
638 KERAN O'BRIEN

~G. Brooke, P. J. Hayman, Y. Kamiya, and A. W.
Wolfendale, Proc. Phys, Soc. (London) 83, 853 (1964).

Leon Lederman, Comments Nucl. Particle Phys.
2, 131 (1968).

3Yash Pal and S. N. Tandon, Phys. Rev. 151, 1071
(1966).

4Keran O' Brien, Nuovo Cimento (to be published).
5P. J. Hayman and A. W. Wolfendale, Proc, Phys.

Soc. (London) 80, 710 (1962).
6J. E. R. Holmes, B. G. Owens, and A. L. Rodgers,

Proc. Phys. Soc. (London) 78, 505 (1961).
J. G. Asbury, W. A. Cooper, L. Voyvodic, R. J.

Walker, and T. P. Wangler, Nuovo Cimento 68, 169

(1970).
B.Rossi, Rev. Mod. Phys. 20, 537 (1948).

SKeran O' Brien, J. Geophys. Res. 75, 4357 (1970).
H. E. Bergeson, J. W. Keuffel, M. O. Larson, G. W.

Mason, and J. L. Osborne, Phys. Rev. Letters 21, 1089
(1968).
~~P. H. Barrett, L. M. Bollinger, G. Cocconi, Y. Eisen-

berg, and K. Greisen, Rev. Mod. Phys. 24, 133 (1952).
~2R. J. Stefanski, R. K. Adair, and H. Kasha, Phys.

Rev. Letters 20, 950 (1968).
~3L. E. Lundberg and L. B. Redei, Phys. Rev. 169,

1012 (1968).

PH YSIC AI REVIEW D VOLUME 4, NUMBER 3 1 AUGUST 1971

Eiectromagnetic Interactions of High-Energy Cosmic-Ray «ons
O. C. Allkofer, C. Grupen, * and W. Stamm

Institlt fN'r Reine und Angenandte KernPhysik, Universita't Kiel, Kiel, Germany

(Received 17 September 1970; revised manuscript received 21 December 1970)

The electromagnetic interactions of cosmic-ray muons in the energy range up to 1 TeV were
investigated with a spark-chamber calorimeter in combination with the Kiel spectrograph.
The purpose was to investigate the different kinds of electromagnetic processes (knock-on, di-
rect-pair, bremsstrahlung, and multiple pion production) in the range of energy transfer from
0.2 to 100 GeV. The production of pions is in reasonable agreement with the theoretical pre-
diction of Daiyasu et al. In the region of high energy transfer (&2 GeV) the experimental re-
sults agree with Bhabha's theory of the knock-on process as well as with Murota's theory of
direct pair production. However, in the region of energy transfer around 1 GeV there are mi-
nor deviations from these theories, in contradiction with accelerator data.

I. INTRODUCTION

In this paper we present results of a spark-cham-
ber experiment designed to determine the cross
sections for the different electromagnetic inter-
actions of muons in order to extend the knowledge
of these cross sections beyond accelerator ener-
gies. A large number of such measurements have
been performed using cosmic-ray muons. How-
ever, the interpretation of the cosmic-ray data
has been difficult, since the spectrum of incident
muons has to be folded into the differential prob-
abilities for the various kinds of interactions. The
lower energy limit and the shape of the muon spec-
trum influence the theoretical predictions calcul. at-
ed in this way. The interpretation of underground
experiments requires an energy-range relation for
muons; an additional source of error is thereby
introduced into the theoretical prediction. More-
over, it is rather difficult to distinguish the differ-
ent kinds of interactions, especially in the region
of hi.gh energy transfer, since the electron shower
which is initiated by a secondary particle obliter-

ates the initial signature of the event. These dif-
ficulties were overcome in this experiment by
measuring the muon energy for each individual
event in the spark-chamber calorimeter by means
of the Kiel spectrograph. The knowledge of the
muon energy permits, in addition, a discrimina-
tion between the various processes by the use of
theoretical predictions.

