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Neutron spectrometers are operated simultaneonshei framework of a remoted network. The
CHINSTRAP, supported by IPEV, aims at recordingtr@u spectra at the Concordia station
(+3233m) in Antarctica since December 2105. Themauspectrometer measures the neutron
spectrum over a wide energy range from meV upns t& GeV with a short time resolution.
Several parameters can influence the measurententtimospheric pressure, the hydrometric
environment close to the instrument (snowfall) ati® atmospheric water vapor. The
atmospheric water vapor dominates the ground cogsmaycvariations within the first few
hundred meters above the ground. The HAMSTRAD pptaject is dedicated to measure of
the trends in water vapor and temperature profitles the lower part of the troposphere to the
lower part of the stratosphere, using a radiomdteis paper proposes to present data analyses,
including short and long-term analyses (first fgears) and taking into account environmental
and systematic effects. In particular, study foegsbn Forbush Decreases and Ground Level
Enhancement occurred in September 2017 is proposed.
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1. Introduction

The CHINSTRAP (Continuous High-altitude Investigatiof the Neutron Spectra for
Terrestrial Radiation Antarctic Project), supportsdthe French Polar Agency (IPEV), aims at
recording neutron spectra at the Concordia statio8233m) since December 2105. Several
parameters can influence the measurement: the phmos pressure, the hydrometric
environment close to the instrument (snowfall) am@ atmospheric water vapor. The
atmospheric water vapor dominates the ground cosaycvariations within the first few
hundred meters above the ground. Moreover, watgorveontents were recorded in Concordia
station in the framework of the HAMSTRAD {8 Antarctica Microwave Stratospheric and
Tropospheric Radiometers) project. Thus, two cbations were considered to correct count
rate data, the air pressure and the atmospherar wapor.

The four years of measurements performed in Comcdrave just been completed. This
paper proposes to present data measurements (abesit energy spectrum, atmospheric water
vapor impacts), including short and long-term asedyand taking into account environmental
and systematic effects. In particular, study foeggn solar event occurred in September 2017
is proposed.

2. Description of the CHINSTRAP and HAMSTRAD projeds

The aim of the HAMSTRAD project [1][2] is to measuthe trends in water vapour and
temperature profiles from the lower part of theptssphere to the lower part of the stratosphere
and their links with climate change. The HAMSTRA&Bdometer is a genuine state-of-the-art
microwave instrument dedicated for the detectiorl)othe 60-GHz oxygen line to measure
tropospheric temperature profile, and 2) the 183@ldter vapor (kD) line to get tropospheric
H.O. The radiometer has been deployed in the Corequalar station in January 2010 and is
working since then. Liquid Nitrogen calibration igerformed one or twice per year
(summer/winter periods). The instrument is fullyfcamated and data are sent to France on a
daily basis. The instrument measures absolute hityndathd temperature from the surface to
about 10 km altitude, together with integrated watgpour (IWV), with a time resolution of
about 7 minutes. The Liquid Water Path (LWP) partames retrieved since 2013, and is
sensitive to the presence of supercooled liquiccnebuds above the station.

The aim of the CHINSTRAP project is to operate atran spectrometer at the Concordia
station [3]. The geomagnetic conditions (~ 0.001) @wd the high altitude (3233 m above the
sea level) of Concordia let us collect cosmic r@yRs) data and observe solar particle events
(SEP) such as Forbush Decreases (FD) [4] or Grhendl Enhancement (GLE). The neutron
spectrometer is based on a Bonner multi-sphereersysixtended to high neutron energies
(energy range from meV to GeV). As detailed in pas works, this system was composed of
spherical 3He proportional counters surrounded w#pherical PEHD (high density
polyethylene) moderators with different thickness&dditionally, the spectrometer includes
two PEHD spheres with inner tungsten and lead shellorder to increase the response to
neutrons above 20 MeV. The output pulse signalstated by a multi-channel analyzer,
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translated as spectrum or count. The responseidasctvere used to convert the measured
counting rates to neutron energy spectrum. Figesemts both instruments, which are operated
in thephysicsshelter of the Concordia station.

(a) Concordia station (b) Neutron spectrometer

m

(c) HAMSTRAD radiameter

D
Dome C, Antarctica,
Altitude: 3323 m,
Cuoff rigidity ~ 0 ]

Fig. 1.  (a) Concordia station, (b) view of the neutron $meueter in the Physic shelter and (c) view of HH&MSTRAD
radiometer outside the station, it is possibleistirnguish a phenomenon of diamond dust producihgla around the sun from ice
crystals in suspension.

3. Analyses of energy spectrum of CR induced neutns in Dome C

Neutron detectors and spectrometers are usualtytosmonitor the dynamics of incoming
cosmic-ray-induced neutrons of high energy (casazelgron i.e. E > 20 MeV) under the
assumption that local environmental conditions dbimfluence the neutron fluence rate. Count
rates dynamics are mainly due to environmental agsgtematic effects including the
atmospheric pressure variations. Indeed, the cosmyidlux increases at higher altitude as air
pressure and the shielding effect of the atmospllerease. More precisely, the vertical
distribution of temperature, pressure, density, aachposition of the atmosphere constitutes
atmospheric structure. These quantities also vath season and location in latitude and
longitude, as well as from night to day; howevarder the topic of atmospheric structure, the
focus is on the average variations with height atsea level.

