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Abstract

A simple particle detection system comprising an emulsion cloud chamber was developed as a potential apparatus for cosmic-ray

muon radiography of a volcano. A successful radiographic measurement of the internal structure of Mt. Kama-yama through

Mt. Maekake-yama is described. We analyzed the data and the bulk density of 2:25�0:06
0:04 g cm

�3 was determined in Kama-yama. Using

the value of the density of the mountain, we confirmed that the volume occupancy in the shallow region of a crater (at a place between

the crater rim and 100m below the rim) is 8:1þ45:9�8:1 %. We discuss the future perspective of the power-free radiographic imaging device for

understanding and monitoring volcanic activity.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Current geophysical measurements are based largely on
indirect measurements which have intrinsic uncertainties.
In order to obtain more information about the interior of
an active volcano, cosmic-ray muon radiography has been
considered as an alternative method to geophysics [1,2].
Cosmic-ray muon radiography is based on the absorption
of muons in matter. It is essentially the same as X-ray
radiography, except for substituting penetrating muons to
serve in place of X-rays. One distinguished example of
cosmic-ray muon radiography is the work by Alvarez et al.
[3] which studied the inside structure of the pyramid of
Giza in order to find any other hidden chambers.

The radiographic technique is utterly independent of the
geophysical model, and directly measures the density
e front matter r 2007 Elsevier B.V. All rights reserved.
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length (density � path length). By measuring muon
absorption along different paths through a mountain,
one can deduce the density length in the interior of the
object. Because the path lengths can be precisely measured
from the surface measurements, the average density along
the muon paths can be provided. As has been summarized
in various articles [4–6], the range of high-energy muons
through matter has been studied well. The interaction
cross-sections can be calculated by exploiting relations in
Standard Model of muon-initiated interactions which is
sufficiently well known for the purpose of radiography.
The uncertainty due to theory in these calculations is small.
We have promoted a project to measure the flux of

cosmic-ray muons passing through a mountain since 1994
[7]. Up to this date, scintillation detectors which require
power supply have been employed for performing cosmic-
ray muon radiography of a volcano [1,2] and a blast
furnace [8]. However, the measurement cannot be per-
formed with a detector located in volcanic areas where
normal electric power is not available. If the angular
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resolution of the apparatus is given (in many cases, the
available cosmic-ray muon flux limits the angular resolu-
tion), the ability to provide images at a higher spatial
resolution depends on the distance between the detector
and the object. If we can place the detector near the
volcanic crater, more highly resolved images would be
created in a shorter observation period.

Our approach differs from previous studies of muon
radiography. We offer a complementary scheme to create a
finer image of a volcano with an emulsion cloud chamber
(ECC). ECC is a completely power-free particle tracking
device and is light enough to carry up a mountain. It is also
beneficial to shorten the distance between the detector and
the object for higher spatial resolution.

We have developed a simple ECC comprising a system of
emulsion films and iron absorber. We have used this
prototype to image the top region of Mt. Asama. We show
examples of this novel view where the spatial resolution is
significantly higher than is possible with scintillation
detectors used in prior work.
2. Principle

Radiography using the propagation of muons assumes a
muon source with a well-known energy spectrum for
different zenith angles, a well-understood muon detector,
and a specific muon propagation model through matter.
The object of interest is the material along the path
line. If the matter structure along the path line is
unknown, the information from counting muon events at
different arriving angles can be used to infer on the matter
profile.
2.1. Range of high-energy muons through rock

Here, we discuss radiography based on attenuation
effects in cosmic-ray muon flux. Because the number of
muon interactions increases proportional to the density
length (density � path length), muon interactions lead to
attenuation effects. The energy loss of a charged particle of
energy E (TeV) through matter with a certain thickness
in terms of the density length of X (hg cm�2) can be written
as [4]

dE

dX
¼ ½1:88þ 0:077 ln

E

Mm

� �
þ 3:9E� � 10�6 ðTeVg�1 cm2Þ ð1Þ

where the first two terms represent the ionization loss and
the third term represents various stochastic processes, due
to bremsstrahlung, direct pair production, and photo-
nuclear interactions. Only the integrated effect leads to
attenuation of flux. Because the muons interact with
electrons and nucleons, the attenuation directly handles
on the matter density with an extremely tiny remaining of
uncertainty from chemical composition.
2.2. Cosmic-ray muon energy spectrum

