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Abstract  After its successful campaign of measurements
beyond the Polar Arctic Circle, the PolarquEEEst experiment
measured the cosmic charged particle rate at sea level in a
latitude interval between 35° N and 82° N. In this paper, these
measurements are described and the corresponding results
are discussed.

1 Introduction

The PolarquEEEst experiment recently measured, with an
unprecedented precision, better than + 1%, that the cosmic
charged particle rate at sea level stays constant in the lati-
tude range between 66° N and 82° N [1]. Due to the Earth
geomagnetic field and its roughly di-polar nature, this rate is
expected to be modulated with latitude, with an increase from
the equatorial regions until a flattening appears at around 50°
latitude.

Relatively few measurements exist, that experimentally
check this prediction. The earliest compilation of the avail-
able measurements was done by Compton [2], where also
a comparison with the first Lemaitre—Vallarta model is
reported [3]. However, these data came from multiple cam-
paigns of measurements and, although they asserted the
increase with latitude of the charged cosmic ray rate, they
were affected by rather significant uncertainties.

The PolarquEEEst detector was originally designed to be
hosted on a small sailboat, and is therefore relatively small,
light-weighted and easy to be carried around also by car. This
allowed to perform, in 2018 and 2019, a series of measure-
ments of the cosmic charged particle rate across Europe over
a latitude range going from 35.5° N, corresponding to the
Lampedusa island in Italy, to the city of Hannover, in Ger-
many, at 52.3° N. The added value of these measurements
derives from the fact that they were performed with the very
same detector transported at various locations, allowing a
much better knowledge of the systematic errors with respect
to the previously mentioned results, derived from a compila-
tion of several data from multiple different devices.

Very few other measurements are available, which were
collected using the same detector moved to different loca-
tions, like the one performed up to the Chutkoski peninsula
(A 66° N) [4], along the Siberian eastern coast, however
obtained with neutrons. See also [5] for a survey of the avail-
able data. Recently the TRISTAN collaboration presented
some results on the cosmic charged particle rate using resis-
tive plate chambers (RPCs) installed on board of an oceano-
graphic ship travelling from Vigo (Spain) to Punta Arenas
(Chile) [6]. Also the POLASTERN project, performed in col-
laboration with DESY and using scintillation counters, col-
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lected data during several years from the North to the South
Pole [7]. From the published data it is however difficult to
derive the appropriate corrections and/or normalisation fac-
tors that would allow a straightforward comparison among
them. This is why no comparison with the results presented
here will be attempted.

In this paper, a brief description of the PolarquEEEst
detector is reported in Sect. 2. The data taking campaign with
the corrections applied to the data and the systematic uncer-
tainties are discussed in Sects.3 and 4, respectively. Then
predictions on the cosmic particle rate as a function of the lati-
tude, obtained using the PARMA model [8,9], widely used in
this field, are presented in Sect. 5. Finally the results obtained
are reported with few remarks in Sect. 6.

2 The PolarquEEEst detectors

The PolarquEEEst experiment is part of the Extreme Energy
Events (EEE) project, sponsored by the Museo Storico della
Fisica e Centro Studi e Ricerche Enrico Fermi [10,11] and
the Istituto Nazionale di Fisica Nucleare (INFN) in Italy. It
is a unique example of an experiment on cosmic rays that
includes an important component of scientific educational
dissemination to high school students. The measurements
described herein were performed with a detector convention-
ally called POLA-01, one of three identical devices built for
this experiment. The other two, called POLA-02 and POLA-
03, were permanently located inside two high school insti-
tutes: one at Nesodden, close to Oslo in Norway, at 59.84° N,
10.68° E and 84 m of altitude, and the other at Bra, in Pied-
mont (Italy), at 44.69° N, 7.86° E and 310 m of altitude. Both
have been used to monitor cosmic particle rate seasonal vari-
ations and correct the data accordingly, as discussed below.
A PolarquEEEst detector consists of two planes of 1cm
thick scintillators, each divided into four equal tiles of
20x30cm?. Each tile is wrapped with a mylar foil and four
of them are inserted individually in a closed DELRIN dark
box to define a plane. The two planes are then placed inside
a bigger DELRIN box with the readout electronics placed
outside. Readout is performed by means of silicon photomul-
tipliers (SiPMs), two per tile, positioned at opposite corners.
Front-end boards amplify and discriminate the analog sig-
nals, shaping them also into Low Voltage Differential (LVD)
signals, whose time-over-threshold amplitude is used to esti-
mate the signal charge. Data are collected via TDCs hosted
on a custom readout board, after a trigger is defined by the
coincidence of signals from at least three SiPMs, two from
the same tile of a plane (either top or bottom), the third from
atile in the other plane. Time stamp and detector position are
obtained through GPS signals. Also other important param-
eters, like temperature, pressure and inclination/orientation
are measured by means of suitable sensors, and recorded
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Table 1 List of the locations where POLA-01 took data

