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Abstract. A model experiment was performed in order to
evaluate the spatial resolution and the accuracy of determin-
ing the density by utilizing a steel block. The steel block
(7.8 g cm−3) is 5 m thick along the muon trajectories and
weighs about 15 t. By comparing the experimental result with
simulations, the density and the width of the steel block were
measured as 7.3± 1.0 g cm−3 and 37± 15 cm, respectively.

1 Introduction

Muon radiography was first proposed to determine a thick-
ness of a rock overburden of a horizontal tunnel in the Snowy
Mountains in Australia (George, 1955). He measured the flux
inside and outside the tunnel of muons from cosmic ray in-
teractions in the atmosphere and compared them to confirm
that a reduction in the muon flux reflects the thickness of the
overburden. In his experiment, he compared the muon data
with the core sampling data, and concluded that they were
consistent within error bars of∼ 10 %.

When applied to a volcano, the method measures the ab-
sorption of muons in the volcano projected to the plane of
the detector along all muon paths. The amount of energy lost
by muons while passing through matter is dependent on the
density of that matter. The resultant angular distribution of
the muons can then be used to calculate the density profile of
the target volume. The change in the muon angle after they
pass through a substantial mass is very small (12 mrad for
SiO2 with a thickness of 1.5 km). Muon radiography conse-
quently constitutes a unique way to obtain direct information
on the density distribution of geological objects with accu-
racy in terms of spatial resolution that is superior to that pos-
sible using conventional geophysical techniques.

The muon is the most abundant of the charged elemen-
tary particles at sea level and is capable of traveling large
distances through matter. They arrive at angles ranging
from the vertical to the horizontal with an integral inten-
sity of 70 m−2 s−1 sr−1 at sea level. Thus, in order to per-
form cosmic-ray muon radiography, one makes use either of
muons coming from above the structure to be investigated by
a detector underneath it, or by quasi-horizontal muons with
the detector placed sideways. Since George’s first muon ra-
diography, researchers have been attempting to image pyra-
mids (Alvarez et al., 1970), ore bodies (Malmqvist et al.,
1979), volcanoes (Tanaka et al., 2007, 2008; Lesparre et al.,
2012), seismic faults (Tanaka et al., 2011), caves (Caffau
et al., 1997), and archaeological sites (Basset et al., 2006;
Menichelli et al., 2007) radiographically using cosmic-ray
muons. However, accuracy in positioning and determining
the density has not been quantitatively estimated. In this
work, these important parameters have been evaluated by us-
ing a large steel block whose density and geometry are both
well known.

2 Muon detector

Conventionally, plastic scintillator strips have been used to
assemble two segmented scintillation detector planes to track
muon trails (Tanaka et al., 2009; Ambrosi et al., 2011), be-
cause a plastic scintillator requires minimal maintenance, has
low power consumption, and is relatively insensitive to ambi-
ent conditions. Each scintillator strip is coupled with a pho-
tomultiplier tube (PMT). A PMT provides high photon sen-
sitivity and fast response to scintillation light, and thus the
signal of the PMT can be used as the trigger for timing. In
a multi-anode PMT (MAPMT), PMTs are combined so that
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Fig. 2. Muon events as a function of azimuth angles counted within different elevation 8 

Fig. 1.Schematic view of the experimental setup(a) and a photograph of a 15-t steel block(b).

signals can be treated collectively, and the single scintillator
strips do not have to be read out as separate units. Although
it is difficult to continue observations when one MAPMT
breaks because the detector consists of an integrated com-
bination of scintillators and MAPMTs, its construction can
be more robust and better suited for an outdoor environment.