Other effect concerns the albedo neutron [5] predusy the interaction of air-shower
neutrons with the surface of the Earth. Hydrogesoaih air and snow determines the amount of
ground albedo neutrons in the sensitive energy eaingm 1 eV to 10 MeV. The local
environment of the experimental shelter in Conaridi mainly composed by ice water.
Precipitation levels are very low in time, providistable conditions. Albedo contribution does
not vary significantly in time and it is not an ¢tdxde to exploit the full energy range of spectra.
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3.1 Environmental and systematic effects.

Fig. 2 presents the temporal evolution of the LWid 8VV measured by HAMSTRAD
above the altitude of Concordia station from Japu16 to January 2019. In addition, the
atmospheric pressure measured in Concordia dunmgdme period using a pressure detector
integrated in the neuron spectrometer. Among aitrdoutions, the atmospheric pressure water
vapor dominates the ground CR variations in Coriad@].
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Fig. 2.  Temporal evolution of the LWP (kg:fhand IWV (g.n?) as measured by HAMSTRAD above the altitude of codia
station from January 2016 to January 2019. Alsevshare the atmospheric pressure measured in Caaatwdng the same period
thanks to the pressure detector integrated in¢lieom spectrometer.

Thus, two contributions were considered to cormmint rate data: the atmospheric air
pressure and the water vapor. Thus, corrected gatmtby air pressurepsGy IS given by the
equation 1:

— ~B(Py—P)
CP,corr - Ccorr'e ’ (1)

wherep is the barometric coefficient (% hBaempirically determined and.§ the corrected
count rates. The factor, equals to 7.1xThP&', was empirically determined in a previous
work [7]. As described in [6], the atmospheric hdityi in the count rate data is taken into
account using a single scaling facten orr determined by simulations [6]:

Cuv cor = Cx(1+0.0143 AIWV) 2

where AIWV corresponds to the difference of the integrateghor density value with the
reference value on the day of the calibration. @otia environment is well known and stable
over time (low precipitation levels). It is onetbe driest and coldest places over the world with
precipitable water or Integrated Water Vapor (IW¥3s than 1 kg fhover the year reaching
less than 0.1 kg fin winter [6] with exceptionally wet and warm epites (IWV >> 1 kg M)

as e.g. in January 2017 and December 2019. Thesptrate is considered dry in the Dome C

4



Four Years of Measurements of the Energy Spectfu@Reinduced-neutrons on the Concordia Station

when the absolute humidity reaches 0.3 4.mhich is very low compared to values observed
in typical moist conditions (i.e. 20 ghat middle latitudes).

Data confirm that the Concordia environment carthieeefore considered extremely dry.
As shown in a previous work [6], for low atmosphe&rater vapor content and IWV (in the
order of few tenths of g.thor kg. n¥ for absolute humidity and IWV, respectively),
environmental or systematic effects on fast nestrare negligible (i.e. a few tenths of a
percentage) while they are significant for low-gyyemeutrons (epithermal and thermal).

3.2 Modeling approach based on previous works

Some methods were proposed to model the seconttanspheric CRs, some of which
are based on nuclear transport simulations. The @RMD approach [8] combines the
GEANT4 simulations of extensive Air Showers to paim GCR spectra define by the Force-
Field Approximation [9] which provides a simple paretric formula of the differential
spectrum. Thus, the whole energy spectrum for pgtnda-particles can be described using
the solar potentiap. This parameter is a formal spectral index whdsgsigal interpretation is
not straightforward, especially on short time ssaed during periods of active Sun. Several
strategies have been developed for the recongtruofitime series of the modulation potential
@(t), mainly based on neutron monitor data and taklyunctions [10].

The secondary CR spectra can be determined asduraftthe altitude, the longitude, the
latitude and the sun activity through the solareptal. In this work, ATMORAD was used to
reconstruct the CRs temporal series in Concordiggute solar modulation issued from [10].
The corrected measurements by water vapor and phrans pressure effects is compared with
the calculated neutron flux using a reference quitential.

3.3 Long-term analyses

Fig. 3 presents the total neutron flux correctedaayer vapor and atmospheric pressure
effects from January 2016 to January 2019. Experiahedata are issued from CHINSTRAP
and additional data by calculations using ATMORABIcalations and considering solar
potential extract from Oulu data [10]. It is vemtdresting to note the relevance between
corrected measurement and calculations, implyiag ¢bupled data issued from HAMSTRAD
and CHINSTRAP allow for investigating the dynamicneutron spectrum in the energy range
from meV to GeV.

