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Ground Albedo Neutron impacts to Seasonal Variations of
Cosmic-Ray-induced Neutron in medium Geomagnetic
Latitude and Antarctica: Impacts on Soft Error Rate

G. Hubert

Abstract — This paper investigates the impact of ground albedo atmospheric cascade particles induced by galactic and solar
neutrons in the terrestrial radiation field and their seasonal cosmic rays is important. Secondary cosmic radiations are
variations. A modeling methodology is proposed, it is based on produced by the interaction of primary cosmic rays with the
ATMORAD  (atmospheric shower modeling) and GEANT4 nclej of the constituents of the atmosphere [7]. They can
simulations taking into account the soil characteristics and interact further with atoms and nuclei of the atmosphere to

hydrogen content. This method was validated thanks to neutron .
- . ; . . produce extensive showers of neutrons, protons, photons,
measurements performed in two high altitude stations located in . . .
electrons, positrons, pions, and muons. In the terrestrial

medium geomagnetic latitude and Antarctica (Pic-du-Midi and ’
Concordia, respectively). Thus, the chemical rock composition, €nvironment, neutron fluence rates and spectra can be
the density, the water content and the snow pack impacts to impacted by some mechanisms as the environmental water
neutron spectrum were investigated. Simulated and measured content (hydrometry, snow and vegetation) [14], the
spectra were compared. Analyses show that variations are interaction of alpha particles emitted by radon [15]
dominant in the thermal domain (i.e. En < 0.5 eV) and lesser (underground environment), by the weather condition [16] or
degree in epithermal and evaporation domains (i.e. 0.5 eV <En <,y gejsmic activities [17]. Besides, cosmic and terrestrial
0.1 MeVand 0.1 MeV < En <20 MeV, respectively). The last part o, rcas  atmospheric neutrons may be also be generated by
investigates the impact induced by the evaporation neutron . . .
lightning discharges [18].

contribution to Single Event Rate (more impacted by the ground N d | d . NM
albedo neutron). Results show that evaporation neutrons eutron detectors (commonly named neutron monitors !

contribution to the total SER should be assessed for high- [19][20]) and neutron spectrometers are usually used to
sensitive technologies. monitor the dynamics of incoming cosmic-ray neutrons of

high energy (cascade neutron i.e. E > 20 MeV) because local
Index Terms — Cosmic-ray induced neutrons, ground albedo environmental conditions have no influences. However,
neutron, seasonal variations, GEANT4, high-altitude stations. neutrons below energy of 10-20 MeV are most affected by the
local environment. This fact is the result of the interaction of
atmospheric neutrons with the ground matter, inducing
In terrestrial fields, the Single Event Upset (SEU) occurenggcondary neutrons referred to as ground albedo neutrons.
is attributed to thermal neutron, fast neutron and alph#ydrogen in soil, air and snow determines the amount of
emissions [1]-[4]. More recently, impacts of protons [5]-[9ground albedo neutron in the sensitive energy range from 1 eV
and muons [10][11] were demonstrated. The evaluation of the20 MeV. The investigation of ground albedo neutrons is not
failure rate requires one to associate the radiation field and #imple because neutron spectrum measurements are required
cross section deduced directly by experiments or simulatiorsier a long time allowing one to analyze the impact of
As mentioned in the JEDEC JESD89A standard [12], faseasonal changes.
actual generations of devices, the neutron energy threshold ha& network composed by neutron spectrometers operated in
been characterized to be 10 MeV. Nevertheless, recent wohigh-altitude stations in medium geomagnetic latitude and
describe the importance to take into account the low-energyntarctica Environment has been active since 2011 [21]-[24].
threshold in determining an accurate estimate of Soft Erriore precisely, data recorded since 2011 were available in the
Rate (SER), particularly for nanoscale devices. Indéatiagi  Pic-du-Midi station [21], and since December 2015 in
et al. show in [13] that the energy neutron threshold caBoncordia (Antarctica). To improve the data analybkdert
induce a significant difference in SER estimations for SRAMt al. presents in [22] an atmospheric radiation model named
as small as the 130 nm technological node. ATMORAD and based on simulations of Extensive Air
The precise knowledge of the fluence rate and spectrum $iiowers, the Force-Field Approximation to model the galactic
cosmic rays (GCR) and the solar modulation potential. This
Manuscrint received Julv 11. 2016 approach is used to estimate the atmospheric radiation
Thisuworllfis sup;\;l)orteg )k/)y tr’1e IPEV (French Polar Institute, Institut Pauﬁnwronment for terreSt_”allatmOSphe“C applications and to
Emile Victor) in the framework of the program no. 1112 (CHINSTRAP).  monitor the solar potential. Thus, the knowledge of variations
Guillaume Hubert is with the French Aerospace Laboratory (ONERA}_gf thermal (i.e. En < 0.5 eV), epithermal (0.5 eV < En < 0.1

