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Abstract

Cosmic-ray muon radiography has been studied as a potential method for the measurement of the internal structure of the

active volcano Mt. West Iwate. We improved a cosmic-ray muon detection system built with a set of two position-sensitive seg-

mented detectors by the multiplicity analysis of a soft-component background after passing through an Fe plate between the detec-

tors. We measured the density of the region located 160m under the peak of Mt. Kurokura and compared to the gravimetric data.

Cosmic-ray muons as a radiographic probe provide useful information that complements the gravimetric data. We analyzed the

data to find time-dependent changes in the cosmic-ray muon intensity after passing through Mt. West Iwate, and a lower limit

of 0.82% was found in Mt. Kurokura at the 90% CL. We discuss the possibility of cosmic-ray muon tomography with two or more

detection systems.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The echosounding and the gravimetric method have a
long tradition as an important tool to clarify the internal
structure of a volcano. We suggest cosmic-ray muon
radiography to create a direct ‘snapshot’ of the density
profile of a volcano. This project has been promoted since
1994 [1]. The principal novelty of this technique makes it
possible for us to probe the internal structure of a volcano
at a distance using a unique property of the cosmic-ray
muons passing through matter. A detailed description of
e front matter r 2005 Elsevier B.V. All rights reserved.
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upgrading the detection system and the analysis method is
given in another report [2].
Volcanic earthquakes and deformation have been ob-

served since 1998 in Mt. Iwate. In 1999, surface phenomena
were activated. New fumaroles over 100 places appeared.
These volcanic activities have indicated a possibility of a
phreatic explosion in Mt. West Iwate [3]. The magmatic
activations under Mt. West Iwate therefore became the
center of researcher’s attention, and several GPS measure-
ments and seismic observations have been performed.
In the present work, we developed a cosmic-ray muon

detection system built with a set of two position-sensitive
segmented detectors with the multiplicity-cut analysis [4] in
order to perform long-term and good S/N observations.
The cosmic-ray muon detection system involves the ability
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to measure the angles of arriving muons with good
precision over a large sensitive area.
2. Principle

The zenith angle (y�) dependence of the muon spectrum
(Nm) at sea level [5] is

NmðEm; y
�
ÞdEm ¼ AW mðEm þ DEmÞ

�g

�
rg�1p Bp sec y�

Em þ DEm þ Bp sec y�

�

þ0:36br
r
g�1
K BK sec y�

Em þ DEm þ BK sec y�

!
ð1Þ

where Wm is the muon survival probability [1]. The ratio of
the muon momentum to the momentum of the parent pion
(rp) is 0.78, and that of the parent Kaon (rK) is 0.52. The
decay length of mesons that have an energy of Bp ¼

90GeV and BK ¼ 442GeV corresponds to the thickness of
the atmospheric layer. The branching ratio of the Km2
decay mode is br ¼ 0:635, and DEm is the muon energy loss
in the atmosphere from the top to sea level. The factor of
g(2.70) is the power index of the primary cosmic-ray
spectrum of AE�g.

A very high-energy muon that loses energy while passing
though matter is expressed in a function of its energy (E) [5]
such that

�dE=dx ¼ kðEÞ þ bbðEÞE þ bpðEÞE þ bnE. (2)

The terms bb(E)E, bp(E)E and bnE are proportional to the
losses by the bremsstrahlung, the pair production, and the
nuclear interactions, respectively [6]. Therefore, a unique
relationship between x and NmðEc; y

�
Þ is determined from

Eqs (1) and (2), where Ec is the critical energy of the
cosmic-ray muons that can penetrate through rock.