Location Period (day/month/year) Latitude (°) Altitude (m)
CERN (Geneva) 26/06/18-28/06/18 46.23 441
Nanug 21/07/18-05/09/18 66.82 0

Vigna di Valle 27/11/18 42.1 153
Cosenza 04/12/18-05/12/18 39.3 222
Cefaln 06/12/18 38.0 0
Catania 31/01/19 37.5 158
Lampedusa* 07/03/19-08/03/19 355 10
Bologna 08/04/19 44.5 81
Bologna-Hannover 10/04/19 44.6-51.0 200-700
Hannover-Frankfurt 11/04/19 52.3 60
Frankfurt-Geneva 12/04/19 50.0-46.0 100-500

The island of Lampedusa was reached from Sicily by ferry boat; measurements were only performed on the island

to be used later on during the analysis process. Data were
sent to the INFN CNAF computer centre to be reconstructed
and stored. More details on the PolarquEEEst experiment,
its detectors, and its first data taking campaign are available
in [1].

Since the PolarquEEEst experiment was conceived within
the same philosophy of EEE, namely as a high level scientific
programme but also as an outreach initiative for high school
students, detector construction and daily detector monitoring
were performed by high school students.

3 Data taking at different latitudes and corrections

The data presented in this paper were collected in two phases.
The POLA-01 detector was initially installed on board of
the 60-feet eco-friendly sailboat Nanuq, which from July
till August 2018 travelled from fsafjéréur (Iceland), reached
Longyearbyen (Svalbard, Norway), then circumnavigated
the Svalbard archipelago reaching the maximum latitude of
82°07’ N, and ended its trip on September 4, in Tromsg
(Norway). This sailing cruise was part of the Polarquest2018
expedition [12], and the data collected have been already
analysed [1].

Then, in the Fall 2018 until the first months of 2019, the
POLA-01 detector was transported “on the road” in a trip by
car, featuring many stops in Italy and Germany as summa-
rized in Table 1, which reports the latitude, the altitude and
the geographical names of the locations where the data were
collected. A map of the overall trip of the POLA-01 detec-
tor is visualised in Fig. 1. During the trip, data were taken
in time slots typically of few hours per location, except in
some cases, like in Catania and Lampedusa, where the data
taking lasted a couple of days. In the meantime, the POLA-
02 and POLA-03 detectors almost continuously took data at

their permanent locations cited above, in Piedmont (Italy)
and Norway.

In order to derive the effect of latitude on the measured
charged particle rates, other sources of possible rate varia-
tions had to be estimated and accurately subtracted.

All data were first corrected for the barometric effect,
consisting of an anti-correlation between atmospheric pres-
sure and the measured cosmic particle rate, due to the fact
that higher atmospheric pressure values imply an increased
absorption of secondary particles by the atmosphere. In Fig. 2
the POLA-01 rate is plotted as a function of the atmospheric
pressure. The barometric coefficient was obtained as coeffi-
cient of an exponential fit to the data. Similar plots and fits
were done for POLA-02 and POLA-03. Data taken at a given
pressure were thus corrected by dividing by the fit function
exp(—b(P — Py)), where b = 2.2440.01 x 1073 mbar~ ! is
the barometric coefficient derived from the fit, P the pressure
and Py a reference value set to 1011.88 mbar as in [1].

Data collected by the POLA-01 detector during its trip in
Ttaly and Germany were sometimes taken at different alti-
tudes. No specific correction has been applied regarding alti-
tude, apart from the fact that, in general, data collected at
higher altitude were also usually collected at a lower atmo-
spheric pressure, which was corrected as described above.
The effect of altitude has been accounted for as a systematic
error of the measured rates, and is evaluated in Sect. 4.