In this work, a segmented muon detection system
(Tanaka et al., 2009) was utilized. The system consists
of plastic scintillator strips, PMTs, and readout electron-
ics. The size of scintillator strip (Bicron BC-408) is 30 cm
(L) × 2.5 cm (W ) × 1.5 cm (H ). The plane contains 24 plas-
tic scintillator strips arranged in two arrays along thex and
y coordinates, to determine the hit point in the plane by
the coincidence of the signals fromx − y scintillator strips;
the coincidences are registered in a matrix of 12× 12 ele-
ments. The total area of the plane is 0.09 m2, and the unit
weighs∼ 10 kg. A slot (2 mm in depth and 2 mm in width) in
the plastic scintillator contains a wavelength-shifting (WLS)
fiber with a diameter of 1 mm (Bicron BCF-91A). The fiber
converts purple scintillation light (wavelength∼ 420 nm)
into green light (wavelength∼ 500 nm), and conveys the op-
tical signal to an MAPMT. The WLS fiber transmits light
with minimal attenuation, because there is a clad layer out-
side it. The end of the fiber is held by a black colored holder;
black silicon rubber is affixed between the fiber and the
fiber holder to prevent light leakage. The fiber holder and
the MAPMT (HAMAMATSU H8500) are fastened together
with light shielding tape. The H8500 MAPMT has 64 anode
pixels. While the quantum efficiency of the PMT is 24 % for
standard scintillation light, the quantum efficiency is 14 %
for the light emitted from the WLS fiber. The quantum effi-
ciency of light emitted from a WLS fiber is therefore 57 %
compared with that of the usual scintillation light.

When supplied by 870 V electric voltage, the typical peak
of the pulse height output from the MAPMT was 80 mV,
and the pulse width was 2 ns. We measured the total elec-
tric power consumption by using a power meter (HIOKI
3334 AC/DC POWER HiTESTER) and found that it was 9 W
including the power consumption by the electronics.

3 Model experiment

The purpose of the experiment was to estimate the accuracy
in positioning and determining the density by using a steel
block whose density and geometry are both well known.
The procedure includes (1) an estimate of the accuracy in
determining the density by assuming the geometry of the
steel block is known, and (2) an estimate of the accuracy
in positioning by assuming the density of the steel block is
known. With this goal, we measured the muon flux using
the MAPMT detector and compared the experimental result
with a Geant4 simulation assuming the DEIS flux (the muon
flux measured with high statistics at sea-level with the DEIS
spectrometer) (Allkofer et al., 1981). Matsuno model (Mat-
suno et al., 1984) fitted to the DEIS flux was used in this
work. The experimental setup is shown in Fig. 1a. The steel
block is 5 m thick along the muon trajectories and weighs
about 15 t. Its density is 7.8 g cm−3. Steel is not pure iron but
is an alloy with a variable quantity of carbon (0.2 to 2.1 %
in weight). Such an alloy can be treated as a chemical mix-
ture at atomic scale. On the other hand, the CSDA (continu-
ous slowing down approximation) range of an 8-GeV muon
is 45 hg cm−2 for iron and 39 hg cm−2 for carbon. There-
fore, the muon range in pure iron would be slightly longer
(0.26 % at the maximum) than that in steel, but the differ-
ence is negligible in this work. The steel block was supported
by the metal plate with a thickness of 30 mm for the pur-
pose of force dispersion. This metal plate was further sup-
ported by a concrete block with a thickness of 300 mm in
order to prevent land subsiding. The distance between the
center of gravities of the steel block and the detection sys-
tem is∼ 5 m. The distance between two segmented scintil-
lation detector planes was 75 cm, and the root mean square
(RMS) angular resolution of the system was± 14 mrad at
an angular interval of 33 mrad. The RMS angular resolu-
tion (1θres) is the minimum resolvable angle of the detector,
and the angular interval (1θint) is the ratio of the scintilla-
tor strips (d) and the distance between two detector planes
(L), d/L. 1θres and1θint have the following relationship:
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Fig. 2. Muon events as a function of azimuth angles counted within different elevation 8 Fig. 2. Muon events as a function of azimuth angles counted
within different elevation angle regions (95< θ < 158 mrad and
190< θ < 285 mrad). Monte Carlo simulation results for different
uniform densities (0, 5, 7.9, 10 and 13 g cm−3) are overlaid on the
data.

