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A neutron spectrometer network composed by two -hitjtude stations was operated by the
French Aerospace Lab. And using Bonner Sphere ®Systegended to high energies. This
instrument can measure the neutron spectrum owgderenergy range from meV up to tens of
GeV with a short time resolution, allowing to intigate solar flare. Instruments are operated in
the Pic-du-Midi (French Pyrenees, +2885m) since M@yl and, in the framework of the
CHINSTRAP project supported by the IPEV (the FreRaiar Institute) in Concordia station
(Antarctica, +3233m) since December 2015, respelgtivn this work, first eighteen months of
simultaneously measurements of the energy specwfinindirect-CR are presented and
analysed. In addition to the usual analyses (bentrates and fluxes), neutron spectrum and
their energetic domain are investigated. Spectrueasurements are coupled with transport
modelling including simulation of atmospheric caesand primary spectra which only depend
on the solar modulation potential (i.e. Force-Fidlobroximation). Thus, a part is devoted to
study the solar modulation potentials extractednfrihe both stations. Results show that is
possible to characterize quantitatively the neuspactrum in the Pic-du-Midi using modelling
and cascade neutron measured in Concordia (angraeally). Contributions induced by
cascade neutrons can be extracted from measuretoatgsiuce the solar potential, allowing to
deduce or to enrich indirect-CR specifications dtiner locations and conditions. An applied
case is presented for the Antarctic continent aredmpares and to cross-analyses the indirect-
CR variations from the neutron spectrum and NMsngu2016.
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1. Introduction

The primary and the secondary radiation producelddératmosphere can be a serious issue
for the reliability of microelectronics devices {4 and this is of a major concern for aircrew
member's dose assessment [5]. Moreover, Polar Relgielopment induces an important issue
related to space weather. The main secondary learficoduced by the interaction of primary
cosmic rays (CR) with the nuclei of the constitseot the atmosphere are neutrons, protons,
muons, pions and electrons [6].

To characterize the indirect-CR, many neutron detecare distributed around the earth,
especially in high latitudes. The Neutron Monit¢kiVis) are used to measure and record the
count rates induced at ground level by secondatiatian generated by atmospheric cascades.
Currently, more than 50 neutron monitor stationstrifiuted [7], including several in polar
region as Amundsen-Scott and Mc Murdo stations (3R induced neutrons are the main
contribution (95%) in the NM count rates, but setamy muons and protons represents a
significant amount that must be considered. NMipi® intensity on the relative variation of
the primary CR, however various techniques relébeithe multiplicity or details on the timing
of neutrons originating in the lead allow spectedolution. Recently, a neutron spectrometer
network composed by two high altitude stations degeloped by the French Aerospace Lab
thanks to an advanced BSS extended to high end@jie3his instrument can measure the
neutron spectrum over a wide energy range from mp\Mo tens of GeV with a short time
resolution allowing to enrich analyses of CR.

Thus, this paper presents the first eighteen masttlsgnultaneously measurements of the
energy spectrum of CR induced neutrons on the &tations and their analyses. A first part is
devoted to analyze the count rates, the spectrudntl@ neutron fluxes, implying cross-
comparisons. In a second part, measurements apedoto transport simulations based on
atmospheric cascades modelling according to primmpgctra which only depend on the solar
modulation potential [10]. This parameter is inigeted from coupled cascade neutron
measurements, demonstrating the interest to edéiapa global indirect CR approach. Thus,
contributions induced by cascade neutrons can traacted from measurements to deduce the
solar potential, allowing to deduce or to enrictiiiact-CR specifications for other locations and
conditions. An applied case is presented for Atigri¢ compares the indirect-CR variations
from the neutron spectrum and NMs during the 20843y

