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Abstract: The BLEMAB European project (BLast furnace stack density Estimation through online
Muon ABsorption measurements), the evolution of the previous Mu-Blast European project, is
designed to investigate in detail the capability of muon radiography techniques applied to the imaging
of the inner zone of a blast furnace. In particular, the goal of this collaboration is to characterize
the internal region (so-called cohesive zone) where the slowly downward-moving material begins
to soften and melt, which plays an important role in the performance of the blast furnace itself. In
this contribution, we describe the state-of-the-art of the muon tracking system which is currently
being developed and installed at a blast furnace on the ArcelorMittal site in Bremen (Germany).
Moreover, we will present the GEANT4 simulation framework devised for this application together
with the simulation results. Finally, we will show the possible contribution of multiple scattering
effects to such peculiar applications.

Keywords: Particle tracking detectors (Solid-state detectors); Simulation methods and programs;
Scintillators and scintillating fibres and light guides; Detector design and construction technologies
and materials
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1 Introduction to muon radiography

Based on the usage of the natural muon flux continuously produced by high-energy cosmic rays
in the Earth’s atmosphere (see for example [1–3]), muon transmission radiography (also called
muography) is a non-invasive survey technique that can be used in many fields, from archaeology
to civil engineering, from mining to volcanology. This technique provides precise information on
the two-dimensional average density distribution of very thick material layers up to hundreds of
meters. For this reason, it represents a powerful tool complementary or alternative to other more
common survey methods, particularly in cases where the material thicknesses are too large or the
volume to be measured is not accessible.

The next two paragraphs provide an introduction to the muon transmission radiography technique
and the imaging methodology.

1.1 Muon radiography

Like electrons, muons are charged elementary particles belonging to the Lepton family. Muons are
continuously produced in the upper layer of the Earth’s atmosphere due to the collisions of very
high-energy cosmic rays. The primary cosmic ray gives origin to different particles (also called
particle showers) amongst which we find kaons and pions primarily responsible through their decay
for the muon production.

Thanks to the high energies at production and their large mass, atmospheric muons can reach
the earth’s surface and even penetrate up to hundreds of meters of rock. In fact, the muon flux
represents the most abundant component at sea level of the secondary cosmic ray flux. For example,
the integrated vertical flux at sea level above 1 GeV is about 70 m−2 sr−1 s−1. Taking into account
all zenith angles, the muon flux can be described by a 𝑐𝑜𝑠(𝜃)𝑛 distribution, where 𝑛 ∼ 2 has a

– 1 –
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slight dependence on energy. Therefore, for a fixed energy and azimuth angle 𝜙, the flux is the
highest for 𝜃 = 0◦ and lowest for 𝜃 = 90◦. Moreover, the differential flux at high angles is also
shifted towards higher energies as the atmospheric depth seen by the muons is bigger and thus the
low-energy component has a higher decay probability. In the following, we will use the zenith-azimuth
or elevation-azimuth (defined as 𝑒 = 90◦ − 𝜃) coordinates.

The basic idea of muography is to exploit this natural atmospheric muon flux to perform
radiographic studies of large massive structures, thus mimicking what is usually done with X-rays
in medical applications. Detailed reviews about muon imaging and the relative instrumentation
can be found in [2, 3].

1.2 Image reconstruction in muography

To fully reconstruct a muographic image (i.e. a directional density map) one needs in general to follow
four steps consisting of two measurements and two simulations. The two measurements represent the
target measurement where the object to investigate is between the source and detector and the free
sky measurement of the flux without the object. The result of these two steps is the measurement
of the directional transmission of the muons; the fraction of incoming muons that is able to cross
the thickness of the material encountered along one direction.

Successively, the interpretation of the measured transmission requires a comparison with
simulations that must consider the geometry of the volume under examination (i.e DTM1 or CAD
models), the characteristics of the muon flux and the other information available on the material
structures placed in the acceptance of the experimental apparatus used for the measurement. Therefore,
one can proceed to perform a target simulation implementing the same setup as the target measurement
and a freesky simulation following a muon generator. Many generators and experimental measurements
can be found in the literature describing muon flux at ground level (see [4]), but often these are not
sufficiently accurate or complete to fully describe the energy and angular ranges required for our muon
radiography applications. The INFN-UNIFI team in Florence has measured muon energy and angular
spectra at ground level in the momentum range from 0.1 to 130 GeV/c and in the zenith angle range
from 0◦ up to 80◦ using the ADAMO [5] magnetic spectrometer made with a permanent magnet and a
microstrip silicon tracker. Based on these measurements, a fast muon generator was implemented
and successfully used to compare different muon radiographs with dedicated simulations [7–9]. The
spectrometer results have been used for the implementation of a realistic atmospheric muon generator
integrated within a GEANT4 software package which will be described in a future dedicated article.

