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Abstract: Measurements of muon flux in the atmosphere have been performed by Lebedev Physical 
Institute during the Antarctic sea expedition in November 1975 – March 1976 period. This survey 
covered a wide range of latitudes with geomagnetic cutoff rigidities Rc from 0.8 up to 14.2 GV. The 
data on muon flux as function of atmospheric depth (X~ 10-1000 g⋅cm-2) were obtained. On the other 
hand, based on GEANT4 facilities we have calculated the secondary muon fluxes produced by 
Galactic Cosmic Rays (GCRs) in the atmosphere at different Rc during solar activity minimum epoch. 
The experimental and calculation results as well as their comparison are presented in the paper. 

Introduction 

Set of balloon measurements of muon flux in the 
atmosphere was performed by Lebedev Physical 
Institute, Russian Academy of Sciences in 
Antarctic sea expedition at several locations 
during solar activity minimum (in November 
1975 - March 1976). The measurements were 
carried out at atmospheric depths of 10 - 1000 
g⋅cm-2 with a detector consisting of Geiger 
counters and a lead filter separating them. To 
compare the experimental results and expected 
ones we simulated Galactic Cosmic Rays 
transport in the atmosphere using the 
PLANETOCOSMICS code based on GEANT4 
[1,2,3]. Both experimental data on muon fluxes 
distribution in the atmosphere and results of 
simulation are very important to analyze GCR 
hadronic interaction features, effect of 
geomagnetic field (especially in the low 
momentum range of muons), estimations of 
neutrino fluxes in the atmosphere, etc. [e.g. 
4,5,6,7]. 

Experimental data 

We measured absolute muon fluxes in the 
atmosphere using detector consisted of 8 Geiger 
counters (1.9 cm in diameter and 9.8 cm in 

length; 0.05 g⋅cm-2 steel walls) separated by lead 
(Pb) filter of 2.5 cm thickness (Figure 1). The 
device output was organized in 3 channels: CH1 
is a count rate of a single counter 2 only, CH2 is a 

count rate of particles passing through the  

 
counters 2 and 7, and CH3 is a count rate of 
simultaneous pulses in counters 2, 7 and in any of 
counters 1, 3, 4-6 or 8. In this way we separate 
omnidirectional flux of ionizing particles (CH1), 
air showers (CH3) and hard cosmic ray 
component (muons with energy >100 MeV and 
protons) in the atmosphere. In this paper we 
present observational results on muon flux 
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Figure 1: A detector scheme: eight Geiger 
counters (1-8) arranged as a vertical 
telescope, with a 2.5 cm thick Pb filter in 
the center. 
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distribution in the atmosphere  at several 
geographical (geomagnetic) locations (see Table). 
We used data recorded by CH2 of the device, 

which relate to the measurements of >100 MeV 
muons (N) and primary particles of GCRs (Npr) in 
the atmosphere. A primary flux contribution at 
different levels of atmospheric depth (X) can be 
expressed in the form Npr=Noexp(-X/Xo), where 
No is a primary cosmic ray flux (e.g. No=100 cm-2 
s-1sr-1 at location of Rc=13.6 GV) and 
characteristic absorption length Xo=100 g⋅cm-2. 
Then the difference N=Ntot-Npr will represent the 
muon flux contribution in the total count rate Ntot 
of channel CH2 at selected level X in the 
atmosphere. Thus muon flux absorption curve in 
the atmosphere at several locations was estimated 
from our experimental data (see Figure 2). It 
allows to determine important features of 
atmospheric muon flux spatial distribution, 
namely: (1) count rate maximum of muon flux in 
the atmosphere depends on the geomagnetic 
cutoff rigidity of the location (Rc) as Nmax(min-1)= 
149.12 -  48.12ln(Rc)  (see Figure 3). The ratio of 

Table: Geomagnetic locations of the cosmic ray 
ballooning during sea expedition in November 
1975 - March 1976. In parenthesis is a number of 
balloon flights at each location.  

# Mean  
Rc 

(GV) 

Geomagnetic cutoff rigidity of 
locations and balloon flight 
numbers  

1 1.0 1.14 (2); 0.88 (2) 

2 2.4 2.40 (1) 

3 4.5 4.81(2); 4.70 (1); 4.49 (2)  

4 7.6 8.00(2); 7.30 (1); 7.02 (1); 7.64(2) 

5 8.3 7.02 (1); 7.30 (1); 7.64 (2); 8.00 
(2);  9.44 (1);  9.75 (2) 

6 11.3 11.09 (1); 11,39 (1); 11.79 (2); 
12.62 (1) 

7 13.6 13.17 (2); 13.43 (1); 13.98 (1); 
14.17 (1) 

 

Figure 2: Count rate of > 100 MeV muons  as a 
function of atmospheric depth at several  
locations (Rc=1÷13.6 GV) during solar activity 
minimum (November 1975 - March 1976  
period).  

Figure 3:  Maximum > 100 MeV muons count 
rate in the atmosphere as a function of the Rc 
of geomagnetic location.  

