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sections and of the primary spectral index γ. Approximate analytic
solutions are, however, useful in limited regions of energy [45,46].
For example, the vertical intensity of charged pions with energy
Eπ ≪ ϵπ = 115 GeV is

Iπ(Eπ, X) ≈
ZNπ

λN
IN (Eπ, 0) e−X/Λ X Eπ

ϵπ
, (28.3)

where Λ is the characteristic length for exponential attenuation of
the parent nucleon flux in the atmosphere. This expression has a
maximum at X = Λ ≈121±4 g cm−2 [47], which corresponds to an
altitude of 15 kilometers. The quantity ZNπ is the spectrum-weighted
moment of the inclusive distribution of charged pions in interactions
of nucleons with nuclei of the atmosphere. The intensity of low-energy
pions is much less than that of nucleons because ZNπ ≈ 0.079 is small
and because most pions with energy much less than the critical energy
ϵπ decay rather than interact.

28.3. Cosmic rays at the surface

28.3.1. Muons : Muons are the most numerous charged particles
at sea level (see Fig. 28.4). Most muons are produced high in the
atmosphere (typically 15 km) and lose about 2 GeV to ionization
before reaching the ground. Their energy and angular distribution
reflect a convolution of the production spectrum, energy loss in the
atmosphere, and decay. For example, 2.4 GeV muons have a decay
length of 15 km, which is reduced to 8.7 km by energy loss. The mean
energy of muons at the ground is ≈ 4 GeV. The energy spectrum is
almost flat below 1 GeV, steepens gradually to reflect the primary
spectrum in the 10–100 GeV range, and steepens further at higher
energies because pions with Eπ > ϵπ tend to interact in the atmosphere
before they decay. Asymptotically (Eµ ≫ 1 TeV), the energy spectrum
of atmospheric muons is one power steeper than the primary spectrum.
The integral intensity of vertical muons above 1 GeV/c at sea level is
≈ 70 m−2s−1sr−1 [48,49], with recent measurements [50–52] favoring
a lower normalization by 10-15%. Experimentalists are familiar with
this number in the form I ≈ 1 cm−2 min−1 for horizontal detectors.
The overall angular distribution of muons at the ground is ∝ cos2 θ,
which is characteristic of muons with Eµ ∼ 3 GeV. At lower energy
the angular distribution becomes increasingly steep, while at higher
energy it flattens, approaching a sec θ distribution for Eµ ≫ ϵπ and
θ < 70◦.

Figure 28.5 shows the muon energy spectrum at sea level for
two angles. At large angles low energy muons decay before reaching
the surface and high energy pions decay before they interact, thus
the average muon energy increases. An approximate extrapolation
formula valid when muon decay is negligible (Eµ > 100/ cosθ GeV)
and the curvature of the Earth can be neglected (θ < 70◦) is

dNµ

dEµdΩ
≈

0.14 E−2.7
µ

cm2 s sr GeV

×

⎧

⎪

⎨

⎪

⎩

1

1 +
1.1Eµ cos θ

115 GeV

+
0.054

1 +
1.1Eµ cos θ

850 GeV

⎫

⎪

⎬

⎪

⎭

, (28.4)

where the two terms give the contribution of pions and charged kaons.
Eq. (28.4) neglects a small contribution from charm and heavier flavors
which is negligible except at very high energy [53].

The muon charge ratio reflects the excess of π+ over π− and
K+ over K− in the forward fragmentation region of proton initiated
interactions together with the fact that there are more protons than
neutrons in the primary spectrum. The increase with energy of µ+/µ−

shown in Fig. 28.6 reflects the increasing importance of kaons in the
TeV range [58] and indicates a significant contribution of associated
production by cosmic-ray protons (p → Λ + K+). The same process
is even more important for atmospheric neutrinos at high energy.
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Figure 28.5: Spectrum of muons at θ = 0◦ (! [48], " [54],
! [55], # [56], ×, + [50], ◦ [51], and • [52] and θ = 75◦ ♦ [57])
. The line plots the result from Eq. (28.4) for vertical showers.
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Figure 28.6: Muon charge ratio as a function of the muon
momentum from Refs. [51,52,58,63,64].

