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ABSTRACT 
Muon radiography is an imaging technique that could potentially be used for design information 
verification of geological repositories for final disposal of high level radioactive waste. We investigate 
the feasibility of muon radiography for detecting large voids in a repository through a Monte Carlo 
simulation study, in which voids of various volumes and locations are placed in a simulated model of a 
generic repository, then their detectability assessed under varying exposure times and void 
characteristics. Our results suggest that muon radiography is a feasible technique for void detection in a 
repository within practical exposure times. We find that a configuration with a single detector is able to 
detect voids that subtend solid angles around 0.1 sr in exposure times of 5-10 days, and that using a 
multiple detector configuration enhances void detectability further. 
 
1. INTRODUCTION 
The majority of the world’s countries that use nuclear power are planning to ultimately store their high-
level nuclear waste in deep geological repositories (GR). These structures will be several hundreds of 
metres underground, at sites chosen for their geological stability. It is imperative that the geological 
structure of the sites is well understood and that there are no significant deviations from the design 
information verification (DIV) during the construction and the operational phase of a GR that 
compromise effective safeguarding. For example, the presence of a large unknown air-filled chamber or 
an unknown tunnel or shaft could be used for clandestine access to divert nuclear material, which is 
subject to international safeguards. [1,2].  In order to ensure that all safeguards-relevant features of the 
GR design are as declared by the State, the design information of a GR is verified by using approved 
techniques such as 3D laser scanning and geophysical monitoring during the construction and operational 
phases of the facility [3]. However, alternative techniques are required for design verification 
information (DIV) that allow to detect unknown voids, which could serve as clandestine access routes to 
the disposal area.  
 
Here we describe a simulation study into the feasibility of an alternative, complementary technique 
called muon radiography. This is a passive assay technique that exploits cosmic ray muon attenuation to 
measure the density of a space of interest. The required particle detectors are relatively inexpensive, and 
the required exposure times of days to weeks are compatible with GR, which have operational lifetimes 
of several decades. Muon attenuation data could provide detailed density information of the overburden 
in terms of long-term safety and integrity of a GR, to complement other techniques such as 3D seismic 
surveys.  
 
We explore the potential of this technique for detecting large air-filled voids in a digital model of a 
generic GR as designed, introducing an unknown feature (e.g. void/tunnel system or shaft) comparing the 
detectability of voids (or unknown features) as a function of both exposure time and void volume, and 
determining the effect of using a multiple or single detector configuration. We evaluate the limitations of 
muon radiography for this purpose. 
 
2. MUON RADIOGRAPHY 
Cosmic ray muons originate from collisions between cosmic rays and the Earth’s upper atmosphere, 
which produce showers of particles, some of which subsequently decay to muons. The resulting muon 



flux at sea level is around 1 cm-2 min-1 [4]. The muon spectrum peaks at around 1 GeV but has a long tail 
into the TeV region; these high-energy muons are able to penetrate many hundreds of metres of rock. 
The muon flux is also dependent on the zenith angle 𝜃 (the angle between the muon trajectory and the 
vertical), approximately following a cos 𝜃 shape. 
 
Within matter, the muons undergo both scattering and absorption interactions. The elastic Coulomb 
scattering interactions affecting muons passing through matter have a strong dependence on the atomic 
number 𝑍 of the material. This can be exploited to perform Muon Scattering Tomography (MST), an 
imaging technique in which cosmic ray muon trajectories are measured before and after encountering a 
volume of interest; the distribution of muon scattering angles encodes details of the material composition 
of the volume. MST has applications in the nuclear industry, such as cargo scanning [5] and sealed waste 
assay [6]. 
 