High-energy muons are produced in nuclear interactions
dominantly through secondary meson decays. The energy
spectrum of cosmic-ray muons was measured as a function
of the zenith angle y* [9,10], which is summarized in the
first figure in Ref. [7]. Production mechanisms for muons
have been studied well. Thompson and Whalley expression
[10] assumes that the muon parents are pions and kaons
with production spectra of the form 1.8� 10�6 E�2U7

(nucleons cm�2 s�1 sr�1 TeV�1). According to a compila-
tion of the experimental data, the intensity of high-energy
muons with an energy of Em arriving at the zenith angle y*,
the differential muon spectrum Nm at sea level can be
written as follows:

NmðEm; y
�
ÞdEm ¼ 1:8� 10�6WmðEm þ DEmÞ

�g

�
rg�1p Bp sec y�

Em þ DEm þ Bp sec y�

 

þ 0:36br

r
g�1
K BK sec y�

Em þ DEm þ BK sec y�

!

ðcm�2 s�1 sr�1 TeV�1Þ ð2Þ

where the thickness of air, L0 ¼ 1.013 kg cm�2, has a
corresponding energy loss of muon DEm ¼ 2.6GeV and the
survival probability Wm is due to the average decay length
Ldecay of the muon, which is given as

Ldecay ¼ cbgt

¼ 3� 108 ðm =sÞ �
E ðGeVÞ

mm
� 2:2� 10�6 ðsÞ

¼ 6:2E ðGeVÞkm ð3Þ

where g ( ¼ E/mm) is the Lorentz gamma factor, and ct
( ¼ 660m) is the muon decay length. Bp ( ¼ 90GeV) and
BK ( ¼ 442GeV) are the decay constants of the charged
pions and kaons, respectively. Eq. (2) shows the behavior
of the muon flux as a function of zenith angle and energy.
The two terms in braces show that the contribution to the
muon flux from pion and kaon decays becomes increas-
ingly important with higher energies.
Once the density length (X) along the path line is given,

the minimum energy (Ec) of the cosmic-ray muons which
can penetrate through is determined by Eq. (1). By
integrating from Ec to infinity, we obtain the integrated
muon events Nm(Ec, y*). Inversely, for a substance with
unknown X, a measurement of the muon flux Nm(Ec, y

*)
uniquely determines its density length. Fig. 1 shows the
integrated flux of cosmic-ray muons at various zenith
angles penetrating through a given thickness of rock with a
density of 2.5 g cm�3.

3. Measurement in Mt. Asama; experimental setup

Two sets of position sensitive ECCs were placed at
Maekake observation point (Fig. 2) for the detection of



ARTICLE IN PRESS

0.0001

0.001

0.01

0.1

1

0 200 400 600 800

85°

50°

80°

75°

70°

60°

Rock Thickness [m]

R
e

la
ti
v
e

 M
u

o
n

 I
n

te
n

s
it
y

Fig. 1. Integrated flux of cosmic-ray muons at various zenith angles

penetrating through a given thickness of rock with a density of 2.5 g cm�3.

Fig. 2. Geometrical arrangement for the detector versus Mt. Asama.

Mt. Kama-yama (the new volcano (blue dotted lines)) is surrounded by

the old volcanic rim (Mt. Maekake-yama (black dotted lines)). The

positions of Maekake, Mt. #1, and Mt. #2 are also indicated in this map.
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near-horizontal cosmic-ray muons passing through the
crater region of Mt. Asama. The total detection area is
4000 cm2. The cosmic-ray observation has been performed
from the end of August to the end of October 2006
(2 months).

