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Study of the atmospheric neutron radiation effects using compact laser-driven
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We propose a laboratory accelerated test method for study of the atmospheric neutron radiation effects by
using a compact laser-driven spallation neutron source (LDSNS). The LDSNS is obtained by injecting a GeV
quasimonoenergetic proton beam accelerated by light-sail (LS) radiation pressure of intense lasers into a lead
target. According to the LS scaling law, proton energy spectra can be regulated by adjusting the laser and foil
target parameters, so that the neutron spectra at various atmospheric altitudes are well reproduced. Integrated
PIC and MC simulations have verified the scheme (for that at altitude 12 km, laser intensity of 1022 W/cm2 is
required) and shown that the neutron fluence per laser shot is as high as 1.73 × 108 n/cm2, equivalent to 3.7
year flux accumulation in atmosphere. Using the G4SEE toolkit, we estimate that the HM628128 SRAM may
undergo an average of ten single event upsets per shot for the proposed laboratory test.
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I. INTRODUCTION

Neutrons exist throughout the earth’s atmosphere—at sea
level and even more abundant at aircrafts altitude, in avionic
and space environments, since they are generated from the
interaction of cosmic ray particles with nuclei in the molecules
composing the atmosphere, aircraft, and spacecraft compo-
nents, or the surface of planets. Atmospheric neutron radiation
can not only cause degradation but can also cause failure
of the electronic and electrical systems in space vehicles or
satellites. Radiation hardness assessment of onboard elec-
tronics has become a critical issue and has aroused great
interest [1–4].

There are kinds of radiation effects caused by neutrons.
The most common one is single event upsets (SEU) [2,5],
which are running errors in electronic devices, regarded as
soft damages. To accurately estimate the SEU, life testing
under natural environments is carried out at high plateaus [6]
or during aviation flights [7], however, it is time consuming
and expensive, requiring continuous monitoring of thousands
of chips for several months or years. Laboratory accelerated
testings using accelerator-based [1,8] and/or reactor-based
[9] neutron sources have been proposed. However, as the
atmospheric neutrons generally have a broad energy spectrum
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and are rather diverse at different altitudes, latitude, and so-
lar activity cycles, these methods with a monoenergetic test
beam are not applicable. The advent of spallation neutron
sources [10–12] has opened up opportunities for simulation
of broadband atmospheric neutron radiation. However, since
the high-energy protons that induce the spallation reaction
are generated from conventional accelerators, generally hav-
ing a fixed monoenergy, the obtained neutron spectrum is
resultantly fixed as well in spite of being broad. Moreover,
it is much different from the realistic atmospheric neu-
tron spectrum in most situations. Therefore, for conventional
accelerator-based spallation neutron source, it is still hard to
make an adjustment to emulate the real atmospheric neutron
radiation with a specific energy spectrum.

In this paper, to resolve the above issue, we propose us-
ing laser-driven accelerators to achieve the spallation neutron
sources as the test beams for emulating the atmospheric neu-
trons. Different from previously laser-driven neutron sources
in the pitcher-catcher scheme [13–18], in order to obtain the
GeV proton beams [19] that are required for achieving the
spallation reactions, we choose the light-sail (LS) radiation
pressure acceleration (RPA) for protons, which are then in-
jected into a thick lead target, shown schematically in Fig. 1.
Furthermore, to reproduce the diverse neutron spectra at vari-
ous atmospheric situations including altitudes, latitudes, solar
activities, and so on, the proton energy spectra are regulated
by properly adjusting the laser and foil target parameters,
according to the straight scaling law of LS acceleration (as
the whole foil undergoes direct acceleration by light pressure)
[20,21]. Integrated particle-in-cell (PIC) and Monte Carlo
(MC) simulations have verified the scheme and shown that the
neutron fluence per laser shot for those with energy >10 MeV
is as high as 1.73 × 108 n/cm2, equivalent to 3.7 year flux
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FIG. 1. Schematic view of the proposed laboratory accelerated test method for study of atmospheric neutron radiation effects using a
compact laser driven spallation neutron source.

accumulation in atmosphere. G4SEE [22] simulations imply
that the SEU soft error rate (SER) of HM628128 SRAM is
about ten events per shot, which requires at least 3.7 years of
life testing in natural atmosphere.

