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Displacement damage induced by high-energy protons in the space radiation environment presents a serious risk to the
reliability of spacecraft materials and onboard electronics. Nevertheless, studies on displacement damage induced by space-
based broad-spectrum protons are still limited. In this paper, the nonionizing energy loss (NIEL) of space broad-spectrum
protons at different orbital altitudes in semiconductor materials is investigated using Geant4 Monte Carlo simulations. We
find that the NIEL of silicon (Si) and gallium arsenide (GaAs) first increases and then decreases with orbital altitude,
and that shielding effects can result in either the saturation or continuous increase of NIEL, depending on the shielding
layer thickness. A fast NIEL calculation method for arbitrary broad spectra is proposed based on statistical probability
principles and the effective proton proportion. Meanwhile, a more uniform spatial distribution of mean damage energy per
source particle (7y,y,) deposition from broad-spectrum protons can be achieved by increasing the shielding layer thickness
and lowering the orbital altitude. Notably, the relative contribution of displacement damage caused by nuclear reactions
decreases with increasing orbital altitude and shielding layer thickness. The results provide a quantitative reference for

space displacement damage in semiconductor materials.

Keywords: nonionizing energy loss, space broad-spectrum protons, shielding layer, Geant4
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1. Introduction

High-energy protons constitute a significant component
of solar cosmic rays, galactic cosmic rays, and Earth’s outer
radiation belts. Upon penetrating spacecraft shielding, these
protons interact with onboard electronic systems through both
ionizing and non-ionizing energy loss mechanisms.!'=3! The
resulting energy deposition generates structural defects in

[3-7] which leads to progressive degra-

semiconductor lattices,
dation of electrical characteristics, ultimately compromising
spacecraft reliability and operational lifespan.!l->8-16 This
fundamental radiation damage phenomenon is formally clas-
sified as displacement damage. The investigation of proton-
induced displacement damage in semiconductor materials is a
critical research focus for spacecraft durability and operational
reliability assessment. Many works have demonstrated that the
accumulation of radiation-induced defects through displace-
ment damage serves as the primary driver of parametric degra-
dation in electronic components.!>17-201 Different particle
species (electrons, protons, neutrons, and gamma rays) show
fundamentally distinct interaction mechanisms with matter, re-
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sulting in divergent energy deposition distributions and vary-
ing degrees of radiation-induced damage. To enable quan-
titative comparison of displacement damage across different
particle species and fluences, researchers have adopted a stan-
dardized defect density metric known as the displacement
damage dose (DDD). It is formally defined as the product
of the non-ionizing energy loss (NIEL) and the particle flu-
ence ¢ (that is, DDD = ¢ x NIEL), where NIEL represents
the energy deposited per unit mass thickness (MeV-cm?-g~—1)
through atomic displacement processes.!!7->1-26] A large num-
ber of experiments have demonstrated that a linear relationship
exists between defect density and DDD in Si-based devices,
thereby establishing DDD as a universal standard for dis-
placement damage assessment. 142721 Through the NIEL-
fluence equivalence principle, radiation damage induced by
different particle species and energies can be systematically
normalized to equivalent DDD values, significantly improving
the accuracy of cross-environment damage prediction models.

At present, studies on displacement damage mainly
focus on monoenergetic proton irradiation as well as
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its mechanisms and impact on radiation-induced material

[3,16,30-35] Meanwhile, molecular dynamics sim-

degradation.
ulations and experimental approaches have been employed to
investigate displacement threshold energy dependencies and
defect evolution kinetics. However, studies on displacement
damage induced by broad-spectrum protons remain limited,
as monoenergetic protons cannot account for the multi-energy
composition.[?*=3%1 In practical radiation environments, both
natural and artificial, proton energy spectra show significant
complexity and diversity, which is different from proton en-
ergy spectra generated by ground-based radiation damage test-
ing facilities including nuclear reactors, traditional particle ac-
celerators, and laser-driven particle accelerators.!*0#31 This
mismatch between idealized experiments and practical radi-
ation environments identifies a crucial knowledge gap in dis-
placement damage understanding.