Absorption interactions, such as pair production and bremsstrahlung, cause the muon flux to be 
attenuated as muons pass through matter. The degree of attenuation is dependent on the opacity 𝜚, 
defined as the integral of material density along the muon path 𝐿: 

𝜚 [g cm ] = 𝜌(𝑙) 𝑑𝑙 

Therefore, muons are attenuated to a much greater degree in rock than in air. This can be exploited for 
muon radiography. A particle detector measures the muon flux and compares it to a null hypothesis (such 
as an assumption of a uniform solid object with no voids), either experimental or simulated, to identify 
muon excesses and deficits that indicate lower or high density in those directions than the null hypothesis 
suggests. The technique has been used for a wide variety of applications, including volcanology [7], 
archaeology [8], and infrastructure analysis [9]. In the nuclear field, previous uses of the technique 
include imaging fuel assemblies in the stricken Fukushima Daiichi reactor (see figure 1) [10]. In general, 
long exposure times of days to weeks are required to produce useful data. 

3. RADIOGRAPHY SIMULATION SOFTWARE 
3.1 Simulation software details 
Monte Carlo particle simulations are a powerful tool for muon radiography. Simulations are required for 
many practical muon radiography applications; with detailed knowledge of the structure of interest, they 
can be used to generate data for a null hypothesis case that experimental data can then be compared with 
to identify muon deficits or excesses. An alternative use is to investigate the feasibility of muon 
radiography in principle for a new application. In our case, we are using Monte Carlo simulations to 
assess muon radiography’s potential for the purpose of detecting voids in GR. 
 
A traditional muon tomography simulation uses a forward Monte Carlo particle transport system, in 
which muons are generated at some source surface and transported forward through the structure of 
interest, until they reach a detector or exit the volume. This is challenging and computationally intensive 
for simulating a large structure such as a GR, as only a small fraction of the initially generated muons 
will encounter a detector. It is therefore convenient to instead use a backwards Monte Carlo system, in 
which muon states are generated on some surface close to the detector(s), then the simulation flow is 
reversed and the muons transported backwards. When using backwards Monte Carlo, all of the simulated 
muons are predicted to encounter the detector, greatly increasing simulation efficiency. For this process 
the continuous and discrete muon energy loss processes are inverted and ultimately each muon is 
assigned a weight, with unit of s-1, based on the probability of observing the generated state, given some 

 



geometry. The total muon rate is the mean of the weights, with the error on the rate measurement 
calculated as the standard error on the mean. 
 
In our case, we use a hybrid system with both backwards and forward Monte Carlo stages. The former is 
used to obtain a flux weighting that takes account of the overburden and other features of the geometry, 
and the latter to obtain realistic detector effects. For the backwards Monte Carlo, we use the PUMAS 
(Semi Analytical MUons Propagation, backwards) library [11] which allows for muon transport via both 
backwards Monte Carlo and the traditional forward Monte Carlo approaches. In our system the muon 
initial states are generated on 2 m x 2 m planes, with uniform initial positions and directions (up to a 
maximum zenith angle of π/2), and energies selected from a log-uniform distribution between 1 MeV 
and 1 TeV. The number of muons generated can be related to the desired exposure time equivalent, see 
section 3.2. 
 
The muons are subsequently transported forwards using our forward Monte Carlo simulation software 
CRESTA (Cosmic Rays for Engineering, Scientific, and Technology Applications) [12], built on the 
Geant4 (for GEometry ANd Tracking) [13] particle transport framework. This software has previously 
been used successfully for both muon radiography [14] and muon scattering tomography [15] 
applications. This combined software allows for greater flexibility in the geometry design and for 
simulating the response of physically realistic detectors. For these initial results, we have used an 
idealised scintillator detector with an efficiency of 85% but assumed perfect spatial and angular 
resolution and muon energy determination. Subsequently we intend to replace this with a design 
modelled from typical robust particle detectors, containing multiple layers of scintillator bars with 
realistic spatial resolution.  
 
To validate the combined software, two comparisons to experimental data have been performed. Firstly, 
the calculated free-sky muon spectrum (figure 2) is compared to equivalent experimental data [16][17]. 
Close agreement in order-of-magnitude terms is achieved; there is a degree of deficit towards lower 
energy muons by a factor of 2-3. However, these muons play a minimal role in radiography with many 
metres of overburden. 