2.Experimental platform and modeling

2.1. Instrument descriptions

A Bonner multi-sphere neutron spectrometer extentbedhigh neutron energies was
developed to measure the energy spectrum of thin@Red neutrons, considering the energy
range from meV to GeV [11]. As detailed in previomerks, this system was composed of
spherical 3He proportional counters surrounded w#pherical PEHD (high density
polyethylene) moderators with different thicknessedditionally, the spectrometer includes
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two PEHD spheres with inner tungsten and lead sH{@lB' and 9, respectively) in order to
increase the response to neutrons above 20 MeXtr&théc part dedicated to drive each signal,
was composed to the pre-amplifier and the linegsldier. The output pulse signals are treated
by a multi channel analyzer, translated as spectrugount. The total counts of each detector
were obtained by summing the total counts over \@&rmgiintegration time. The response
functions (deduced from GEANT4 and/or MCNPx caltiolass) were used to convert the
measured counting rates to neutron energy spectrum.

2.2. High Altitude Stations and platform descriptions

Since May 2011, the French Aerospace Lab operatedition spectrometer at the summit
of the Pic-du-Midi [9] (+2885m above sea level)dan the framework of the CHINSTRAP
project support by IPEV (French Polar Institute)sécond neutron spectrometer is operated in
the Concordia research station (Antarctica) sineedmmber 2015. This station is located at
Dome C on the Antarctic Plateau (75° 06" S, 123°BE)3at 3233m above the sea level. This
instrument significantly expands the capabilitytld neutron spectrometer operated in the Pid-
du-Midi because the site has an almost zero rigwit-off (R < 0.01 GV), i.e., no geomagnetic
shielding even for low-energy particles. Thus, eactergy, even the lowest coming from
specific solar events, are able to penetrate inatheosphere. Fig. 1 presents the Concordia
station, the Pic du Midi Observatory and their neutspectrometers. The altitude, latitude,
longitude, cut-off rigidity and atmospheric deptl given in the complementary table.

Pic-du-Migi, ~ concordia
France station,
Antarctica
ACRONYM
(Lab., project) ACROPOL CHINSTRAP
Altitude 2885 m 3233 m
Latitude 42°55'N 75°06 'S
L ongitude 0°08'E 123°19'E
Cut-off rigidity 5.6 GV <0.001 GV
Atmospheric ) 5
depth 700.7 g/cm 635 g/cm
Neutron Neutron spectrometer
experiment

December

Start Operating May 2011 2015

Fig. 1.  View of the scientific shelter (Concordia stati@rd the neutron spectrometer operated since Dece20thé (altitude,
latitude and longitude are given in table I).

2.3. Modeling appr oach based on previousworks

The Force-Field approximation model provides a $&ngarametric approximation of the
differential spectrum of GCR. It contains only oraiable parameter and, therefore, the whole
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energy spectrum (in the energy range from 100 Me&iéon to 100 GeV/nucleon) for protons
anda-particles can be described by a single numbermh@ulation potentiad(t) whose value

is given in units of MV, within the framework of éhadopted local interstellar spectrum. The
modulation potentialp(t) is only a formal spectral index whose physicaérpretation is not
straightforward, especially on short time scaled daring periods of active Sun. Virtually,
everything is somehow correlated to overall sotiviy, and some parameters likgt) and
sunspot number are particularly relevant at proiggdin overview. Thus, several strategies have
been developed for the reconstruction of time seofethe modulation potentigit). Among
these methods, an atmospheric radiation model naliddORAD [10] based on GEANT4
simulations and Force-Field Approximation, allowsvaluate the modulation potential.

3.First eighteen months of ssimultaneously measur ements of neutron spectrum

To illustrate the atmospheric pressure impact, Eigresents the counts integrated during
5 minutes on 9" Pb/PEHD detector operated in th@cOalia station and the Pic-du-Midi
Observatory as function of the atmospheric pressure

600+ 9 inches Pb/PEHD detector:
= Concordia, Antarctica

= Pic-du-Midi, French pyrenees
= French Aerospace Lab., Toulouse
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Fig. 2.  Counts integrated during 5 minutes for 9" Pb/PEHIFiG- 3. Count rate registered by the neutron spectrometer
detector operated in the Concordia station, thedRiMidi operated in the Concordia station and the Pic-duii-btiservatory

observatory and in the Toulouse city, as functiohtle from January 2016 to May 2017 (quiet period), foe 8" lead
atmospheric pressure. Data were registered fromereer metallic detectors. The count rates are COrreCme@.m"nOSpherlC

2015 to May 2017. pressure and the integration time is considerégragutes.