Toulouse, France (phone: 33-562252885; fax: 33-562252569; e-m : :
Guillaume. hubert@onerafr). aKyleV) and evaporation (0.1 MeV < En < 20 MeV) domains

|I. INTRODUCTION
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can improve cosmic radiation monitoring [25], and can beThese three high-altitude stations constitutes a neutron
used to specify spectrum in SER calculations. spectrometer network which records simultaneously the
In this work, the main objective is to investigate the impadteutron fields and their short/long time dynamics (i.e. seasonal
of ground albedo neutron in spectrum modificationg/ariations and solar flare events). This work is exclusively
particularly in the thermal, epithermal and evaporatioRased on data recorded in the Pic-du-Midi and Concordia
domains. In a first part, the impact of ground albedo neutrofigations. Measurements were used to validate the proposed
was investigated using ATMORAD and GEANT4 simulationgndeling approach and to investigate the ground albedo
with the aim to improve the atmospheric model taking intgeutron impact on radiation field variations. The ACROPOL

account the impact of local environment. The approach w Latform has been presented in previous work [26], thus the

validated considering measured spectra from the Concor i 1 fpcus on the new installation in Concordia (location n
and Pic-du-Midi stations. The second part is devoted ntarctica, the shelter, and the neutron spectrometer) while

. - - ) Re table | summarizes station characteristics such as altitude,
evaluate the impact of radiation field improvements on tngtitude and longitude
SER calculations. '

TABLE |. CHARACTERISTICS OFPIC-DU-MIDI AND CONCORDIA STATIONS

Il. EXPERIMENTS METHODS AND SIMULATIONS

Pic-du-Midi, Concordia station,
. . . . France Antarctica
A. Neutron spectrometers network in High-Altitude stations Alitude 5885 m 3233 m
In May 2011, a neutron spectrometer [24] extended to the ..+ qe 42°55'N 75°06' S
high energy was firstly operated at the summit of the Pic-du-Longitude 0°08'E 123°19'E
Midi in the French Pyrenees (see tablell and [22][23])'.ACut-off rigidity 56 GV <0.001 GV
second spectrometer was operated simultaneously since -
February 2015 at the summit of the Pico dos Diag imospheric 700.7 g/cm? 635 g/cm?

(Observatory of Pico dos Dias) depending from the LNAdepth .
(National Astrophysics Laboratory) in Brazil (table I). In the Start Operating  May 2011 December 2015
framework of theContinuous High-altitude Investigation of o )
Neutron Spectra for Terrestrial Radiation Antarctic Project Data record by the neutron spectrometers consist in a series
(CHINSTRAP) supported by IPEV (French Polar Institute), &f counts M recorded at the end of every cycles of tacq (five
third neutron spectrometer composed of six spheres waéutes). The fluence responsegH (calculated by Monte
installed at Concordia research station (Antarctica) [21]. THeatlo simulations with the MCNPX2.6 and GEANT4 codes
station is located at Dome C on the Antarctic Plateau (75° 384]) of the set of Bonner spheres are mandatory to derive the
S, 123° 23' E) at height of 3,233 meters above the sea levRutron differential fluence rateg(E) from a series of