II. DETERMINATION OF THE REQUIRED PROTON
SPECTRUM

In the scheme, we start from determining the required pro-
ton spectrum based on the real atmospheric neutron spectrum.
Note that the real atmospheric neutron spectrum depends on
both altitude and latitude as well as other radiation environ-
ments, and several software tools such as “space radiation
7” [23] and “OMERE” [24] can provide data on the space
radiation environment experienced by spacecraft based on
flight time and trajectory. Here, taking the factor of latitude
as an example, Figs. 2(a) and 2(b) show the real neutron
spectra for a year at altitudes of, respectively, 0 km (blue solid,
data obtained from JESD89B [25]) and 12 km (red solid,
data obtained from the modified Boeing model [19]), which
both exhibit an exponentially decreasing profile extending to
GeVs. It has been proved that the SEU cross section of the
electronics tends to saturate [26] above 1 GeV since the neu-
tron number is too small there. For simplicity, we assume the
energy spectrum of the produced quasimonoenergetic protons
from LS RPA [20,21] can be fitted as a Gaussian distribu-
tion g(Ep) = g0 exp[− (Ep−E0 )2

2σ 2 ], where Ep represents proton
energy, E0 represents the peak energy, σ denotes the width
of the distribution, and g0 is a normalized parameter. Then,
the energy spectrum of neutrons produced by the spallation
reaction of such Gaussian narrow-banded proton beams can
be expressed as

F̃ (En) =
∫

g(Ep) × f (Ep, En)dEp

=
∫

g0 exp

[
− (Ep − E0)2

2σ 2

]
× f (Ep, En)dEp, (1)

where En represents neutron energy, and f (Ep, En) denotes
the energy spectrum of neutrons produced by the spallation re-
action of protons at monoenergy Ep. The dependence relation
of f (Ep, En) on Ep can be numerically obtained by Geant4

FIG. 2. (a) and (b) The blue and red solid lines plot the real
atmospheric neutron spectra at altitudes of, respectively, 0 km from
JESD89B [25] and 12 km from the modified Boeing model [19]. The
green and purple dashed lines (with markers) plot the corresponding
neutron spectra obtained from integrated PIC and MC simulations
by using LDSNS in our proposed scheme. (c) The neutron spectra
obtained from Geant4 simulations by injecting protons with mo-
noenergy ranging from 100 to 3000 MeV into a 10 cm-thick lead
target. The blue, green, yellow, and orange lines at the front surface
of (c) plot specifically the neutron spectra for proton mono-energies
of, respectively, 750, 1500, 2250, and 3000 MeV. (d) The required
proton energy spectra g(Ep) for simulation of the atmospheric neu-
tron spectra at altitudes of, respectively, 0 km (blue) and 12 km (red).
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TABLE I. Parameters of the required proton energy spectra and
of the corresponding lasers and targets in LS acceleration for repro-
duction of the atmospheric neutron spectra.

0 km 12 km

E0 (MeV) 1160 1325
σ (FWHM) (MeV) 47(111) 153(360)
I (W/cm2) 3.9 × 1022 4.4 × 1022

τ (T0) 7.5 7.5
target composition C6H C2H
n0 (nc ) 320 320
l0 (nm) 119 124

simulations [27–29], assuming injecting into a 10 cm-thick
lead target, which is plotted in Fig. 2(c) with Ep ranging from
100 MeV to 3 GeV.

Using Fig. 2(c) and applying the gradient descent method
to minimize the difference between F̃ (En) and the real atmo-
spheric neutron spectrum F (En), defined as a loss function
L(F, F̃ ) = ∫ Emax

Emin
( F (En )−F̃ (En )

F (En ) )2dEn, we can find the optimized
parameters g0, E0, and σ of proton spectrum g(Ep), which are
listed in Table I. As a result, the required proton energy spectra
g(Ep) are determined, as shown in Fig. 2(d) for the cases at
altitudes of, respectively, 0 km (blue) and 12 km (red). In
other words, through adjusting the variable parameters E0 and
σ of proton spectrum obtained by LS acceleration, the realistic
broad atmospheric neutron spectra for various situations can
all be matched.

