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Density imaging with Cosmic Rays Muons

2

Basic principle : 

‣ Probe the inner structure of a volcano  using muons in terms of density.
‣ Combine images from different viewpoints for 3D “tomographic” reconstructions.

Possible since :

‣ Muons are very penetrating : 0.1~1TeV muons can pass through 0.1~1 km of rocks
‣ High energy muons are naturally produced in air showers.

µ  
µ  

and 2370 m, and 0.7 ± 0.9 g/cm3 at an elevation between
2370 and 2470 m.
[17] A dumped least squares solution of two‐directional

muography is shown in Figure 10. Assuming the density
changes smoothly within the detector resolution, we can
produce the volumetric representation as shown in Figure 11.
The size of the fractured region below the crater floor was
determined to be 300 ± 100 m for the W–E direction, and
150 ± 50 m for the N–S direction. The fractured zone

below the crater floor seems to be extended toward the north.
This might be related to the 1783 eruption that caused a large
pyroclastic and lava flow toward the north direction.
[18] The data presented here constitute evidence that we

have solved the problem that is inevitably encountered in the
conventional unidirectional muography: “the technique only
resolves the average density distribution along individual
muon paths.” However, there are still several limitations to
the present Mu‐CAT technique: in order to fit the data to the
model, (1) we have to assume the value for Wm; and (2) we
have to assume the size of the area where the value ofWm is
reduced. This assumption increases the model uncertainty
and the error when determining the density. We have per-
formed a model calculation and found that if we place eight
or more muon observation points around the volcano, above
two assumptions will not be necessary. We anticipate that
the Mu‐CAT will be a powerful tool to see smaller objects
and greater detail in volcanoes three dimensionally.
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Figure 11. Volumetric representation inside Asama. Top
of Asama is truncated at the elevation of 2470 m. The
image is vertically sliced by a W–E plane including
(a) the center of the crater, (b) 100 m north from the center
of the crater, and (c) 200 m north from the center of the cra-
ter. (d) The image without cut. It can be visually seen that
the low‐density area is extended toward the north direction
in Figure 11c.
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Three‐dimensional computational axial tomography scan
of a volcano with cosmic ray muon radiography

Hiroyuki K. M. Tanaka,1 Hideaki Taira,2 Tomihisa Uchida,3 Manobu Tanaka,3

Minoru Takeo,1 Takao Ohminato,1 Yosuke Aoki,1 Ryuichi Nishitama,1 Daigo Shoji,1

and Hiroshi Tsuiji1

Received 30 April 2010; accepted 6 July 2010; published 30 December 2010.

[1] Cosmic ray muon radiography can measure the density distribution within a volcano.
Unidirectional radiography shows a precise cross‐sectional view of a conduit and a
magma body through a volcano parallel to the plane of the detector. However, it only
resolves the average density distribution along individual muon paths. Precise size and
shape of underground structure, such as a conduit or a magma body, provide clear and
pervasive information on understanding dynamics of volcanic eruption. Here we show a
highly resolved three‐dimensional tomographic image of an active volcano Asama in
Japan. Specifically, we developed a portable power‐effective muon radiography telescope
that can be operated stable with a realistically sized solar panel so as to place it around an
active volcano where commercial electric power is not available. The resulting image
below the crater floor shows that a local low‐density region accumulates sufficient gas
pressure to cause Vulcanian eruption. The present muon computational axial tomography
scan has a resolving power with a resolution of 100 m, allowing it to see great detail
in volcanoes.

Citation: Tanaka, H. K. M., H. Taira, T. Uchida, M. Tanaka, M. Takeo, T. Ohminato, Y. Aoki, R. Nishitama, D. Shoji, and
H. Tsuiji (2010), Three‐dimensional computational axial tomography scan of a volcano with cosmic ray muon radiography,
J. Geophys. Res., 115, B12332, doi:10.1029/2010JB007677.

1. Introduction

[2] In order to perform a numerical simulation of a magma
injection, the size and shape of the conduit near the surface
are important factors. Small changes in chamber pressure,
magma viscosity, and conduit diameter are known to
strongly amplify discharge rate. Muon radiography (muo-
graphy) with cosmic ray muons has been used to image the
internal density structure of a volcano [Tanaka et al., 2003,
2007a, 2007b, 2008, 2009; Tanaka and Yokoyama, 2008].
When a muon is transmitted through a heterogeneous body,
it is differentially absorbed, depending upon the varying
thickness and density distribution inside the mountain. This
technique is utterly independent of the geophysical model
and directly measures the density length (density times path
length) [Groom, 2001]. Conventional two‐dimensional
measurements with unidirectional radiography generate two‐
dimensional projection onto the plane, producing a latent
image of varying densities inside a volcano. The muography
has higher resolving power than conventional geophysical
techniques, with resolutions up to tens of meters, allowing it

