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Abstract

Cosmic-ray produced muons arrive at the surface of the earth with enormous energies ranging up to 1012 GeV.

There have been sporadic attempts to exploit their extreme penetration through matter to probe the internal structures of very large

objects, including an Egyptian pyramid and a volcano but their very low intensity per unit area (� 1 cm�2 per min) generally restricts the

practicably attainable spatial resolution to large dimensions. Nevertheless the more intense low energy region of the muon spectrum has

recently been shown to be capable of detecting high-Z objects with dimensions of the order of 10 cm hidden inside large transport

containers in measurement times of minutes. These various developments have encouraged further studies of potential industrial uses of

cosmic-ray muons in industrial applications. In order to gain maximum benefit from the low muon flux large area detectors are required

and plastic scintillators offer useful advantages in size, cost and simplicity. Scintillator slabs up to 1m2 square and 76.2mm thick are

undergoing testing for applications in the nuclear industry. The most direct approach employs photomultiplier tubes at each corner

to measure the relative sizes of muon induced pulses to determine the location of each muon track passing through the scintillator.

The performance of this technique is reported and its imaging potential is assessed.
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1. Introduction

In order to optimize image contrast in conventional
radiography with X-rays or g-rays the photon energy
should be chosen so that the mean free path is comparable
to the thickness of the test object. Thus for thicker/denser
objects higher energy photons are employed but eventually
the onset of pair production sets a limit to the size of
sample that can be imaged by this means. For example
maximum ‘‘effective ranges’’ in water, aluminium and lead
of about 5, 1.5 and 0.1m are achieved for photon energies
of 50, 20 and 4MeV, respectively [1]. In contrast the range
of charged particles increases without limit as the energy
rises and high-energy electrons and ions can in principle be
e front matter r 2007 Elsevier B.V. All rights reserved.
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used for radiographic imaging of large objects. However, in
the case of electrons, bremsstrahlung losses reduce their
range to less than 1m in all normal condensed media even
at 1GeV. This limitation can be avoided to a large degree
using heavier ions, and 800MeV protons have been
successfully used for high-speed imaging of dense high-Z
objects [2]. But naturally occurring high-energy muons
created by cosmic radiation offer some unique advantages
for imaging large, static objects and their potential for
imaging very large structures is examined here.
The energy spectrum of cosmic-ray produced muons

covers an enormous range reaching beyond 1010 GeV but
the intensity falls off steeply above 10GeV with increasing
momentum ð�p�2:7Þ resulting in an average energy at sea
level of about 3GeV. They have a stopping power of about
2MeVg�1 cm�2 making them very penetrating; for exam-
ple 3GeV muons can travel through nearly 2m of lead.
Lower energy muons stop inside thick, dense, absorbers
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Fig. 1. Variation in PMT output signals along bar scintillator.

Fig. 2. Comparison between the predicted and actual positions of muon

events along the bar.
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and simple transmission measurements can be used to form
a radiographic image. The energy lost by transmitted
particles is also related to mass thickness but is not easy to
measure for relativistic ions. However, multiple Coulomb
scattering is proportional to the atomic charge density of
the absorber and can be used to discriminate between high-
Z and low-Z materials. A further alternative [3] exploits
neutron emission following nuclear absorption of stopped
negative muons which is also very sensitive to atomic
Number �Z4Þ.

Alvarez [4] was the first to make use of the imaging
capabilities of cosmic-ray muons when he made a
transmission radiograph of the upper section of one of
the great Egyptian pyramids at Giza using spark chambers.
In 1995 Nagamine and colleagues in Japan [5] devised a
cosmic-ray telescope based on large area scintillation
counters to radiograph an even larger object, namely a
volcano. More recently [6] a group at Los Alamos
demonstrated that scattered muons recorded with a drift
chamber array should be capable of detecting the presence
of high-Z threat materials inside a large freight container in
measurement times of a few minutes.

These various developments stimulated the programme
outlined here to evaluate the potential of muon radio-
graphy for applications in the nuclear industry in which
conventional radiography is ruled out by virtue of the
limited range of X- and gamma-ray photons in the large
immobile structures generally encountered.

2. Experimental trials

The integrated intensity of cosmic-ray muons at sea-level
is about 1 cm�2 per min which indicates that large area
detectors are required to achieve reasonable counting rates.
Plastic scintillator was chosen as the detection medium for
simplicity and economy and areas up to 1 square metre
were considered. In the even larger Japanese design [5]
photomultipliers (PMTs) were situated at each corner of a
4m2 slab of 50.8mm thick scintillator, and the coordinates
of each muon passing through it were derived principally
from time differences between the PMT signals. The
technically simpler Surrey design aimed to derive muon
track positions from output pulse height ratios between
pairs of PMTs. It was decided to use 76.2mm thick
material coupled to 76.2mm PMTs to give larger primary
signals.

