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Spectra of protons and helium directly measured in space by the AMS-02 experiment for the
period 2011-2017 and protons measured by the PAMELA experiment for 2006-2014 provide a
unique opportunity to calibrate ground-based neutron monitors (NMs). Here we present calibra-
tion results of several stable sea-level NMs (Inuvik, Apatity, Oulu, Newark, Moscow, Hermanus,
Athens) using these measured spectra. Four modern NM yield functions were verified: Mil3
(Mishev et al., JGR:SP, 2013), Mal6 (Mangeard et al., JGR:SP, 2016), CM 12 (Caballero-Lopez
& Moraal, JGR:SP, 2012) and CD0O (Clem & Dorman, SSR, 2000). The Mi13 yield function was
found to realistically represent the NM response to galactic cosmic rays. CM12 yield function
leads to a small skew in the solar cycle dependence of so-called NM scaling factors. In contrast,
Mal6 and CDOO yield functions tend to overestimate the NM sensitivity to low-energy cosmic
rays. This effect may be important for an analysis of ground level enhancements (GLEs), leading
to a potential underestimate of fluxes of solar energetic particles as based on data. The Mil3
yield function is recommended for quantitative analyses of NM data, especially for ground-level
enhancements. The results of this work strengthen and validate the method of the cosmic-ray
variability analysis based on the NM data and yield-function formalism, and improves its accu-
racy.
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1. Introduction

Over the last two decades we significantly improved our understanding of the cosmic-ray (CR)
physics, thanks to new generation experiments such as PAMELA [1] and AMS-02 [2].

Both experiments, among other highly appreciated results, provide important new information
about low-energy cosmic rays, where the effects of solar modulation are significant. Published
AMS-02 and PAMELA data covers 11 years of cosmic-ray observations: from 2006 to 2014 for
PAMELA experiment and from 2011 to 2017 for AMS-02 experiment.

Galactic cosmic ray (GCR) flux is modulated by a heliospheric magnetic field (HMF), pro-
duced by the Sun, and HMF changes drastically during cycles of solar activity (11 and 22-year,
27-day or during transient events, such as coronal mass ejections or solar flares).

Traditional way to study the solar modulation of cosmic rays for the last decades since 1950’s
is an analysis of the neutron monitor data. Neutron monitors (NM) are integral detectors suitable for
registration of secondary neutrons generated in nucleonic cascades induced by cosmic-ray particles
penetrating the atmosphere. Since neutron detectors register secondary particles it is impossible to
reconstruct the initial spectrum of different cosmic-ray species. But it is possible to solve the
inverse problem: by assuming the spectrum of primary particles to reconstruct the NM response.
The most modern way to do it is the use of the neutron-monitor yield function, using this method
the NM count rate can be computed as:

N(P.,h,t) :Z/w./j(R,t) -Y;(R,h)-dR (1.1
j Tk

where Y;(R, h) is the yield function of the NM (located at height /) for primary cosmic-ray particles
of type j (protons, helium, heavier species), and J; is the differential rigidity intensity of primary
particles of type j at the Earth’s orbit but outside the magnetosphere and atmosphere. Yield func-
tion (YF) merge the processes of the particle propagation through the Earth’s atmosphere and the
detection response of a NM to secondary particles generated in the atmosphere.

The new AMS-02 and PAMELA data for proton spectra and the AMS-02 data for helium
spectra with Bartels/Carringron rotation time resolution gives an excellent opportunity to calibrate
the neutron monitors and validate yield functions, because in this case we know the initial CR
spectra and the neutron monitor response experimentally. So in this work we have tested four
modern yield functions and made a comparison of reconstructed solar modulation potential for
both NM data and PAMELA/AMS-02 data.

In this report only a short description of obtained results is presented, for a more detailed
description of methods and results please refer to [3, 4].

2. Selection of data

For this analysis we used two publication of the PAMELA collaboration with Carrington ro-
tation time resolution proton spectrum data for 2006 — 2010 [5] and 2010 — 2014 [6] and a recent
AMS-02 collaboration publication considering the proton and alpha-particle fluxes for period 2011
— 2017 with Bartels rotation (BR) time intervals [7].

NM data was taken using dedicated web-servers for Oulu (cosmicrays.oulu.fi) and
Apatity (pgia.ru/CosmicRay/) NMs and using the NMDB database for other NMs. Data
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from seven NMs were considered: Inuvik (geomagnetic cutoff rigidity P.=0.3 GV), Apatity (0.65
GV), Oulu (0.8 GV), Newark (2.4 GV), Moscow (2.43 GV), Hermanus (4.58 GV), Athens (8.53
GV).

3. Yield function calibration

Four modern yield function were considered in this analysis: Mil3 [8], Mal6 [9], CM12 [10],
CDOO [11].

For all these functions averaged count rates were calculated from the real data and recon-
structed with the AMS-02 proton and helium data for the same periods using Equation 1.1.