CR quantities increase at higher altitude as adsgure and the shielding effect of the
atmosphere derease. More precisely, the vertisttilolition of temperature, pressure, density
and composition of the atmosphere constitute thespheric structure, and these quantities
also vary with season and location in latitude #onfitude, as well as from night to day.
However under the topic of atmospheric structune, focus is on the average variations with
height above sea level. Then, the meteorologict dach as temperature, air pressure and
relative humidity are measured simultaneously efiggyseconds by three sensors.

Fig. 3 presents the count rate corrected for theospheric pressure for the Concodia
station and the Pic-du-Midi observatory, considgrihe 9" lead metallic detectors and a
integration time of 5 minutes. The reference atrhesp pressure level is set to 650 and 725

© Copyright owned by the author(s) under the ternthefCreative Commons
Attribution-NonCommercial-NoDerivatives 4.0 Intetional License (CC BY-NC-ND 4.0).



PROCEEDINGS

OF SCIENCE

mbar respectively for Concordia and Pic-du-Midi.t&ecorded were performed during quiet
solar activity. Except a proportionality factorenids are fairly similar between the two stations,
count rates are 1.1 and 0.5 count per second inCivecordia and Pic-du-Midi stations,
respectively. An oscillation is perspirable on BicMidi data, mainly induced by the
winter/summer cycles i.e. a process of neutromatteon and thermalization induced by snow.

The CR neutron energy spectra can be obtained tojdimy the measured counting rates
using response function, deconvolution method GRAVEL) and considering initial spectrum
(neutron spectrum at sea level observed Quldhagen et al[12]). Fig. 4 presents the
atmospheric neutron spectrum in lethargic represiemnt, for the Pic-du-Midi observatory and
the Concordia station during the period from Decen#®15 to May 2017.

—— Concordia station

[777 Range

—— Pic-du-Midi observatory
0.025 4 [ Range

Concordia station, ° Cascade

Pic-du-Midi observatory, ° Cascade

Lethargic spectrum (/cm?/s)
Neutron flux (/cmz2/s)

0.01 T T T T T
1Jan 1 Apr 1 Jul 1 Oct 1Jan 1 Apr

10° 10° 10 107 10° 10*° 10°
Neutron energy (MeV) Date

Fig. 4.  Atmospheric neutron spectrum in lethargic.. .
representation obtained in the Pic-du-Midi obsematand CF|g, 5. Integrated ~ fluence  rates  derived  from

- : : : measurements in the Concordia station and the WRMidi
:geMggnz%){g'a station during the period from Decen015 observatory during the period from December 2013ay

2017. Total integrated fluence rates and contrimsti of
cascade neutrons are presented.

Fig. 5 presents the integrated fluences rates e#ffom measurements in the both station
during the period from December 2015 to May 20l1ont@butions induced by cascade
neutrons is extracted from results. Concerning Riedu-Midi measurments, a significant
temporal oscillation is observed for total integdhtfluence rates, mainly induced by snow
thickness during winter. As shown in previous worksasonal oscillations are governed by
ground albedo neutron impacts on thermal, epitheameé evaporation domains. Conversely, no
oscillation is observed for Concordia measuremethtg, to the stability of the meteoroligal
environment (i.e. a few centimeters of snow per)yé&de solar potentiah(t) is directly linked
to the Sun's Activity. Moreover, as illustratedriy. 5, cascade neutrons were lowly impacted
by the hydrogen density variations, allowing theses to deduce the solar potendiét). Thus,
Fig. 6 shows the solar potential dynamics deducedh fmeasurements operated in the both
stations during 18 month (from December 2015 to M@A7). The integration time is
considered equal to 1 day. Orders of magnitudeamnsistent, demonstrating the ability to link
simultaneous measurements. In 2015, a similar stamsie was obtained considering the Pic-
du-Midi and Pico dos Dias measurements [9]. Measands can be quantitatively correlated
using modeling and cascade neutron in quiet satwvity. It is likely that this conclusion is
nuanced in the case of solar events, particulantind a GLE event.
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Fig. 6.  Atmospheric neutron spectrum in lethargic represént obtained in the Pic-du-Midi observatory ahé Concordia
station during the period from December 2015 to 12@Y7.