(1θint −1θres)
2/1θ2

int = 0.32. The muon data were compiled
and analyzed by a network-based FPGA (field programmable
gate array) muon readout electronics (Uchida et al., 2010).
The FPGA works on a 50-MHz system clock. The event filter
(which selects events that can be used to construct the muon
paths and generates path information), the histogram gener-
ator, and the network processor are implemented on the sin-
gle FPGA. The PMT signals analyzed in the FPGA chip are
recorded in a number of bins representing the azimuth and el-
evation arriving angles of cosmic ray muons. The data were
read by the network processor when a remote PC accessed
the electronics. The observation period was one month.

In order to compare the experimental result with simula-
tions, we performed Monte Carlo simulations by taking the
following steps.

1. 3-D geometrical information of the steel block was used
to obtain the path length in the direction ofθ andϕ, as
seen from the muon detector by constructing a virtual
detection system on a computer.

2. We generated random numbers, and using these num-
bers we generated muons adapted to the energy distri-
bution obtained by Eq. (1).

3. The generated muons were injected into a steel block
with a thickness ofX (m) in order to calculate the stop-
ping length of the muons in the target by using Geant4
(Agostinelli et al., 2003), and a tableN(θ, X) was con-
structed to represent the data.

4. By using the result of (1) and (3), we calculated the
number of muons during a 30-day measurement period
counted in direction ofθ andϕ.
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Fig. 3. Muon events as a function of azimuth angles counted
within different elevation angle regions (95< θ < 158 mrad and
190< θ < 285 mrad). Monte Carlo simulation results for various
widths (10, 20, 30, 40, 50 and 60 cm) of the steel block are over-
laid on the data.

4 Results and discussions

The result of a 30-day measurement period is shown in Fig. 2.
The numbers of muon events counted within the differ-
ent elevation angular regions of 95 mrad< θ < 158 mrad and
190 mrad< θ < 285 mrad are plotted with bars and crosses
respectively. The whole area of the detection system is sensi-
tive to muons that arrive near horizontally, but the system
does not catch all the muons that enter at large angles to
the horizontal. As shown in Fig. 2, the system has a geo-
metrical acceptance, which can be used to correct the hor-
izontal distributions of muons. In this figure, the geometri-
cal acceptance was corrected for the elevation angles. The
muons with angles 190–285 mrad have not passed through
the block, while those with angles 95–158 have. The plots
for 190 mrad< θ < 285 mrad show the data without a target
object, and the results confirmed the integral muon intensity
as can be calculated by Eq. (1). For 95 mrad< θ < 158 mrad,
significant decreases in events can be seen betweenϕ = 0 and
66 mrad, primarily due to increases in the average density
along the muon paths coming from an existence of the steel
block.

This result was compared with the Geant4 Monte Carlo
simulations (solid lines in Fig. 2), which give the integrated
flux of muons at various azimuth angles penetrating through
a given density length (density× path length) by referring to
the geometry of the steel block. The simulations were per-
formed by assuming the uniform average density values that
range from 0 to 13 g cm−3. From the comparison between the
experimental and simulation result, the average density of the
steel block was determined as 7.3± 1.0 g cm−3 at a 1σ con-
fidence level. Figure 3 shows the integrated flux of muons
penetrating through a given geometry of the steel block by
referring to the average density of the steel block, which was
determined in the previous procedure. By comparing the data
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with the simulation results for different widths of the steel
block, which ranges from 10 to 60 cm, the width was deter-
mined as 37± 15 cm at a 1σ confidence level.