Some authors' ' find agreement with the theories
of Bhabha"o for the knock-on process and of Mu-
rota et al."for the process of direct pair produc-
tion, while other experiments~ "cannot be ex-
plained by these theories. The bremsstrahlung
cross section" is very small for muons with ener-
gies less than a few hundred GeV. For this reason
it is difficult to measure this cross section with
high accuracy, even though our experiment involves
muons of energies up to 1 TeV. The investigations
on multiple pion production are considerably com-
plicated by the variety of theoretical predictions" '0

about the virtual-photon spectrum of the muon, as
well as by the uncertainty about the photonuclear
cross section for pion production.
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II. THEORIES

The differential probabilities for muon interac-
tions depend on the muon's energy E and the ener-
gy of the secondary particles E'. The knock-on
process is described theoretically by Bhabha. "
Higher-order corrections'"" have little influence
on the results. This cross section has a weak de-
pendence on the muon energy E and varies as 1/E'
as far as the energy transfer is concerned. The
probability for the production of bremsstrahlung
is given by Christy and Kusaka. '6 The cross sec-
tion varies as logE and 1/E', respectively. Re-
cent calculations" on this process yield agreement
with the results of Christy and Kusaka to within
20%. The differential probability for direct pair
production was calculated after Murota et al."Un-
fortunately, the Murota theory contains indeter-
minate constants to which arbitrary values can be
assigned, making the cross sections uncertain to
about a factor of 2.'4'~s'4'425 Our calculations are
based on the approximate formulas (Sl) and (84) of
Murota's theory. The value of n was chosen to be
2. The integration over the energy partition of the
electron pair was performed according to the orig-
inal Murota integration limits. Recent calcula-
tions ~ on the process of direct pair production
do not suffer from the disadvantage of indetermi-
nate constants and should be preferred to the Mu-
rota theory. The cross section for direct pair pro-
duction depends on the muon energy, the depen-

dence varying from logE to E', and also on the
energy transfer, the dependence varying from 1/E'
to 1/E' and then to 1/E' with increasing energy
transfers.

The cross section for multiple pion production
was calculated on the basis of different models. "
The photonuclear cross section for this process
was taken from accelerator experiments and cal-
culations. '~ ' A comparison of recent calculations
on the virtual-photon spectrum with those of
Williams and Weizshcker, ""Kessler and Kess-
ler, "and Daiyasu et al."can be taken from
Cassiday. 33

III. EXPERIMENTAL ARRANGEMENTS

This experiment is performed in combination
with the Kiel cosmic-ray muon spectrograph. ' 3'

Before the muons pass the interaction calorimeter
their momentum is measured to be within the range
of 7 GeV/c to 1 TeV/c. The spectrograph is ad-
justed to a zenith angle of 83' in order to increase
the number of high-energy muons. The large ze-
nith angle permits a hori. zontal arrangement of the
calorimeter; 40% of the muons coming from the
spectrometer pass the calorimeter. The calorim-
eter has an effective volume of about 1x1x2.2
m'. It is built up in a sandwich technique. The
interaction stack is composed of four spark cham-
bers of Fe type and five spark chambers of Al type.
The Fe-type spark chambers consist of iron tar-
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gets and two double-gap spark chambers; their
electrodes are made of aluminum plates of thick-
ness 2 mm. The Al-type is constructed of alumi-
num plates, only. Three solid iron magnets,
which are situated between the spark chambers,
increase the lateral spread of the shower particles,
thus improving the .multitrack efficiency of the
spark chambers. The experi. mental arrangement
of the calorimeter is shown in Fig. 1. An iron tar-
get which is equivalent to two radiation lengths is
followed by a double-gap spark chamber. The total
target amounts to 325 g/cm' of iron and 34 g/cm'
of aluminum or Lucite. The spark chambers are
filled with Neogal. In order to prevent any impuri-
ty in the filling, an excess pressure of 1 Torr
C,H,OH is maintained by an automatic gas-control
circuit. Each double-gap spark chamber is trig-
gered by a separate spark-gap unit. " The passage
of a muon is photographed stereoscopically by us-
ing two cameras.