Next, we further determine the laser and foil target
parameters required for proton acceleration according to the
LS scaling law [30,31], where the ion peak energy scales
as E0 = ε2

2(1+ε) mpc2 under an optimal foil thickness l0 =
(1/π )(nc/n0)a0λ. Here ε = 2π (�Zini )me/(�mini )a2

0τ/ζ

with Zi, ni, mi, me representing charge, number density, mass
of ions, and mass of electrons, a0 and τ the normalized
laser amplitude and pulse length, and ζ = π (n0l0)/(ncλ) with
n0, nc, and λ representing electron density, critical density, and
laser wavelength. Furthermore, to suppress the acceleration
instabilities and achieve a stable ion LS acceleration [32,33],
on the one hand, we choose the multispecies ultrathin plastic
foil targets at ion density ratios nC : nH = 6 : 1 and 2 : 1
for, respectively, the cases at altitudes 0 km and 12 km,
where n0 = 320nc. On the other hand, the pulse duration τ is
chosen to be in the time-limited LS acceleration regime [34]

as τ � τRT ≈ 136a−1
0 (

√
4(1 + a2

0)1/2l[µm]λ[µm]
√

n0/nc)1/2.
Based on the above conditions and scaling laws, the required
laser and foil target parameters to obtaining the proton
spectrum g(Ep) in Fig. 2(d) (or those in Table I) can be
eventually determined, shown in Table I as well.

III. PIC SIMULATIONS

In the following, we verify our proposed scheme by inte-
grated PIC and MC simulations. Two-dimensional (2D) PIC
simulations with EPOCH [35] are carried out to demonstrate
production of the required quasimonoenergetic proton beam
from LS acceleration for the case at altitude 12 km. All laser
and target parameters including laser intensity, pulse duration,

FIG. 3. (a) Proton density ni/nc at t = 62T0 for a C2H foil of
n0 = 320nc and l0 = 124 nm irradiated by CP lasers with I0 =
4.4 × 1022 W/cm2. (b) Proton velocity phase space distributions at
t = 5, 29, and 62T0. (c) Temporal evolution of peak proton energies,
where the red line is from LS theory. (d) Comparison between the
final proton energy spectrum (solid lines) in simulations and the
required spectrum (dashed lines) in theory, where the red solid and
red dashed lines are those for the case at altitude 12 km, the blue
solid and blue dashed lines are those for the case at altitude 0 km.

foil density, and thickness are chosen to be consistent with
those in Table I, where laser spatial profile is Gaussian with
radius r = 5 µm. The simulation box size is 90 × 70 µm
consisting of 20232 × 9835 cells along x and y directions.
Laser enters from x = −10 µm at time t = −10T0 and prop-
agates along the x direction. The foil is located at x = 0 µm,
containing 500 quasiparticles per cell.

Figure 3(a) shows proton density distributions at t = 62T0.
As expected, we see that the whole foil is under stable
LS acceleration, where the phase space distributions, see
Fig. 3(b), display typical concentrating characters [36–38].
Figure 3(c) plots time evolution of the proton peak energy
(yellow line with markers), agreeing well with the LS

theoretical expectation (red line) as d p
dt = 2I∑

i minilic2

√
1+p2−p√
1+p2+p

[39]. The final proton energy spectrum is plotted by the red
solid line in Fig. 3(d) with peak energy about 1320 MeV and
FWHM spread about 365 MeV (≈27%), which matches well
with the required spectrum in theory [the red dotted line in
Fig. 3(d) and/or the red line in Fig. 2(d) and/or the relevant
parameters in Table I]. Simulations for the case at altitude
0 km are also run, whose results agree well with the theory as
well, see the blue solid and dashed lines in Fig. 3(d).