Mt. Asama is a stratovolcano towering in the northwest
of Karuizawa, between Gunma and Nagano Prefectures,
Japan and its highest point is 2565m high. A caldera called
‘‘Okama’’ exists at the top of the main body of Mt. Kama-
yama (Fig. 2). Kama-yama is surrounded by an old crater
rim Mt. Maekake-yama. ‘‘Okama’’ is a cone and its crater
pit is 350m across. The depth of the crater has changed.
It was 250m deep in 1893, but was completely filled with
lava in 1912.
There was a large eruption on September 1, 2004. After
the eruption, the uplift of crater bottom was revealed by
airborne synthetic aperture radar (AirSAR) images. The
comparison of AirSAR results with a digital elevation
model (DEM) by Airborne Laser Scanning measurements
in October 2003 revealed that a pancake-shaped lava
mound had formed on the crater floor, and the volume of
the lava mound amounted to 2.1� 106m3 [11]. Here, the
goal of the experiment was set as follows: (a) to confirm the
improved spatial resolution of detecting cosmic-ray muons
passing through Mt. Asama; (b) to image the main body,
Mt. Kama-yama behind Mt. Maekake-yama; (c) to detect
a crater at the top of Mt. Kama-yama; (d) to measure the
bulk density of Mt. Kama-yama; (e) to confirm the uplift
of crater bottom from Nm dependence on X by comparing
with a Monte Carlo simulation result; and (f) to measure
the absolute density of the pancake-shaped lava mound in
the crater by using the surface shape data as obtained by
AirSAR in 2004 and Airborne Laser Scanning measure-
ments in October 2003. In order to identify the path of
cosmic-ray muons, we have employed two emulsion films
in coincidence.

3.1. Emulsion chambers

Refreshable nuclear emulsion film production techniques
have been established under the collaboration between
Nagoya University and the Fuji Photo Film Co., Ltd. [12].
The detector elements of an emulsion film are the same as
photographic films, i.e., micro-crystals of AgBr. In the
emulsion layer, micro-crystals were filled in the volume
with occupancy of �31% (OPERA film) [12]. When a fast
charged particle passes through this layer, part of the
micro-crystals on the particle trajectory becomes develop-
able. After development, the trajectory can be recognized
as a sequence of three dimensionally ordered grains. Such
films were packed by thermo-sealing under vacuum in an
aluminum-coated film.
Silicic volcanic rocks commonly are enriched in radio-

active isotopes, especially potassium. If the emulsion films
are not shielded, the effect of radiation from volcanic rocks
becomes serious. In order to avoid this effect, the emulsion
films were covered with 3mm-thick Fe absorbers. In Fig. 3,
the survival probability of electrons is plotted versus
incident energies. In this GEANT4 [13] simulation, the
thickness of the iron absorber was fixed at 3mm. As can be
seen in this figure, 1.31MeV beta-electrons ejected from the
isotope potassium-40 can be totally blocked.
The background tracks start to be recorded immediately

after the refreshment because the emulsion films are
constantly irradiated by cosmic rays. In order to separate
radiographs from this pre-observation background, we
used two independent emulsion films in coincidence which
significantly reduces this contribution to the background.
The radiographic measurement is initiated by making a
coincidence with another independent film so that we can
recognize the true event by choosing the track which
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Fig. 3. Survival probability of electrons as a function of incident energy.

The thickness of the iron absorber was fixed at 3mm.

Fig. 4. Emulsion chamber comprising two sets of emulsion films in

coincidence, three iron plates, and four rubber sheets. The thickness of

each iron plate is 3mm.

Fig. 5. Geometrical arrangement of the emulsion cloud chamber in the

underground chamber (a), and schematic view of the chamber fixed to an

aluminum support frame with a slope of y ¼ 100mrad (b). The unit in this

figure is mm.
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penetrates through two independent films. The schematic
view of the ECC used for the present measurement is
shown in Fig. 4.