IV. DATA ANALYSIS

The different kinds .of interactions could not be
distinguished from one another as far as the pro-
cesses are concerned which initiate electromagnet. -
ic cascades. At energy transfers exceeding 0.2

.u 8-

7—
0

GeV, the secondary particles produce showers,
thus obliterating the initial signature of the inter-
action. However, a knowledge of the muon energy
for each individual event permits a separation of
the processes from the theoretical point of view,
because of their different dependence on the muon

energy and energy transfer. For example, the
knock-on process cRn be investigated at relatively
low muon energies, the direct pair production at
high muon energies, and the bremsstrahlung pro-
cess at high muon energies and high energy trans-
fers.

It was possible to discriminate the process of
multiple pion yroduction by pattern recognition of
the events. The behavior of the secondary pions
is characterized by the interaction length in con-
trast to the radiation length which describes the
multiplication of electrons and photons.

The estimation of energy transfer involves un-
certainties due to the conversion from the total
spark number to the total number of electron track
segments and due to the error in the minimum en-
ergy of the electrons in the shower, which can be
detected in a spark chamber. "" The energy esti-
mation was carried out 3,s follows: Firstly, the
multitrack efficiency of the spark chambers was
determined. Multitrack efficiency is defined as
the ratio of sparks to the number of particles
which passed through the chamber volume. A dif'-

ficulty arises from the fact that the actual number
of particles which passed through the spark cham-
ber is not known. However, there exists a refer-
ence spark which originates from the muon. It is
obvious that the muon has passed through the cham-
ber in each event. The efficiency of the muon

spark in the presence of other sparks is a measure
of the value of multitrack efficiency. This method
for the determination of multitrack efficiency is
described in detail in Ref. 47. The relation be-
tween the number of sparks per gap and the cor-
responding number of particles can be taken from
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FIG. 2. Relation between the number of sparks and
corresponding particles.

FIG. 3. Energy resolution as a function of the
shower energy.
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Fig. 2. This relation is linear at low particle num-
bers; but the corrections are stronger than linear
at high particle densities. Multitrack efficiency
decreases by about 2.5% per additional particle.

Secondly, the relation between the total track-
segment number and the energy transfer has to be
determined. This was carried out using the cal-
culation of Crawford and Messel. 4' ~ There exists
a linear relation between the number of electrons

(N) and the shower energy (E'):
g'= kN,

The constant k depends on the critical energy of
the material, the angle of incidence, the absorber
thickness, and the minimum energy of electrons in
the shower which can be detected by a spark cham-
ber. We used a minimum energy of 10 MeV. The
reason is as follows: It is true that if one takes
10 MeV as the low-energy cutoff of the electrons,
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FIG. 4. Experimental results of muon interactions at different muon energies. The curves represent the theoretical
predictions of the yieM by the pair-production process (1), bremsstrahlung (2),. knock-on (3), and the sum of these
processes (4):.
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one still has to take electrons of low energy into
account, since the spark chamber is capable of
detecting particles of zero energy if these parti-
cles have entered the sensitive volume of the
chamber. However, the electrons in a shower are
spread over all angles with respect to the shower
axis. (The shower axis lies in the direction of the
electrical field in our experiment. ) The multitrack
efficiency of spark chambers tends to zero with in-
creasing angle of incidence of the shower particles.
The critical angle is about 30', i.e., electrons
with angles of incidence exceeding 30', with re-
spect to the electrical field, cannot be detected.

The method of determining the value of multi-
track efficiency was based on particle tracks
which are nearly parallel to the muon track. Thus
we have to consider the number of particles with

energies larger than zero which lie within the cone
of +30 with respect to the direction of the electri-
cal field. This number of particles, which is
equal to the number of electrons with energies
larger than 10 MeV which lie within a cone +90',
is relevant for the energy estimation of our events.
For this reason we can use the Monte Carlo calcu-
lation of Crawford and Messel with a low-energy
cutoff of 10 MeV.

