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Abstract

To date there have been a few sporadic attempts to exploit the immense penetrating power of cosmic ray muons to radiographically
probe the internal structure of very large objects ranging from ancient pyramids to active volcanoes. Recently, application to security
problems has been described, but the very low muon flux limits more general use. However muons have potential uses for examining
very large industrial structures where long measurement times are acceptable, and such possibilities are being investigated.

A cosmic ray telescope and recording system has been constructed and is being employed on simple model systems to validate Monte
Carlo predictions, and results obtained so far will be described.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Energetic beams of X-rays and gamma-rays are widely
used for radiography of industrial objects. For optimum
photon utilisation their energy should be chosen such that
the sample dimensions are equivalent to several mean free
paths [1]. Therefore large dense objects require high energy
photons for optimal contrast, but eventually the effective
range passes through a maximum value due to the onset
of pair production. Thus even for low atomic number (Z)
materials, photons can only be used to image objects up
to a few metres in diameter and much less in high-Z
objects. Maximum ‘‘ranges’’ in water, aluminium and lead
of about 5, 1.5 and 0.1 m are achieved for photon energies
of 50, 20 and 4 MeV, respectively [2].

In contrast the range of charged particles increases with-
out limit as their velocity rises but physical and practical con-
siderations tend to rule them out for imaging purposes. For
electrons even as high as 1 GeV their range is limited to less
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than 1 m principally due to bremsstrahlung [3]. But heavy
ions only begin to experience substantial bremsstrahlung
losses above 10 GeV or more [4] and imaging of heavy
objects has been performed at Los Alamos using an
800 MeV proton beam [5]. But the generation of high energy
protons requires an extremely large, expensive, fixed facility,
which is only practicable for portable objects. If the item of
interest cannot be moved to an accelerator a more conve-
nient source of radiation must be found. High speed muons
provided by cosmic radiation offer some unique advantages.

Cosmic rays provide a free and ubiquitous source of
high energy muons. They were first exploited in an imaging
application by Alvarez in 1970 to search for hidden cham-
bers in the Great Pyramid at Giza [6], and they have even
been used to study changes inside an active volcano [7].
They exhibit an extremely wide energy spectrum but at very
low flux, nevertheless a group at Los Alamos recently dem-
onstrated that vertically incident muons have enough
intensity to detect illicit nuclear materials inside transport
containers in reasonable measurement times [8].

There are several ways that energetic muons might be
used for radiographic imaging. These are: (i) intensity
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Table 2
The results for the concrete block model with 100,000 muons input at
detector 1

Encapsulated
material

Detector
1 (MeV)

Detector
2 (MeV)

Detector
3 (MeV)

Detector
4 (MeV)

% of
fourfold
coincidences

Air 40.2 40.0 39.4 40.3 57.7
Concrete 40.8 40.5 39.7 40.9 46.2
Iron 42.2 42.2 41.3 41.7 25.2
Lead 42.7 42.7 41.6 41.5 22.4
Uranium 43.2 43.3 41.2 41.3 17.9

Fig. 1. The geometry of a simulated four-detector telescope system used
for exploring material identification by energy and intensity loss
measurements. Detectors 1, 2 and 3, 4 represent standard 3 in. · 3 in.
NaI(Tl) scintillation crystals each pair separated by 50 cm.
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reduction, (ii) energy reduction, (iii) multiple scattering and
(iv) neutron production. Multiple Coulomb scattering is
sensitive to Z and is exploited by the Los Alamos group,
and muon-induced neutrons have been investigated for fur-
nace lining thickness measurements [9]. In the work outlined
here intensity and energy changes are explored, firstly by
Monte Carlo modelling and secondly using a simple detec-
tor system to validate the 2. Monte Carlo modelling.

2. Monte carlo modelling

The all-particle GEANT code developed at CERN was
used to predict intensity reduction and energy loss over a
wide energy range for muons passing through materials
of interest. These included representative materials found
in the nuclear energy industry, and also sodium iodide
and plastic scintillator, for use as possible radiation
detectors.

The Monte Carlo radiation transport models were writ-
ten and coded in GEANT4.6.0 [10]. A geometrical ‘‘world’’
was constructed with a simulated muon flux based on
experimental data taken from Tanaka and the Riken
Group, Japan [11]. This enabled a muon telescope fitted
with four 3 in. · 3 in. NaI(Tl) scintillation crystals to be
modelled. Initial runs were made to find the stopping
power for muon energies of 0.1, 1, 10, 100 and
1000 GeV, in air, water, polyvinyltoluene (PVT is the
major component of plastic scintillator), sodium iodide
(NaI), aluminium, concrete, iron, lead, uranium and pluto-
nium. These give an indication of energy losses, relative
coincidence rates and the size of detector output signals.
The results for these simulations are in Tables 1 and 2.
These show the stopping power rising with absorber den-
sity and increasing fairly slowly over the muon energy
range 100–100 GeV before escalating very sharply above
100 GeV when bremsstrahlung production starts to
become the dominant energy loss process.

