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Abstract: The zenithal dependence of muon flux which reaches the earth’s surface is well known as proportional to
cosn(θ). Generally, for practical purposes and simplicity in calculations, n is taken as n= 2. However, compilations
of measurements show dependence on the geographical location of the experiments as well as the muons energy
range. Since analytical solutions appear to be increasingly less necessary because of the higher accessibility to
low cost computational power, accurate and precise determination of the value of the exponent n, under different
conditions, can be useful in the necessary calculations to estimate signals and backgrounds, either for terrestrial
and underground experiments. In this work we discuss a method for measuring n using a simple muon telescope
and the results obtained for measurements taken at Campinas (SP), Brazil (22o 54’ W, −41o 03’, 854 m asl). After
validation of the method, we intend to extend the measurements for different geographic locations due to the
simplicity of the method, and thus collect more values of n than currently exist in compilations of general data on
cosmic rays.
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1 Introduction
Muons represent 10% of the energy of an extensive air

shower and because of their heavy mass and relativistic
behavior, are the most abundant particles at ground level
produced by the cosmic radiation. Therefore, they allow
the indirect detection of cosmic rays in the surface, trough
the reconstruction of the air shower, using data took by d-
ifferent detectors working in time coincidence to infer the
direction of the primary particle. This technique was suc-
cessfully used in many experiments, like the Pierre Auger
Observatory [1] for ultra-high energies. Muons also repre-
sent a source of noise in other particle physics experiments,
like underground neutrino detectors. For these reasons it is
very important to study their flux at the surface.

The muon flux has a peculiarity: it describes an anisotrop-
ic angular distribution that goes with a cosnθ , θ being the
zenith angle. This feature was widely discussed, especially
the parameter n which was established [2] as n = 2. But
there is no reason for this assumption to be generalized.
This value for the parameter(n) may depend on the region
of the planet, altitude and period of the measurements, and
also be related to the energy range considered.

This work proposes a simple experimental method to
measure n, as a first step to study the muon flux in details
and check the dependences aforementioned. It makes use
of a muon telescope made of three paddle shaped scintilla-
tor detectors, vertically aligned, operating in time coinci-
dence. Counting rate measurements are made for different
distances between the outermost paddles. Each distance de-
fines an aperture for the telescope, which is related to the
geometry of the arrangement and the zenith dependence of
the flux of incoming particles.

In next session, a theoretical approach to the telescope
aperture Γ and the muon flux are set forth. Section 3
shows the method developed to obtain n. Finally, section
4 describes the experimental setup used and the results
obtained.

2 Aperture of a particle telescope
A vertical arrangement of detectors, at a fixed distance

between them, defines an acceptance range of zenital angles
that grants the collection of particles striking the detectors.
This is given by the aperture1 of the telescope, Γ. To define
it we must write an expression for the counting rate of the
telescope [3]:

C(~x, t0) =
∫ t0+T

t0
dt
∫

S
d~σ · r̂

∫
Ω

dω

∫
∞

0
dE×

×∑
α

εα(E,~σ ,ω, t)~Jα(E,ω,~x, t) (1)

where

• C is the counting rate in s−1 during a time interval t
between t0 and t0 +T ,

• Jα and εα are, respectively, the spectral intensity
and the detection efficiency of the α th particle in
s−1cm−2sr−1E−1,

• d~σ is the infinitesimal element of area of the last
sensor with total area S,

• dω is the infinitesimal element of solid angle inside
the domain Ω(θ ,φ),

• ~x is the spatial coordinate of the telescope,

• r̂ is the unit vector in the direction of ω , and

• r̂ ·d~σ is the effective element of area looking into ω .

Although equation (1) is quite general, there are still
some assumptions that must be taken into account, like

1. Other acceptable terms are gathering power and angular accep-
tance
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1. d~σ ,ω and ~x are all time independent, because the
telescope is at rest;

2. There are not any decays or transformation of parti-
cles through the passage by the detector, unless it is
specified in εα ;

3. There is not any kind of process that could deviate
the particle linear trajectory;

4. Jα is independent of σ and εα is independent of~x.

For further simplifications lets consider an ideal tele-
scope with its efficiency independent of ω,σ and t leading
to

εα = 0, α 6= 1
ε1 = 1, Ei ≤ E ≤ E f (2)
ε1 = 0, otherwise.