The site has an almost zero rigidity cutoff (R < 0.01 GV), i.eqmeasurements Mduring the acquisition time tacq (and an
no geomagnetic shielding even for low-energy particles.  gpsolute uncertainty;) with an unfolding procedure. Thus,
equation 1 can be iteratively solved by using a code named
GRAVEL starting with a default spectrum [27][28]

Pic-du-Midi [22][23][26]

e -

(M o/te) £ €4 = [ R(E)p. (E)E (Equ. 1)

The relative uncertainty was investigated in [24] and it
depends to number N of acquisition cycles and § the
objective consist in obtaining a compromise

B. Atmospheric showers and ground albedo neutron
modeling

The using of physical Monte-Carlo simulations (GEANT4 in
this work) allows one to investigate the neutron transport in
the material environment. Thus, it is possible to integrate
intrinsic characteristics (soil composition, porosity) and to
take into account seasonal changes (snow, humidity in the
rock). Usually the terrestrial radiation field is based on
atmospheric showers physical modeling, and consideration of
soil characteristics is basic or neglected.

Indeed, high-energy neutrons propagate through the
atmosphere and generate low-energy neutrons by evaporation
Fig. 1: Location and view of the neutron spectrometer operated in Concorgiiocesses. The soil further slows neutrons down especially
since December 2015. when water is present and they quickly moderate into the
thermal regime. Fast neutrons which are reflected from the soil
travel large distances before they get detected. Most of the
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detected neutrons originate from the first tens of meters arouedide another parallelepiped with same section but of variable
the sensor and are able to penetrate the soil down to 90 thickness.
The total neutron spectrum at ground level will have two :
components: the spectrum of neutrons from atmospheric S ———

showers and the neutron spectrum albedo. @ @ @ @ @

Neutron directed towards the
ground, atmospheric shower
Scorer

Show: 170x 170xe

@ _ g
E, &,

+ 9%
atmashower f"

Soil: silica; alumina, calcite ore Blice
170x170%:80

Water-concentration,

Porosity:€

: Air: 180 x 180% 180
{ World: 200x 200 x 200

GAN

Atmosphere

Ground albedo neutron

Fig. 3: Description of the modeled scene from GEANT4. The elementary
volumes representing the atmosphere, soil and snow are represented. The
particle generation disc is also visible at the top of the atmosphere. The
cylindrical volumes sensitive samplings at different altitudes are also
presented (dimensions in meter).

Ground

now thickness,

Fig. 2: Overview of the approach, the neutron spectrum result from the sumPic-du-Midi and Concordia characteristics are very different.
of atmospheric spectrum deduced from ATMORAD and ground albedbhe local environment in Concordia is well known and stable
neutron calculated thanks to GEANT4 simulations. over time (i.e. only composed by ice and few precipitation

- . levels). The Pic-du-Midi description is more complex because
As presented in Fig. 2, the general approach consists pig ot simple to know precisely the geological compositions
considering a relatively simple scene geometry (grou

d hydrologic properties. Then, the strategy consists to
plane), but to refine the level of detail in the modeling of so 4 dic. prop gy

ith a.d - f1h K imolvi " 4 ,&etermine the configuration "bare rock" (without snow)
with a description of the rock implying composition, density,nqegt to the experimental results obtained in summer. Once

