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Fig. 1. Primary cosmic ray spectra. Blue line/shade:

primary injection spectrum & uncertainty (this work); red
points: AMS-02 data; orange dashed line: Gassier model. All

non-proton spectra are scaled.
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Fig. 2. Integrated flux of low-energy muons (10-100 MeV)

as a function of the “thickness” parameter H. Red points

represent the 'thickness' parameter defined by Eq. 2, while

1
blue points represent the parameter H = gp(ho) .
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Fig. 3. Integral flux of low-energy muons (10-100 MeV) as
a function of the geomagnetic cutoff rigidity (R.). The red
line shows the simulation results using the 1976 U.S. Stand-
ard Atmosphere model, while the blue dots represent the
results from simulations with the corresponding urban at-

mospheric model.
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Fig. 4. Comparison of measured and simulated muon en-
ergy spectra from different geographical locations. The
shaded areas represent the simulation results with 1o un-
certainty, while the data points are the measurements from
the BESS experiment. Different colors correspond to differ-
ent locations: green for Lynn Lake, red for Norikura, and
blue for Tsukuba.
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gies and process nodes. Symbols: black dots for Bulk, blue
squares for FInFET, and green triangles for FD-SOI. Red
symbols denote experimental data: squares for 12 nm Fin-
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Fig. 6. Variation of the simulated low-energy muon (10-100 MeV) integral flux with altitude for different cities, in comparison with

the ASIL-D permissible flux limits. (Left panel: 1 MB system memory; Right panel: 1 GB system memory). The safe flux limits for
FD-SOI (green solid line), FInFET (blue dashed line), and Bulk (black dotted line) transistors are shown, with their corresponding

process nodes labeled.
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rate increase with simulation results for the 1956 GLE
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limit estimate. The dashed line shows a perfect match

between simulation and observation for comparison.
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F AL ORFEBIRTRIER S5 B bR S
Table Al.  Altitude, longitude, latitude, and geomagnetic field parameters of different cities.
it () 273 i BULRIEE
H/m B /uG B /uG ¢/GV
RYII( Lat.22°40'N, Lon.113°12'E) 100 37.7 26.0 15.36
% ( Lat.36°12'N, Lon.120°15'E) 50 30.5 42.4 9.49
A4 ( Lat.40°49'N ) Lon.111°39’E ) 1050 27.2 49.0 6.71
Frp%( Lat.29°36'N , Lon.91°06’E ) 3650 34.4 36.8 12.49
JEH% A5 ( Lat.90°00’N , Lon.0°0’E ) 0 1.8 56.9 0
AR ( Lat.56°30'N , Lon.101°0'W ) 360 10.4 59.4 0.27
e 111 ( Lat.36°06’N , Lon.137°33'E ) 2770 30.3 36.1 10.54
% ( Lat.36°12'N , Lon.140°06/E ) 30 30.0 35.5 9.07

#* A2
Table A2.

responding particle.

F REBARILL T i B, Horh n IR R PR TR

The number of simulated primary cosmic rays in each energy range, where n is the nucleon number of the cor-

Ewt/n /(GeV * nil)

BT
0.938—10? 101—102 102—103 103—10% 104—10° 105—10°%
H 4 x 107 8 x 106 5 x 10° 1x10° 2 x 10* 1x103
He 2 x 107 1 x 106 1 x 10° 2 x 104 4% 103 1 x 103
C 3 x 10° 5x 10* 1x 104 2 x 103 1x103 1x103
¢} 3 x 105 5 x 104 1 x 10* 2 x 103 1 x 103 1 x 103
Fe 1 x 10° 1 x 10* 3 x 103 1 x 103 1 x 103 1 x 103
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Risk assessment of muon single-event effects for
low-altitude aircraft
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Abstract

Motivation: With the rapid development of low-altitude economy, the radiation environment safety of low-
altitude aircraft such as drones and electric vertical take-off and landing (eVTOL) aircraft has attracted
increasing attention. Traditional views hold that the dense lower atmosphere is an effective barrier against
cosmic radiation, but the reduced feature sizes of modern integrated circuits (ICs) significantly increases their
susceptibility to single-event effects (SEEs). Most traditional studies have focused on the effects of particles
such as neutrons and protons, while systematic assessments of the risks induced by muons — the most
abundant charged particles at sea level— are still scarce, especially during extreme solar events. Therefore, this
study quantitatively evaluates the muon-induced SEE risk for low-altitude aircraft in different regions of China
under static cosmic-ray background and ground level enhancements (GLEs), aiming to provide key insights for
the operational safety of the next-generation low-altitude aviation platforms.

Methods: This study employs city-specific atmospheric model to simulate the atmospheric shower
processes in different cities within the CORSIKA framework, yielding reliable energy spectra of low-energy
muons (10-100 MeV) in different regions. This study utilizes electrical simulation data from other research
groups to estimate muon-induced SEE cross sections in transistors with different process nodes, covering bulk,
FD-SOI, and FinFET processes. Subsequently, by integrating solar energetic particle (SEP) energy spectra
related to ground level enhancement (GLE) events, we evaluate the muon-induced SEE risks for systems of
different sizes under static conditions (only cosmic-ray injection) and GLE event scenarios.

Results: Our results indicate that under static conditions, flight control systems (with 1 MB of memory)
containing advanced process nodes (< 45 nm) and bulk transistors face non-negligible muon-induced SEE risks
in all cities in China. In contrast, the systems utilizing FD-SOI transistors can effectively alleviate such risks.
For systems with large memory capacity (1 GB), redundancy and other radiation-hardening measures must be
taken regardless of the process technology used. Regarding GLE events, this study innovatively introduces the
concept of muon hazard levels to assess regional changes in risk. Specifically, during GLEs, the aggravation of
muon-induced SEE risks in mid-to-low latitude regions is negligible, whereas such risks significantly increase in
high-latitude regions.

Keywords: single event effect, low-altitude aircraft, muons, ground level enhancement
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