28.3.2. Electromagnetic component : At the ground, this
component consists of electrons, positrons, and photons primarily
from cascades initiated by decay of neutral and charged mesons.
Muon decay is the dominant source of low-energy electrons at sea
level. Decay of neutral pions is more important at high altitude
or when the energy threshold is high. Knock-on electrons also
make a small contribution at low energy [59]. The integral vertical
intensity of electrons plus positrons is very approximately 30, 6, and
0.2 m−2s−1sr−1 above 10, 100, and 1000 MeV respectively [49,60],
but the exact numbers depend sensitively on altitude, and the angular
dependence is complex because of the different altitude dependence
of the different sources of electrons [59–61]. The ratio of photons to
electrons plus positrons is approximately 1.3 above 1 GeV and 1.7
below the critical energy [61].

28.3.3. Protons : Nucleons above 1 GeV/c at ground level are
degraded remnants of the primary cosmic radiation. The intensity is
approximately IN (E, 0) × exp(−X/ cos θΛ) for θ < 70◦. At sea level,
about 1/3 of the nucleons in the vertical direction are neutrons (up
from ≈ 10% at the top of the atmosphere as the n/p ratio approaches
equilibrium). The integral intensity of vertical protons above 1 GeV/c
at sea level is ≈ 0.9 m−2s−1sr−1 [49,62].
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Fig. 1. Compilation of results on the charge ratio of vertical
muons in the momentum range up to 20 GeV/c. Experimental
data — see the appendix.

particles was performed by means of a magnetic
field, historically first by solid iron magnetic lenses,
or by combining magnets with a cloud chamber
[7]. Later on magnetic spectrometer set-ups be-
came the most common instruments to measure
charged particle spectra. Different types of de-
tectors were used for refined methods for particle
identification: drift-tube tracking hodoscopes,
time-of-flight systems, transition—radiation de-
tectors, electromagnetic calorimeters, Cherenkov
threshold detectors, etc. In the output signals of
such detectors, cuts are made to separate muons
from other cosmic ray particles, especially from
low-energy electrons. Compact set-ups have been
used in balloon-borne experiments to extend the
measurements to different altitudes in the atmo-
sphere (MASS2 [8], IMAX [9] or HEAT [10]).
The scattered results in the range below a few
GeV/c in Fig. 1 indicate experimental uncertain-
ties. Spectrometers are difficult to use for very low
momenta, due to the large percentage of electrons
present in the secondary cosmic rays and different
acceptances for positive and negative particles.

A different experimental approach is the method
of delayed coincidences [11,12] in which the muons

are identified via their decay by recording a delayed
coincidence between the incoming muon, stopped
in some absorber, and the electron emerging from
the decay. The separation between positive and
negative muons is done by using two different ab-
sorbers, one with low atomic number (graphite or
sulfur) and one with high atomic number (lead). In
the light absorber negative muons are considered
to decay with the same mean lifetime as the positive
muons, while in the heavy one they are captured in
muonic atom orbits and disappear by a nuclear
capture. The atomic and nuclear capture processes
of negative muons have been theoretically studied
in detail [13] and the capture rates have been
measured for almost all elements and for some of
their isotopes [14]. Correct capture rates and mean
life times have been considered in two experi-
ments using a single absorber of large volume:
KAMIOKANDE [15] and KARMEN [16,17].
These devices are neutrino detectors with facilities
for vertex reconstruction and time measurements.
Measurements with KAMIOKANDE, a 2140 t
pure water Cherenkov detector placed 1000 m
underground, reported a muon charge ratio of
1.37$0.06 at 1.2 TeV/c. The KARMEN detector is
a 56m! liquid scintillator and measured 1.28$
0.02 at 5.1GeV/c [17]. In these experiments the
difference between positive and negative muons is
determined by a precise analysis of the decay time
curves of negative muons due to the capture in
oxygen and carbon nuclei, respectively. The mean
lifetime of negative muons in various materials is
given in Table 1. It can be noticed that the differ-
ence to the mean lifetime of the free decay of posit-
ive muons is still small for carbon or oxygen, thus
one needs high statistical accuracy for a good sep-
aration.

In the present experiment aluminum is used as
an absorber to separate positive from negative
muons. The mean lifetime of negative muons is less
than half of the mean lifetime for positive muons,
but still measurable with simple electronics and at
a reasonable decay rate (see Table 1). The alumi-
num absorber is arranged as several passive layers,
alternating with active detector modules. This con-
figuration improves the collection rate against re-
absorption of decay electrons coming from muons
stopped in aluminum.

206 B. Vulpescu et al. /Nucl. Instr. and Meth. in Phys. Res. A 414 (1998) 205—217

B.	Vulpescu	et	al.,	NIM	A	414	(1998)	205.
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