and porosity, humidity level then the incorporation of a layghe reference configuration defined, calculations by varying
of varying thickness snow. The neutron spectrum is the SUm@h gnq thickness will allow deducing the spectra obtained
the atmospheric spectrum deduced from ATMORAD and ﬂ}ﬁuing the winter.
ground al_bedo _Nheutron  spectrum calculated  thanks  toryq modeling is based on the GEANT4 code Version 10.1
GEANT4 simulations. developed by a World-wide collaboration and distributed by
1) Radiation field input data CERN [29]. The “emlowenergy” physical model is used; this
The first step before to quantify the impact of the locghhysical model has been designed on top of Livermore physics
environment, is to define the incident neutron spectrufior validation of new low-energy models. Intra-nuclear
unmodified by the local environment (expect the atmospherepscades are treated with Bertini model (BERT), the cross
The reference spectrum is provided by ATMORADsections of neutrons are high precision (HP) and finally the
considering only downward-propagating neutrons. Thus, tleclusion of thermal treatment of elastic scattering (TS:
backscattered particles are not considered and they will thermal scattering) in molecules of water is ensured.
replaced by the ground albedo neutron calculated from
GEANT4 and considering the soil characteristics and) Modified spectrum calculation
dynamics (Pyrenees in the case of the Pic-du-Midi). Thus, aNeutron spectra for a given environment (iep and snow
high number of particles (neutron and proton, according to thisickness) is equal to the contribution of the spectrum of the
reference spectrum) are considered in GEANT4 simulations.incident neutrons directed towards the ground and albedo
backscattered or reissued by the ground neutrons. Four
2) Geometric modeling and physics sensitive volumes were considerer, using volumetric fluence
The geometry of the simulated scene in GEANT4 consists oforers (indicated) located 1, 2, 5 and 100 meters above the
a series of rectangular shapes nested in one another, includogne, respectively. Each scorer allows one to calculate the
the neutron/proton sources, the soil definition, the hydro P s P .
content chargcteristics, the snow thickness and the at%osggsgf%c”al d|str|but|or({{<g f:onS|der|n.g the atmospheric and the
(defined as the air). As shown in Fig. 3, the volume mworldg@ackscattered contributions, the indgxk .ands denote the
consists of vacuum is a cube whose edge is 200 m. A smallutron energy group, the primary particle type (neutron or
cube of 188180x180 n? is the volume of the atmospherePrOton) and th.e ;elected sen5|t.|ve'vqlume. The last volume
filled with air. The bottom half of this cube is occupied by &-€- 100 m) is indented to discriminate the atmospheric
parallelepiped with a square face of £I00 nf and 80 m shower contribution.
deep. This volume represents the ground. This volume may
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The total fluence of incident particleg is derived from the 2140 m to 2445 m. This is therefore a range of altitude close

number of particles and the area of the source disk usiﬁgthe summit of the Pic du Midi although slightly lower (2885
Equation 2, wherlN, is the total neutron or proton numberM at the Pic-du-Midi). The data from these stations allowed

considered in the simulation. The source was considered &gimation of the average variation over three decades (1981-

isotropic over the upper hemisphere. 2016) of accumulated snow depth.
0.12+
@ =P(k=n)—% (Equ. 2) YI Y2 Y3 Y4 Y5
”ERource 0.11

0.104

Then, influence of the flux in each sensitive vqu@ is
normalized to the conditions of the Pic-du-Midi or Concordia £ 0.09- ; f&'
neutron spectrometer measured by equalizing the proportion 0.08 N
. . .Uo u
of experimental cascade neutro«;IélXp and determined from ' f
) 0.07 Ly Y
. o ) ’h

the unit spectrum given by ATMORAW'%/;ZMORAD_

Through simulations, it is possible to calculate the modified
neutron fluence rate considering the scaand the neutron
energyE (equation 3). This is based on the local environment
description with only a few input parameters i.e. the nature of g4 | |
the soil, the mass fraction of water in the rock, the porosity = 01/06/2011 01/06/2013 01/06/2015

and the thickness of snovie? and AE® denote the neutron Date
energy and the neutron energy range, respectively.