Henceforth, the subscript can be dropped. Assuming that
the spectral intensity of the particle has no dependance in~x
and t, it can be rewriten as

~J(E,ω) = J0(E)K(ω) (3)

which leads to a simplification of equation (1)

C =

[∫
Ω

dω

∫
S

d~σ · r̂K(ω)

]∫ E f

Ei

dEJ0(E). (4)

The aperture Γ is then defined as the term between the
square brackets in equation (4)

Γ≡
∫

Ω

dω

∫
S

d~σ · r̂K(ω)

=
∫

Ω

dωK(ω)D(ω) (5)

where D(ω) defines the Directional Response Function

D(ω)≡
∫

S
d~σ · r̂. (6)

For rectangular detectors which defines a axis-simetrical
telescope, the counting rate for individual particles is given
by

dN
dt

=
∫

Ω

dωI(ω)D(ω) (7)

Assuming that the radiated particles have an angular
distribution I(ω) = I0K(ω) = I0cosnθ , cosθ = Z/r (figure
1), then equation (7) can be rewrited as

dN
dt

= I0

∫
Ω

cosn
θdω

∫
S

d~σ · r̂ = I0Γn (8)

where Γn is the already defined aperture. Therefore, the
counting rate is proportional to the telescope geometry with
I0 defining the vertical flux of particles passing through it.

The integration of D(ω) (equation(6)) for an element
of area dσ2 = dx′dy′ (figure 1), returns the directional re-
sponse in function of the detector’s geometrical parameters
X, Y and Z:

D(ω) =
∫

S
d~σ · r̂ =

∫
cosθdx′dy′

= cosθ(X−|Ztanθcosφ |)(Y −|Ztanθsinφ |) (9)

Fig. 1: Schematic arrangement of detectors for the calcula-
tion of aperture. Extracted from [4].

Applying equation (9) in (7), an expression for the counting
rate in the ω direction is defined:

d2N
dωdt

= I0 = cosn+1
θ(X−|ξ |)(Y −|η |) (10)

where

ξ ≡ Ztanθcosφ , (−X ≤ ξ ≤ X)

η ≡ Ztanθsinφ , (−Y ≤ η ≤ Y ) (11)

Therefore, using equation (7), a final expression for the
aperture Γn can be obtained

Γn =
1

Z2

∫ X

−X

∫ Y

−Y
cosn+4(X−|ξ |)(Y −|η |)dξ dη

=
4

Z2

∫ X

0

∫ Y

0
cosn+4(X−ξ )(Y −η)dξ dη

= 4Zn+2
∫ X

0

∫ Y

0

(X−ξ )(Y −η)

[Z2 +ξ 2 +η2](n+4)/2 dξ dη . (12)

3 Experimental methodology
3.1 Experimental setup

The muon telescope used in this work consists of three
detectors of plastic scintillator (0,4 x 0,4 x 0,05 m3) with
light guides coupled to photomultipliers (PMTs). Each de-
tector is connected to a high voltage power supply adjusted
to its optimum value (the one that ensures maximum effi-
ciency of the PMT). Particles crossing the scintillators gen-
erate light pulses converted to analogical electric signals,
processed with NIM and CAMAC standard modules, for
discrimination, time coincidence and counting.

The rate of single counting, double (considering the
outermost detectors) and triple coincidences were recorded
every ten minutes for a period of 4 hours, giving a set of
measurements for each height of the telescope, ranging
from 0.3 to 2.1 meters. The efficiency ε of the telescope was
evaluated taking the ratio ε = NT/ND between triple and
double coincidences for each distance. All frequency data
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Fig. 2: χ2/NDF obtained for different values of n.

were normalized considering the efficiency of each detector.
We have to mention that during data taken the atmospheric
pressure was monitored, but no significant modulations of
the telescope counting rate was observed in correlation with
amplitude of pressure variations.

The same procedure described above was done putting a
layer of 5 cm of lead above the last detector (closer to the
ground), to select particles with energy E > 100 MeV.