In this paper, the displacement damage induced by broad-
spectrum protons in silicon (Si) and gallium arsenide (GaAs)
materials under varying shielding layer thicknesses and orbital
altitudes is investigated. The effective proton proportion of
the broad spectrum is defined, and a fast calculation method
is proposed to evaluate the NIEL in semiconductor materials.
Furthermore, we investigate the effect of the shielding layer on
the deposition of Ty.m, and the relative contributions of elastic
and inelastic collisions to NIEL at different orbital altitudes.

2. Theoretical method and verification
2.1. Calculation method of NIEL

The NIEL quantifies the energy transferred from incident
particles to target nuclei via Coulomb and nuclear elastic or in-
elastic collisions, and is directly proportional to displacement
damage. This means that higher NIEL values correspond to an
increased defect generation rate due to enhanced atomic dis-
placement cascades. This relationship can be expressed as!*!

NIEL(E):]]:% EEmaxE(dc/dE) fa(E)dE. 1)
JEq

where E is the incident particle energy, N = 6.022 x 10?3 is
Avogadro’s constant, M, is the atomic mass of the target ma-
terial, Eq is the threshold energy of the Frenkel pair (FP) gen-
erated in the material, do /dE is the differential cross section
for a recoil atom with energy E, Epax is the maximum energy
transferred from the incident particle to the recoil atom, and
Jn 1s the damage partition factor. When accounting for atomic
recoil, the NIEL formula can be modified as!3¢!

NIEL(E) = % Y Gi(E) Egam (E), )

where A is the mass number of the target atom, o; (E) is the re-
action cross section of the i-th recoiling atom, and Eqyy (E) =
E X fy(E) is the non-ionizing damage energy transferred by a

recoil atom with energy E in the material. To further refine the
calculation, Jun ef al.®%! introduced the mean damage energy
per source particle, defined as Tyym = NyhY; 6;(E)Eqam(E),
where N, is the atomic number density and 4 is the thickness
of the target material. Thus, the NIEL can be expressed as 136]

NIEL(E) = Tdam/ (ph) 3

For a broad energy spectrum of incident protons, the NIEL can

be calculated by integrating over the energy distribution[*0!

[Em NIEL(E) @(E)dE
[ g(E)AE

min

NIELspectrum = “4)

2.2. Model construction and verification

In order to study
materials caused by space protons, we calculate the
NIEL at different orbital altitudes using the Geant4
code.[*7#8] By employing the QGSP_BIC physical

model, 535491 the G4IonINCLXXPhysics list, #7481 and the
50]

the displacement damage in

G4ScreenedNuclearRecoil class, ! Geant4 can accurately
simulate particle transport processes, including electromag-
netic and hadronic interactions, nuclear reactions, as well as
displacement effects. In our simulations, Eq4 is assigned as
21 eV for Si, 10 eV for Ga, and 10.8 eV for As, consistent
with the calculations reported in Jun’s work.[>3!' A planar pro-
ton source geometrically matched to the material cross-section
is used for irradiation simulations. Within the Geant4 stochas-
tic energy sampling framework, the simulation configuration
consisted of 10° incident protons and 20 independent Monte
Carlo iterations to ensure statistical robustness and compre-
hensive spectral sampling.

Si and GaAs are selected as target materials due to their
widespread use in spacecraft applications. The thicknesses
of these materials vary across different devices depending
on functional requirements.’3'=>3 To simplify the model, this
study focuses on semiconductor substrates commonly used in
spacecraft chips and solar cells, with a standardized thick-
ness of 500 um and a cross-sectional area of 5 cm X 5 cm
to satisfy the thin-target approximation. The effect of vary-
ing thicknesses is further investigated in subsequent analyses.
To account for different shielding scenarios in spacecraft sys-
tems, three configurations are examined: no shielding, 254 um
(10 mil) Al shielding (representing thin structural shielding
within devices), and 2.54 mm (100 mil) Al shielding (simu-
lating spacecraft hull protection). Additional shielding thick-
nesses were evaluated in the development of the fast NIEL
calculation method.