Previously the nucleonic ratio of the heavier species (including all species with z > 1) to
protons in the local interstellar spectrum (LIS) was taken fixed as about 0.3 of proton spectra [12].
In this work we independently from protons considered the heavier-than-proton particles for a first
time by using direct measurements of various cosmic ray species spectra made by AMS-02 and
other experiments. As input parameter of our model we used the measured helium spectra for each
BR, assuming that all helium is “He. Heavier-than-helium species for each BR period have not
been published yet, so that only time-integrated over several years spectra have been used for this
study. Since the heliospheric modulation of all heavier species is expected to be similar to that of
helium, because of the similar charge-to-mass ratio, Z;/A;, they can be roughly scaled to each other
and their ratio to helium in rigidity is expected to be constant irrespectively of the modulation level.
Therefore, for each heavier specie we assumed that the time-dependent spectrum can be obtained
by scaling the measured time depended spectrum of helium.

We performed a full recalibration of the NM response and verified the validity of the yield
functions using, as J;(R,t), the spectra of protons and helium (the latter scaled to account for
heavier species, as described above) measured by AMS-02 with BR scale over 2011 —2017. Using
equation 1.1 we reconstructed the expected count rates of several stable NMs covering the range
from mid to high geomagnetic latitudes using the AMS-02 spectra of protons and helium and
compared these expected count rates with the measured ones.

Through this method we reconstructed the relevant scaling factor k, defined as the ratio of the
modeled to measured count rates. In Table 1 scale factors k are summarized for seven NMs and
four YFs. The scaling factors x are usually slightly greater than unity, indicating that the efficiency
of a NM is slightly lower than that of an ideal NM. This is related to the local environment (e.g.,
constructions above the NM) or electronic setup (high voltage or dead time). These close-to-unity
Kk values were obtained for Mil3 and Mal6 YFs. CM12 YF systematically but not drastically
differs from the unity. CDOO yield function leads to too high scaling factors, suggesting that it may
overestimate the NM response.

The linear correlations between scaling factor kK and count rate of the NMs were constructed
considering all BRs and corresponding linear regression slopes s were calculated.

In Figure 1 we show the regression slopes s as function of the geomagnetic cutoff rigidities
P, for four considered yield functions. One can see that the Mil3 produces no significant relation
even for the high-latitude NMs. On the other hand, all other yield functions lead to a statistically
significant relation between the two quantities for polar NMs, which decreases toward higher cutoff
rigidities and disappears for Athens NM. The strongest relation (as high as 3.5-4%/Hz) is for Mal6
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Table 1: Parameters (name, effective vertical geomagnetic cutoff rigidity P, and altitude) of the used NMs
along with the found scaling factors x (see text) for the four yield functions studied here: Mil3, Mal®6,

CM12 and CDO0O. Error bars represent the standard error of the mean k over all BRs.

NM F. (GV) Alt(m) Kk Mil3 kK Mal6 Kk CM12 k CD0O
Inuvik 0.3 21 1.333+£0.003 1.237+0.011 1.533+0.005 1.833+£0.011
Apatity 0.65 177 1.474£0.005 1.364£0.012 1.69+0.006 2.02140.012

Oulu 0.8 15 1.1994+0.003 1.113+0.010 1.378+0.004 1.649£0.011
Newark 24 50 1.311£0.006 1.207£0.011 1.505£0.007 1.789+0.011

Moscow 243 200 1.366+£0.004 1.256+0.009 1.569£0.005 1.862+0.010
Hermanus 4.58 26 1.308+£0.003  1.1424+0.005 1.471£0.004 1.677+0.005
Athens 8.53 260 1.14+0.007  0.927£0.007 1.2474+0.007 1.348+0.007

and CDOO yield functions and quite moderate (= 1%/Hz) for CM12 one. This implies that these
yield functions may introduce an additional bias of up to 10% within a solar cycle, where the NM
count rate varies by 1-2 Hz per counter, and that most of the yield functions tend to overestimate
the response of a NM to low-energy cosmic rays (below several gigavolts). This leads to a positive
relation between x and the count rate. On the other hand, the fact that the relation is absent even
for polar NMs for the Mil3 yield function suggests that the low-energy part of this yield function is
correct. Although this effect is not large for GCRs, within 10%, it may be important for a study of
solar energetic particle events, leading to a potential underestimate of their flux. Since all the yield
functions lead to no relation for Athens NM, we may assume that all of them correctly reproduce
the NM response in the rigidity range above 8 GV.
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Figure 1: The slope of the linear regression between the scaling factor x and the count rate, along with the
standard error, for different yield functions (colors as denoted in the legend) and NMs, characterized by their
geomagnetic cutoff rigidity P..
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4. Reconstruction of the solar modulation potential

The new AMS-02 data cover a wide range of solar modulation, from low activity in 2011 to
the maximum in 2014 and again to the declining phase toward a new minimum, while PAMELA
data covers the period from 2006 to 2014, covering decreasing, minimum and increasing phases of
solar activity.

Transport and modulation of GCR in the heliosphere is described by the Parker transport equa-
tion [13], which includes four main mechanisms: diffusion, convection and adiabatic cooling in the
radially expanded solar wind as well as drifts in HMF. In 1967 Gleeson and Axford [14] proposed
an analytical solution for a simplified version of the Parker equation, which uses only one param-
eter describing the solar modulation strength: the solar modulation potential ¢. Although it has
little physical sense because of the simplified assumptions, the force-field model provides useful
for practical purposes parametrization of the near-Earth GCR spectrum.