Data collected on board the Nanuq sailing boat by POLA-
01 were also corrected for the boat inclination. The corre-
lation between the measured rate and the inclination angle
of the boat with respect to the vertical, measured by the
accelerometer sensors of the detector (see Sect.2), is shown
in Fig.3. The data are fitted with the function (1 — a(1 —
cos 0)) where 0 is the zenith angle and a = 1.31 4 0.02 the
parameter derived from the fit. Also in this case, the correc-
tion was applied by dividing the rate by the fitted function.

@ Springer
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Fig. 1 The trip of POLA-01 (yellow line) as traced by the GPS system.
The sites of fsafjdréur (Iceland) and Tromsg (Norway), which were the
start and end points of the Nanuq sailing cruise around the Svalbard,
are shown with blue markers. The sites of Nesodden (Norway) and Bra
(Italy), where the reference detectors POLA-02 and POLA-03 were
located, are also shown with red markers

More details on both pressure and inclination correction pro-
cedures are thoroughly described in [1] where, however, the
gyroscopic information was instead used.

Finally, concerning POLA-01 also an efficiency correc-
tion (¢ = 96%) was used. The value of the efficiency was
measured at CERN at the end of the whole expedition using
as external reference detector one of the EEE muon-tracking
telescopes.

@ Springer
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Fig. 2 Cosmic particle rate measured by POLA-01 as a function of
atmospheric pressure. An exponential fit, in red, is superimposed to the
data (see text)

Uh—
- POLA-01
‘é';‘) .
£ 098
] L
2 -
© -
E] L
£ 096
5 N
o L
g
= B
X 094—
= L
q) -
QL
o B
X o092
OS]
0.94 0.95 0.96 0.97 0.98 0.99 1
cos(0)

Fig. 3 Correlation between the cosmic particle rate measured by the
POLA-01 detector on board of the sailboat Nanuq and its inclination
with respect to the vertical. A linear fit, in red, is superimposed to the
data

As for POLA-02 and POLA-03, the two reference detec-
tors permanently located inside school buildings are sub-
ject to further corrections. The presence of structures above
and around the detectors, such as walls and ceilings, reduces
the measured cosmic particle rate. Dedicated data, collected
by moving the detectors outside the buildings hosting them,
were used to correct for this effect. The ratios between the
rates measured during these dedicated data taking periods,
indoor and outdoor, are shown in Fig. 4. While for POLA-02
the rate reduction indoor is of the order of 4%, for POLA-03
this is much higher and around 22%, due to a much thicker
building structure present above it.

The data used in the present analysis were taken over sev-
eral months, so it was also necessary to consider a seasonal
rate variation, related to the varying solar activity. This was
estimated by using the two reference detectors POLA-02 and
POLA-03, whose rates as a function of time, after pressure
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Fig. 4 Ratios of the measured rates, indoor and outdoor, for the POLA-
02 (upper panel) and POLA-03 (lower panel) detectors

and building structure corrections, are shown in Fig.5 for a
period of about one year, from July 21, 2018 to August 31,
2019. Since data were collected by POLA-02 and POLA-03
at two different latitudes, POLA-03 rate was increased by
1% in order to be superimposed to POLA-02 rate in Fig.5.
In both detectors, the rate was measured to be changing in
time, with a modulation of + 1.8%, and a broad maximum
in mid January 2019 and minima during Summer 2018 and
2019. This seasonal effect was observed in the past from
other muon telescopes with a similar energy threshold [13],
and our results are compatible with what previously found.
Therefore, POLA-01 data were accordingly divided by the
reported modulation depending on the date.

Finally it should be recalled that, although the longitu-
dinal coordinates of the various measurements are slightly
different, the related corrections are negligible and inside the
reported errors.

4 Systematic uncertainties
Systematic uncertainties were estimated by varying the

assumptions used in the calculation of the corrections and
on the environment conditions.