A typical energy of the soft components that include
electrons, positrons, and photons, spans from 0.1 to
2.0GeV/c at the ground level of an atmospheric depth of
0.0

1.0[m]

Aluminum Case
Iron Plate

e

e

e

e

�
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Fig. 1. Segmented cosmic-ray muon detection system. Two segmented

detectors were placed at a distance of 1.5m to achieve a 766-mrad

angular resolution. The effective vertical and azimuthal angle is

0oyo588mrad and 0o|f|o588mrad, respectively.
945 g/cm2 [7]. They become a background noise for cosmic-
ray muon measurements. In order to reduce the back-
ground, we used the cascade shower generation of the
electrons/positrons through iron plates [2].
Since the size of the counter is much smaller than the

object, the path of the cosmic-ray muon can be represented
by the zenith and the azimuthal angles (y�;f), as shown in
Fig. 1. Thus, we can produce a histogram of the Nm events
as a function of y� and f. Nmðy

�;fÞ is normalized to the
cosmic-ray muons from the sky in order to obtain the
forward/backward ratio Rðy�;fÞ. As a result, the depen-
dences on the absolute intensity of cosmic-ray muons, solid
angles, and the counter efficiency are canceled. Using the
data in the form of either Nm (y�;f) or Rðy�;fÞ with an
angular resolution of Dy� and Df, we obtain a density
length of X ðy�;fÞ with steps of Dy� and Df along the
cosmic-ray muon path in the mountain.

3. Apparatus, data acquisition, and data analysis

In order to identify the path of cosmic-ray muons, two
segmented detectors were employed in this experiment. The
segmented detector consists of x and y planes. Each plane
consists of an array of counters. Each counter with a size of
100-cm length� 10-cm width� 3-cm thickness was com-
posed of a plastic scintillator (Bicron, BC-408) and a
photo-multiplier tube (Hamamatsu, H7195). Ten counters
were arranged in each of the x and y planes, as shown in
Fig. 1. The path of a muon can be determined by the
combination of two signals from the Nos. 1 and 2
segmented detectors. The two segmented detectors were
placed at a distance of 1.5m in order to achieve 766-mrad
angular resolution. This angular resolution corresponds to
a 7200-m spatial resolution at 3000m apart. The effective
vertical angle is 0oyo588mrad ðy ¼ 901� y�Þ, and the
effective azimuth angle is 0o|f|o588mrad. The triggering
requirement for the reduction of the soft component is
coincident within 20 ns of at least two out of 10 counters
within the same plane (multiplicity cut analysis method) [3].
Two sets of detection systems were employed in order to
obtain a high rate of muon counting. They were placed in a
container (standard carrying container used for ocean-
going cargo with a size of 6mL

� 2.5mW
� 2.5mH), which

made it possible for us to move it to any place in response
to needs.
The data from the 40 TDCs were converted into two-

dimensional histograms (y, f) on an online monitor. In
order to determine the arriving angle of a cosmic-ray
muon, a computer analysis was carried out by the
following procedures: (A) Because a cosmic-ray muon
makes an event trigger, a real muon signal is observed at a
certain time in the TDC time spectrum; (B) The spatial
positions of a cosmic-ray muon hitting on the two
segmented detectors were determined from a combination
of the coincident TDC timings; (C) From the straight line
connecting the positions on the two segmented detectors,
the arriving angles were determined; (D) When more than
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Fig. 3. Conceptual three-dimensional view of the detection geometry in

Mt. West Iwate.
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two signals from the same layer coincided in the time gate,
such an event was discarded as being a soft component
(multiplicity cut); (E) The combination of two detectors
was used to identify the direction of the muon path,
providing Nmðy

�;fÞ for the forward and backward direc-
tions. The data were collected in a list mode, which records
an absolute timing of events with an accuracy of 1–3 ms. We
can therefore perform a time sequential analysis of the
data.