0.06+

Neutron flux in n/cm?/s

Pic-du-Midi measurments,
0.05- from June 2011 to June 2016
total neutron flux

Fig. 4: Neutron flux variations from June 2011 to June 2016 in the Pic-du-
. Midi.
(Eg 0,0,E,e t)= . .
% P:&:8now Thus, Fig. 5 presents the neutron flux recorded during the

(Equ. 3) period 2011-2016 as function of the averaged thickness of
¢ngs( EY,w,p, E,esnow) @xsp(t) accumulated snow. Neutron flux decreases exponentially with
AES o MTMORAD / QATMORAD) _the snow thickness _wh|ch is conS|ste_nt_W|_th the n_eutron-matter
n \rcas ot interaction mechanisms. Moreover, it is interesting to note a
low decrease in neutron flux from a snow thickness of
IIl.  GROUND ALBEDO NEUTRON IMPACT TO SPECTRUM approximately 100 cm.
VARIATIONS
A. Seasonal variation analyses 0117
Variations in the neutron daily fluence rate recorded in the _ o
Pic-du-Midi were presented in previous works [23] from June 0107 Ef&dg;ﬂf;rgfﬁ;gﬂﬁgtgbm
2011 to April 2015. Updated measurements are presented in s o total neutron flux
Fig. 4 until June 2016. Results show that total neutron flux E 0.09- \O —— Exponential FIT
variations are sinusoidal with a period of one year. This £ N
periodicity can be attributed to the local water/snow :g 0,08 S
environmental dynamics. Snow cover and water content in the T g & o
soil may alter the ground albedo neutrons and their %
transportation (absorption and backscattering). Then, it is £ 0.07- & %""Erfgfﬂjf,%%iigﬂ
possible to show [23] that seasonal oscillations are 8
predominant in the thermal part and to a lesser extends on the g -
epithermal and evaporation regions. 0 50 100 150 200 250
Indeed, the soil is wetter during the summer as a result of Snow thickness (cm)

the higher precipitation level and melting winter snow. In
winter, precipitation induces a snowfall of up to several meterg. 5: Neutron flux recorded from June 2011 to June 2016 in the Pic-du-
thick. The soil is relatively dry because water does notidi, versus the averaged thickness of accumulated snow in the Pyrenees
- . . rgmeasured closed to the Pic-du-Midi station).
infiltrate. Thus, at mountain altitude, the most abundant
amount of hydrogen is provided by snowfall in winter. B. Ground albedo neutron modeling

The amount of snow deposited on the ground was measuredimpacts of the the chemical rock composition, its density
in the Pyrenees at different altitudes by automatic statiogsd the water content were simulated to compare the
Nivose managed by Météo France. There are four stationscificulated spectra and the measured spectra (summer). Then, a
the mountains of the Pyrenees, with altitudes ranging froghowpack was added in the reference configuration to take
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into account the effect induced by the snow during the winter.

1) Validation of the methodology based on Concordia data 0.101
Concordia measurements are available since December 5 igzt;
2015. The soil composition and the hydrogen content are well 0.08+ ﬁ Eocti
0oCl

known and stable over time because there is little precipitation _
and the scene description can be reduced to an ice water§ (ged
thickness. The first measurements (December to June) can be2

/

S)

used to assess the relevance of the modeling approach. 3
= 0.044
Thus, Table Il presents the measured flux (average data §
from December to June 2016) and the calculated flux issued é
from GEANT4 simulations and for the four energy domains. 0.024
In simulations, the "ground” volume was composed §Y iele
using 0.35 g/crhdensity. The incident spectrum is issued from 0.00- - .
ATMORAD, considering the altitude, period, geomagnetic Thermal  Epithermal  Evaporation  Cascade
conditions and atmospheric description of Concordia. A good Energy Domain
agreement were obtained between simulation and measured
fluxes Fig. 6: Neutron flux in /s/cm? for each energy domain, GEANT4 results
' obtained for 4 rocks chosen for their chemical composition.
TABLE Il. MEASURED AND CALCULATED FLUXES INCONCORDIA 3) Impacts of the porosity and the mass fraction of water
_ Measurements Simulation The impact of the porosity and the mass fraction of water
Domain ¢ Dec. to June 2016 H,0 ice, density = 0.35 g/dm  Were investigated. The porosity was considered equal to 0.3,
Thermal 3.96E-02 3.54E-02 and the mass fractions of waterwere considered equal to 0,
Epithermal 3.27E-02 5.07E-02 5, 10, 15 and 20%, respectively.
E‘g‘;g:é'gn %11%%_%22 gé?g:gg Neutron fluxes obtained for each energy domain (thermal,

