Heliospheric modulation of galactic cosmic rays:
Effective energy of ground-based detectors
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Variability of Galactic cosmic ray (GCR) is often expressed in terms of the modulation potential, which is typically assessed using energy-integrating ground-based detectors, such as neutron
monitors (NMs) for the last decades or cosmogenic isotopes on the time scales of centuries and
millennia. In order to estimate the energy dependence of the GCR variability we re-assess here
the effective energy Eeff of each type of detector, which is defined so that the variability of the
GCR particles at this energy is equal to that of the detector’s count rate. We found that Eeff is
11–12 GeV/nuc for the standard polar sea-level neutron monitor, but it is essentially smaller for
cosmogenic isotopes, being 6–7 GeV/nuc for 14 C and 5.5–6 GeV/nuc for 10 Be, respectively. It is
also discussed that this effective energy is robustly defined and is hardly dependent on the primary
assumptions on the local interstellar spectrum (LIS) of GCR.
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1. Introduction

2. Cosmic ray detection
The Earth’s atmosphere is thick, and energetic cosmic ray particles cause a complicated nucleonicmuon-electromagnetic cascade, whose secondaries are registered by ground-based detectors, which
are energy-integrating devices.
2.1 Neutron monitor
A neutron monitor (NM) is a standard detector to register GCR variability on the time scales
from an hour up to a solar cycle. The world-wide network (several tens of the standard-design
detectors around the Globe – see http://www.nmdb.eu) exists since 1951. Count rate of a NM is
caused by the local flux of secondary nucleons. It can be presented as follows (see, e.g., [6]):
m

N(t) = ∑

Z ∞

i=1 Ec,i

Yi (E) · Ji(E,t), dE,

(2.1)

where summation is over i-th species of the primary CR (protons, α -particles, heavier nuclei),
J(E,t) is the energy spectrum of CR outside the Earth’s magnetosphere, Y (E) is the yield function
of a NM which depends of kinetic energy, E, of the primary CR particles, and Ec is the CR particle’s
kinetic energy corresponding to the geomagnetic cutoff rigidity Pc as

Ec,i =

s

Zi
Ai

2

Pc2 + E02 − E0 ,

(2.2)

where E0 =0.938 GeV/nuc is the rest mass of a proton.
The yield function of a standard NM (a polar sea-level of the type 1-NM64) we use here, has
been calculated elsewhere [12].
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Variability of Galactic cosmic rays (GCR) near Earth is caused by the heliospheric modulation
[1] of the local interstellar spectrum (LIS) which can be assumed roughly constant on the time scale
shorter than a million of years. Here we use, following [2] the LIS model by Vos and Potgieter
[3]. In an ideal case, the spectrum of GCR can be directly measured by balloon- or space-borne
instruments, including precise instruments as PAMELA [4] or AMS [5] for the last decade. The
GCR variability is monitored by the global network of ground-based neutron monitors since 1951
[6] and by ionization chambers since the mid-1930s; the latter may however contain a long-term
drift [7]. Before that, GCR variability can be estimated only by measurements of cosmogenic
radioisotopes in natural archives [8, 9]. The GCR modulation is often described via the force-field
model [10, 11] which offers a single time-variable parameter, the modulation potential [11].
Here we re-define the method to estimate GCR variability by means of using energy-integration
ground-based detectors, including both the NM and the method of cosmogenic isotopes 10 Be and
14 C stored in natural archives.
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Figure 1: Relative variability (in % to the mean level) for the period 1993–2016 of the GCR flux at fixed
energy (as denoted in the legend) as a function of the the Oulu NM count rate variability (X-axis).

2.2 Radiocarbon 14 C
Radiocarbon 14 C is produced in the Earth’s atmosphere as a result of the capture of a thermal
neutron by atmospheric nitrogen. Atmospheric neutrons are secondary particles of the nucleonic
cascade and thus, production of radiocarbon is defined by the GCR flux at any moment. After
production, radiocarbon gets oxidized to carbon dioxide and takes part, as gas, in the global carbon
cycle. Accordingly, it is globally mixed in the terrestrial system. Production of 14 C can be also
described by Equation 2.1 (with the corresponding yield function Y ), which should be additionally
integrated over the Globe. Here we apply the yield function of 14 C production as in [13, 14].