37
—— POLA-02

—— POLA-03

nnn Fit

36.5

36
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35

Rate (Hz)

ST T[T Irrrrres

T
NI

34.5

34

AR IS N T S AN SN T ST SO SN SO S TSRS B
335 02/07/18  01/09/18 31/10/18 31/12/18 02/03/19 02/05/19  02/07/19

Date

Fig. 5 POLA-02 and POLA-03 (x1.01) measured cosmic particle rate
as a function of time, for the period from July 7, 2018 to August 31,
2019. A fit to the data, after normalisation, is superimposed

The barometric coefficient used to correct for pressure
effect was varied by £10% and the maximal difference
with respect the default value was taken as uncertainty. This
resulted in a relative error on the measured rate of 0.5%.

Since some measurements were not collected at sea level
(the maximum altitude reached was around 700m) a ded-
icated study was performed by collecting data from 0 to
2000m on the slopes of the Etna Volcano close to Cata-
nia. Such a study showed a significant altitude effect (1.4%)
which was not re-absorbed by pressure correction above
1 km. Below 1000 m the effect was estimated to be 0.2%.

The linear coefficient of the detector inclination/orientation
correction was varied by + 10% and no relevant differences
were found.

The parameterisation of the seasonal effect was varied by
changing the amplitude of the modulation by + 10% and the
position of the winter peak by 4+ 1 week. The associated
relative uncertainty on the rate was estimated to be at the
level of 0.2%.

For the measurements above 60° of latitude, where a con-
stant rate is expected, a 0.5% daily fluctuation was observed.
Such a fluctuation was assigned as a systematic uncertainty
for external conditions (e.g. solar activity).

The stability of the efficiency along the full period was
checked by comparing the rates measured independently by
the 4 pairs of vertically aligned scintillator counters from the
two superimposed planes of the PolarquEEEst detector. In
fact, each detector plane is segmented in 4 tiles. From each
pair of tiles in vertical correspondence it is possible to mea-
sure an independent rate. Such a comparison is particularly
useful since the 4 pairs are expected to measure the same rate
independently of any external condition (pressure, seasonal
effect, etc.). The consistency of the 4 rates was checked and
their differences were assigned as systematic uncertainties.
These were found to be in the range 0.4—0.7%.

@ Springer
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Note that an extra systematic contribution was included
for the measurements made on the road, due to the fact that
the detector and electronics were positioned upside down
inside the car used for transportation, hence a different mate-
rial budget had to be accounted for. Such an additional error
contribution does not apply to the measurements at the Sval-
bard and, in Italy, at Cosenza and Lampedusa.

In Table 2 a summary of the above estimates is reported.
The total uncertainty was calculated by summing the squares
of all contributions.

5 Model expectations

In order to have an estimate of the presumable behaviour of
the measured cosmic rate vs. latitude, the C++ Version 4.10
of PARMA (PHITS-based Analytical Radiation Model in the
Atmosphere) was used.! This software models the results
obtained by a sophisticated extensive air shower (EAS) sim-
ulation, with the goal of estimating the cosmic ray flux in a
wide variety of conditions. The PARMA model is validated
using the results of the EAS simulation, as well as multi-
ple sets of experimental data relative to different particles
obtained in various momentum ranges under various condi-
tions and its results are used in research areas such as geo-
sciences, cosmic ray physics, and radiation research [8,9].
Note however that the used reference data are above few
hundred MeV.

The differential vertical cosmic ray flux, in unit of parti-
cles/(MeV s cm? sr), computed using the PARMA code, for
a point on the Earth at sea level, with coordinates 40° N and
15° E, for the day August 1, 2018, is shown in Fig. 6. Here,
the various contributions coming from pLi, e+, p,nandy are
indicated separately. As expected, the contributions coming
from p* (the two charges being almost completely super-
imposed in the figure) dominate at energies larger than few
hundred MeV, while at lower energies neutral particles like
photons and neutrons are the most abundant.

The expected cosmic particle rate was evaluated by fold-
ing the differential vertical flux with the PolarquEEEst detec-
tor acceptance, and assuming a cos> 6 angular distribution
(where 6 is the zenith angle) for secondary cosmic rays at
sea level [14]. The detector acceptance was computed sim-
ulating an isotropic and uniform distribution of downward
tracks within a sphere of radius Ry, with a fluency equal
tol/m pr 5» and then selecting only those tracks traversing
one top and one bottom detector tiles, with a correspond-
ing energy loss larger than 1 MeV. For this simulation, the
FLUKA code was used [15,16], and different particle types
with a uniform distribution in logarithm of the energy were

! The public version of the PARMA code is available at the link http://
phits.jaea.go.jp/expacs/.