to see smaller objects and greater detail in volcanoes.
However, this technique only resolves the average density
distribution along individual muon paths. Therefore, the user
must end up making assumptions or interpretations about
more localized structure along those muon paths. Otherwise,
it is difficult for us to determine whether a vacant region is
localized or a relatively low density region is spread over a
larger region along the muon path.
[3] In general, volcanoes make good study targets because

they are usually axisymmetric, and it is reasonable to
assume that the observed density variations are localized in
the vent or crater area. This is why the conventional two‐
dimensional measurement with unidirectional radiography is
useful for volcanic observation. However, uncertainty still
remains over the exact position of the density anomaly, its
shape and its alignment. This uncertainty can be further
constrained with multiple observations with two or more
cosmic ray muon detectors. Multidirectional muography can
eliminate the superimposition of images of structures out-
side the area of interest. In this work, we placed two muon
detectors around Mount Asama in order to produce a three‐
dimensional image to locate and size a low‐density region
near the crater found in 2006 [Tanaka et al., 2007a].

2. Muon Computational Axial Tomography
System

[4] The experimental arrangement for a muon computa-
tional axial tomography (CAT) (Mu‐CAT) system requires
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The Tomuvol collaboration
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Proof of principle for the “Tomographie with Muons of the Volcanoes”

Base design of the detector :
Muon tracker composed of four planes  made of  CALICE Glass Resistive Plate Chambers.

➥extensively described at this conference:
 Gerald Grenier  on the SDHCAL technological prototype,
 Nathalie Séguin on the readout ASICs (Hardrock 2)

Interdisciplinary collaboration, emerged end 2009: particle 
physicists (IPNL, LPC) and volcanologists (LMV, OPGC).

Phase 1 : 2010-2014
‣Extensive studies of the Puy-de-Dôme.
‣Comparison to geophysical techniques.

Phase 2 : 2014➟
‣Design, construction and validation of an autonomous 
and easily transportable radiographic device.
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Detectors for volcano radiography
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5d=1m

R=1cm

10	  mrad

10m

d=1km

• ~0.5º  track resolution  - 10 m  spatial res. for a detector ~km away 
•  Attainable density contrast driven by the detector effective surface
High energy muons rather scarce at high θ  : 1~10/m2deg2day near the horizontal.

Measurement : integrated density along the line of sight
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Detectors for volcano radiography

4

5d=1m

R=1cm

10	  mrad

10m

d=1km

• ~0.5º  track resolution  - 10 m  spatial res. for a detector ~km away 
•  Attainable density contrast driven by the detector effective surface
High energy muons rather scarce at high θ  : 1~10/m2deg2day near the horizontal.

A good detector 

✓large, upscalable  surface
✓(very) good angular resolution 
✓high efficiency
✓low noise

 ... and some more

✓low power consumption
✓robust and stable 
✓operable by non-specialists
✓real time daq and analysis

Measurement : integrated density along the line of sight



             S.Bene            25.04.13                                                                       CHEF 2013               

CALICE GRPC’s

Gas:  93% TFE, 5% Isobutane, 2% SF6

M. Bedjidian et al, “Performance of Glass Resistive Plate 
Chambers for a high granularity semi-digital calorimeter”, 
JINST 6:P02001,2011

Avalanche mode:  total mean MIP charge 2.6pC, RMS: 1.6pC

• large area (1m2)

•detection rate up to 100Hz/cm2

• robust, highly efficient

•noise level less than 1Hz/cm2 

•very cheap

5

http://arxiv.org/find/physics/1/au:+Bedjidian_M/0/1/0/all/0/1
http://arxiv.org/find/physics/1/au:+Bedjidian_M/0/1/0/all/0/1
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CALICE GRPC’s

Gas:  93% TFE, 5% Isobutane, 2% SF6

Efficiency vs. HV & track incident angle
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CALICE GRPC’s

Gas:  93% TFE, 5% Isobutane, 2% SF6
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Muon Tracker : CALICE Electronics

HV~ 7.5kV

Dulucq,	  F.;	  de	  La	  Taille,	  C.;	  Martin-‐Chassard,	  G.;	  Seguin-‐Moreau,	  N.;	  ,	  "HARDROC:	  Readout	  chip	  
for	  CALICE/EUDET	  Digital	  Hadronic	  Calorimeter,"	  Nuclear	  Science	  Symposium	  Conference	  
Record	  (NSS/MIC),	  2010	  IEEE	  

• 8 layers PCB, 800µm thick. 

• readout by induction (1 cm2 pads)

6
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• 8 layers PCB, 800µm thick. 