3.2 Estimation of the parameter n
Given the dimensions of a telescope (X, Y and Z), the

aperture Γn can be calculated with equation (12) for any
value of n. Γn is obtained for different values of Z (the
distance between the outermost detectors) using Γn and the
measured counting rate of particles, it is possible to obtain
the muon flux trough relation (8), from a linear fit over
counting rate vs. aperture data.

The parameter n can be estimated repeating this previous
calculation for different values of n and evaluating the
reduced χ2, normalized by the number of degrees of fredom
(χ2/NDF), for each value of n. Figure 2 shows results for
5000 random values of n, selected within a suitble range,
and the calculated χ2/NDF for the telescope described in
the previous section. The best value for n is chosen as the
one which minimizes the χ2/NDF and its deviation was
defined by the 68% of confidence level region.

4 Results
Figure 3 shows the results obtained for both telescope

assemblies, with no energy selection and with the lead ab-
sorber. The non-linear dependence of the counting frequen-
cy on telescope sensors separation is in agreement with the
expected values from equations 8 and 12. It can also be
seen that there is a global down-shift in data from the case
we used the lead absorber, thus consistent with the energy
cut applied.

Following the method described in section 3, the value
of n which minimizes the χ2/NDF of the linear fit from
frequency vs. aperture was calculated for data acquired with
both assemblies. These fits are shown in figures 4 and 5 for
the optimum value of n. The results for n and the flux Φ are
summarised in table 1. As mentioned before, deviations in
n were determined by the 68% of confidence level region
whereas the flux deviations were obtained straight from the
error for the angular coefficient of the linear fit.

These results are consistent with other measurements [5]
and also shows self-consistence. Some discrepancy between

Height (m)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

F
re

qu
en

cy
 (

H
z)

0

2

4

6

8

10

12

100 MeV Cut

No Energy Cut

Fig. 3: Data taken with the muon telescope described in
section 4, with the lead layer (blue dots) and without an
energy cut (green squares).

 sr)2Aperture (m
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

F
re

qu
en

cy
 (

H
z)

0

2

4

6

8

10

12

 sr 2 0.68 Hz/m±Flux = 94.72 

 = 22.4/9 
NDF
2χ

Fig. 4: The best fit for the frequency dependence with the
telescope aperture without a lead absorber.
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Fig. 5: The best fit for the frequency dependence with the
telescope aperture with a lead absorber.

Table 1: Values of n and Flux(Φ) for each assembly.
Energy Cut n Φ(Hz/m2sr) χ2/NDF

No cut (1.46+0.19
−0.18) (94.72±0.68) 22.4/9

100 MeV (1.51+0.16
−0.15) (73.10±0.61) 2.9/11

the vertical flux quoted in this work and a previous one
measured at the same location [4] have to be cross-checked
with expected variations due the solar cycle.
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5 Summary
Generally, the muon signals and backgrounds in particle

physics experiments are estimated assuming the index n
of zenith angle dependence as n = 2, but n may depend on
the location of the measurements and other conditions. A
rather simple and fast method to determine local values for
the cosn dependence of the muon flux in the surface was
described. It can be done with a telescope with variable
distance between the outermost detectors and not requires
any further inclined detector arrangement. With this simple
method, it is possible to simultaneously measure n and the
vertical flux, avoiding assumptions about generic and/or
typical values.

Our measurements of the muon flux in Campinas, Brazil,
with plastic scintillator detectors, result in the following val-
ues: Φ = (94.72±0.68)Hz/m2sr, and n = (1.46+0.49

−0.46), in
case of no energy cuts. The energy selection E > 100MeV
by adding a 5 cm layer of lead to the lowest level sensor
of the telescope, resulted in Φ = (73.10± 0.61)Hz/m2sr
and n = (1.51+0.65

−0.60) . This experimental results are compat-
ible with other measurements [5], and are different from
the expected value for n, which is usually taken as n = 2 as
discussed in the text.

These measurements can be easely performed in differ-
ent locations, providing a broader range of physical mea-
surements beyond the muon flux intrinsic features such as
zenith angle dependence or vertical intensity. Possible ob-
servations in variations of these parameters can be related to
height, latitude, pressure and energy cut-off effects induced
by phenomena like the geomagnetic anomaly, injection of
coronal mass, and changes in the solar activity cycle. In a
future work, a compilation of other results will be used for
this purpose.
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