@ Springer
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August 1, 2018, computed using the PARMA model as described in the
text. The contributions from the various particle species are plotted
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Table 2 Systematic uncertainties

Source Magnitude of relative uncertainty
Pressure corrections 0.5%

Altitude 0.2% at 500 m
Inclination/Orientation Negligible
Seasonal effect 0.25%

Daily fluctuations (for data 0.5%

at latitudes > 60°)

Efficiency 0.4-0.7%
Material budget (except 1%

for Svalbard, Cosenza and

Lampedusa)

Total common systematic 0.8-1.4%
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Fig. 8 Expected integrated rate as a function of the minimum energy
of secondary cosmic rays, for a point at sea level at (45° N 15° E)
Earth Position, on August 1, 2018. For each kind of particle, the rate
is normalised to the total rate (black line) at the lowest energy value.
The coloured lines show the rates normalised in this way for different
particles

generated, from 100 keV to 1 GeV.2 We assumed a constant
acceptance value for energies above 1 GeV. The simulation
includes an adequate representation of the POLA detector in
terms of material budget, comprising the external box, the
scintillator tiles and their wrapping layers inside the box.

The detector acceptance, weighted with the cos” @ factor
cited above, is shown in Fig.7, as a function of energy. The
acceptance reaches a plateau above about roughly 50 MeV
for muons, electrons (positrons), and above 100 MeV for pro-
tons. The different values for the onset of the plateau depend
on the different energy losses in the materials traversed by the
various particle types. Photons and neutrons show a negligi-
ble contribution to the detector acceptance, since they have to
interact in the detector or in the materials surrounding it, and
produce charged particles to be actually revealed. It should
be also noted that u* of energy lower than few tens of MeV
may decay inside the detector box, and the low energy daugh-
ter e are sometimes able to cross the scintillator planes and
be detected. This is at the origin of the peak around 2 MeV
of the corresponding acceptance curves.

The rates due to the various particle types expected in
the POLA detectors are shown in Fig. 8, as a function of the
particle energy. These rates were computed by folding the
vertical cosmic ray differential flux shown in Fig. 6 (referred
to the position 45°N 15°E, and day August 1, 2018) with the
detector acceptance, and assuming a cos” @ angular depen-
dence of the secondary cosmic rays at sea level, as it was done
for Fig. 7. To better distinguish the various contributions, the
rates shown in Fig. 8 were normalised to the total expected
rate at the lowest energy value, shown as well. As it can be

2 The public version of the FLUKA code is available at the link http:/
www.fluka.org/fluka.php.

seen, muons contribute to the total rate by about 85%, while
electrons/positrons by about 12%.

In order to evaluate the dependence of the expected rate
as a function of the latitude, the calculations described above
have been repeated in the range from 20° N to 90° N. Results
will be compared with experimental data in Sect. 6.

As a counter-check, we have also evaluated this rate by
scaling the differential vertical intensity with a p cos 6 fac-
tor (p being the momentum of the particle considered), and
weighted the acceptance with cos® 6 [17]. We find a slightly
higher overall rate, by about 6%, with respect to the cos? 0
approach discussed above. Nevertheless, no change occurs
in the rate dependence as a function of the geographical lat-
itude.

6 Results

The rate measured by the POLA-01 detector as a function
of the geographical latitude, after all corrections outlined in
Sect. 3 were applied, is shown in the top panel of Fig.9. Note
that, with respect to the results shown in [1], the measured
rates presented here are corrected also by detector efficiency
and seasonal effect, which were needless to consider in [1];
moreover, they are referred to the atmospheric pressure of
1012 mbar, as described in Sect.3. The error bars shown
in Fig.9 include the statistical uncertainties, in black, and
total uncertainties (i.e. statistical and systematic, summed in
quadrature), in grey. From the measured data, it is possible to
infer an increase in the cosmic particle rate with increasing
latitude, until an almost flat plateau of the cosmic ray rate
appears at latitudes above ~ 50° N, as expected.