As shown in Fig. 5a, the ECCs were placed in an
underground chamber originally used for seismic observa-
tions (Maekake observation point); at an elevation of
2256m from the sea level and at a horizontal distance of
1 km from the center of the crater of Mt. Asama. The data
were collected over two months. The long runs were made
to clearly illustrate the structure of the object. The chamber
was fixed to an aluminum support frame with a slope of
y ¼ 100mrad, which facilitates the effective solid angle that
covers the whole area of the target region (Fig. 5b). The
effective solid angle in (y, f) (y ¼ 901�y*) is (�300 to
+500mrad, 7400mrad).

High energy electrons produced in a shower associated
with neutral pion and muon decays may cause additional
background, which would reduce the resolution in deter-
mining the density length of the mountain. It is well
known that a detector placed underground effectively
reduces this problem. Thus, we placed the detector in
an underground room which has a length of about 2m
and is 2m high and 2m wide. The thickness of rock
as viewed from the underground chamber in the direc-
tion toward the mountain is more than 50m, which is
sufficient to block such an external soft component
background (Fig. 5a).

4. Analysis

4.1. Scanning of a film

The development and readout of the emulsion chambers
was carried out at the scanning laboratory of Nagoya
University, Japan. Emulsion films from a chamber were
separated and developed immediately to avoid a further
radiation background. Tracks from the films were digitized
in the Super-UTS (SUTS) [14] and read into a computer.
The UTS reads out 16 tomographic CCD images from a
microscope in 45 mm thick emulsion layers, and tracks in
these images were recognized in three dimensions by an
image processor. The angles and positions of recognized
tracks were recorded and treated as the pulse height for
each track segment was recorded. Pulse height was defined
as the number of tomographic CCD images having pixels
associated with each recognized track. For tracking the
particle trajectories, the gap between emulsion layers was
200 mm. The efficiency of detecting track segments was
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50–100%. The effective detection area of 720 cm2 was
scanned.

4.2. Track reconstruction

By employing the events with a pulse height of higher
than 8 for each track segment, raw tracks with a track
density of 2� 106 cm�2 sr�1 were selected after the ghost
erasing process. Track segments in both sides of emulsion
were connected across the base. Connected tracks are
defined as base tracks. For each base track, a pulse height
was calculated. The maximum angle difference for the
base track making was set to 0.07 rad. After the base
track making, the track density was reduced to about
2� 105 tracks cm�2 sr�1. Finally, we connected the particle
trajectories that penetrate through two plates to remove
fake tracks. The fake tracks include the tracks that have
been recorded before a coincidence measurement. Fig. 6
shows the distribution of the angular and spatial devia-
tion between two plates in coincidence. In the present
analysis, the angular and spatial deviation allowed for the
doublet track making were less than 0.01 rad and 3 mm,
respectively.

4.3. Two-dimensional map of the density to be obtained

In the reconstructing procedure, various muon paths are
created. Because the size of the ECC is much smaller than
the spatial resolution of the vertex point at the target, the
path of the muon can be represented by the azimuth and
zenith angles with reference to the line perpendicular to the
detector plane (y, f; y ¼ 901�y*). The obtained histogram
of the Nm events as a function of (y, f) can be normalized
by the cosmic-ray muons not passing through any
substance.

4.4. Intensity of cosmic-ray muons penetrating through rock

A cosmic-ray muon measurement gives us the knowledge
about X(y, f) which is an ensemble of density length X

along the lines through the substance towards the observer.
Fig. 6. Distribution of the angular (a) and spatial d
A small change in X due to the existence of either less-dense
or more-dense parts inside the uniform substance will cause
a difference in Nm(y, f); the change in Nm(y, f) would
inform us of any change in X. Here, we present the ratio
n(y, f) ¼ Nm(y, f)/Nm(ysky, f), which represents the relative
cosmic-ray muon intensity, where Nm(ysky, f) is the
azimuthal distribution of cosmic-ray muons above the
edge of the mountain Nm(y, f) (y4400mrad). Nm(ysky, f)
gives the intensity of muons that transmitted through
nothing. A unique relationship exists between X(y, f) and
n(y, f). In order to examine the small change in n(y, f) for
any change in r (g cm�3), the experimental data was
compared with the result of a simulation that generates
cosmic-ray muons with the appropriate distribution of
energies and angles and propagates them through the
crater region of Mt. Asama. Because the elevation of
2000m is a relatively small contribution to the travel length
of horizontally arriving cosmic-ray muons in the atmo-
sphere, the muon spectrum, angular distribution, and rate
were employed for sea level.