Here we describe the work performed to check the validity of the force-field approximation.
Spectra of protons measured for each BR were individually fitted with the force-field model to
define the corresponding modulation potential ¢. The force-field model links the energy spectrum
of GCR particles of a given type J near Earth with their reference intensity outside the heliosphere,
called the local interstellar spectrum (LIS) Ji s, so that

T(T +2T)
(T +D;)(T + D, +2T;)

where T is the kinetic energy per nucleon, 7 = 0.938 GeV is the proton’s rest mass, and

Ji(T,¢) = Jus, (T +P;) 4.1

®; = ¢ - (eZ;/A;). The exact value of the modulation parameter depends on the reference LIS, here
we used a recent estimate of the proton LIS by Vos & Potgieter [15].

The measured by AMS-02 and PAMELA proton spectra were fitted with the force-field model
(Equations 4.1) using the y> method (as described by [3]). We fitted the proton spectra in the en-
ergy range 1 —30 GeV/nucleon, since this energy interval is affected by solar modulation. The fit
agrees with the data within £10% for the solar maximum period and within a few % during the
ascending and descending phases of the solar cycle. During quiet periods, the quality of the fit is
better than for periods with high activity. This is understandable, since solar modulation is more
complicated, in particular by propagating barriers, during active than during quiet periods. Never-
theless, the fits are good even during active periods. We note that the force-field approximation is
not thought to precisely reproduce the exact spectrum of particles near Earth, but only provides a
reasonable parameterization for it. The obtained 10% accuracy is fairly good for practical purposes
of assessing the cosmic-ray-related atmospheric effects and fully validates the use of the force-field
model for applications, while it should not be applied for a detailed study of cosmic rays.

Figure 2 shows the time dependence of obtained ¢-value from the AMS-02 and the PAMELA
data and reconstructed values from the NM network [12], which were normalized to PAMELA
data for 2006 —-2010, and thus the new AMS-02 and PAMELA 2010 — 2014 data serves as a direct
test for the reconstruction. The AMS-based values lie close to the PAMELA-based ones during
the time of their overlap, that shows that the GCR proton spectra measured by both experiments
are consistent. The NM-based modulation potential looks systematically too low, by 50—-70 MV
during the solar maximum, and agrees with the AMS-based ones for the times of moderate solar
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activity and then exceeds the fitted values by =~ 40 MV after 2016. Here we also plotted the
NM-based values of ¢ reconstructed using the NM calibration with the AMS-02 data (denoted as
magneta solid line). Comparison between NM-based ¢-values normalized to PAMELA and AMS-
02 data shows the systematical error of the developed method of ¢ reconstruction. Namely, there
is up to 20 MV difference in reconstructed ¢ values using different datasets (PAMELA 2006-2009
and AMS-02 2011-2017).
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Figure 2: Values of the modulation potential ¢ reconstructed here from space-borne (symbols) and NM-
based (solid curves) data. ¢-values are from [4] for AMS-02 data, [3] for PAMELA and [12] for NM-based
data (black line). The ¢ reconstructed from the NM data with calibration to the AMS-02 dataset is shown
with solid magneta curve.

5. Conclusion

The newly published spectra of protons and helium measured directly by AMS-02 collabo-
ration for the period 2011 —2017 for individual 27-day BR periods allowed us to perform the full
calibration and verification of the ground-based NM detectors. We have presented the result of
calibration of seven stable sea-level NMs (Inuvik, Apatity, Oulu, Newark, Moscow, Hermanus,
Athens) using four modern NM yield functions (Mi13, Mal6, CM12 and CD00), by comparing
the calculated NM count rates, on the basis of the cosmic-ray spectra measured by AMS-02 with
those actually recorded for the corresponding time intervals. The Mil3 yield function was found
to realistically represent the NM response to GCRs. In contrast, Mal6 and CDOO ones tend to
overestimate the NM sensitivity to low-energy cosmic rays, leading to a possible bias, of the or-
der of 5-10%, for the 11-year cycle in GCR. This effect may be crucial if these yield functions
are applied to an analysis of ground level enhancements, caused by solar energetic particles with
much softer spectrum than GCR. In particular it may lead to a significant underestimate of fluxes
of solar energetic particles as based on NM data. Accordingly, these yield functions need a revision
in the lower-rigidity part. CM12 yield function also depicts a possible small overestimate of the
low-energy sensitivity of a NM, leading to a few percent bias. We recommend to use Mil3 yield
function for quantitative analyses of NM data.
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We have also checked the validity of the force-field approximation using AMS-02 and PAMELA
data for period 2006 — 2014 and found that it indeed provides a good parametrization for the di-
rectly measured proton spectra, within a 10% uncertainty. The accuracy of the approximation is
very good (within a few %) for periods of low to moderate activity and slowly degrades to ~ 10 %
for active periods.
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