IV. MC SIMULATIONS

To self-consistently simulate the neutron production pro-
cess, we convert the 2D position and momentum information
of protons obtained from above into 3D by randomly rotating
along the x axis and then use them as the input for the Geant4
simulations. These protons are injected into a lead target with
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FIG. 4. (a) HM628128 heavy ion (black) and neutron (purple)
SEU cross section curve [40]. (b) Deposited energy spectrum in the
SV of HM628128 (black line). The orange, red, blue, and green
lines simultaneously display the deposited energy spectra of events
that produce 16O, 20Ne, 24Mg, and 28Si isotopes. (c) Classification
of the SER based on the different generated isotopes. (d) SER of
HM628128 as a function of maximal neutron energy.

thickness 10 cm. The QGSP_INCLXX_HP Physics List is used,
which is specifically designed for nuclear spallation reactions.
The obtained neutron spectra behind the lead target are shown
in Figs. 2(a) and 2(b) for, respectively, 0 km (green dashed
line) and 12 km (purple dashed line) cases, matching well with
the real atmospheric neutron spectra (respectively, the blue
solid and red solid lines). However, as labeled in Figs. 2(a)
and 2(b), the neutron fluxes per laser shot are, respectively,
330 and 3.7 times higher than the real ones. In other words,
the neutron fluxes per shot in our scheme are equivalent to
respectively 330 year and 3.7 year fluxes accumulation in
atmosphere.

For simulation of the neutron radiation test stage, we
have extended the G4SEE toolkit to have capabilities of the
complete input of neutron position, momentum, and energy
information via external files. As an example, we choose to
emulate the atmospheric neutron irradiation at altitude 12 km
on the widely used 1-Mbit HM628128 SRAM [7] and con-
sider the most typical SEU effect. As shown in Fig. 1, we see
that when neutrons irradiate on the sensitive volume (SV) of
a storage device, such as HM628128 SRAM, they undergo
elastic and inelastic scattering, nuclear reactions with the
atomic nuclei (mainly 28Si). As a result, a large amount of
high linear energy transfer (LET) recoil nuclei are produced,
such as 28Si, 24Mg, and 16O, which leads to ionization of a
significant number of electron-hole pairs and accumulation of
charges. Eventually, when the accumulated charges surpass
the critical threshold, a SEU is triggered.

The black line in Fig. 4(a) plots the heavy ion SEU
cross section σSEU(LET) of HM628128 SRAM, obtained
from the experimental data fitting. σSEU(LET) can be
typically described by a Weibull function [41]: σSEU =

σsat{1 − exp[−( LET−LETth
W )S]}, where σsat = 76.3 µm2/bit is

the saturation value, LETth = 1.7 MeV/mg cm2 is the LET
threshold, and W = 20 MeV/mg cm2 and S = 2 are width
and shape factors [40]. Based on the rectangular paral-
lelepiped (RPP) model [42] and experimental data [43], the
SV length and width is about l = w = √

σsat = 8.7 µm, and
the thickness about h = 4 µm. Since the majority of the recoil
nuclei in Si have a range of less than 5 µm, we choose the
G4SEE simulation box size with length, width, and height
all additional 10 µm larger than those of the SV. Further, for
simplicity, we assume that both the SV and its surrounding
regions are composed of purely Si.

To investigate the differences in SEU caused by different
nuclear reactions, we classified the neutron reaction event by
the maximum atomic nucleus entered or produced in SV in
each event. Figure 4(b) plots the deposited energy spectra of
the events that generate, respectively, 16O, 20Ne, 24Mg, and
28Si, and their sum. Since LET = Ed/ρ/h, where Ed is the de-
posited energy, ρ = 2.32 g/cm3 is the Si density, we calculate
the corresponding SEU cross section, shown in Fig. 4(a). In-
tegrating the deposited energy spectrum with the σSEU(LET)
curve in Fig. 4(a), we obtain the soft error rate (SER) caused
by each category of nuclear reactions, see Fig. 4(c). We see
that the reactions for production of 24Mg, 20Ne, and 16O con-
tribute the most to SER. Overall, we observe an average of 10
SEUs per laser shot for simulations of atmospheric neutron
radiation at altitude of 12 km.