epithermal, evaporation and cascade) were presented in Fig. 7.
Analyses can be applied to the data obtained from the Pjg- water content of 15% gives the closest spectrum of
du-Midi station, implying to define the rock composition, thexperimental configuration with evaporation peaks and
porosity and the mass fraction of water and the snow thickneggscading substantially identical, slightly higher epithermal
variations. region (21%) and slightly lower thermal peak (-22%). Fig. 8
2) Impact of the rock configuration shows neutron spectrum issued from measurements (summer)
To evaluate the effect of the chemical composition of th@nd optimal simulation (ATMORAD + GEANT4 ground
rock, four rocks referenced in table Il were consideredlbedo neutron) i.e. considering a porosity of 0.30, and wet
(without snow and MOISture,ege = 0 andw = 0 cm). The rocks of 15 %.
porosity € of the rock was set at 0.15 in the four cases.

0.10 - I Pic-du-Midi, summer
TABLE Ill. M ASS FRACTIONS OF SELECTED ROCKS ] %Iifgso(g =0.30)

Rock SiO, Al,O; CaCOq 0.084 m 0= g,gg

#1 75 % 25 % 0% ez

] =0,15

#2 70 % 14 % 17 % o020

#3 49 % 8 % 43 % 0.06

#4 46 % 0% 54 %

Thus, Fig. 6 shows fluxes obtained considering the four
compositions and considering each energy domain. The

0.04 -
influence of the nature of the modelled rock is relatively low 0.024
in the output spectra (albedo + incident). This can be ]
explained by the fact that the alumina and the calcite have
similar molecular weights (102 g/mol and 100 g/mol, 0.00-

i . o . Thermal Epithermal  Evaporation Cascade
respectively). The main variation is observed for the
epithermal neutron, but less than 5 %.
A first conclusion is that composition rock does not seem to ' _ _
be a major factor. However, the rock #3 which is very close f@. 7 Neutron flux in /s/cme for each energy domain. Comparison between
i . . measurements and simulations considering a porosity of 0.30 and various wet
the traditional granite, an inherent component to the PyrenegSys from o to 20%.
will be considered as a reference in the next analyses.

Neutron flux (/s/cm?)

Energy domain
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ground albedo neutron) i.e. considering a porosity of 0.30, a

0.014- ) . wet rocks of 15 % and a liquid water layer characterized by a
B Pic-du-Midi, summer K
0.012. ATMORAD + GEANT4 ¢ = 0,3 -¢ = 0.15) thickness of 300 mm.
: —— ATMORAD (atmospheric shower)
n
— 0.0104 - 0.014 ®  Pic-du-Midi, winter
e 1 Simulations € = 0,3 -w=0,15)
"E 0.008- 0.012- 300 mm HO (ATMORAD + GEANTA4)
2 - 1 —— ATMORAD (atmospheric shower)
W 0.006- ~ 0.0101
= N |
o= 0.004- § 0008
0.002 W 0.006]
g 1 [
0.000 w"  0.004
10° 10”7 10° 10° 10" 100 100 10 ]
Energy (MeV) 0.0021
0.000-
Fig. 8: Neutron spectrum issued from measurements (summer) and simulation 10° 100 10° 10° 10 100 10 10
(ATMORAD + GEANT4 ground albedo neutron) considering a porosity of Energy (MeV)
0.30 and wet rocks of 15 %.
4) Impacts of the snow thickness Fig. 10 : Neutron spectrum issued from measurements (winter) and

In this part, the impact of the addition of a Snowpacﬁimulation (ATMORAD + GEANT4 ground albedo neutron) considering a
. duri h . . h .g'orosity of 0.30 a wet rocks of 15 % and a liquid water layer with a thickness
(occurring during the winter) in the neutron spectrum ig 300 mm.
investigated.