The forty counters were protected by aluminium housing
in order to prevent thermal and mechanical damage
experienced in long-term observations. An air-conditioning
system kept the room temperature at 20–25 1C in order to
protect the detection system from thermal damage.
Additional protection for data acquisition with an unin-
terruptible power supply unit (UPS) was employed. The
detection system was remote-monitored via a digital wired
system (ISDN) in order to confirm a stable operation of the
detection system. A snow shelter was designed in order to
prevent mechanical damage caused by heavy snowfall in
Mt. Iwate. The feature of the shelter of the container is a
pitched roof; snows slide off rather than accumulating on
the top.
4. Cosmic-ray muon radiography in the active volcano Mt.

Iwate

We measured the intensity of cosmic-ray muons passing
through Mt. West Iwate. Mt. Iwate, also called Nambu
Fuji, is located in Iwate Prefecture, Japan. Figs. 2 and 3
show the geometrical arrangement for the detection system
versus the middle point of Mt. West Iwate The elevation is
750m from sea level and its horizontal distance is 3100m
Detection
System

Gravimetric
Observation

Point

N

0 1 km

Mt.Ubakura Mt. Kurokura

Fig. 2. Horizontal view of the geometrical arrangement for the counter

versus Mt. West Iwate taken in the present measurement. Observation

points of gravimetric measurements performed by GSJ are also shown.

The data obtained from these observation points were used to determine

the value of the gravimetric density.
from the ridge between Mt. Kurokura and Mt. Ubakura.
The observation has been performed from May 2002, to
May 2003 (1 year).
For the purpose of fitting the data, a Monte Carlo

simulation was carried out. In this section, y ¼ 9012y�;f,
and r0 denote the elevation, the horizontal angle, and the
density of a mountain, respectively. To generate the
primary event, we independently choose Em from a uniform
distribution for a certain value of y� to find the muon
intensity NBEF

m ðy;fÞ before passing through a mountain.
The average density length along the muon path,
Lðy;fÞ � r0, is obtained from a topological map. The
energy loss of high-energy muons is then computed by a
Monte Carlo simulation using the experimentally and
theoretically obtained cross-sections [8],

stotalðEÞ ¼ sionðEÞ þ sbðEÞ þ sppðEÞ þ snuðEÞc, (3)

where sionðEÞ, sbðEÞ, sppðEÞ, and snu are the cross-sections
for the ionization process, the Bremsstrahlung process, the
direct pair production process, and the photonuclear
interaction process, respectively. If the distance between
the injection point and the point of which the energy of the
muon becomes zero is longer than the density length, the
expected muon number after passing through the mountain
can be computed, such that

NAFT
m ðy;f; r0Þ ¼ NBEF

m ðy;fÞ �Nstopped
m ðy;f; r0ÞÞ. (4)

The density is derived as follows:
(1)
 The Monte Carlo simulation gives the muon intensities
both before and after passing through a mountain.
(2)
 The observation gives forward–backward ratio:

Robsðy;fÞ ¼ NFOR
m ðy;fÞ=NBAK

m ðy;fÞ. (5)
(3)
 Assuming the initial muon intensity generated by the
Monte Carlo simulation is the same as the intensity of
the muon that arrives from the backward of the
detector, the forward/backward ratio, as obtained with
the Monte Carlo simulation,

RMCðy;f;rnðfÞÞ ¼ NBEF
m ðy;fÞ=NAFT

m ðy;fÞ, (6)
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ives the density of the object such that,
g

rnðfÞ ¼

r1ðfÞ ð�594ofp� 528mradÞ

r2ðfÞ ð�528ofp� 462mradÞ

r3ðfÞ ð�462ofp� 396mradÞ

..

.

