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ABSTRACT: Muography is an imaging technique for large and dense structures as volcanoes
or nuclear reactors using atmospheric muons. We applied this technique to the observation
of the Puy de Dome, a volcano 2 km wide close to Clermont-Ferrand, France. The detection
is performed with a Imx1mx1.80m telescope made of 4 layers of single gap glass-RPCs
operated in avalanche mode. The 1 cm? pad readout uses the Hardroc2 ASICs. The
three data taking campaigns over the last three years showed that a RPC detector can be
operated in-situ with good performances. Further developments to decrease the gas and
power consumption and to improve the position and timing resolution of the detector are
ongoing.
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1 Context

Volcanic hazard assessment and risk mitigation are two very important scientific subjects
with heavy implications both on the population safety and economic development [1]. Antic-
ipating future activity of volcanoes requires monitoring of their activity as well as informa-
tion on their past-behaviour and their internal structure. Several geophysical methods are
usually used to study the inner structure of volcanoes: electrical resistivity tomography|2],
gravimetry, that gives access to the density|3, 4|, magnetic survey, that images the local
variations of the magnetic field induced by rocks|5] or seismic tomography, that uses seismic
velocity|6].

These methods are rather complex to interpret and sometimes, as in the case of elec-
trical resistivity and gravimetry tomographies, the measurements need to be performed on
the volcano itself, that is in a high risk area in case of active volcanoes. Moreover, they
have low sensitivity to large depths and the inverse problem is often ill-posed.

Imaging with atmospheric muons|7, 8|, referred to as muography in the following, was
recently made possible by the development of reasonably priced, large area, high efficiency
and high precision muon trackers|9-12].

Muography principle is the same as for radiography: the measurement of the absorption
of a radiation through a target will give access to its transmittance image and its integrated
density. Atmospheric muons are used here as they are naturally produced with a broad
energy spectrum and can cross kilometers of rock before being stopped. This method is
complementary to the other geophysical methods and offers clear advantages: it is a remote
imaging, so the risk area can be avoided, it has a good spatial resolution and a well-defined
inverse problem, at least in two dimensions. On the other hand muography suffers from
the fact that high-energy muons are rare. This has a direct implication on the size of
the detector to be used (Sget) and the duration of the campaigns (AT). Indeed if a high
resolution on density measurement is wanted, a high exposure (Sger X AT x AQ) will be
needed (where AQ is the solid angle for viewing the target). In order to evaluate the



feasability of muographic measurements, the TOMUVOL collaboration performed several
data taking campaigns on the Puy de Déme volcano, an averaged sized volcano, 2 km wide

3. as suggested by

at the base, shown in figure 1. Assuming an average density of 1.8 g.cm™
field and gravimetric measurements, the necessary exposure to measure the average density
through muography with a 5 % uncertainty is represented in figure 2 (left) as a function
of elevation and azimuth. For example, a 5 % uncertainty on density from an exposure of
1000 deg?.m?.day with a 1 m? detector can be achieved in one day for an angular resolution
of 1000 deg?, or in 1000 days for an angular resolution of 1 deg?. The final result will be
a compromise between the density resolution and the angular resolution, that will depend
on the geophysical goal.

The TOMUVOL experiment takes place in this context: it is a proof of principle for
imaging volcanoes with atmospheric muons using the Puy de Déme volcano, in the French
Massif Central. It makes use of Glass Resistive Plate Chambers (GRPC) as they offer a
large area for a reasonable price while providing highly segmented data. Three different
campaigns have been recorded in two distinct locations: TDF 2013 and Col de Ceyssat in

2014-15 and 2015-16, as shown on figure 1.
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Figure 1. The Puy de Doéme volcano and the locations where the detector has been deployed
between 2011 and 2016.

2 TOMUVOL detector

The TOMUVOL detector is made of four layers of about 1 m?, made of six GRPCs each.
The chambers were built following the CALICE SDHCAL GRPCs[13] design at IPNL!.
Each GRPC is 50 x 33 cm?, in order to fit the geometry of CALICE’s PCBs. The two glass
electrodes are made of float glass 1.1 mm thick. The 1.2 mm gas gap is filled with 93 % of
TFE, 5.5 % of isobutane and 1.5 % of SFg. The nominal high voltage is about 7.5 kV at
normal pressure and temperature. It is corrected in real-time for P/T variations.

"nstitut de Physique Nucléaire de Lyon, CNRS, Lyon 1
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Figure 2. Left: exposure in order to get 5 % uncertainty on the measured density. Right: schema
of the TOMUVOL electronics.

The GRPCs are read via pads of 1 cm?, i.e. about 40000 pads in total, using low
consumption ASICs (1.5 mW /channel when running continuously [14]) from Omega?, with
64 channels, semi-digital readout, following the SDHCAL design. The power budget is
an important parameter for a telescope to be deployed on volcanoes : even in the rare
cases when line power access exists, the available power is generally limited. The front end
electronics is one DIF board from LAPP?3 per chamber that also transmits the synchronous
clock at 5 MHz, as represented on figure 2 (right). The detector is auto-triggered.

Slow control is performed via a PLC monitoring gas, low and high voltages and envi-
ronmental conditions. It is remotely monitored from a web interface.