4.Cross comparison with NMs operated in Antarctica

Bartol Research Institute currently operates heldibis including two in Antarctica, in
Mac Murdo and Amundsen-Scott stations since 19%¥ 1864, respectively [13]. Thus, NM
real-time data are available and they can be cadpdynamically. Moreover, knowing the
measured neutron spectrum at Concordia and NM megpfunctions, it is possible to deduce
the equivalent NM count rate. Muon and proton dbotrons can be considered by
extrapolating their spectra from measured cascadéron and ATMORAD. Equivalent NM
count rateCyy calculation in Concordia station is describedhmy ¢quation (1):

o =J’7n(E).7a¢”;(E).dE+_ > ’7i(E).a¢i'ATM°(E£ATM°(n°aS)).dE (1)

Where ; (E) are the NM response functions (i = neutron, protonon), ag, . (E)/&E iS

the neutron spectrum deduced from the neutron speeter data andg,.  (E, gio(n..))/ E

are the proton and muon spectrum calculated theamSTMORAD and the solar potential
deduced from neutron cascade fluxes. Fig. 7 comsparent rate dynamics from January 2016
to 2017 registered by the NM in the Mac Murdo ahé tAmundsen-Scott stations, and
equivalent NM count deduced from the neutron spemdter in Concordia. Cosmic ray levels
have been steadily increasing in recent monthsciwieflects the descending part of the solar
cycle. It is interesting to note that these resilllistrate the possibility to couple analyzes from
different instruments.

Moreover, this can be extended to equivalence Ndpaorse calculations applied to other
locations, taking into account the realistic attéyuthanks to the equation (2):

cas.

6¢i,ATMo(E.¢ATM0gaS),Iat-.long-,alt-). dE (2)

Cy (It long.alt) = > | 7 (E).

i=n,pp
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Fig. 8 presents a cartography of the count rateu(iit count /hour/100 peiHe tube)
recorded in July 2016. Results are issued from ropuspectrometer measurements in
Concordia and ATMORAD to extrapolate for Antaratimntinent. Ground altitudes, considering
rock and ice thickness, are issued to Quantar¢tioh[14]. In this geographical area, the
altitude is the main parameter on the cosmic raglJesince the influence of the magnetic field
is low.
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Fig. 7. Count rate (in count /hour/100 p&de tube) from Eig- 8.  Cartography of the count rate (in count /hour/1@0 p
January 2016 to 2017 registered by the NM in the Mardo “He tube) recorded in July 2016. Results are is$ted neutron
and the Amundsen-Scott stations, and equivalent ¢tnt Spectrometer measurements in Concordia and ATMORAD
deduced from the neutron spectrometer in Concordia extrapolate for Antarctic continent.

5.Conclusion

First eighteen months of simultaneously measuresneginthe energy spectrum of CR on
the Pic-du-Midi Observatory and the Concordia Stath Antarctica are presented. In addition
to the usual analyzes of count rates and fluxestrore spectrometers allow to investigate the
neutron spectrum and energetic domain dynamics.digpersion of the spectrum is relatively
significant, but mainly due to variations in thesalute CR level. Moreover, energetic
fluctuations are more significant in the thermai-termal and evaporation domains.

Contributions induced by cascade neutrons are@gttdrom measurements to deduce the
solar potential, which in quiet solar period allotesdeduce or to enrich CR specifications for
other locations and conditions. Applied in the jgatar case of the Antarctic continent, it is
possible to compare and to cross-analyze the CRndipis from the neutron spectrum and NMs.
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