8>>>><
>>>>:

(7)

where the density rðfÞ is optimized by minimizing
w2ðrðfÞfÞ that is given by

w2ðpðfÞ;fÞ ¼ Sy ðRMCðy;f;r0ðfÞÞ
�
�Robsðy;fÞÞ

2=syðfÞ
2
�
. ð8Þ

where the standard deviation of the observed values syðfÞ is

syðfÞ=ROBS ¼ ½ððN
FOR
m Þ

1=2=NFOR
m Þ

2

þ ððNBAK
m Þ

1=2=NBAK
m Þ

2
�1=2. ð9Þ

5. Result

The radiography of Mt. West Iwate for y ¼ 198�
66mrad is compared to the simulation in Figs. 4(a) and (b).
We confirmed the following important properties in the
present observation:
(1)
 As shown in Fig. 4(a), the measured density lengths are
deviated from the model calculations in the middle
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4. Density lengths for y ¼ 198� 66mrad, as obtained by the present

surement. Monte Carlo simulation results for rðMODELÞ ¼ 1:5, 2.0, 2.5,
3.0 g/cm3 are also plotted (a). A cut-view presentation along the plane

aining the detection system and the summit region for y ¼ 198�

rad (b).

Fig.

Kur

data
region between Mt. Kurokura and Mt. Ubakura. This
deviation caused by a large number of cosmic-ray
muon background that arrives from the sky region. The
ratio between the mountain and the sky region is
determined by the spatial resolution of the detection
system.
(2)
 The average density within a region of 7172�
7172m2 located 160m under Mt. Kurokura was
2.4270.24

0.29 g/cm3.

(3)
 The average density within a region of 7172�

7172m2 located 110m under Mt. Ubkura was
2.4270.24

0.29 g/cm3.
The measured density lengths were compared to the
gravimetric data. Cosmic-ray muon data give the horizon-
tally integrated density whereas the gravimetric method
gives the vertically integrated density. This feature makes it
possible for us to perform cosmic-ray muon tomography by
placing two or more detection systems around a volcano.
The gravimetric data measured in the Mt. Iwate region

have been reported by Geological Survey of Japan (GSJ).
Ten observation points along Yakkiri-zawa were chosen to
determine the density of Mt. Kurokura, as shown in Fig. 2.
The observation altitude (hm) ranges from 914 to 1492m.
We computed the Bouguer gradient with these ten points
using the Bouguer Slab approximation,

DgðmgalÞ ¼ �½hðb� 0:092ðr=2:2 g cm�3ÞÞ� (10)

to optimize the gravimetric density rgrav, and found
rgrav ¼ 2.3870.05

0.06 g/cm3 with the method of least mean
square, assuming an error of 71.0mgal. The forward/
backward ratios ðnðy;fÞÞ are compared between the
cosmic-ray and the gravimetric data in Fig. 5. They are
in agreement with each other within the error bars.

6. Time-dependent changes in the cosmic-ray muon intensity

Cosmic-ray muon radiography is applicable to a real-
time monitoring of volcanic activities. In this section,
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time-dependent changes in the cosmic-ray muon intensity
in Mt. Kurokura are discussed. All the data were divided
into six 2-month data. The effect of cosmic-ray modulation
is cancelled by taking the ratio between the forward and
the backward data.

Fig. 6 shows the time-dependent changes in the cosmic-
ray muon intensity after passing through Mt. Kurokura
and Mt. Ubakura. In order to evaluate the deviation
observed in November 2005 (winter period), the data
during the winter period were compared to the data
excluding the winter period (Fig. 7). The mean value of the
F/B ratio excluding the winter period was 0.293 with a
standard deviation of 0.0040 whereas that during the
winter period was 0.306 with a standard deviation of
0.0073. As shown in Fig. 7, the mean value during
the winter period exceeds that excluding the winter period
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Fig. 6. Time-dependent changes in cosmic-ray muon intensity after passing th

Kurokura (B), and a region of 7172�7172m2 located 110m under Mt. Ub
by 1.57s, considering both of the errors. The lower limit
of the deviation during the winter period from the
other values is determined as 0.815% at a confidence level
of 90%.
Assuming the water level was located at the top region of