To validate the reliability of the NIEL calculation ap-
proach, the thin-target approximation method is employed to
systematically evaluate the NIEL values for monoenergetic
protons in the energy range of 0.1-1000 MeV interacting with
Si and GaAs materials. These results are benchmarked against
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reference datasets reported by Jun et al.,'?3 Bai et al.,1°! and
Summer et al.,’%*! with the comparative results presented in
Fig. 1.
variation of NIEL values with incident proton energy. The

Numerical analysis shows strong agreement in the

quantitative validation confirms the applicability of the model
for evaluating proton-induced NIEL in Si and GaAs materi-
als, thereby establishing a reliable reference baseline for sub-
sequent NIEL calculations under various orbital proton spectra
in different materials.

Si GaAs
z’f 31 (a) —— This work ) 2 (b) —— This work
5 —a—Ref. [23] £ —A—Ref. [23]
g —=—Ref. [39] i —=—Ref. [39]
2 oo
80
: o
21 2
2 2
= 2]
2o TS Z 0
1073 107! 10! 10° 107° 107! 10! 10°
Energy (MeV) Energy (MeV)

Fig. 1. The NIEL of incident protons as a function of incident proton
energy for (a) Si and (b) GaAs.

3. Simulation results and discussion
3.1. The distribution of space proton energy spectra

Figure 2 shows space proton energy spectra at differ-
ent orbital altitudes calculated using the AP8 model®>! from
SPENVIS,® representing the accumulated integral fluxes
over a one-year period. To simplify orbital dynamics analy-
sis, we employ a circular orbit with equal perigee and apogee
radii and an orbital inclination of 0°. One can see that both
the maximum and average proton energies decrease with in-
creasing orbital altitude due to geomagnetic-field shielding ef-
fects. Meanwhile, the flux of high-energy protons decreases,
whereas that of low-energy protons increases. At an orbital
altitude of 16000 km, the flux of 200 MeV protons is 10~'2
times that of 0.5 MeV protons. In addition, the shape of the
energy spectrum evolves from a single-temperature distribu-
tion to a complex exponential broad spectrum.

10"

1011

F Altitude (km)
F—o—2000 —>—10000

F—o—4000 —+—12000

F—&—6000 14000

I'AVI*?SOOO 407: 16000 )

1 10 100 1000
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=

10
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Fig. 2. Space proton energy spectra at different orbital altitudes, calcu-
lated using the AP8 model (cumulative 1-year integral fluxes of protons).

3.2. The energy deposition characteristics of monoener-
getic protons

We first use the SRIM codel®”! to study the stopping
power and energy deposition of protons, and then use Geant4

to calculate the NIEL distribution of monoenergetic protons
with different energies in Si. Figure 3(a) shows the evolu-
tion of electronic and nuclear stopping powers. One can see
that both Coulomb elastic scattering cross-sections and nu-
clear elastic scattering cross-sections exhibit inverse energy
dependence, i.e., decreasing with increasing proton energy.
This indicates that the energy deposition under both scatter-
ing mechanisms exhibits Bragg peak characteristics, as shown
in Fig. 3(b). Under monoenergetic proton irradiation condi-
tions, energy deposition is predominantly localized near the
end of the proton range. This spatial confinement character-
istic is similarly observed in non-ionizing energy deposition,
as shown in Fig. 3(c). When the proton range is less than
the thickness of the material, the proton energy is completely
deposited in the material, which leads to the maximum NIEL.
However, when the incident proton range exceeds the material
thickness, the deposited energy only constitutes a small frac-
tion of the total proton energy due to the Bragg peak effect, so
the non-ionizing energy deposition is significantly decreased
compared with the total energy deposition. It should be noted
that the distribution of non-ionizing energy deposition be-
comes more complex under the irradiation condition of space
broad energy spectrum protons. Although a large number of
low-energy protons predominate in space, their limited ki-
netic energy restricts the generation of secondary particles
in the material. Therefore, the predominant contribution of
non-ionizing energy deposition originates from protons with
ranges approximating the material thickness, namely, effec-
tive protons (EP). To account for the inherent range strag-
gling phenomenon in proton irradiation, the EP are defined
as protons with ranges between 10% and 120% of the mate-
rial thickness. The selection of the minimum and maximum
thresholds depends on the higher correlation coefficient in sta-
tistical theory (not shown here). Figure 3(d) shows the NIEL