4.5. Monte Carlo simulation

The procedure of the Monte Carlo simulation has been
previously discussed [1,2], and is only briefly introduced
here. To perform a particle tracking simulation, we defined
the geometry of the target from the 1/25,000 topographic
map distributed by GSI [14]. The map was produced before
2004 eruption. Throughout this work, default physical
processes were used in GEANT4 [13]. In order to simulate
the cosmic muon flux, each muon is treated as an
individual beam that is generated in front of the emulsion
chamber with randomised incident angle. The muon
momentum spectrum is based on measurements of the
muon flux at sea level (Eq. (3)) with a cut-off for energies
below 1GeV. Simulation of the incident angle distribution
was generated with a minimum deviation from zenith set to
601. After the interactions, particle tracks are computed. If
the particle that interacts with the detectors is a muon, the
zenith and azimuth angles of the muon track is written to a
data file.
eviation (b) between two plates in coincidence.
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5. Results and discussions

The path length distribution of the crater region of
Mt. Asama as obtained from the topographic map [15] and
the corresponding cosmic-ray muon radiograph are shown
in Fig. 7. The radiograph is plotted in relative muon
intensity. The reconstruction was made using data from
about 700,000 muons. Considering the small analyzed area
of 720 cm2 in a doublet chamber, we packed the data so
that the angular resolution of the radiograph becomes
730mrad. It corresponds to the spatial resolution of
730m at Mt. Kama-yama. The histogram was spline-
interpolated to visualize the shape of the mountain. The
results demonstrate the following important features
regarding the internal structure of Mt. Asama: (a) the
employment of a simple ECC made it possible for us to
place the detector near the object. As a result, we could
improve the spatial resolution for the intersecting point
determination as compared to the prior measurement in
the spatial resolution of 7250m [1]. From the perspective
of the present analysis level, a finer angular resolution will
be possible because the angular resolution of 730mrad is
limited only by the available muon events. A longer
observation time and/or a larger detector will improve the
resolution. (b) As can be seen in Fig. 7b, the mountain
having a peak with a vertical angle of about 310mrad is
Mt. Maekake-yama. The distance between the Maekake
observation point and the peak of Maekake-yama is 463m.
The height difference between them is 144m. Thus, the
elevation of the peak of Maekake-yama from the observa-
Fig. 7. Angular distribution of path length from the topographic map in the top

unit is in meter. (b) The cosmic-ray muon radiograph as plotted with relativ

features in the radiograph indicated by Maekake, Mt. #1, and Mt. #2 corresp
tion point is 311mrad. We have to detect the main body of
the volcano, Mt. Kama-yama through Maekake-yama
with a thickness of 100–200m. (c) We can see another peak
beneath Mt. Maekake at a vertical angle of about
295mrad. This feature is created by the highest point of
the rim of Mt. Kama-yama. The distance between the
observation point and this peak is 1020m. The height
difference between them is 302m. Thus, the elevation of the
peak of Maekake-yama from the observation point is
296mrad. (d) Beneath the highest rim of Mt. Kama-yama,
we can see a plateau-like structure. This structure indicates
the existence of a crater at the top of Mt. Kama-yama. The
region below the elevation of 198mrad, the number of
muon events becomes extremely small and comparable
with a constant background due to accidental coincidences
of the fake tracks. A future analysis in quad coincidence
will greatly reduce this effect. As shown in Fig. 7b, a
number of cosmic-ray muons penetrate Mt. Maekake-
yama. Fig. 7b indicates that the present method is useful to
probe the internal structure of a mountain.
The number of the recorded muon tracks were counted

within the angle region of (|y|, |f|)o(400mrad, 400mrad).
The events within the angle region of yo0 are defined as
backward direction tracks. The backward direction as well
as forward direction was extracted from the ECC data to
check the detection efficiency of the present detector. Fig. 8
shows the zenith-angle dependence of cosmic-ray muons,
as obtained with the data from muons arriving from the
backward direction (the opposite side of the mountain).
The values are consistent with the estimation in Fig. 8 with
region of Mt. Asama as viewed fromMaekake observation point (a). The

e muon intensity n(y, f) is shown in the same angle region. The shadow

ond to the peaks in Fig. 2.