Mt. Kurokura in a uniform porosity of 60% in the summer
season, a Monte Carlo simulation for a subsidence of
different water levels (40, 60, 80, and 100m) gives a
quantitative explanation for the deviation observed in the
winter period. The results are plotted in Fig. 7. The
subsidence of 105m explains the observed value. The
radiographic images are compared between the winter
period and the summer period in Fig. 8 by creating a spline
surface over the set of data points. Monte Carlo simula-
tions for several subsidence levels (40, 60, 80, and 100m)
are also shown in Fig. 8.
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On the other hand, there is no clear evidence of such a
deviation in Mt. Ubakura. However, the average values
over the different region (+1 month; square) indicate a
slight increase in the F/B ratio in the winter period (Fig. 9).
Applying the same model in Mt. Kurokura, a subsidence of
95m explains the observed value.

The subsidence of water level can be interpreted as
follows. A heat pulse rising from the magma reservoir
leaded to boiling underground water, and as a result, the
water contained in the porous volcanic deposits was heated
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Fig. 7. Time-dependent changes in cosmic-ray muon intensity after

passing through Mt. Kurokura (solid circle). The average was also taken

shifting 1 month (solid square). The F/B ratios expected by the subsidence

of a water level from the top of Mt. Kurokura are also plotted for several

cases.

Fig. 8. Radiographic image of Mt. West Iwate. Monte Carlo simulation res
up to evaporation, causing fumarolic eruption. In the
summer season, the water level was kept constant because
the evaporation of the underwater was balanced with a
precipitation. However, in the winter season, this balance
was broken due to the capping by a snowfall on the top,
and thus the water level subsided [9]. We estimated the heat
flux in Mt. Kurokura and Mt. Ubakura. The values are
2.270.4 kW/m2 and 1.970.4/0.6 kW/m2, respectively,
based on the geothermal model of the thermal waters [10].
7. Future prospects

Radiography using near-horizontally arriving cosmic-
ray muons is applicable to tomography of a volcano. If we
can obtain the projection data (radiography data) of a
volcano from different directions, a three-dimensional
density profile can be reconstructed. Since most cosmic-
ray muons pass thorough the object straightforwardly, the
density information inside the object is related to a simple
mathematical expression. When the muon track length in
the object takes a negligibly small change, the range–energy
relationship as a function of (j; w), where j is the
azimuthal angle of the arriving cosmic-ray muons, and w
is the rotational angle of the detection system around the
object, can be approximated by a simple exponential
function such as

NFOR
m ðf; wÞ ¼ NBAK

m ðf0; wÞ

� exp �

Z þ1
�1

kðyÞrðx; yÞds

� �
ð11Þ

where kðyÞ is a zenith-angle-dependent factor to correct the
index in Eq. (11). In many cases, the distance between the
object and the detection system is long enough compared
to the size of the object. We can therefore approximate the
ults for several subsidence levels (40, 60, 80, and 100m) are also shown.
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cosmic-ray muon paths in the object to be parallel. When
such assumptions are reasonable, we can apply the
projection slice theorem [11] to reconstruct a three-
dimensional density profile of the object. The amount of
the absorption of the cosmic-ray muon in the object in a
cartesian space (x; y; z) can be calculated by comparing the
cosmic-ray muon intensity before passing through the
Fig. 10. Geometry of the object ta
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Fig. 9. Time-dependent changes in cosmic-ray muon intensity after
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of a water level from the top of Mt. Ubakura are also plotted for several
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Fig. 11. Reconstructed image based on the
mountain to that after passing through the mountain as a
function of f and w. If we can assume that the cosmic-ray
muon intensity is independent on the azimuthal angle, the
following expression is convenient:

NBEF
m ðf; wÞ ¼ NBAK

m ðf0; wÞ. (12)

Applying the back-projection process to the projection
data given by

ROBS
m ðf; wÞ

� lnðNBAK
m ðf0; wÞ=NFOR

m ðf0; wÞÞ=kðyÞ ð13Þ

a cross-sectional density distribution rðx; yÞ can be
reconstructed by summing up the projection data that
pass through the point (x; y) over all the directions. One of
the algorithms to perform such a reconstruction is known
as the convolution back-projection method. The three-
dimensional density profile is reconstructed by perform-
ing an inverse two-dimensional Fourier transformation
of a one-dimensional Fourier transformation of the
projection data.
Cosmic-ray muon projection data were generated by a