 

Muon differential spectrum, software results vs experimental data  

Figure 2: Comparison of the free-sky differential muon spectrum generated by the simulation package 
(blue) vs experimental data [16] (red) and [17] (black). Error bars on points are smaller than data markers. 



Secondly, simulated measurements of the integrated muon flux have been taken under various 
thicknesses of standard rock (figure 3). The depths are converted to m.w.e. (metres water equivalent, 
calculated as the product of density and depth) to allow comparison with experimental data from [18] 
and [19]. Close agreement with the experimental data is achieved.  

  
3.2 Geological repository model 

We have used a simulated model of a generic GR, consisting of a series of connected air-filled tunnels 
under a homogeneous crystalline rock (e.g. granite) overburden (see figure 4) of thickness 440 m. 
Granite is a typical bedrock medium, present at, for example, the Onkalo repository site in Finland [20]. 
The granite density is 2.75 g cm-3 and its chemical composition is modelled on a worldwide average 
composition [21]. Above the granite is a layer of homogeneous air of thickness 1 km. The horizontal 

Muon flux vs overburden depth in metres water equivalent (m.w.e.) 

Figure 3: Comparison of simulated muon flux measurements (blue) under various overburdens 
expressed in metres water equivalent, vs experimental data [18] (red) and [19] (black). Error bars on 

points are smaller than data markers. 

Simulated GR model with 3 dimensions  

Figure 4: visualisation of the GR model, consisting of a shaft, gallery and series of storage tunnels, at 440m depth 
under a crystalline rock (e.g. granite) overburden. Yellow tracks represent backwards-transported muons. 



limits of the model are set at 10 km; high-zenith angle muons that are transported outside the horizontal 
limits are discarded. 
 No simulated stored nuclear waste is included in the model. To be accessible to muon radiography, 
detectors would need to be placed beneath the storage tunnels, requiring a second deeper level of tunnels 
or an additional excavated chamber. To the model, air-filled voids can be added at any position above the 
storage tunnels. Detectors can be added at any position inside the tunnels. 
 
To allow the muon flux measurements below to be expressed in terms of an approximate equivalent 
exposure time, a calibration curve has been developed (see figure 5) to relate the exposure to the number 
of muon states initially generated at the detector (that are then transported via backwards Monte Carlo). 
The curve is calculated by equating the relative error on flux measurements obtained with the software 
after generating increasing numbers of muon states to the relative error that would be obtained on muon 
flux measurements made over different exposure times. The latter quantity is calculated under the 
assumption that the only source of error on the measurement is Poisson noise. The curve is unique to the 
repository model, as a different overburden will change the resulting flux measurement.     
 

4. RESULTS 
The following results are studies into the potential of muon radiography to detect unknown voids of 
given sizes in the repository, within practical exposure times. As the detector system currently in use is 
idealised, these results represent a reasonable upper limit of what could be expected in an experimental 
system. We have explored the detectability of voids of various sizes and after various exposure times, 
and compared results with a single detector present to a network of detectors at fixed points throughout 
the repository. 
 
For the initial study, we have added a large cylindrical void to the repository model at a position close to 
a single scintillator detector. The void is filled with air of constant density. The cylindrical geometry has 
been chosen to represent a possible ‘second shaft’ drilled by malicious actors to access the waste storage 
tunnels. The results are expressed in terms of void detectability, defined as the number of standard 
deviations separating a muon flux measurement taken with a void present from a measurement with no 
void present, with the latter case representing the null hypothesis of no large unknown voids being 
present in the repository. For an experimental study, this latter measurement could be obtained with a 

Number of generated muons vs equivalent exposure time 

Figure 5: Calibration curve relating the number of muons necessary to generate 
at detector surface in the GR vs the equivalent exposure time in terms of relative 

error on the muon flux measurement. 



detailed Monte Carlo simulation making use of the detailed geological and structural knowledge 
available. 
 