The error of the energy estimation depends on
the actual number of sparks in the event. An ad-
ditional error is introduced by the uncertainty in
the cone of efficiency of the spark chamber. The
energy error as a function of the shower energy is
plotted in Fig. 3. A typical energy resolution of
(30-50)% could be obtained.

The energy estimation of the events involving
multiple pion production was performed using the
energy-range relations for charged pions. These
events were corrected for neutral pions.

E' = 1.5nE„

where n represents the multiplicity of charged pi-
ons, and the factor 1.5 takes neutral pions into ac-

energy fransfer E'(GeV2

100 10'

positive -negative
asymmetry

n+-n
n++n

10-'

+05—

charge of the incident muons it is possible to give
results about a possible positive-negative asymme-
try in the interaction of cosmic-ray muons. This
asymmetry is indicated by some cosmic-ray ex-
periments, """though it has not been found in
experiments with accelerator muons. ' The results
of our investigation are shown in Fig. 5 in their de-
pendence on the muon energy as well as the energy
transfer. The integral value is based on about 4000
muon traversals and about 1000 interactions in ex-
cess of 0.2 GeV energy transfer. This result indi-
cates that the cross section for positive muons ex-
ceeds the cross section for negative muons by
about 20%. This tendency in the behavior of the
positive-negative asymmetry is in agreement with
the results of Neddermeyer et al."'~ "

Out of the set of about 2700 events, 30 muon-in-
duced nuclear interactions could be identified. .

These events of multiple pion production by muons
are corrected for neutral pions according to the re-
lation

V. RESULTS

The experimental results are based on about
10 000 muon traversals and about 2700 events with

energy transfers in excess of 0.2 GeV. The muons
were divided into six groups of mean energies 4.4,
16, 43, 102, 229, and 559 GeV. The experimental
results at these muon energies can be taken from
Fig, 4. The figures with muon energies below 43
GeV yield information about the knock-on process,
while figures with energies in excess of 229 GeV
are used to investigate direct pair production. At
large energy transfers the bremsstrahlung produc-
tion can be determined.

There is reasonable agreement between the re-
sults and the theoretical predictions except in the
range of energy transfers near 1 GeV for the knock-
on process as well as the direct pair production.

Because the muon spectrograph determines the

-0.5—

+05—

-05—

10o 10~ 10~
muon energy EJ„ I GeV2

103

FIG. 5. Positive-negative asymmetry of muon inter-
actions as a function of the muon energy and energy
transfer. n+ is the number of events initiated by posi-
tive muons; n, the corresponding quantity for negative
muons.
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10-4

integral spectrum of pions at a
muon spectrum under 83O
zenith angle
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(3) DKMN A. 1

may be due to poor statistics in this energy region,
or to the fact that pions escape from the stack. In
this way the energy transfer would be underesti-
mated. It should be mentioned, however, that the
photonuclear cross section, assumed to be con-
stant in excess of 2.0 GeV, might decrease with
increasing energy of the virtual photon.

VI. DISCUSSION

(z)
(3)

10-1

30 events
I I I I I I I II I I I J I I I It I I I I I I I II

100 10~ 10~

energy transfer E'CGeV1

FIG. 6. Integral spectrum of muon-produced pions.

count. nE, characterizes the total energy of the
charged pions. Because of the poor statistics, the
muon spectrum was folded into the cross section
for multiple pion production. The integral spec-
trum of the pions, corrected for neutral pions,
can be seen in Fig. 6. The results below 2.0 GeV
energy transfer are in reasonable agreement with
the theoretical prediction of Daiyasu eI; al. The ex-
perimental points above 3.0 GeV, which contain
four events only, deviate from this theory. This

The experimental work on knock-on production,
direct pair production, and bremsstrahlung pro-
duction by muons was carried out under different
experimental conditions. Few of the experiments
performed have measured the incident muon ener-
gy, Md the estimation of energy transfer often in-
volves large systematic and random errors. The
disadvantages of the unknown muon energy were
overcome in this experiment by operating the cal-
orimeter in coincidence with a muon spectrograph.