The components of a muon telescope made up of four
3 in. · 3 in. NaI(Tl) scintillation crystals were modelled
using Monte Carlo simulation in a geometry which repre-
sents the imaging of materials of interest embedded in a
large block of concrete, Fig. 1.
Table 1
The stopping power for muons (MeV/mm) over a range of energies and
materials

Material 100 MeV 1 GeV 10 GeV 100 GeV 1000 GeV

Air 0.0002 0.0002 0.0002 0.0020 0.0203
Water 0.333 0.296 0.365 2.125 20.792
PVT 0.336 0.296 0.368 2.125 20.827
NaI 0.525 0.586 0.732 2.334 22.458
Aluminium 0.500 0.514 0.634 2.253 21.288
Concrete 0.465 0.469 0.575 2.233 21.212
Iron 0.967 1.199 1.500 3.329 22.772
Lead 1.027 1.396 1.823 3.892 23.642
Uranium 1.936 2.176 2.895 5.515 32.570
Plutonium 1.946 2.246 3.000 5.710 33.851
The energy absorbed in each detector together with the
percentages of fourfold coincidences are shown in Table 2
for an input spectrum representing vertically incident
muons.

The very clear variation in fourfold coincidence rates
with increasing sample density suggests that high density
regions inside substantial objects (e.g. encapsulated radio-
active waste) could be revealed and mapped by cosmic
ray muon beams.
3. Experimental trials

To validate the GEANT predictions a simple cosmic ray
telescope consisting of four collinear scintillation detectors
was set up and their output signals were recorded in a cus-
tom designed unit consisting of four multichannel analysers
(MCA) operated in fast coincidence.

Four 3 in. · 3 in. NaI(Tl) detectors were aligned along a
light alloy frame 2.5 m in length. The whole assembly can
be rotated around a horizontal axis to set the azimuthal
angle at any value between 0� (horizontal) and 90� (verti-
cal). The detectors can be clamped along the frame at suf-
ficient spacing to allow absorbers up to 1 m thick to be
sited between two pairs of detectors as in Fig. 1. Output
signals from the four photomultiplier anodes were fed
directly into the four inputs of the fourfold MCA recorder.

The high voltage on each of the photomultipliers was
adjusted to set the triggering rate to about 1 s�1 which is
roughly the rate at which muons arrive at each detector.



Table 3
A sample of the raw data recorded by the four input MCA unit

Status Time Ch1 Ch2 Ch3 Ch4

0111 0085f4806f61 0 865 734 687
1000 0085f4806f66 489 0 0 0

0101 00bb907deb9b 0 869 0 654
0010 00bb907deb9c 0 0 648 0
1000 00bb907deb9e 702 0 0 0

0100 00e8a6d000d7 0 724 0 0
0001 00e8a6d000d8 0 0 0 378
1000 00e8a6d000d9 640 0 0 0

0100 011d5b686077 0 868 0 0
0010 011d5b686079 0 0 473 0
1000 011d5b68607a 648 0 0 0
0001 011d5b68607b 0 0 0 278
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This gives an equivalent energy threshold of �3 MeV
which eliminates most of the terrestrial background signals.
The multi-MCA unit contains a 74.25 MHz oscillator feed-
ing into an internal counter. Every time an MCA channel
fires the pulse height and the clock time is recorded. There-
fore when two or more events fall within one clock channel
they are coincident within 13.5 ns. By sifting the records for
quadruple coincidences together with the energy deposited
in each of the four detectors the chances of shower-induced
spurious ‘‘tracks’’ and random triggering events is much
reduced.

The time and the pulse amplitude information is
recorded in hexadecimal. The total count rate is about
350,000 per day but the great majority of these are single
detector events. A supervisory program selects double, tri-
ple and fourfold coincidences and also records any neigh-
bouring events following within a few clock ‘‘ticks’’ as
some of these may be true coincidences delayed by muon
flight times and triggering delays. The rate of fourfold coin-
cidences will never be very high for the small solid angle
defined by the telescope and some manual inspection of
events occurring close together is practicable. Table 3
shows a sub-set of fourfold events coincident within not
more than six clock cycles (81 ns).

This first trial data was taken with the telescope horizon-
tal and with no absorbers between the detectors. In a run
time of 108 h, 1.5 million lines of data were recorded of
which there were 172 double coincidences, two triple coin-
cidences and no fourfold coincidences within a single clock
cycle. The horizontal intensity is about 2.38 · 10�5

muons s�1 cm�2 sr�1 [12] so only one or two true fourfold
coincidences were expected. These may be spread over
several clock cycles due to slight timing mismatches in
the circuitry. The telescope will shortly be set up vertically
with and without intervening absorbers, and the greater
muon flux in this orientation will be used to test the
GEANT data shown in Table 2. However in order to
exploit this low flux in reasonable imaging times much lar-
ger detectors are required and plastic scintillators up to
1 m2 are under development.
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