4.1 Detectability of cylindrical voids with a single detector 
A large cylindrical void with length 400 m and radius 20 m, orientated parallel to the waste access shaft, 
was placed in the repository model at a horizontal centre-to-centre distance from a single detector of 
147.5 m (see figure 6). The vertical position of the void is such that the vertical distance from the 
detector horizontal axis to the void base is 15 m, and the vertical distance between the surface of the 

overburden and the void top is 25 m. The void therefore subtends a solid angle of 0.12 sr from the 
detector position, approximately 2% of the total solid angle visible to the detector.   
 
The relationship between the detectability of this void and the exposure time was established by taking 
muon flux measurements with and without the void present for a range of exposure times (figure 7). A 
larger exposure time corresponds to more muons encountering the detector and hence a more accurate 
muon flux measurement. A clear separation between the flux measurements taken with and without the 
void present becomes apparent after around 5 days’ exposure; at larger exposure times the two cases are 
increasingly clearly distinguished as the excess in muon flux due to the presence of the void is detectable 
at higher confidence. 
  
This is shown quantitatively in figure 8, which shows the relation between the void detectability and 
exposure time. The detectability 𝐷 is defined in terms of the number of standard deviations separating 

the two measurements, i.e. 𝐷 = , where 𝑆 is the flux with the void present, 𝐵 is the flux with no void 

present and 𝜎  is the standard deviation of the former quantity. It was found that the relation was well 
fitted by a relation 𝐷 ~ √𝑡 where 𝑡 is exposure time. A rapid increase in detectability is achieved with 
increasing exposure time. 3𝜎 detectability is reached at around 200 hours, and 5𝜎 at around 400 hours.  

400 m, r = 20 m 

Detector 
 

Figure 6: simulated repository model with added large cylindrical void (blue). Detector 
(enlarged for clarity) is shown in red. The void is filled with air of constant density and its 

centre is aligned with the central axis of the detector. 



 
A second important factor for detecting a void is the void’s volume. The larger the void, the greater the 
difference in opacity along muon tracks passing through it and hence a larger difference in recorded 
muon flux. We explore the relation between a void’s volume and its detectability (as defined above) by 
studying cylindrical voids of increasing radii at the same position. Muon flux measurements with and 
without the void present have been taken for a fixed exposure time of 4 weeks, then the detectability of 
each void calculated. The relation between void detectability and void volume (expressed in terms of the 
solid angle that is subtended at the detector position) is shown in figure 9. The relation is well fitted by a 
linear fit. It was found a void that subtends approximately 0.1 sr, equivalent in this case to a radius of 
~17 m, is detectable to 3𝜎 after a 4-week exposure time.  
  

Figure 7: Plot of detected simulated muon flux for a single detector in the repository vs 
exposure time, for cases with and without a void present. The void is an air cylinder of 

length 400 m and radius 20 m, positioned so as to subtend a solid angle of 0.12 sr. 

Figure 8: Plot of relation between the detectability of a large cylindrical void and the exposure time. 
Detectability is defined as the number of standard deviations separating muon flux measurements taken with 

and without the void present. Fit (in red) is the function 𝑫 = 𝟎. 𝟐𝟔√𝒕. 



 
4.2 Comparison to multiple detector results 
Simple particle detectors are relatively inexpensive and have low power and maintenance requirements. 
It could therefore be practical to install several detectors inside a waste repository at fixed positions. This 
would allow the user to significantly increase the accuracy of muon flux measurements (and hence the 
detectability of voids) without increasing the exposure time, as well as reducing the system’s 
vulnerability to the location of any voids present. The angular data collected by a network of detectors 
also allows for the possibility of obtaining 3D images of the repository and any features present. 
Algorithms have been developed to generate such images using either iterative [22] or regression [23] 
methods; we intend to explore this in future developments.  
 