g
N = 0.6 —Electronic stopping power 15.0
80 -1 b (a) % — Nuclear stopping —
j s power S g
< J =2
g 10-3 8 (b) SES
S 10 T o03p 75 °3%
= 0 3 i7
SETR S el
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3’ f— Electronic stopping power 5 z. =
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— ol S - (d)
§ 10 1 MeV Target ‘@D
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Fig. 3. Stopping power, energy deposition, and NIEL distribution of mo-
noenergetic protons in silicon. (a) Ionization and nuclear stopping pow-
ers as functions of proton energy. (b) Energy deposition distribution for
3 MeV protons: ionization and nuclear contributions. (c) Energy depo-
sition distribution and (d) NIEL of protons with various energies in a
500-pm-thick silicon target.
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of monoenergetic protons with different energies in a fixed
500-pm-thick target. Notably, the NIEL of EP within the 3—
10 MeV range significantly exceeds that of both lower energy
protons (< 0.1 MeV) and higher energy protons (> 50 MeV).

4. Displacement damage under varying shield-
ing layer thicknesses and orbital altitudes

4.1. NIEL analysis

A shielding layer can effectively mitigate radiation dam-
age to semiconductor devices from broad-spectrum proton
beams in orbit. However, the evolution of NIEL exhibits
distinct behaviors at different orbital altitudes under varying
shielding thicknesses. Figures 4(a) and 4(b) show the NIEL of
broad energy spectrum proton beams in Si (a) and GaAs (b)
as a function of orbital altitude, where the black, red, and
blue lines represent 2.54 mm aluminum shielding, 254 pm
aluminum shielding, and no shielding, respectively. The cir-
cles in (a) and (b) represent the theoretical values derived from
Eq. (4), and the curves represent the simulation results. One
can see that the theoretical values agree well with the simu-
lation results. For the case of no shielding, the NIEL of both
materials increases initially and then decreases with increasing

orbital altitude, reaching a maximum of 0.01059 MeV-cm?/g
at an orbital altitude of 5000 km for Si and 0.0067 MeV-cm?/g
at 4000 km for GaAs. This results from altitude-dependent
variation in the proportion of EP. However, with 254 pm alu-
minum shielding, the NIEL of both materials increases ini-
tially and then approaches saturation. Meanwhile, one can
note that adding a relatively thin shielding layer does not effec-
tively reduce NIEL. For the case of 2.54 mm Al shielding, both
materials show a monotonic increase in NIEL with orbital al-
titude. This is because the shielding layer modifies the energy
spectrum of protons incident on the material. With increasing
shielding thickness, the attenuation of low-energy protons is
significantly enhanced, as shown in Figs. 4(c) and 4(d), result-
ing in a corresponding change in the EP proportion o,. Fig-
ures 4(e) and 4(f) show the evolution of the EP proportion o,
with different orbital altitudes under different shielding thick-
nesses. One can see that the variation trend of ¢ with orbital
altitude is consistent with that of NIEL, which demonstrates
a strong correlation between EP and NIEL. It is worth noting
that the displacement damage from orbital electrons has been
excluded from consideration, as proton-induced damage dom-
inates by multiple orders of magnitude.

Si GaAs — . 2000 km
o 1.5 o 0.9 @ 10°
‘bO —— Unshielding (a) ‘bD = (c) o
~ 254 pm Al shielding ~ = Unshielding
g 2.54 mm Al shielding o g 5 254 ym Al shielding
>L-) o0 0 = ; 5 104k ——2.54 mm Al shielding
S 10t S y
0.5 o
) i E
= = = 10%F
= = Unshielding =
’d é — 254 ym Al shiclding 5
= 0.5 — 2.54 mm Al shielding 8
Z. L Z. 0 L 0: 102 L L L L L
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0 . 6000 km 08 : S} 08— GaAs
= s (d) 2 (e) O Unshielding =2 (f) O Unshielding
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_g 103k o 04Ff o 04} o
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g . %200000688 & goC’Ooooooo
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A 0 50 100 150 200 0 8000 16000 0 8000 16000

Energy (MeV)
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Fig. 4. Evolution of NIEL with different orbital altitudes for various shielding layer thicknesses in a 500 pm-thick (a) Si and (b) GaAs. (c) and
(d) Proton energy spectra under varying shielding conditions at orbital altitudes of 2000 km, 6000 km, and 10000 km, respectively. (e) and (f) Evolution
of the effective proton proportion ;, with orbital altitude for different shielding layer thicknesses in (e) Si and (f) GaAs.