ARTICLE IN PRESS
H.K.M. Tanaka et al. / Nuclear Instruments and Methods in Physics Research A 575 (2007) 489–497 495
a rock thickness of zero. Fig. 9 shows n(f) histogram
integrated over the vertical angle region between 190 and
250mrad and over the horizontal angle region within
760mrad. The Monte Carlo simulated values for various
density models are also plotted in this figure. There, the
values are plotted in relative muon intensity by assuming a
uniform density ranging from 2.2 to 2.5 g cm�3 with
(dotted lines) and without a crater (solid lines). The error
bars indicate the sum of statistical and systematic errors.
The values of systematic errors (76%) were evaluated
from the azimuthal distribution of the relative backward
muon intensity (n(f, �y)). As can be seen in Fig. 9, the
increase in the relative muon intensity within the horizontal
Fig. 8. Zenith-angle dependence of the cosmic-ray muon intensity, as

obtained from backward direction tracks.

Fig. 9. n–(f) histogram integrated over the vertical angle region between

190 and 250mrad. The Monte Carlo simulated values for various density

models are also plotted in this figure assuming uniform densities 2.2, 2.3,

and 2.5 g cm�3 with (dotted lines) and without a crater (solid lines).
angle region between �210 and 30mrad reflects the
existence of a crater. By fitting the data with the simulation
results for various density models, we determined the bulk
density in the region between the crater rim and the place
100m below the rim in Mt. Kama-yama. The value was
2:25þ0:06�0:04 g cm

�3.
A comparison between the experimental data and the

Monte Carlo simulation enables us to evaluate the present
crater condition [1]. Fig. 10a shows the comparison
between the experimental and simulation data. A Monte
Carlo simulation was performed for Mt. Asama with a
uniform density distribution (2.25 g cm�3), and was com-
pared with the data as obtained from the present
experimental system. We estimated the magma occupancy
in the crater by integrating the data points over the
horizontal angle region between �210 and +30mrad. The
result is shown in Fig. 10b. We confirmed that the crater
part at a place between the crater rim and 100m below the
rim is vacant with a volume occupancy of 8:1þ45:9�8:1 %. The
error in the magma occupancy calculation is very high,
with a range of 0–50%. However, the result indicates that
even such a small detector (720 cm2) can tell us whether or
not the magma is near the surface. Portability is one of the
most important factors for field measurements. From the
perspective of the present analysis level, the full data
analysis will reduce the error by a factor of 10. In order to
visually show the event increase at the crater region due to
the short density length in a crater, we present a matrix
showing the interpolated radiograph in Fig. 10c. The figure
also shows the results of the simulations for several crater
conditions with a magma occupation of 0%, 50%, and
70%. The ratios to the full-filled-crater conditions are
shown. The radiographs suggest that such a simple ECC
developed for the present experiment enables us to detect
the magma uplift and descent in the vacant crater or
unknown conduit that might exist in our field of view.

6. Future prospects

After the September 1, 2004 eruption of Asama, the
uplift of crater bottom was revealed by airborne synthetic
aperture radar (AirSAR) images. Although the part of the
data around the rim is missing because of radar shadow,
the highest region of the visible lava mound near the rim is
approximately 70m below the crater rim. Analyzing their
data, the volume occupancy at a place between the crater
rim and the 100m below the crater rim due to the lava
mound was estimated as much as approximately 10%. Our
result with a volume occupancy of 8:1þ45:9�8:1 % indicates the
existence of this lava mound.
Although our 720 cm2 data are not enough to discuss