• readout by induction (1 cm2 pads)

• 64 channels, 16 mm²
• digital output (3 adjustable thrs)
• low power consumption (1.5 mW/ch) 
• large gain range  
• xtalk <2% 
• ajustable gain for each channel 
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Tomuvol Clock & DAQ Synopsis

DAQ PC
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→ clock (5MHz, trigger) 
← busy 

PC
board

USB2

Ethernet

USB2

→ clock (5MHz, trigger) 
← busy 

→ clock (5MHz, trigger) 
← busy 

• system operated synchronously @ 5 MHz

• each DIF reads/controls  48 HARDROC2 ASICS (autotrigged  
and with internal RAM holding 128 consecutive events)

• first full RAM triggers the readout of the whole detector 
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The Tomuvol detector design

8

➥

‣ 1m2 chambers not really suited for field deployment.
‣ Difficult to transport (heavy, fragile).
‣ Price/unit too high to produce enough spares. 

1m2 made out of  6 chambers 50x33 cm2

‣ easy to transport
‣ price/unit compatible with spare production
‣ special care in designing the structure for precise alignment 
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Test bench @ LPC last November

10
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2. Col de Ceyssat (1074 m)
Feb-Mar 2012

Short term survey from a 
closeby location with a 

0.66 m2 detector.

1. Grotte Taillerie (867 m)
Jan-July 2011

Long term survey from a 2 
km distant location with a  

0.16 m2 detector.

2 km

1.2 km

 Prototype detector, using GRPCs borrowed from IPNL 

107 deg

 Preliminary measurement campaigns
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The Taillerie campaign

             V. Niess       MNR 2012      Clermont-Ferrand April 18th                                                           

Jan-July 2011
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Detector installation at La Taillerie

13

Alignment performed in collaboration with ESGT Le Mans.
➥ Obtained accuracy on the absolute position : better than 5 mm.

Housing against the 
high ambiant humidity 

To the cave 

Fe
lix

 

Setup of the detector :
‣3 plans of 1m2 x 1m2 x 0.16 m2 or 1 m2.
‣Spacing : 0.5m (Jan-May) or 1m (May-July).

Detector in an artificial cave, shielded partially by ~60cm concrete :
➥ Should be visible in the data ...
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The Col de Ceyssat campaign

             V. Niess       MNR 2012      Clermont-Ferrand April 18th                                                           

Feb-Mar 2012
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Setup at Col de Ceyssat

15

Absolute alignment more difficult due to the detector being in a small room with little 
openings.
➥ Obtained accuracy : ~10 mm.

Setup of the detector :
‣4 plans of 1m2 x 1m2 x 1m2 x 0.66 m2.
‣Spacing : 1m.

Detector partially shielded by 
buildings around.
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Remote control and data taking

16

Network :
‣La Taillerie : using wifi antenna, relayed by the Puy-de-Dôme.
‣Col de Ceyssat : “regular” Internet Service Provider.

17 M µ candidates 
(w/o any selection).

Thanks to 2 x 8h 
daily shifts 7/7 + 
very dedicated 
experts.

0.16 m2 
x 0.5 m

1 m2 
x 1 m

0.16 m2 
x 1 m

Duty cycle: 91% 
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Network :
‣La Taillerie : using wifi antenna, relayed by the Puy-de-Dôme.
‣Col de Ceyssat : “regular” Internet Service Provider.

17 M µ candidates 
(w/o any selection).

Thanks to 2 x 8h 
daily shifts 7/7 + 
very dedicated 
experts.

0.16 m2 
x 0.5 m

1 m2 
x 1 m

0.16 m2 
x 1 m

Duty cycle: 91% 125kB/s of data 
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Track Fit and Chambers Inter-alignment

Track	  reconstruc4on	  
Clusterise	  the	  coincident	  hits	  in	  the	  chambers	  

Analy4cally	  minimise	  χ2	  w.r.t.	  4	  track	  parameters	  using	  the	  cluster	  barycentres	  in	  each	  
chamber.	  N.B.:	  the	  average	  cluster	  size	  is	  1.3	  cell.

χ2

x

y

z

O
μ

Reconstruc4on	  system

⇒	  Detector	  inter-‐alignment

	  

Track χ2 optimal when 
detector well aligned 

mm

mm	  precision

σ x
 (c

m
)

α (deg)Elevation:

x(cm)

σα (deg)

Grotte-Taillerie
(Δz = 0.5 m)

Include	  alignment	  parameters	  in	  track	  fit
χ2	  op4mal	  when	  detector	  well	  aligned

β(deg)

σβ (deg)

Horizontal:

Grotte-Taillerie
(Δz = 0.5 m)

Grotte-Taillerie
3 chambers. ndof=2

             V. Niess       MNR 2012      Clermont-Ferrand April 18th                                                           



Fl
ux
	  [(
m

2 d
eg

2 d
ay
)-‐1
]

TOMUVOL	  
preliminary

Tracks Rate

R
at

e

             S.Bene            25.04.13                                                                       CHEF 2013               

 From raw-data to radiographic measurement 

 Preliminary map by converting the aligned tracks to a track rate per m2 per solid angle and 
unit time.
    - Correct for the detector geometrical acceptance and dead cells.
    - No correction from individual chambers detection efficiency yet. Additional factor ~
(0.90-0.95)N=3,4

.