In order to clarify the quantitative relationship between
NIEL and o, we also investigate the linear and Gaussian
broad-spectrum protons, along with shielding configurations
using Al and SiO, at thicknesses of 20 um, 50 um, 100 pm,
and 500 pm (not shown here). The results show trends consis-

tent with the orbital broad-spectrum and are subsequently em-

ployed in further analyses. We find a statistically significant
linear correlation between the square root of o4, and NIEL in
Si, ie., S, = /O, as shown in Fig. 5. The relationship be-
tween S, and NIEL in GaAs is similar.

Taking Si as an example, regression analysis of the

data in Fig. 5 yields a Pearson correlation coefficient R =
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0.96648. The fitted linear regression parameters are inter-
cept b = 0.00374 £2.14955 x 10~ and slope k = 0.01079 &
4.71329 x 10~*. These results demonstrate a statistically sig-
nificant linear correlation, consistent with the dominant role of
Sa in spectral-dependent displacement damage. Therefore, for
a given broad energy spectrum, the NIEL can be expressed as

NIELgpectrum = b +k4/0%,. )

Accordingly, NIEL can be approximated based on .
The method is fast and can be applied to the interaction
between broad-spectrum protons and materials. For exam-
ple, once the incident energy spectrum and material thick-
ness are specified, we calculate NIELgpecqrum using Eq. (5)
and subsequently determine the DDD through DDD = ¢ x
NIELgpectrum. This DDD is then applied to characterize the
radiation-induced degradation in triple-junction solar cells,
where the normalized maximum power degradation follows
the relation Ppax /Praxo = 1 —C-log(1 +D/Dy).B!

The target material thickness is inherently accounted for
in the EP proportion calculation, resulting in distinct intercepts
and slopes for different thicknesses, as shown in Fig. 6. Fig-
ure 6 demonstrates two key thickness-dependent effects: an
expansion of the 95% prediction band area, and a reduction

in the slope of the fitted curve. These trends originate from
the broadening EP distribution with increasing thickness. As
the EP range widens, a greater proportion of particles with
lower NIEL values contribute to @, consequently reducing
the relative impact of high-NIEL protons. This fundamental
mechanism simultaneously explains both the prediction band
broadening and slope attenuation phenomena.
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Fig. 5. Correlation between NIEL in Si and Sy, Black solid circles repre-
sent simulation results. The red region with 50% transparency indicates
the 95% confidence band of the fitted curve. The red region with 70%
transparency shows the 95% prediction band for new data points. The
dash-dotted line indicates the linear fit.
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Fig. 6. Correlation between NIEL in GaAs and S,. Panels (a)-(e) show results for varying GaAs thicknesses: 100 pm, 200 pm, 300 pm, 400 pm,

and 500 um. Panel (f) presents the corresponding fitting parameters.
4.1.1. The distribution of Ty,

Shielding layers can significantly alter the spatial distri-
bution of nonionizing energy deposition. Figure 7 shows the
distribution of Ty, induced by protons under different orbital
energy spectra and shielding configurations.

For the case of no shielding, the distribution of Ty, in Si
decreases with increasing target thickness at each orbital al-

titude, as shown in Fig. 7(a). This behavior arises from the

combined effects of the space broad energy spectrum protons
and the energy deposition associated with their Bragg peaks.
Specifically, the Bragg peak effect in different energy seg-
ments of the broad-spectrum protons causes small 7y, when
the proton range exceeds the material thickness. When proton
ranges lie within the material, their energy is fully deposited,
and Ty, is mainly limited by the proton flux. Consequently,
Tyam decreases with increasing material thickness. Addition-
ally, for protons with energies below 1 MeV, the non-ionizing
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energy deposition is significantly limited.