about the property of the lava mound, our full data
(4000 cm2) enables us to discuss more in detail about the
volume and the internal structure of the lava mound.
Towards the completion of the scanning and the analysis in
the near future, the goal of the experiment has set as
follows: (a) to confirm the uplift of the crater bottom from
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Fig. 10. Comparison between the experimental and simulation data: (a) the histogram of relative muon intensity in the vertical angle region between 190

and 250mrad is compared to the Monte Carlo simulation results for several crater conditions (0%, 50%, 70%, and 100%); (b) the data points integrated

over the horizontal angle region between �210 and +30mrad. The simulation curve is drawn by integrating over the same angle region; and (c) two-

dimensional presentation. The ratio of the interpolated data to the simulations for the full-filled-crater condition is overlaid on the ridge of Kama-yama as

obtained with the present measurement. The simulation results for several crater conditions (0%, 50%, 70%, and 100%) are also shown.
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Nm dependence on X with a compilation of Monte Carlo
simulations; (b) to measure the absolute bulk density of the
pancake-shaped lava mound in the crater by comparing
with the surface data as obtained by Airborne Laser
Scanning measurements in October 2003; (c) to measure
the density distribution of the lava mound. The bulk
density of the lava mound would infer the degassing rate of
the ascending magma, which is important to understand
the eruption dynamics of vulcanian-type volcanoes. The
density difference between the lava and the surroundings
determines the buoyancy of the magma, which may
provide information on where the next eruption will start.
The spatial density distribution inside the lava indicates the
position of a vacant region. Such a vacant region is usually
created by degassing of magma and as it cools down, the
region above the vacancy would subside. The detection of
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such a vacant region is useful for land subsidence disaster
mitigation. Towards the future measurement we are
preparing several emulsion chambers. By changing the
observation points and taking a different ensemble of
the line, we can obtain three-dimensional tomography of
the inside structure of a volcano. We can make use of the
tomographic information to resolve the ambiguities of
the position of the density anomaly.

An enlargement of the cosmic-ray muon detection
system using an ECC for the purpose of more highly
resolved radiography is realistic because: (a) the cost
required for all the equipments, and for setting up
($300m�2 for doublet coincidence system) is reasonable;
and (b) the space required to accommodate the entire setup
is small (1 cm in thickness). By considering all these factors,
it is not difficult to produce a detector covering a 10m2

sensitive area. From a simple Monte Carlo simulation
assuming the same experimental geometry, we can estimate
that the density distribution of the lower part of the lava
mound can be measured with a precision of 75% in
density at a spatial resolution of 710m within 2 weeks.

7. Conclusion

In our 2-month measurements, we have confirmed the
following important properties of the present method:
(1) the intensity of near-horizontal cosmic-ray muons can
be measured with a completely power-free ECC detector.
The measured y* dependence of backward direction muon
tracks is consistent with the model calculation. (2) The
intensity of cosmic-ray muons which penetrate the
mountain reflects the topographic geometry of the moun-
tain. The radiograph of Mt. Kama-yama was taken
through Mt. Maekake-yama. The capability of seeing the
main body through Maekake-yama is important for the
purpose of disaster mitigation because usually such a
natural gigantic wall blocks dangerous volcanic ejecta
when eruption begins. (3) By approaching near the target, a
special resolution of 730m was achieved for the intersect-
ing point determination at 1.0 km distance. (4) An X

determination at 0.5–1.0 km thickness can be made with an
accuracy of 5% in 2 months, and the bulk density of
2:25þ0:06�0:04 g cm

�3 was determined in Kama-yama. The
accuracy is high enough to detect the crater. (5) We
confirmed that the crater part at a place between the crater
rim and 100m below the rim is vacant with a volume
occupancy of 8:1þ45:9�8:1 %. This value may be affected by the
existence of a newly created lava mound during the 2004
eruption. Further accuracy improvements are possible with
our full data analysis. Usually, the thick volcanic fumes
prevent monitoring of the topography on the summit crater
by standard optical method. Cosmic-ray muon radio-
graphy with a completely power-free ECC may be a useful
technique to monitor an activated volcano from a place not
too far but not too close.
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