A comparison of the obtained results with those
of other experiments is rather difficult because of
different experimental conditions. However, col-
lecting the experimental data on muon interactions
and plotting the results in one diagram was tried.
The results are expressed in terms of a factor
characterizing the deviation from the theory. The
error quoted in this comparison refers only to the
statistical fluctuations in the number of observed
events. The influence of the error in energy de-
termination is discussed later.

Figure 7 gives a survey of experimental results
on the sum of all -electromagnetic interactions of
the muon. ' ' ' This comparison involves a
large uncertainty, since the muon spectrum was
folded into the differential probabilities. However,

FIG. 7. Comparison be-
tween experimental results
on the total cross section
for muon interactions and
the theories.
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it can be seen that there is agreement between ex-
periment and theory over a wide energy range.

Figure 8 summarizes the data on the knock-on
process. """~ There is agreement between Bha-
bha's theory and the experimental results in the
region of energy transfers beyond a few GeV.
However, there are deviations in the region of me-
dium energy transfers (-1 GeV).

This is in contradiction to the accelerator re-
sults obtained by Kirk and Neddermeyer, ' as well
as Backenstoss et al.' It is true that the estima-
tion- of energy transfer often involves large syste-

matic and random errors, if the energy is deter-
mined by aid of spark-chamber calorimeters and
multiplate cloud chambers. However, the estima-
tion of the energy transfer in multilayer scintilla-
tion counters, which were used in the experiments
of Kirk and Neddermeyer, ' as well as Backenstoss
ef' a/. ,

' may be subject to systematic errors,
because of photomultiplier gain drift.

From this point of view Kirk and Neddermeyer'
interpreted their results as a confirmation of the
validity of the applied corrections rather than a
direct verification of Bhabha's theory.
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FIG. 9. Survey of experi-
mental results on the direct
pair production.
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FIG. 10. Survey of experi-
mental results on the brems-
strahlung production.
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Figure 9 shows a survey about the results of the
direct pair production. ' '~ "~ The agreement is
satisfactory except in the region of low energy
transfer, where the spectrum of the secondaries
seems to be flatter than predicted by Murota's
theory. This lack of virtual soft photons was also
found in a cosmic-ray experiment dealing with
real photons (bremsstrahlung by electrons). "

The cross section for the bremsstrahlung pro-
duction is rather small in comparison with that of
the other processes. However, at large energy
transfers this process becomes dominant. This is
the reason why one can only compare data on this
process at relatively large energy transfers
(Fig. 10).""'"""The agreement between theory
and experimental results is satisfy', ctory. However,
statistics are very poor. The deviations from the
theories quoted in the Figs. 7-10 refer to the num-
ber of observed events and the statistical error in
this number. However, the comparison of the ex-
perimental results with the theories is seriously
affected by the error in the energy determination
of the event energy. Typical errors are about 30%
if stacked assemblies of multiplate chambers or
scintillation counters sandwiched with absorber
plates are used. The main problem, which arises
in all experiments on muon interactions, is to de-
termine the energy of the secondary particles,

which initiate showers. If the inQuence of these
energy errors is discussed (see Fig. 4), the accu-
racy on the quoted deviations is strongly modified.
Within the large errors of energy estimations
most of the mentioned deviations observed in ex-
periments on muon interactions can be interpreted
as rough agreement with the theories. The aim
should be to perform energy determinations by aid
of TASC "'"(total-absorption shower cascade)
detectors to increase the energy resolution in
comparison to stack assemblies of targets and
detectors.

This experiment has shown that the behavior of
the muon at energies considerably higher than
those available at present accelerators can be un-
derstood in the framework of current theories
about electromagnetic interactions of the muon,
though there are still some deviations in the re-
gion of energy transfers around 1 Gev.
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