The next step is to build the so-called relative transmission (R). This quantity represents the ratio
between the measured and simulated transmission. If for a line of sight (𝜃,𝜙), 𝑅 = 1 the simulated
density matches the measured one while if 𝑅 > (<)1 the mean measured density is lower (higher)
than the simulated one. By repeating the simulation with different density hypotheses, we can build a
density map where for each bin we choose the density 𝜌 in order to have 𝑅 = 1. Finally, by combining
multiple measurements performed from different viewpoints, information on the three-dimensional
density distribution can be derived.

1Digital Terrain Model.

– 2 –
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2 The BLEMAB project and detector

A blast furnace is a continuously operating shaft furnace based on the counter-current flow principle.
At the top coke and burden (pellets and lump iron ore) are charged in alternating layers. In the lower
part of the furnace, hot blast from hot stoves is injected through tuyeres. In front of each tuyere,
the hot blast reacts with the coke. Carbon monoxide is formed, and it ascends in the furnace and
reduces the iron oxides in the ferrous ores. At the bottom of the hearth, the molten metal is collected.
See [9] and references therein for a complete description. Generally, retrieving information on the
reduction process during operation is strongly hindered by the harsh environment inside the blast
furnace (high temperature and pressure). Material distributions or data about reaction parameters
can be obtained only at downtimes with core drilling or by dissection at the end of the lifespan
of the furnace. The new muography approach within the BLEMAB (BLast furnace stack density
Estimation through online Muon ABsorption measurements) project [10] is investigated in order to
overcome these limitations. A similar study was proposed in 2005 [11] and more recently a muon
tomographic technique was also applied [12].

2.1 The BLEMAB detector

The muon transmission radiography requires the installation of at least one muon tracking system
downstream of the volume of interest. For the BLEMAB project, two independent muon trackers
have been realized to have the possibility of installing them either both in the same blast furnace
(stereoscopic view) or one in front of a blast furnace and the other in an open space for the freesky
reference measurement. The third option is to place the detectors into two different blast furnaces
to perform a comparative study of their internal structures.

Each of the trackers is made of three independent 80 cm × 80 cm tracking modules measuring
two coordinates of muon impact position along two orthogonal axes (XY). The tracking modules
are based on the same technology used for the MURAVES [13] and MIMA [14] projects. Each XY
tracking module is composed of orthogonal tracking planes each consisting of 64 scintillator bars,
80 cm long, with triangular section. The scintillator material is a fast organic polystyrene-based
plastic, characterized by large bulk attenuation length, large light yield and small signal rise time.

Figure 1. Left: single BLEMAB tracker, composed of three XY tracking modules. Centre: the BLEMAB
tracker was installed on its mounting and placed on the base plate. Right: the skeleton of the protection frame
with a steel cover plate at its top (in green). Reproduced from [10]. © 2022 IOP Publishing Ltd and Sissa
Medialab. All rights reserved.

– 3 –
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Each scintillator bar is read by means of two silicon photomultipliers with an area of 4× 4 mm2. The
tracking module has inside an acquisition system made of four custom DAQ slave boards housing
an EASIROC1B 32 channels front-end chip and an ASIC to control the front-end circuitry and the
transmission of data to a central custom DAQ master board. The latter implements the trigger logic
and manages the data collection from up to 16 slave boards. A Raspberry PI computer, connected
to the master DAQ board, is used to set the whole electronic chain, receive the data packet from the
master DAQ board and write it to a physical support. Network access to the detector is available
through a SIM-operated commercial modem. This allows the online detector control and data
synchronisation to a remote server.

A single muon tracking detector (three XY modules) is enclosed in a light aluminium box
and fixed on a custom mounting which allows for remote modification of the detector’s pointing
direction. The whole measuring system will be housed inside a large metal frame (see right side of
figure 1), covered by metal panels, to protect the apparatus from possible blows, splashes of liquids
and corrosive vapours. The drawings of the detector and the housing frame are shown in figure 1.
Because the blast furnace’s environment can reach quite high temperatures, a conditioner cooling
system has been installed inside the same protection box, in order not to have strong variations in
the working temperature of the optical sensors.