Figure 4(d) shows the SER curve as a function of
the maximum neutron energy, defined as SER(Emax) =∫ Emax

0 σSEU(En) dφ(En )
dEn

dEn, where dφ(En )
dEn

represents the differ-
ential neutron flux in Figs. 2(a) and 2(b), and σSEU(En) is the
neutron SEU cross section curve [the purple line in Fig. 4(a)].
Clearly, the number of SEUs observed from HM628128
SRAM exposed to the neutron irradiation for years is very
similar to the number of SEUs obtained from our proposed
scheme through a single-shot laser experiment.

V. CONCLUSIONS

In summary, we have proposed a laboratory accelerated test
route for study of the atmospheric neutron radiation effects
by using a compact laser-driven spallation neutron source
(LDSNS). The scheme using the LS-accelerated proton beam
with a unique narrow-banded energy spectrum have solved
the critical issue of how to emulate the realistic atmospheric
neutron spectra in laboratory, by providing two variable pa-
rameters for adjustment, i.e., the peak energy E0 and the band
width σ . This is eventually achieved by properly choosing the
laser and foil target parameters according to the LS acceler-
ation scaling laws. Integrated PIC and MC simulations have
verified the scheme and shown that by applying the currently
achievable petawatt lasers at intensities 1022 W/cm2 [44,45],
we can obtain the neutron fluence per laser shot as high as
1.73 × 108 n/cm2, equivalent to 3.7 year flux accumulation
in atmosphere. Using the G4SEE toolkit, we estimate that
the HM628128 SRAM may undergo an average of ten single
event upsets per shot for the proposed accelerated test.
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A. Ribon, A. Ristić Fira, F. Romano, G. Russo, G. Santin,
T. Sasaki, D. Sawkey, J. Shin, I. Strakovsky, A. Taborda, S.
Tanaka, B. Tomé, T. Toshito, H. Tran, P. Truscott, L. Urban,
V. Uzhinsky, J. Verbeke, M. Verderi, B. Wendt, H. Wenzel, D.
Wright, D. Wright, T. Yamashita, J. Yarba, and H. Yoshida,
Recent developments in Geant4, Nucl. Instrum. Methods Phys.
Res. Sect. A 835, 186 (2016).

[28] J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce
Dubois, M. Asai, G. Barrand, R. Capra, S. Chauvie, R.
Chytracek, G. Cirrone, G. Cooperman, G. Cosmo, G. Cuttone,
G. Daquino, M. Donszelmann, M. Dressel, G. Folger,
F. Foppiano, J. Generowicz, V. Grichine, S. Guatelli, P.
Gumplinger, A. Heikkinen, I. Hrivnacova, A. Howard, S.
Incerti, V. Ivanchenko, T. Johnson, F. Jones, T. Koi, R.
Kokoulin, M. Kossov, H. Kurashige, V. Lara, S. Larsson, F. Lei,
O. Link, F. Longo, M. Maire, A. Mantero, B. Mascialino, I.
McLaren, P. Mendez Lorenzo, K. Minamimoto, K. Murakami,
P. Nieminen, L. Pandola, S. Parlati, L. Peralta, J. Perl, A.
Pfeiffer, M. Pia, A. Ribon, P. Rodrigues, G. Russo, S. Sadilov,
G. Santin, T. Sasaki, D. Smith, N. Starkov, S. Tanaka, E.
Tcherniaev, B. Tome, A. Trindade, P. Truscott, L. Urban, M.
Verderi, A. Walkden, J. Wellisch, D. Williams, D. Wright,
and H. Yoshida, Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53, 270 (2006).