2.3 Cosmogenic 10 Be
Cosmogenic isotope 10 Be is produced as a result of spallation of nitrogen and oxygen nuclei
in the development of a nucleonic cascade in the atmosphere. Then beryllium gets attached to
atmospheric aerosols, which leads to relatively fast sedimentation and deposition upon surface
without being involved into a global cycle. This process can be reasonably well modelled by
atmospheric dynamical models (e.g., [15, 16]). Here we apply the parametrization [15] using
transport coefficients of six large atmospheric ‘boxes’ and the production model of [14].
2
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Figure 2: Ratio of the polar NM count rate to the flux of GCR protons with given energy (as denoted in
the legend) as function of the modulation potential φ . All curves are normalized to the unity in the range of
200–1500 MV, as indicated by the horizontal dashed line.

3. Effective energy
It is typical to describe an energy-integrating CR detector by its ‘effective energy’, which may
have different meanings, such as: fixed energy/rigidity (10 GV for a NM, [17]), median energy
[18, 19], maximum of the differential response function [20], or the integral effective energy [21].
However, these concepts are not intuitively understandable and may fluctuate with a solar cycle.
Here we present a concept of the effective energy Eeff such that the variability of the GCR flux at
this energy is directly proportional to that of the detector’s count rate.
Figure 1 depicts the temporal profile of the data of Oulu NM since 1993, along with the
variability of the flux of GCR protons at fixed energy of 6, 12 and 24 GeV. One can see that while
higher-energy protons (24 GeV) exhibit too low variability of ±4% and lower-energy protons too
high variability (±15%), protons with 12 GeV energy almost exactly correspond to the variability
of Oulu NM count rate (±10%). Thus, the effective energy of Oulu NM is close to 12 GeV/nuc.
We quantify the effective energy Eeff as that which makes the ratio R(E, φ ) = N(φ )/J(E, φ )
nearly constant (between φ 200–1500 MV), as illustrated in Figure 2. The value Eeff = 11.7
GeV/nuc keeps R constant (±1%), while too high or too low energy leads to an essential trend
in the relation. This value is considered as the effective energy for a polar NM. The value of Eeff
does not depend, by construction, on the solar cycle, but it changes with the geomagnetic cutoff
rigidity, as shown in Figure 3.
Similarly, the effective energy can be defined also for cosmogenic isotopes. It slightly depends
on the geomagnetic dipole moment M and LIS models. For the LIS adopted here [3] and the modern
3
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Figure 3: Dependence of the effective energy Eeff of a standard sea-level NM on the geomagnetic rigidity
cutoff.

geomagnetic epoch, the effective energy appears to be equal to 6.6 GeV/nuc (ranging between 6.2–
7.5 GeV/nuc depending on the exact LIS and M) for global 14 C and to 5.5 GeV/nuc (5.2–6.3
GeV/Nuc) for polar 10 Be. The effective energy for cosmogenic isotopes is nearly half of that for
the NM implying that they are sensitive to less energetic cosmic rays than even a polar NM. It
should be noted that by definition this effective energy only relates to the GCR variability. The
effective energy for SEPs is significantly lower, of the order of 200 MeV for 14 C and 10 Be [22],
and 800 MeV for NM [23], because of much softer energy spectrum of SEP.

4. Conclusions
We have offered a new definition of the effective energy of GCR for ground-based measurements. It is defined as the energy, at which GCR protons have the same relative variability as the
count rate of the detector. This effective energy appears to vary for NMs from 11–12 GeV/nuc for
polar up to 33 GeV/nuc for the equatorial location. On the other hand, cosmogenic isotopes are
responsive to cosmic rays of lower energy, with the effective energy being 5–6 GeV/nuc for 10 Be
and 6–7 GeV/nuc for 14 C. This result offers a simple way to interpret the data of GCR variability
obtained by different methods.
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