A vertically incident minimum ionizing muon passing
through 76.2mm of unit density material will lose
�25MeV and in a plastic scintillator this produces about
250,000 photons [7]. In the case of an event in the middle of
a 1 square metre detector the number of photons arriving
directly at a 76.2mm diameter PMT photocathode on the
corner is �200 although reflection from the scintillator
surface will increase this number significantly. The variance
on the primary PMT signals is the controlling factor in
limiting the spatial resolution derived from the signal
ratios.
For initial trials a bar of NE102A plastic scintillator,
59 cm long and 7.62 cm square cross-section, was clamped
inside a black PVC tube, 11.2 cm O.D. with wall thickness
0.4 cm. Hamamatsu type R594 76.2mm diameter PMTs,
fitted with ORTEC type 296 HV/preamp bases, were
coupled to each end. The plastic scintillator bar was
mounted horizontally and two standard 76.2 cm NaI(Tl)
scintillation counters, with their cylindrical axes horizontal,
were aligned vertically above and below the bar. Output
signals from each of the four PMTs were fed into a PIXIE-4
four-channel digital pulse processor from X-ray Instru-
mentation Associates.
The PIXIE-4 equipment was set to record coincidences

between all four detectors with a time window of 1ms. To
avoid interference from terrestrial background the energy
thresholds of the two NaI(Tl) PMTs were set just above the
2.5MeV sum-coincidence peak provided by a small 60Co
test source. Since very large signal ratios were expected for
muon events at each end of the bar, thresholds for the two
PMTs on the plastic scintillator were set just above the
electronic noise level. With this arrangement a fourfold
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Fig. 3. Muon radiograph recorded with the 59 cm bar scintillator sited under a 10 cm wide lead ‘‘bridge’’.

W.B. Gilboy et al. / Nuclear Instruments and Methods in Physics Research A 580 (2007) 785–787 787
coincidence identifies events where a vertically incident
muon crosses the bar scintillator, and this allows one to
calibrate the output signal ratio as a function of position.

3. Results

Results for the bar scintillator together with some
preliminary data for a large area square scintillator slab
are briefly described here.

3.1. Bar scintillator data

The high voltages on the two PMTs could be adjusted to
within 1.0V and the gains were equalized initially before
accumulating data for several hours at different muon
track positions. The mean pulse heights (arbitrary units)
for various points along the bar are plotted in Fig. 1.

There is clearly a symmetrical and smooth fall-off as the
muon track moves away from the photomultiplier at each
end but the signal only reduces by about a factor of 3.5 for
a 50 cm movement, which is much less than would be
expected for a simple inverse square law variation. Clearly
scattering of scintillation light from the bare untreated
walls of the bar accounts for this enhanced light collection.
The rate of change with muon track position is reduced due
to this effect but the extra light reaching the PMTs from
distant muon tracks counters this to some extent by
improving the statistical accuracy of weaker signals.

The left/right ratio of the PMT signals is monotonically
related to the position of muon events selected by the
fourfold coincidence setup. Data from runs at 14 points
along the bar are summarized in Fig. 2 where the position
of muon events, relative to a smooth fit to the pulse ratio
data, is plotted versus the actual position as defined by the
pair of sodium iodide detectors. In addition to statistical
uncertainties in the pulse ratio measurement it should be
noted that the ‘‘actual position’’ also has a systematic
uncertainty of roughly �2 cm due to the large dimensions
of the sodium iodide detectors used to locate the muon
tracks. The latter effect is dominant here, and after making
allowance for this the pulse ratio technique appears to be
capable of achieving spatial resolution of �1 cm.

After the calibration exercise described above the sodium
iodide detectors were removed and a first test of the
radiographic imaging capability was carried out. Part of
the bar detector was covered with a bridge of 10 cm wide
lead blocks piled up to total thickness of 20 cm. Fig. 3
illustrates the shadowing effect of the lead absorber, and
the intensity reduction under its centre agrees with that
recorded using a narrow beam cosmic-ray telescope
described in the forerunner to this work [8].

3.2. Large area detector trial

A 1m2 76.2mm thick slab of Bicron BC-408 plastic
scintillator was fitted with Hamamatsu R594 PMTs
mounted in the middle of opposite edges for some brief
tests. Coincident NaI(Tl) detectors were again used to
define muon transits. The pulse ratio over this 100 cm light
path changed by a factor of 40 compared with about 10 for
the 59 cm bar scintillator. The large reduction in PMT
signal for distant events and consequent deterioration in
spatial resolution prompted the choice of 50 cm dimensions
for further work.
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