[29] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo,
P. Arce, M. Asai, D. Axen, S. Banerjee, G. Barrand, F. Behner,
L. Bellagamba, J. Boudreau, L. Broglia, A. Brunengo, H.
Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman,
G. Cosmo, P. Degtyarenko, A. Dell’Acqua, G. Depaola, D.
Dietrich, R. Enami, A. Feliciello, C. Ferguson, H. Fesefeldt,
G. Folger, F. Foppiano, A. Forti, S. Garelli, S. Giani, R.
Giannitrapani, D. Gibin, J. Gómez Cadenas, I. González,
G. Gracia Abril, G. Greeniaus, W. Greiner, V. Grichine,
A. Grossheim, S. Guatelli, P. Gumplinger, R. Hamatsu, K.
Hashimoto, H. Hasui, A. Heikkinen, A. Howard, V. Ivanchenko,

A. Johnson, F. Jones, J. Kallenbach, N. Kanaya, M. Kawabata,
Y. Kawabata, M. Kawaguti, S. Kelner, P. Kent, A. Kimura, T.
Kodama, R. Kokoulin, M. Kossov, H. Kurashige, E. Lamanna,
T. Lampén, V. Lara, V. Lefebure, F. Lei, M. Liendl, W.
Lockman, F. Longo, S. Magni, M. Maire, E. Medernach, K.
Minamimoto, P. Mora de Freitas, Y. Morita, K. Murakami,
M. Nagamatu, R. Nartallo, P. Nieminen, T. Nishimura, K.
Ohtsubo, M. Okamura, S. O’Neale, Y. Oohata, K. Paech, J.
Perl, A. Pfeiffer, M. Pia, F. Ranjard, A. Rybin, S. Sadilov,
E. Di Salvo, G. Santin, T. Sasaki, N. Savvas, Y. Sawada, S.
Scherer, S. Sei, V. Sirotenko, D. Smith, N. Starkov, H. Stoecker,
J. Sulkimo, M. Takahata, S. Tanaka, E. Tcherniaev, E. Safai
Tehrani, M. Tropeano, P. Truscott, H. Uno, L. Urban, P. Urban,
M. Verderi, A. Walkden, W. Wander, H. Weber, J. Wellisch, T.
Wenaus, D. Williams, D. Wright, T. Yamada, H. Yoshida, and
D. Zschiesche, Geant4—a simulation toolkit, Nucl. Instrum.
Methods Phys. Res. Sect. A 506, 250 (2003).

[30] A. Macchi, S. Veghini, and F. Pegoraro, “Light sail” accelera-
tion reexamined, Phys. Rev. Lett. 103, 085003 (2009).

[31] B. Qiao, M. Zepf, M. Borghesi, B. Dromey, M. Geissler, A.
Karmakar, and P. Gibbon, Radiation-pressure acceleration of
ion beams from nanofoil targets: The leaky light-sail regime,
Phys. Rev. Lett. 105, 155002 (2010).

[32] B. Qiao, M. Zepf, P. Gibbon, M. Borghesi, B. Dromey, S.
Kar, J. Schreiber, and M. Geissler, Conditions for efficient and
stable ion acceleration by moderate circularly polarized laser
pulses at intensities of 1020 W/cm2, Phys. Plasmas 18, 043102
(2011).

[33] S. Steinke, P. Hilz, M. Schnürer, G. Priebe, J. Bränzel, F.
Abicht, D. Kiefer, C. Kreuzer, T. Ostermayr, J. Schreiber, A. A.
Andreev, T. P. Yu, A. Pukhov, and W. Sandner, Stable laser-
ion acceleration in the light sail regime, Phys. Rev. ST Accel.
Beams 16, 011303 (2013).

[34] Y. F. Li, X. F. Shen, Y. L. Yao, S. Z. Wu, A. Pukhov, and
B. Qiao, Laser-driven time-limited light-sail acceleration of
protons for tumor radiotherapy, Phys. Rev. Res. 5, L012038
(2023).

[35] T. D. Arber, K. Bennett, C. S. Brady, A. Lawrence-Douglas,
M. G. Ramsay, N. J. Sircombe, P. Gillies, R. G. Evans,
H. Schmitz, A. R. Bell, and C. P. Ridgers, Contemporary
particle-in-cell approach to laser-plasma modelling, Plasma
Phys. Controlled Fusion 57, 113001 (2015).