Thus, a liquid water layer was considered in the simulation, |\, CONTRIBUTION OF THEGROUND ALBEDO NEUTRON
the thickness of this layer varies from 5 to 300 mm to model MODELING TO THE SOFT ERRORRATE

the Snow depth estimated at the P|c-du-_M|d|. An a PNO]s feature sizes in nano-scale devices continue to shrink, the

equivalence of 1 cm of snow to 1 mm of rain was consider€Qementary charge (critical charge @ required to induce an

The simulation results are shown in Fig. 9. SEU continues to decrease. Indeed, the critical collected
charge required to cause an error in a circuit reduces due to the

0.06+ %;fc;g:'(“’”_‘“"”‘me’_ reduction of operation voltage and capacitance of transistors.
£=0,3-w=0,15) . A . . .
5 mm H,0 Previous works [31][32] provide critical charge estimation for
0.05 ﬁigomm Hﬁoo current or future devices. Thus, nanoscale technologies are
7773300 o H.0 characterized by a critigal charge which may be on lthe order
T 0.041 of 0.1 fC. As shown in [33], neutron cross sections are
- significant for neutron energies below 10 MeV. This part of
::: 0.03 1 the paper is devoted to investigating the impact of the
= evaporation neutrons on SER rates, then to evaluating the
% 0.021 improvement due to the presence of water.
2 Thus, a SRAM array composed by 19@00 cells in a 28
0.011 nm planar bulk CMOS has been considered using MUSCA
0.00 SEP3 [34][35]. The modeling of radiation effects in nanoscale
T hermal Epithermal  Evaporation  Cascade devices implied to take into account high level physical
Energy domain description. Thus, realistic secondary ion track 3D structures

issued from GEANT4 simulations were considered [36]-[39].
Fig. 9: Neutron flux in /s/cm? for each energy domain. Comparison betwedp@rtiers and charges evolve according to mechanisms as well
measurements and simulations considering a porosity of 0.30, a wet rockagf drift (electric field), diffusion (carrier concentration

15 % and_for various liquid water layers with a thickness _from 5to 300 mg'radient), collection and recombination processes.
The experimental spectrum given by the spectrometer during wither is plottetl. _
Fig. 11 presents the FIT rate for the SRAM cells

Fluxes are compared with fluxes obtained experimentalfPnsidering neutron spectra for the ground reference (NYC
with the neutron spectrometer in February 2015 (winter). TH&Vironment  deduced from ATMORAD without = soil
comparison is relevant for cascade and evaporation domaifi§Scription) and allowing to distinguish contributions induced
while significant shifts were observed for thermal any €vaporation neutron (< 20 MeV) and by neutron energy
epithermal domains. Thus, simulations overestimate tf@SS than 1 MeV. Atlow neutron energy, typically less than
magnitude of the thermal peak (up to 55% for cases and &Y MeV, the elastic scattering is the predominant
mm of water) and epithermal contribution. me_chams_m. For hlgh-energy neutrqn_s, SEUs are mo_luc_ed more

Fig. 10 shows neutron spectrum issued from measuremeths'nelaS“C nuclear (spgllatlon) collisions where thg |oq|zat|on
(winter) and optimal simulation (ATMORAD + GEANT4 arises from the combined effects of the recoiling in and
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secondary particles emitted from the nucleus.