The cosmic particle rate measured by POLA-01 is shown
in the bottom panel of Fig.9, as a function of the vertical
geomagnetic cutoff R (in units of GV). This was evaluated,
for the various locations of interest here, using the Interna-
tional Geomagnetic Reference Field, version 13 (IGRF-13)
[18]. Figure 9 data were fitted with the function suggested in
[19]:

r(R) = ro(1 — e @R (1)

where r is the rate as a function of the cutoff rigidity R and
ro, @ and k are fit parameters found to be (35.15 £ 0.05)
Hz, (6.8 = 1.1) and (0.45 % 0.08), respectively. The best fit
function is shown in Fig. 9 as a blue line superimposed to the
experimental data.

The expected rate evaluated from the simulation, follow-
ing the procedure outlined in Sect. 5, is also shown in Fig. 10,
normalised to the plateau data. The expectations are shown
with a £ 1% light blue band, that reflects the peak-to-peak
fluctuations observed in the data for latitudes above 60°N.
The simulated rate shows a plateau starting from about 45°N
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function of the geographic latitude compared with the expectations of
the PARMA model (light blue band)

in latitude (knee), that it is slightly earlier with respect to the
one observed in the experimental data.

It is worth noting that the slope of the simulated rate, below
the knee, is in good agreement with the experimental one.

Possible reasons for discrepancies between experimental
data and simulations may arise, in the PARMA model, from
the cosmic ray spectra at the top of the atmosphere, the solar
modulation parameter, the density and composition profile

@ Springer

of the Earth atmosphere, the geomagnetic field model and
finally the secondary cosmic ray yield at sea level.

It should also be reminded that the experimental data
reported in this paper cover an energy region also extending
much below the reference data used to tune the simulation
spectra. Moreover, the uncertainties in the definition of the
materials around the POLA-01 detector at the different loca-
tions during the data taking campaign (for instance, on the
boat, the detector was placed on the deck and enclosed in
an external plastic hutch, while, on the road, it was placed
either close to buildings or in full open air, sometimes inside
a car) can affect the simulated rate. Solar activity and spe-
cific environmental Earth conditions may introduce further
uncertainties in the PARMA output.

However, an evaluation of the various contributions of
these uncertainties did not indicate any significant effect on
the latitude dependence of the estimated rate but rather an
overall scale factor. This is the reason why, in Fig. 10, we have
normalised the simulated rate to the experimentally measured
rate above 60° N latitude.

The energy spectra of the galactic cosmic rays used in
the PARMA code were taken from [20]. More recent exper-
imental results are available, obtained, among others, by the
AMS-02[21], CALET [22] and DAMPE [23] collaborations,
which led to an updated cosmic ray flux. The use of a more
recent proton flux and solar modulation could improve the
agreement between model prediction and PolarquEEEst data.
Also, other models are available in literature, which could be
used to compute the secondary cosmic ray flux at sea level
(see for instance [24]). A comparison among the various
models would give interesting insights on the topic. How-
ever, this is beyond the scope of the present paper and will
be addressed in a forthcoming paper.

In spite of the above considerations, the simulation
reported here reproduces reasonably well the measured data.
It should also be noticed that the possibility of a normali-
sation to a plateau value represents a unique feature of the
PolarqEEEst data, thanks to the large set of measurements
available at latitudes above 60° N. This offers an important
constraint to the parameterisation of the simulation codes.

7 Conclusions

The PolarquEEEst experiment measured the cosmic particle
rate at sea level in the latitude interval 35°-82° N. The data,
after corrections, show an increase of the rate with latitude,
until a flattening above 50° N appears due to the geomagnetic
field effect. The measurements provide for the first time a set
of consistent, systematic and precise results in this extended
region, spanning over nearly 50° of latitude, well beyond the
Polar Arctic Circle. When compared with a widely used ana-
lytical model for radiation in the atmosphere (PARMA), our
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results show a substantial agreement, within the experimen-
tal uncertainties and the incertitude of the model predictions,
thus providing useful constraints for the simulation.

With the goal to better complement these studies, in
July 2019 three POLA detectors were installed permanently
at Ny Alesund, in the Spitsbergen island of the Svalbard
archipelago, to allow a new precision, long term measure-
ment and monitoring of cosmic ray fluxes at these extreme
latitudes.
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