3 Performances of the TOMUVOL detector

Being placed in-situ the TOMUVOL detector performances do vary with the atmospheric
conditions. A dedicated study of the gain as a function of the environmental conditions
was not yet performed. As a first approach, we followed the recipe suggested in [15], so
high voltage is corrected for pressure over temperature variations through

P Tref

H‘/eff:HVXfcorr with Jeorr = P ; T
re

(Prey = 1.013hPa, Tpop = 293.15 K)

but we observe some remaining correlation with temperature. They can be seen on figure 3,
where noise and dead time are represented versus temperature. It has to be stressed that in
our case the data aquisition is limited by the USB protocol used for reading the front-end
boards, that means that dead time is increasing when noise is increasing.

Efficiency is one of the most important parameters in our case as a bias in this quantity
will directly influence the muon flux estimation. It is calculated from the ratio of 3-layers
tracks with an additional signal in the 4th layer matched to the track over the 3-layers

20mega, CNRS, Palaiseau
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Figure 3. Mean noise (left) and dead time (right) in function of the temperature for the Col de
Ceyssat campaign between December 10, 2015 and January 3, 2016.

tracks. Prior to the deployment, the chambers are tested in the laboratory. Since the
thresholds are set globally for the 64 ASIC channels, the thresholds are scanned by making
the efficiency versus high voltage and noise versus high voltage curves for each ASIC. Then
a working HV point is defined for each chamber, as well as threshold values for each ASIC
such as to maximise the efficiency while keeping the noise at an acceptable level. We aim to
get a stable detector, which was the case during the TDF campaign from November 2013 to
January 2014, as represented on figure 4 (left). Chambers from the first layer (in black) and
from the last layer (in blue) look less efficient. This is mainly due to a geometrical effect
as they are the two outside layers and give more constrain on the reconstructed direction
of the track.
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Figure 4. Efficiency (left) and rate (right) stabilities during the TDF campaign, from November
2013 to January 2014. On the efficiency plot, layer 1 is represented in black, layer 2 in red, layer 3
in green and layer 4 in blue.

The rate stability is represented on figure 4 (right) for the campaign at TDF from
November 2013 to January 2014. It shows a stablility better than 6 % after the end of the
commissionning phase. The first points correspond to a HV scan.



4 Data analysis

Using the performances of the detector its effective surface, defined as Sget X € geomEittumEdetErecE sl
is calculated. €g4eom is the geometrical acceptance, €4y, the illuminance correction factor,

€qet the detector efficiency, €, the reconstruction efficiency and e,; the selection efficiency.

It is represented in function of the azimuth and the elevation on figure 5 (left) for the cam-
paign in Col de Ceyssat from October 2015 to February 2016. Our maximum effective
surface for that campaign is about 0.4 m? for a 1 m? detector.
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Figure 5. Effective surface (left) and reconstructed flux (right) in function of azimuth and elevation
for the campaign in Col de Ceyssat from October 2015 to January 2016.

The incoming flux of atmospheric muons is then deduced and also represented on figure
5 (right). The shadow of the volcano can easily be identified on the positive elevations. The
free sky in the opposite direction of the volcano is visible at negative elevations but also in
the direction of the volcano, e.g. at elevations larger than 20°. Statistics is largely lower

inside the volcano.
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Figure 6. Reconstructed flux (dots) compared to prediction (left):

to densities from 1.4 g.cm™3 to 2.2 g.cm™3
prediction for the free sky flux (right).
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In order to reduce the statistical fluctuations, the incoming flux of atmospheric muons



is represented in figure 6 (left) integrated over an azimuth window of 20°, centered on the
volcano. The flux is then compared to our prediction, coming from a homemade Monte-
Carlo code using the energy loss data provided by the Particle Data Group|[16, 17| and the
parametrisation of the atmospheric flux spectrum provided in [18|. This Monte-Carlo code
was extensively tested against reference simulation codes like GEANT4[19] or MUM]|20].
The tests included comparisons in simplified simulation configuration (e.g. survival proba-
bilities after propagation through different materials of muons between MeV and PeV), but
also comparisons with a detailed simulation based on GEANT4 and tailored for our exper-
imental needs. As an example, the relative difference, the relative difference on the rock
density predicted with our homemade Monte-Carlo or GEANT4 10.01 is less than 0.3 %
after propagating through rock depths up to 10 km. At the same time, the speed gain
compared with GEANT4 when propagating muons through 10 km of rock is x 5000.

On figure 6 (left), the density considered for the volcano in our prediction is 1.8 g.cm ™3,
in agreement with the mean density derived from gravimetric data and measured rock
samples. The grey area represents the density range of these surveys: 1.4 to 2.2 g.cm™>.
The relative agreement between prediction and the measured flux in the free sky regions
(in the blue areas), shown on figure 6 (right), is within 10 % for the moment. It will be
improved in next months, mainly by better understanding and accounting for the detector

performance.

5 Developments and conclusion

Various improvements are ongoing on our detector. Our goal is to improve the spatial and
the temporal resolution by a factor ten by using multi-gap GRPCs. In order to get a more
portable detector, easier to use in-situ, we are also working on the reduction of the cost, the
electrical consumption and the complexity, using strips for example. A new scheme for gas
circulation with new inlets and outlets is also under test, mainly to reduce gas consumption.

The campaigns on Puy de Doéme showed that GRPCs can be successfully used for
muography. GRPCs offer a detector with good time and space resolution for a reasonable
price. New detectors, as by example, scintillators using micro-fibers, offer the required
spatial resolutions, but the price per unit of instrumented surface is still prohibitive. We
are pursuing our studies in order to better understand our telescope and give a quantitative
result on the Puy de Déme volcano. Some of the major points are the fine understanding
of the detector and reconstruction efficiencies. Data analysis is currently ongoing and more
quantitative results are expected soon.
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