Figure 4: Atmospheric depth X corresponding to 
the maximum of muon flux in the atmosphere as 
a function of geomagnetic cutoff rigidity (Rc) of 
location.  
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Figure 6: Comparison of experimental data and  
simulation results: muon flux (E>100 MeV) 
absorption spectra in the atmosphere at 
geomagnetic location with Rc=13.6 GV.  

Nmax(Rc=1 GV)/Nmax(Rc=13.6 GV) is equal to 6.3  
(2)  maximum of > 100 MeV muon absorption 
curve position in the atmosphere X depends on 
the cutoff rigidity of the location (Rc)  as   
X(g⋅cm-2)=9.8Rc(GV)+31.3 For example, the 
maximum position shifts from X≈40 g⋅cm-2 at 
Rc≈1 GV to X≈150 g⋅cm-2 at Rc=13.6 GV (Figure 
4).  Also we note the muon flux maximum 
position in the atmosphere should not depend on 
Rc  below  Rc≈1-1.5 GV. 

Simulation of the proton transport in 
the atmosphere 

We simulated the interaction of galactic cosmic 
ray population - protons with the Earth's 
atmosphere using the Monte Carlo 
PLANETOCOSMICS code based on Geant4 [1-
4; cosray.unibe.ch/~laurent/planetocosmics]. The 
code takes into account the following processes: 

bremsstrahlung, ionization, multiple scattering, 
pair production, Compton scattering, 
photoelectric effect, elastic and inelastic nuclear 
interaction, and the decay of particles. In previous 
studies we show a validity of the 
PLANETOCOSMICS code application in 
analysis of balloon observations in the 
atmosphere during solar proton events and 
precipitations of magnetospheric electrons into 
the Earth’s atmosphere [e.g. 8,9,10].  In this paper 
the GCR proton component is considered as 
isotropic at the top of the atmosphere and their 
energy spectra at solar activity minimum was 
described by equation J(E)[#/m2⋅s⋅sr⋅MeV] 
=D⋅Eα/(0.01E+B)4 + C⋅exp(-0.01E), where E is 
proton kinetic energy (MeV), D=16, B=8,α=1.3 
and C=1.1 [11]. The primary proton energy range 
of 10 - 106  MeV was chosen in simulation. We 
compute the upward and downward fluxes of 
secondary protons, electrons, positrons, photons 
(gamma), pions and muons for 28 atmospheric  

 

 

 

 

 

 

 

 

 

 
depth levels from the ground up to the top of the 
atmosphere (X = 0.05, 5, 10, …, 1000 g⋅cm-2). 
The energy spectra of these secondaries were 
calculated at selected atmospheric levels (see 
Figure 5 for muon spectra). Finally we calculated 
> 100 MeV muon absorption spectra in the 
atmosphere.  Figure 6 shows comparison of 

Figure 5: Result of simulation: muon 
differential energy spectra at several  
atmospheric levels X (50,100 and 500 g⋅cm-2) at 
location with Rc=13.6 GV. The omnidirectional 
fluxes (integration over 4π) and downward 
fluxes coming from 2π angle   are shown by 
filled and open symbols, correspondingly.  
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experimental data and results of Monte Carlo 
simulation related to > 100 MeV muon flux at 
geomagnetic location Rc=13.6 GV. To determine 
muon flux from experiment we suggest cos2θ 
shape of angular distribution of muons at any 
atmospheric level. Simulation results correspond 
to downward muon flux integrated over 2π at any 
atmospheric level produced by protons of GCRs. 
We multiply these data by factor 2 in order to take 
into account muon production by He and other 
nuclei species of GCRs in the atmosphere. We 
note that the experimental data and simulation 
result are nearly the same with the exception of 
low and high altitudes range where the accepted 
muons angular distribution is not valid. We plan 
simulate our experimental device response using 
GEANT4 Monte Carlo facilities. 

Conclusions 

We present experimental results on muon flux 
measurements in the atmosphere at several 
geomagnetic locations (geomagnetic cutoff 
rigidities Rc≈1-13.6 GV) obtained during the 
Antarctic sea expedition in November 1975–
March 1976. The data on > 100 MeV muon flux 
absorption in the atmosphere were obtained. It 
allows to determine important features of 
atmospheric muon flux spatial distribution as 
follow (1) the dependence of count rate maximum 
of muon flux in the atmosphere on the cutoff 
rigidity Rc of the location can be expressed in the 
form Nmax(min-1)= 149.12 -  48.12ln(Rc) and (2) 
atmospheric depth X corresponding to the 
maximum of muon flux in the atmosphere 
depends on the cutoff rigidity of the location (Rc) 
and can be estimated from the expression as 
X(g⋅cm-2)=9.8Rc(GV)+31.3. On the other hand 
based on GEANT4 facilities we have calculated 
the secondary muon fluxes produced by GCRs in 
the atmosphere at several locations during solar 
activity minimum epoch. We found small 
discrepancy between experimental data and 
calculation results at low and high altitudes. We 
plan to simulate our experimental device response 
using the GEANT4 Monte Carlo facilities in 
order to determine the reason of this discrepancy. 
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