The results clearly show that evaporation neutron contribute . £=03
significantly to SER, around 10 to 25 % considering the SER contribution:
. . e . 14004 total
typical critical charge. Moreover, it is interesting to note that ®  Evaporation neutron
neutrons characterized by energies less than 1 MeV induce a ;54| —a— Cascade neutron
contribution of a few percent (not negligible but insufficient to
present a significant additional problem). For the very low Z 10001
critical_ charge, this contribu_tion re_aches _5 to 10 %, but this is E 8004 - o o O
unrealistic from a technological point of view. [y g
o 600+
& =
10" 3 400
|
u n
200+ ™
0 T T T T T T T T T
0.00 0.05 0.10 0.15 0.20
% Wet rock w
=
=
L Fig. 12 : Predicted failure rate as function of the wet rock fraction,
9
ﬁ considering the neutron spectrum in ground (ATMORAD), and allowing to
28 nm technology distinguish the evaporation contribution and the cascade contribution.
104 Spectrum
Evaporation neutron 1600 - =03
107 B e < 1 MeV SER contribution:
T T T 1 14004 —
0.01 0.1 1 10 100 Total

—m=— Evaporation neutron

Critical charge (fC) 1200+ \ O Cascade neutron

= 1000
Fig. 11 : Predicted FIT rate for the 28 nm bulk CMOS cell considering g
neutron spectrum in ground and allowing to distinguish contributions induced = 800+
by evaporation neutron (< 20 MeV) and by neutron energy less than 1 MeV. WL % O O o
r 600
w
T . )
The event multiplicity can be easily extracted from 0] H

simulations. Multiple events represent about 20 % of events
when the spectrum was considered, while evaporation 2004

neutrons contribute to less than 2 % of the SER. Thus, results 04— : : : : : :
presented in Fig. 11 indicate the significant impact of 0 50 100 150 200 250 300
evaporation neutron; it is interesting to evaluate the interest to Liquid water thickness (mm)

improve the neutron spectrum (i.e. the consideration of ground

albedo neutron) in SER calculations. Fig. 13 : Predicted failure rate as function of the liquid water thickness,

Fig. 12 presents the predicted FIT rates obtained with cansidering the neutron spectrum in ground (ATMORAD), and allowing to
) qlstinguish the evaporation contribution and the cascade contribution.

critical charge equal to 0.1 fC and distinguishing the tota
cascade and evaporation contributions. In accordance Wiﬂé

Fia. 7. the soil porosity was considered equal to 0.3 and result imilar analyses were conducted with low critical charges
'9. 7, P 1y wa ! qua j L{‘% 0.05 fC), which foreshadows future critical charge levels.
were presented considering the mass fractions of watgr

f 0 209 | h hat th . Thus, the evaporation neutron contributions becomes more
rom 0 to %. Results Show that the evaporation ”GUtr%'ibnificant (up to 40 %), however the main contributor to SER
contribution, although significant, induces relatively low,

) . "y are cascade neutrons. Then, evaporation neutrons constitute a

mpactl on .SER' This deper}ds strongly on the critical charqgrge part of the terrestrial spectrum and their contribution to

Wh",:h in this case was considered reallst_lc. . . the total SER should be assessed for high-sensitive
Fig. 13 presents the SER contribution induced by,chnoigies. Moreover, to provide an exhaustive overview, it

evaporation and cascade neutrons as function of the liqy,q be necessary to consider the alpha-SER, the proton and
water thickness from 0 to 300 mm and considering a critic8le muon contributions to SER.

charge equals to 0.1 fC. This result confirms the previous
analyses, i.e. evaporation neutrons weakly affect the rate, on V. CONCLUSION

0 .
the orde_r of 20 tq 35%.. W_hat_ever the h)_/pothe3|s of hydrogenThis work investigates the ground albedo neutron influences
content in the soil (wet or liquid water thickness), the cascade

. . 2 0n seasonal variations of the atmospheric neutron spectrum.

neutrons are not impacted. This characteristic of qu L
invariance with respect to the hydrogen environment was'© role of hydrogen content on ground albedo neutron
eneration was demonstrated with GEANT4 simulations

already used to monitor the cosmic ray from cascade neutron_ . . - - . .
recording considering soil description and hydrogen characteristics

(porosity, wet, snow thickness). To validate the modeling
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