2.2 The installation site

The installation of the detection system (BLEMAB01 and BLEMAB02 trackers hereafter) took place
in August 2023. The measurement focuses on the study of blast furnace No.2 of ArcelorMittal Bremen
as it was previously done in a preliminary study by [15]. The structure is approximately 40 m in
height and has a radius of up to 16 m at the tuyere level. In figure 2 on the left, a picture taken during
the movement of the two detectors at the base of the blast furnace is shown. On the right side, a
schematization of the final configuration with the actual positioning of the trackers is represented.
BLEMAB01 is pointing with an elevation of 47◦ at the centre of the furnace and it is placed at the
base level. On the other hand, due to operational requirements and space occupancy of the whole
detection system, BLEMAB02 had to be placed on a higher level just underneath the tuyere pointing
at the same elevation as BLEMAB01. The dotted lines show the pointing of the centre of the two

Figure 2. Left: installation points to the blast furnace underneath the walkway, corresponding to BLEMAB01
and at the tuyere level corresponding to BLEMAB02. Right: schematic representation of the actual position of
the two detectors pointing at 47◦ in elevation in the direction of the blast furnace.

– 4 –
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detectors. The elevation was chosen in order to see most of the cohesive region and to match the
freesky measurement done the previous month in the same place but without any object in the field
of view of the detector. The pointing system can be operated remotely and only the levelling to the
ground surface must be done in place by means of adjustable feet at the base of the detector housing.
Currently, the data taking is still ongoing and by the end of this year, the measurement of blast furnace
No.2 of ArcelorMittal Bremen will be completed, taking reference data also during a shutdown.

3 Results of the preliminary simulations

Before the data analysis, a preliminary simulation phase has been performed. One of the goals was
to study the possible effect of multiple scattering (MS) on the muography map and to the specific
application to blast furnaces. In fact, it is known as shown in [16], that depending on the type of
measurement, MS can or cannot be negligible and must be evaluated for each case study.

3.1 The simulation framework

For our simulation, we used a GEANT4-based [17] framework where different configurations have
been investigated as shown in figure 3. The standard emstandard with opt4 physics constructor was
employed as it is suggested to be used for applications that require higher accuracy of electrons,
hadrons and ion tracking. For more details on the implementation with a particular focus on the
MS see [18, 19] and references therein.

Figure 3. Left: configuration A (full Fe blast furnace) of the geometry used in the simulation including a zoom
of the detector geometry with a see-thru of the tracking planes. Right: configuration B (cohesive zone mock-up
as a red plate) of the geometry used in the simulation. See the text for the details.

The first simulation regarded the estimation of the MS effect in the case of a full Fe blast
(𝜌 = 7.87 g/cm3) furnace as the worst-case scenario (left side of figure 3). In the second case, we
simulated a low-density region (𝜌 = 3.94 g/cm3) inside the Fe blast furnace to see the variation in
muon counts that can be produced by a region like the cohesive zone. The plate-like geometry (right
side of figure 3) is a simplification and in the future a more precise material distribution will be
implemented. In fact, the cohesive zone is expected to have more of an upside-down “V” shape which
in certain cases can evolve into a “W”. The geometry of the detector is implemented using a CAD
containing the different parts which can then be treated separately in terms of density.

– 5 –
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The detector is reproduced in its actual internal structure, having the 80 cm long triangular shape
bars in each XY module. However, the protection box has not yet been fully integrated into the
simulation and it is not considered in the following results. For the simulation, the detector has
been placed 15 m away from the furnace pointing at 47◦ at the same height as BLEMAB02. The
muon source is modelled following the ADAMO detector [5] data and the simulation is run in the
0.3 < 𝑝 < 500 GeV/c momentum range and over the full 𝜃 and 𝜙 phase space.

3.2 Multiple scattering effects

When muons cross materials, their trajectories are continuously modified due to the random elec-
tromagnetic interactions with the charged nuclei and to a lesser degree with the electrons of the
medium. The final effect is an overall deflection of the trajectory with respect to the original one.
The intensity of this effect is higher for low-energy particles and increases with the atomic number Z
of the traversed medium. This dependence is the key feature behind the multiple scattering muon
tomography technique [3, 20].

The blast furnace is a high Z material which can enhance the effect of MS but the overall effect is
also influenced by the geometry and measurement configuration as pointed out by [16]. One would
expect that certain muons are deflected away from the detector (out-scattering) thus reducing the
measured muon flux from the observed direction. Additionally, there would also be a part of the muon
flux that would initially not hit the detector if the muons were to propagate on a perfectly straight
trajectory but are deflected into the detector. This so-called in-scattering would then increase the
muon flux from the apparent incidence direction of the muon (assuming a straight path). For the
case of an underground measurement or a detector surrounded by material in- and out-scattering
usually cancel each other out and do affect muographic measurements only through a “blurring”
effect. In the case of a muon flux measurement near an object with portions of the freesky directly
seen by the detector, the situation is instead different. There can be an imbalance between in- and
out-scattering muons due to a non-symmetric configuration. For example, one might observe a
too-high muon flux around the edges of the target.