[36] A. Henig, S. Steinke, M. Schnürer, T. Sokollik, R. Hörlein, D.
Kiefer, D. Jung, J. Schreiber, B. M. Hegelich, X. Q. Yan, J.
Meyer-ter Vehn, T. Tajima, P. V. Nickles, W. Sandner, and D.
Habs, Radiation-pressure acceleration of ion beams driven by
circularly polarized laser pulses, Phys. Rev. Lett. 103, 245003
(2009).

[37] B. Qiao, S. Kar, M. Geissler, P. Gibbon, M. Zepf, and M.
Borghesi, Dominance of radiation pressure in ion acceleration
with linearly polarized pulses at intensities of 1021 W cm−2,
Phys. Rev. Lett. 108, 115002 (2012).

[38] X. Q. Yan, C. Lin, Z. M. Sheng, Z. Y. Guo, B. C. Liu, Y. R. Lu,
J. X. Fang, and J. E. Chen, Generating high-current monoener-
getic proton beams by a circularlypolarized laser pulse in the
phase-stableacceleration regime, Phys. Rev. Lett. 100, 135003
(2008).

[39] A. P. L. Robinson, M. Zepf, S. Kar, R. G. Evans, and C. Bellei,
Radiation pressure acceleration of thin foils with circularly
polarized laser pulses, New J. Phys. 10, 013021 (2008).

013071-6

https://www.trad.fr/en/space/omere-software/
https://www.jedec.org/standards-documents/docs/jesd-89a
https://doi.org/10.1109/TNS.2004.835083
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevLett.103.085003
https://doi.org/10.1103/PhysRevLett.105.155002
https://doi.org/10.1063/1.3577573
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevResearch.5.L012038
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1088/1367-2630/10/1/013021


STUDY OF THE ATMOSPHERIC NEUTRON RADIATION … PHYSICAL REVIEW RESEARCH 7, 013071 (2025)

[40] C. Inguimbert, Proton Upset Rate Prediction: A New Sensitive
Volume Concept Definition, Ph.D. thesis, France, 1999.

[41] E. Petersen, J. Pickel, J. Adams, and E. Smith, Rate prediction
for single event effects-a critique, IEEE Trans. Nucl. Sci. 39,
1577 (1992).

[42] J. Barak, J. Levinson, A. Akkerman, M. Hass, M. Victoria, A.
Zentner, D. David, O. Even, and Y. Lifshitz, A new approach to
the analysis of SEU and SEL data to obtain the sensitive volume
thickness, IEEE Trans. Nucl. Sci. 43, 907 (1996).

[43] C. Inguimbert, S. Duzellier, R. Ecoffet, L. Guibert, J. Barak,
and M. Chabot, Using a carbon beam as a probe to extract

the thickness of sensitive volumes, in 1999 Fifth European
Conference on Radiation and Its Effects on Components and
Systems. RADECS 99 (Cat. No.99TH8471) (IEEE, New York,
1999), pp. 180–187.

[44] C. Radier, O. Chalus, M. Charbonneau, S. Thambirajah, G.
Deschamps, S. David, J. Barbe, E. Etter, G. Matras, S. Ricaud
et al., 10 PW peak power femtosecond laser pulses at ELI-NP,
High Power Laser Sci. Eng. 10, e21 (2022).

[45] J. H. Sung, H. W. Lee, J. Y. Yoo, J. W. Yoon, C. W. Lee, J. M.
Yang, Y. J. Son, Y. H. Jang, S. K. Lee, and C. H. Nam, 4.2 PW,
20 fs Ti:sapphire laser at 0.1 Hz, Opt. Lett. 42, 2058 (2017).

013071-7

https://doi.org/10.1109/23.211340
https://doi.org/10.1109/23.510732
https://doi.org/10.1017/hpl.2022.11
https://doi.org/10.1364/OL.42.002058