To determine how using a multiple detector system affects muon radiography results, we have made a 
modified form of our repository model containing 12 detectors of the same configuration as that used for 
the single detector tests in section 4.1. The detectors are placed at the centre and both ends of each of the 
four long storage tunnels in the repository model. Measurements of the muon rate are made by 
combining muon hit data from all 12 detector surfaces. This provides an immediate increase in the 
confidence of the measurement: a muon rate measurement in the repository with a single detector after 2 
weeks’ exposure had a relative error of 0.24%, whereas the relative error on the multiple detector 
measurement was 0.07%. 
 
To compare the detectability of a cylindrical void in the single and multiple detector cases, flux 
measurements were taken in both configurations, for geometries with the void present and not present, 
and compared. The void was 400 m long, with radius 10 m. For each of a set of five 4-week detectability 
measurements in each case, the 𝑥 and 𝑦 position of the void was randomly generated (constrained to be 
within the area above the waste storage tunnels) and its vertical position was fixed 15 m above the 
detector plane. With the single detector, the mean detectability was 0.6 ± 0.4𝜎. In the multiple detector 
case, the measurement improved to 3.0 ± 0.7𝜎. 
 
An alternative scenario considered was the presence of an unknown large air-filled chamber or cavity in 
the repository that could threaten the repository’s safety, as it could become a potential path for water 
into the GR during the construction or operational phase. After backfilling and decommissioning of a GR 
it is important that the long-term safety is ensured by the retention of the radionuclides of the emplaced 
nuclear waste from the biosphere for 1 million years. This is the time until the radioactive dose emitted 

Figure 9: Detectability of void with a single detector in a 4-week exposure time vs void size, expressed as the 
solid angle the void subtends at the detector position. Detectability is defined as number of standard deviations 

separating measurements of the flux with the void present from measurements with no void present. 

Void detectability after 4-week exposure vs solid angle subtended 



from the long-lived radionuclides has decayed to a not hazardous limit for the biosphere. Therefore, 
unknown large air-filled chambers or cavities have the potential to accelerate the migration of the 
radionuclides of the emplaced nuclear waste to the biosphere. The feasibility of detecting a cavern was 
investigated by adding a spherical void to the repository model (see figure 10) with a radius of 30 m, 
positioned such that its centre is 165 m above the storage tunnel plane and a horizontal distance of 313.9 
m from the detector. 4-week detectability measurements were taken with both the single and multiple 
detector configurations. For the former case, the measured detectability was −0.7 ± 1.4𝜎 (i.e. less flux 
was recorded at the detector for the case with the void present), and for the latter it was 2.7 ± 1.3𝜎, once 
again demonstrating an improvement in detectability when using a multiple detector configuration. 
 
CONCLUSIONS 
Subject to the caveat of a single idealised particle detector, our results demonstrate that cylindrical voids 
that subtend solid angles ≲ 0.1 sr are detectable under a crystalline rock overburden (e.g. granite) with a 
thickness of several hundred metres, within a practical exposure time of ~4 weeks. Larger voids require 
shorter exposure times to be detectable; a cylindrical void subtending 0.12 sr was found to be detectable 
in < 10 days’ exposure time.  
 
Additionally, it was found that using a network of multiple detectors enhances the detectability of present 
voids. A single detector was unable to detect a cylindrical void of length 400 m and radius 10 m when no 
longer constrained to be close to the detector, whereas a system of 12 fixed detectors was able to detect 
the same void at a detectability of 3.0 ± 0.7𝜎. Similar improvements were observed for detecting a 
single large spherical void centred in the repository. 
 
From these observations, we conclude that the use of muon radiography for the detection of large voids 
in GR is feasible, with practical exposure times of around 1 month sufficient in most cases. We also 
conclude that a system of efficient particle detectors at fixed positions is a superior approach to a single 
detector. Future developments could include an extension to producing 3D images from angular data 
obtained from such a multiple detector system, and an assessment of the extent to which a more realistic 
simulated particle detector will affect the results.  
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