                - - No correction for the dead time yet.

Raw Tracks

ac
ce

pt
an

ceTOMUVOL	  
preliminary

GroRe	  Taillerie:	  21/01/2011	  -‐	  06/04/2011,	  	  65.8	  days	  of	  data	  taking,	  0.16	  m2	  x	  0.5	  m

18
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Opacity Coefficient

 Opacity coefficient:
    - Compute the transmission through the rocks normalised by the measured open sky flux.
    - Report the absorption coefficient divided by the rock depth for each line of sight as given 
by the topography (LiDAR measurements).

 Hints of a structural contrast in the somital area. In the base, background tracks mimic a 
higher transmission.

Opacity coefficient

19

TOMUVOL	  
preliminary

Background tracks
(mimic a higher 
transmission)

Transmission coefficient
1

0.1
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Linear opacity to atmospheric muons

Density (103kg/m3)

Puy-de-Dôme inner structure, imaged through 
gravimetric tomography, with atmospheric 
muons and by electrical restivity :

2 km 

40
0 

m
 

TOMUVOL
Preliminary

Background contamination 
mimics lower opacity

TOMUVOL
Preliminary

20

Comparison with geophysical methods

➥ Notable agreement between 
gravimetric and muonic tomographies on 
the presence of a dense core near the 
top of the volcano.
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The simulation tools

21

Another step is needed before converting muon data into density imaging.

Remember that we need a model for the atmospheric muons flux and their 
interaction in the volcano.

Simulation of the detector also needed to compute detector acceptance, and to 
estimate background due to fake tracks created by downgoing showers.

Geant4 simulations of air showers and of the detector are in construction:
‣Powerful tool to describe detector and environment geometry.
‣Particle interaction with matter well described up to ~TeV.

Custom program : PuMAS, using cosmic muon flux measurements and 
semi analytical formulas for muon propagation also in development:
‣Much faster then a Monte-Carlo approach.
‣Deterministic
‣Allows cross checking the Geant results.



PuMAS
GEANT4

Sp
ec
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al

 d
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ty

Final kinetic energy (GeV)
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PuMAS
GEANT4

PuMAS
GEANT4

PuMAS
GEANT4

Initial kinetic energy (GeV)Initial kinetic energy (GeV)
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Muons propagated 
in air (1.205 kg/m3)

Muon flux propagated 
through 100m of rock 
(2.65t/m3)

Muons propagated 
in air (1.205 kg/m3)

Muons propagated 
in air (12.05 g/m3)

Muons propagated 
in air (1.205 kg/m3)

Comparison Geant4/PuMAS
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PuMAS
GEANT4

PuMAS
GEANT4

PuMAS
GEANT4

Initial kinetic energy (GeV)Initial kinetic energy (GeV)

Initial kinetic energy (GeV)

100 M
eV

10 M
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No decay
Tr
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)
No decay

No decay
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/c
0)

Muons propagated 
in air (1.205 kg/m3)

Muon flux propagated 
through 100m of rock 
(2.65t/m3)

Muons propagated 
in air (1.205 kg/m3)

Muons propagated 
in air (12.05 g/m3)

Muons propagated 
in air (1.205 kg/m3)

Comparison Geant4/PuMAS

 Excellent agreement between 
GEANT4 average values and PuMAS 
(CSDA tables from PDG) in the 100 MeV 
to 100 TeV energy range.
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Present day situation - Near future expectations

23

Building the TOMUVOL detector -> First data taking scheduled  in June 
2013:
‣With a better data quality and the knowledge acquired from preliminary 
measurement campaigns, a very accurate image of the Puy-de-Dôme can be 
expected within 1 year.
‣Until then, need to work on the simulations and evaluate model-dependent 
systematics.

First measurements on the Puy-de-Dôme :
‣Encouraging results with 17+11M tracks candidate at 2 ~orthogonal positions.
‣Preliminary data confirm the potential of the method.
‣Borrowed detector working as prototype allowed us to define a good muon 
telescope (slightly optimised version of CALICE GRPC chambers for field 
deployment).

Longer term perspectives :
‣Design and construction of an autonomous and portable radiographic device.
‣Validation of the detector on an active site (and a much less “cosy” environment).

Tomographic campaign on Puy de Dôme during summer 2013:
‣ 2 x 1m2 detectors : MURAY (scintillators+SiPMs, NAPLES)  + TOMUVOL with 
additional Bristol chambers.
‣ expect very interesting results in the near future! 