Monte Carlo simulation to confirm our method. A pyra-
mid shaped geometry with a size of 20mW

� 20mD
�

10mH was employed as a model object, where a cubic
shaped cavity with a size of 3mW

� 3mD
� 3mH is located

at an asymmetric position in the pyramid. The average
density was assumed to be 2.5 g/cm3. The detection system
used for the observation in Mt. West Iwate was employed
as a test detector. The detection system was located at a
distance of 20m from the center of the pyramid. The
geometry is shown in Fig. 10. The projection data were
ken in the present simulation.

model geometry, as shown in Fig. 12.
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produced according to Eq. (13). The discrete projection
data were interpolated by the weighted spline method.
Since the projection data, as obtained by observations
from the opposite directions become mutually symmetric,
it is enough for us to perform the observation over an
angle region w ¼ 02p �. The reconstructed image is shown
in Fig. 11. The detection interval angle is Dw ¼ p=16 �. For
the purpose of the evaluation of the reconstruction
algorithm, the cosmic-ray muon event rate was maximized
so that the statistic error was negligible. The reconstructed
image, as shown in Fig. 11 is slightly distorted compared to
the original geometry in Fig. 10. The distortion can be
ascribed to the following reasons: (1) we approximated the
arriving muons as a parallel beam. (2) The intrinsic
overlapping of the cosmic-ray muon events, originated
from the geometry of the detection system distorted the
reconstructed image.

By placing two or more detection systems around
the object, we can perform a tomographic measure-
ment of a volcano. A tomogrpahic measurement will
reveal a three-dimensional density profile in a thin region,
e.g., around a summit region of a volcano. It is well known
that the density structure of a volcano near a volcanic
conduit is a key condition to determine a type of eruption
[12]. The rising velocity of magma depends on the
buoyancy, arising from the density difference between
magma and the conduit. If the density difference is
small the rising velocity of magma is not accelerated.
However, when the difference is large the rising velocity
is accelerated by reducing the magma density with a help
of a bubble formation, and as a result, the eruption
type becomes explosive. A blockage of the volcanic conduit
also controls the eruption type. A cosmic-ray muon
tomography of a volcano will be a powerful tool to
reveal such a volcanic structure that controls the erup-
tion mechanisms.

8. Summary

Cosmic-ray muon radiography has been studied in Mt.
West Iwate. Throughout our observation period, the
following important points are confirmed:
(1)
 We established a long stable observation method in an
area of heavy snow.
(2)
 We determined the average density (2.4270.24
0.29 g/cm3)

within a region of 7172�7172m2 located 160m
under Mt. Kurokura.
(3)
 We determined the average density (2.4670.65
1.54 g/cm3)

within a region of 7172�7172m2 located 110m
under Mt. Ubakura.
(4)
 The density determined by the gravimetric measure-
ments (2.3870.05

0.06 g/cm3) was compared to the cosmic-
ray muon data. They are in agreement with each other
within the error bars.
(5)
 In the winter period (November 2002–January 2003),
We observed an increase in the cosmic-ray muon
intensity passing through Mt. Kurokura at a confidence
level of 95%.
Movements of magma have been observed as a certain
surface phenomena such as volcanic deformation. More
reliable volcanological data will be obtained by cross-
disciplinary studies under collaboration with a satellite-
based volcanic monitoring method, such as Interferometric
Synthetic Aperture Rader (InSAR).
By placing two or more cosmic-ray muon detection

systems around a volcano we can perform a tomo-
graphic measurement of a volcano. A three-dimensional
density profile inside a volcano will be an important
database to discuss the eruption dynamics and the
prediction.
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