Figure 4. Azimuth-elevation map obtained by plotting the difference between generation and detection counts
divided by the generation counts.

– 6 –
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Indeed, this is what we observe in the blast furnace case as shown in figure 4. Here it is shown
the azimuth-elevation map of the difference between generation and detection counts divided by the
generation counts. Values equal to zero indicate no scattering, values greater than zero indicate fewer
muons detected than the ones generated and values smaller than zero indicate that more muons are
detected than the ones generated in a certain angular bin. As one can notice from figure 4, there
is a strong component of deflection present on the skin of the blast furnace which can be clearly
recognized as it highlights the borders of the object. This is determined by the in-going muons that
end up being detected even if the original straight path was not lying inside the detector’s acceptance
but which due to MS are nevertheless detected.

In order to give a quantitative description of this phenomenon, we built up the following observable:

𝜃msc = arccos
®𝑝det ∗ ®𝑝gen

𝑝det ∗ 𝑝gen
(3.1)

where ®𝑝det, ®𝑝gen, 𝑝det and 𝑝det are the momenta of the detected and generated muons and their
magnitude, respectively. This variable describes the overall deflection of the muon with respect to
their direction at the source. If no multiple scattering effects were present then this variable should
be zero. The freesky and target measurement distributions are shown in figure 5 as a function of
the detected momentum. As one can see, already in the freesky we observe a small part of muons
with a non-negligible deflection, implying that the detector itself plays a role especially if we detect
also the low energy (<1 GeV/c) component of the muon flux.

Figure 5. Top: the 𝜃msc variable is plotted as a function of the detected momentum of the muons for the freesky
measurement, highlighting the presence of the MS inside the detector. Bottom: the same plot as on the left but
this time with the target in front of the detector. The red arrow points out the target contribution region. The
X-axis is plotted in logarithmic scale.

– 7 –
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On the other hand, at the bottom of figure 5, one can also distinguish a contribution from the
blast furnace (red arrow). Since the detector has an angular resolution of about 1◦, we can consider
as significant the muons above this threshold in the previous plots to have a rough estimate from the
different multiple scattering components. We estimated that 1.60%±0.01% of the detected muons have
undergone significant deflections, considering both the target and detector contributions. Additionally,
4.76%±0.04% of the generated muons were lost (deflected from the detector’s acceptance) due to
the multiple scattering contributions. This has been estimated by turning off the MS processes
in the Geant4 simulation.

3.3 Preliminary map

As described in the simulation framework, in the second configuration we simulated a low-density
region inside the blast furnace to see the variation in muon counts and thus in transmission, that can
be produced by a region like the cohesive zone. The results are shown in figure 6 where the complete
transmission map and a zoom around the corresponding low-density zone are depicted. The shadow
of the blast furnace can be recognized together with the hot air blast torus surrounding the bottom area
of the object. In these plots, green areas represent the region where the freesky is seen directly, as the
transmission values are by definition the ratio between the muon flux with and without the target. The

Figure 6. Top: simulated transmission map for the second configuration shown in figure 2 where the cohesive
zone is placed as a low-density plate inside the blast furnace. Bottom: zoom of the top figure in the elevation-
azimuth region corresponding to the cohesive zone.

– 8 –
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darker region represents the blast furnace area where the muon flux is much lower with respect to the
freesky. As shown by the bottom plot of figure 6, inside the blast furnace is present a transmission
gradient which goes from values less than 0.1 at the top to values around 0.3–0.4 in the middle-low
part. Indeed, in the fictitious cohesive zone that we manually inserted we detected an increase in the
simulated flux of 13%±1% when we compare it to the uniform Fe density case.

4 Conclusions

The optimization of blast furnace operation through muography is presented as a new exciting and
promising method. The results from this type of measurement can benefit steel production by
improving the modelization of the internal structure. In particular, this knowledge can be used to
stabilize the height and shape of the cohesive zone which is a key parameter during the reduction of the
iron ore material. The installation process and the features of the BLEMAB project and detectors were
highlighted and described concerning the first measurement campaign that started in August 2023.

While waiting for the processing of the experimental data, we tried to estimate throughout a
first GEANT4 simplified simulation the possible effects of multiple scattering on the muographic
measurement at blast furnaces. The results show how only a small percentage (around 5%) of the
scattered muons have a significant impact on the muographic map. The two main effects are a blurring
effect, which however is contained in the angular resolution, and a small overcounting of the muon
counts around the edges of the object. The effect on the density map will be the next task to be
performed. Moreover, we plan to implement a more complex CAD geometry of the blast furnace
and cohesive zone in order to faithfully reproduce the experimental condition. The final goal will
be to 3D reconstruct the zones of interest, predict new measuring points and implement also an
online monitoring system for the blast furnace.
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