly low-energy
neutrons. Therefore, the neutrons in the 0° emission direc-
tion have the best monochromaticity, which is used to carry
out the irradiation text for neutron SEEs.

Because higher incident energy will lead to a multi-body
breakup reaction, only quasi-monoenergetic neutrons can
be obtained, thus their energy spectra contain not only mo-
noenergetic peak fractions but also low-energy tail contin-
uous fractions. These trailing neutrons can also trigger
SEEs, which affect the accuracy of neutron SEEs cross sec-
tion measurements. Nevertheless, since the quasi-monoen-
ergetic neutron has a high proportion of monoenergetic
peak neutrons, up to 40% or even higher, the SEEs due to
low-energy neutrons can be corrected by the tail neutron
correlation method and the accurate cross-section of neu-
tron SEEs obtained.

CONCLUSION

The white neutron spectrum measurement and the first
neutron single event effect test were performed based on
the CYCIAE-100 cyclotron in CIAE. With 100 MeV/1 pA
proton, 3.28x10* n/(cm?-s) neutron provided to irradiate the
electronics device. Considering the neutrons above
10 MeV account for 12.4%, the white neutron source is
more suitable to test the neutron radiation effects for nu-
clear industry rather than for atmospheric environment.
The quasi-monoenergetic neutron spectrum simulated by
Monte Carlo method, with 100 MeV/l pA proton,
2.92x10* n/(cm?-s) neutron were provided to irradiate the
electronics device. Since 70, 80, 90, 100 MeV protons can
be derived from the CYCIAE-100 directly, so four quasi-
monoenergetic neutron sources are available for neutron
radiation effects.
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