The variations are attributable to the solar aigtivihese trends are also observed on most
NMs. The impact of the solar cycle {34s particularly identifiable on this result. Ineté this
increase reflects the transition from strong to Emar activity. Cycle 24 reached its maximum
in April 2014. Reversed polarity polar active sustspegions observed from December 2016
indicate that the transitional phase to solar cgélds in process. The next solar minimum will
be reached probably in late 2019 or 2020.
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Fig. 3.  Total corrected (by water vapor and atmospherisqune) neutron flux from January 206 to January¥2&bkued from
measurements and obtained by calculations using @RKD calculations and considering solar potentiiaet from Oulu data.

The daily neutron lethargic spectra (IEx¢(E) in unit cm.s?) for the first of January
of the year 2016, 17, 18 and 19 are presentedgn4iThe relative proportions of the each
energy domain (thermal, epithermal, evaporationcastade) are relatively invariant (Table I).
This remark concerns four days for which solar ¢oons are quiet.

0.020 4 Daily spectrum,
Date:
—8—01-2016
——01-2017
—4—01-2018
—v— 01-2019

Table I: Total neutron flux and contributions in 8
thermal (Th.), epithermal (Epi.), evaporation (Band
cascade (Cas.) neutron, for the Ol January of 2016,
18 and 19.

0.015

0.010

[Total flux [Contribution (in %)

llcm2s |Th.  Epi. Eva. Cas.
01/01/2016 [0.165 [17.6 19.5 34.3 28.6
01/01/2017 [0.175  [18.3 19.1 34.7 28.0
1° w07 108 1° 10t 10t 1 01/01/2018 [0.172  [17.4 19.4 33.9 29.3

Neutron energy (MeV) 01/01/2019 [0.178  [17.6 19.2 33.9 29.4

0.005

Lethargic spectrum (cm?.s™)

Fig. 4.  Total corrected (by water vapor and atmospherisquee)
neutron flux from January 2016 to January 2019ueds from
measurements and obtained by calculations using @RKD
calculations and considering solar potential extiimn Oulu data.

3.4 Short-term analysis: example of September 20Eblar event

During the first days of September 2017, the Sus wery active inducing solar flares.
After a series of major flares including 27 M-classl 4 X-class flares, the solar active region
had produced an X9.3 flare on the 6th Septembez.Sbhar activity decreased on the 9th and
10th September. Bright gamma-ray emission fronXB& class solar flare was recorded on the
10th September 2017 by the Large Area TelescopeFantii Gamma-ray Space Telescope
[11]. This flare was characterized by a SEP evetit high-energy particles, producing nuclear
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cascades in the atmosphere and detected on thedgrbhis flare was the second GLE (#72) of
the current solar cycle. Fig. 5 presents the teaipseries relative to (a) the water vapor
absolute humidity (ground, + 100, + 250 and +50Q (b) the IWV parameter, (c) the
uncorrected and corrected (pressure and presswader vapor) hourly count rate obtained for
the 7"Tungsten detector and (d) the total correcmatron flux during the observed solar event
(6 — 13 September 2017).

As stated above, the data show that the Concordiaromment can be therefore
considered extremely dry during the solar evento FRlds can be identified in Fig. 2(d). The
second FD is composed by diurnal variations du¢héo anisotropy and superposed on the
recovery step. It is a typical multi-step FD [12je amplitudes of steps are in the order of 3%
and 11.3 %, respectively.

0.6 Altitude:

(a) Water vapor abolute humidity
Concordia (C)

——cC+100m
0.4 C+250m
: ——C+500m

0.2

Water vapor (g/m°)

—————

o o9
[ =]

(b) Integrated water vapor (IWV)

0.4
0.2

0.0

IWV (kg.m™?)

(c) Hourly count rate (7"W sphere)
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Fig. 5.  (a) water vapor absolute humidity (ground, + 10®56 and +500 m), (b) the IWV parameter (water vaptegrated
along the vertical from the surface to the tropgedwu(c) the uncorrected/corrected hourly courd (@tTungsten sphere) recorded
in Concordia during solar events and (d) the togaitron flux.

Neutron flux (cm?.s™)

0.14

Complementary analyses [13] investigate the fluxia#®ns for each neutron energy
domain and during the solar event including FD @hdE. During FD, fluxes relative to the four
energy domains decrease according to a similabrfaétowever, during GLE, the thermal,
epithermal and evaporation neutron populationse@®e more than cascade neutrons. The
thermal peak presents a change in amplitude reguitom a change in the evaporation neutron
population. Evaporation neutrons are moderatetarenvironment producing thermal neutrons
and the increasing thermal neutrons are directlgaitted by the increasing of evaporation
neutrons component.
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4. Conclusion

First four year of measurements of the energy specof CR on the Concordia Station in
Antarctica are presented. The particularity of ¢hemalyses is that the data from the
HAMSTRAD project were used to take into account ¢neironmental and systematic effects.
Thus, temporal series of integrated water vapauyidi water path, atmospheric pressure,
neutron fluxes and spectra were presented. Long-saort-term analyses were presented, in
particular during the solar event of September 2&lihulations allow to show that variations
observed in the long-term are mainly attributabléhte solar activity. The relative proportions
of each energy domain (thermal, epithermal, evdjmoraand cascade) are relatively invariant
except during GLE event for which thermal, epitherand evaporation domains are the most
impacted.
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