With 254 um Al shielding, the number of protons with
energies below 1 MeV decreases substantially, as shown in
Fig. 4(c).
no-shielding case, but its dependence on target thickness is
markedly reduced. This is due to the increased proportion of

The evolution of Ty,, remains similar to the

high-energy protons, which shifts the energy deposition char-
acteristics toward higher energies.

For 2.54 mm Al shielding, the proportion of high-energy
protons further increases. As a result, the evolution of Ty,
becomes more uniform and converges to the characteristics of
high-energy proton deposition, as shown in Fig. 7(c).

—o—16000 ——o— 14000

Altitude (km)

—+—12000 —v—6000 —>—4000 —<—2000

Unshielding 254 pm Al shielding 2.54 mm Al shielding
a
1074k () 107*F
> ] > ]
Q —6 [} —6
s 107°F s 107°F
&~ 1078F 1y & 1078F
10—10 1 1 1 1 1 l-" 10—10 1 1 1 1 1 1 10—10 1 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 50 0 100 200 300 400 50

Thickness (um)

Thickness (pm)

Thickness (pm)

Fig. 7. Distribution of Ty, with target thickness for (a) unshielded, (b) 254 pm Al shielding, and (c) 2.54 mm Al shielding. The thickness of the

Si material is 500 pm.

4.1.2. The relative contribution of elastic and inelastic
NIEL

High-energy proton irradiation induces both elastic and
inelastic collisions in materials, with inelastic interactions
generating various secondary particles via nuclear reactions
or de-excitation processes. These secondary species not only
enhance displacement damage, but also increase the total ion-
izing dose, thereby complicating radiation protection. 3% Con-
sequently, reducing inelastic scattering is crucial for improv-
ing radiation shielding performance.

Figure 8 shows the proportion of elastic and inelastic
NIEL at different orbital altitudes. The contribution of elastic
collisions to NIEL increases with orbital altitude under iden-
tical shielding conditions, whereas increasing shielding thick-
ness reduces this contribution at a given altitude.

Unshielding 254 pm Al shielding 2.54 mm Al shielding
- Inelastic - Inelastic Inelastic
- Elastic - Elastic Elastic

1.0 M

e
3

NIEL proportion (arb. units)

2000 4000 6000 12000 14000 16000
Altitude (km)

Fig. 8. Proportion of elastic and inelastic NIEL at various orbital altitudes.

For the case of no shielding, the contribution of nuclear
inelastic collisions decreases steeply from 20% to below 10%
as orbital altitude increases, ultimately falling to less than
0.1% above 12000 km. With 254 pm Al shielding, the con-
tribution of nuclear inelastic collisions significantly increases
at each orbital altitude. For 2.54 mm Al shielding, the inelas-
tic collision contribution ranges from 33% at 2000 km to 20%
at 16000 km, far exceeding the values observed in unshielded
scenarios.

High-energy protons exhibit larger nuclear inelastic scat-
tering cross sections. As the high-energy proton flux decreases
with increasing orbital altitude, elastic scattering becomes the
dominant interaction mechanism. When a shielding layer is
applied, low-energy protons are preferentially absorbed, lead-
ing to a higher proportion of nuclear inelastic collisions.

5. Conclusion

In this paper, the displacement damage induced by broad-
spectrum protons in semiconductor materials at different or-
bital altitudes is investigated via Geant4 Monte Carlo simula-
tions. Simulation results show that the NIEL of Si and GaAs
initially increases and then decreases with orbital altitude in
the absence of shielding. Shielding effects can result in satu-
ration of NIEL or cause it to increase continuously, depending
on the shielding thickness.

Effective protons, defined as those with a range of 10%
to 120% of the material thickness, are identified. Based on
the proportion of effective protons, we propose a fast calcu-
lation method for NIEL applicable to arbitrary spectral struc-
tures. Increasing shielding thickness and decreasing orbital
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altitude modify the incident proton energy spectrum in mate-
rials, leading to a more uniform spatial distribution of Ty,
deposition from broad-spectrum protons. These factors also
increase the relative contribution of inelastic collisions to the
total NIEL, with 2.54 mm Al shielding raising the inelastic
proportion from below 20% to 20%-33%. These findings pro-
vide significant insights into the radiation damage effects in-
duced by space protons.
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