The standard deviation was computed by assuming Pois-
sonian statistics (Lesparre et al., 2010). Therefore, the stan-
dard deviation can be significantly reduced by making mea-
surements over a longer period. Also, the accuracy will be
improved when the target is thicker and adequate statis-
tics is available (Fig. 4). Since the average energy of quasi-
horizontal muons ranges from 10 to 30 GeV, the accuracy
will be improved when the target size is slightly bigger
than that used in this work (the range of 30-GeV muons is
150 hg cm−2 in iron). This is consistent with an uncertainty
of 0.2 g cm−3 that is announced for a measurement period of
45 days (Nagamine et al., 2005).

In this experiment, the density of the steel block was de-
termined as 7.3± 1.0 g cm−3; therefore, the accuracy in de-
termining the density is 13 %. The typical energy of muons
at sea level is 3–4 GeV, sufficient to penetrate meters of steel
block. Most of the muons go through the steel block, and
thus the absorption rate is not very sensitive to the target den-
sity. However, a similar experiment with 1 km rock and ade-
quate statistics gives a more accurate result. Figure 4 shows a
simulation result of the sensitivity of the muon transmission
rate to the target density for different path lengths. The sim-
ulation compares the transmission rate between a 1-km rock
(ρ = 2 g cm−3) and a 5-m steel block (ρ = 7.9 g cm−3). Since
the low energy muon flux is screened by the target volume,
the density can be more precisely determined for a thicker
target. The statistical error in the measured number of muons
in the present experiment was± 2 %. For this variation, we
can calculate that the accuracy in determining the density of
1 km of rock is± 1 %, whereas that for a 5-m steel block is
± 13 %.

Although the low density found for the steel block (7.3 in-
stead of 7.8 g cm−3) is within the error, it is possibly at-
tributed to background noise due to fake tracks produced
by the accidental coincidences of vertical electromagnetic
shower particles. Such events are likely to occur in a two-
plane system as used in the experiments in this work. This
effect has to be considered when the target size is larger.

The RMS angular resolution of the present system is
(1θres, 1ϕres=± 14 mrad,± 14 mrad) at an angular interval
of 33 mrad. The minimum resolvable distance (MRD) (spa-
tial resolution1Xres, 1Yres) at the target volume (in this
case, an Fe block) is defined by the minimum resolvable
angle of the detector (in this case, the RMS angular reso-
lution) (1θres1ϕres) and the distance between the target and
the detector (R): (1Xres, 1Yres) =R × (1θres, 1ϕres). The
spatial interval (1Xint, 1Yint) at the target volume is de-
fined by the angular interval of the detector (1θint 1ϕint) and
the distance between the target and the detector (R): (1Xint,
1Yint) =R × (1θint, 1ϕint). Therefore we expect that the the-
oretical MRD will be ± 7.0 cm with a spatial interval of
16.5 cm in the present case. In this work, the actual minimum
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Fig. 4.Simulation results of the sensitivity of the muon transmission
rate to the target density for different path lengths.

resolvable distance (1X = 15 cm) was measured between the
theoretical MRD and the spatial interval:

1Xres < 1X < 1Xint. (1)

Equation (1) confirms that the theoretical MRD (RMS an-
gular resolution) of the segmented muon detection system
approximately equals the actual MRD (or spatial resolution)
at the target. Tanaka et al. (2007, 2008, 2009, 2011) and
Lesparre et al. (2012) used one half of the spatial interval
as the minimum resolvable distance. They both used a seg-
mented muon detection system. Their approaches were vali-
dated by this work.

5 Conclusions

The accuracy of positioning and determining densities in
muon radiography was first quantitatively evaluated by utiliz-
ing a steel block. In the present experiment, we measured an
accuracy of 13 % in determining the density of a steel block
with a length of 5 m, and based on this value we confirmed
that the accuracy will be improved to 1 % when the target
is a rock with a thickness of 1 km and adequate statistics is
available. Also, we confirmed that the positioning resolution
depends on the angular resolution of the detection system.
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