
VOLUME 31, NUMBER 7 1 APRIL 1985PHYSICAL REVIEW D

O. C. Allkofer, W. D. Dau, H. Jokisch, G. Klemke, and R. C. Uhr
Institut fiir Reine und Angetvandte Kernphysik, University of Kiel, Kiel, Federal Republic of Germany

G. Bella and Y. Oren
Department of Physics and Astronomy, Tel Av-iv University, Tel Aviv, -Israel

(Received 15 November 1984)

The energy spectrum of the primary cosmic radiation has been derived from measurements of the
muon energy spectrum at sea level with the DEIS spectrometer. The measured data have been fit-
ted with production models using least-squares fit techniques. The obtained primary spectrum is in
agreement with results from direct measurements at lower energies. In the energy range 1—50 Tev
the power index has the value y =2.72+0.02.

In the lower energy range up to about 1 TeV the pri-
mary energy spectrum is obtained by direct measurements
with satellites, and in the energy range beyond 100 TeV
information stems from air-shower measurements. In
only one experiment direct results have been obtained
beyond 1 TeV in a series of balloon Aights of emulsion
chambers. It is therefore of particular interest if addi-
tional information can be obtained in this energy range
even by an indirect method. From sea-level muon spectra
the primary energy spectrum can be derived.

With the DEIS spectrometer the near-horizontal muon
spectrum was measured at sea level in the energy range 10
to 7000 GeV with very high statistics. From this the pri-
mary spectrum was derived with model calculations from
Liland. In the Liland model the diffusion equation for
mesons in the atmosphere has been solved analytically
taking into account the increase with energy of the inelas-
tic nucleon —air-nucleus cross sections along with meson
production by mesons. For the ratio of neutrons to nu-
cleons in the primary component a value of 0.125 has
been assumed and the contribution of u particles has been
taken into account, based on CERN ISR data from a-a
interactions. Cross sections for inelastic and inclusive in-
teractions of nucleons and mesons for hadron production
(pions, kaons, nucleons) have been taken from accelerators
based on scaling behavior and have been normalized by
beryllium as target nucleus, which approximates best the
mixture of air nuclei. This model uses for the moments

fusion equation for muons has been solved analytically,
taking into account energy loss and decay of muons.

The measured results from the DEIS spectrometer have
been compared with the described model calculations and
with further models from Murakami et al , Step.hens,
Dardo, Alessio, and Sitte, Das and De, Badhwar,
Stephens, and Golden, and Thompson and Whalley. '

The assumptions of the different models are summarized
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FIG. 1. Comparison of measurements and model calculations
for muon energy spectra at the zenith angles 85, 75, O'. Calcu-
lations: Mu, Murakami et al. (Ref. 5); St, Stephens (Ref. 6); Li,
Liland (Ref. 4); Ba, Badhwar et al. (Ref. 9); Das, Das and De
(Ref. 8). Measurements: &( Dau et al. (Ref. 3); Jokisch
et al. (Ref. 11); Burnett et al. (Ref. 12); Q Kellogg et al.
{Ref. 13);+Ayre et al. {Ref. 14); ~ Thompson and Whalley
(Ref. 10); 4 Carstensen (Ref. 15).

F =0.0027 —0.0032E
pK

where E is in GeV. With the meson intensities the dif-
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Primary-cosmic-ray energy spectrum up to 50 TeV derived from sea-level muon measurements
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was derived [with the helium contribution
Id'tf(He) —+2Ap( 4 E) GeV/nucleus ln Id'ff —ApE
+Id'ff(He)]. The dashed curves in the muon fit at 10
GeV/nucleus indicate the error from the measured muon
data. The power index for the primary spectrum is

y&
——2.73 for E) 1.6 TeV/nucleon and y=2. 69+0.01 for

E)0.4 TeV. In the figure are presented also the results
from Grigorov et al. ,

' the results from time-delay mea-
surements from the Maryland group, ' the direct mea-
surements of the iron nuclei by Simon eI; al. ,

' and the
measurements of Ryan, Ormes, and Balasubrahmanyan. 20

In Fig. 3 the differential intensities are presented in en-
ergy scale energy/nucleon. Other results are shown again
for comparison. One can conclude that the primary ener-
gy spectrum can be derived from the muon energy spectra

at sea level up to 100 TeV. The results have the advan-
tage of better statistics than the direct measurements and
are in agreement with them.
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