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How Muon Scattering Tomography Works?

D1, D2, D3, D4 are four position sensitive detectors

GEANT4 Python (GPU/JAX accelerated)
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Dry Storage cask

3D view of VSC-24 cask

Fuel assemblies

Steel canister

Concrete 
shielding

Geometry VSC-24 sketch

Top view

• Steel canister shields gamma 
rays

• Concrete shields neutrons
• Once sealed, it can’t be 

opened
• Need for non-invasive interior 

monitoring

Chtazidakis, 2016
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• Widely used algorithms:
1. Point of Closest Approach (PoCA)
2. Maximum Likelihood Estimation Maximization 

(MLEM)
• Shared limitation: assume straight-line tracks for multiple 

Coulomb scattering (MCS)
• Result: Slower and less reliable reconstructions
• Operational impact:

• Detecting a missing fuel assembly in a dry    
storage cask (DSC) needs hours of cosmic-
muon data
•Monitoring hundreds of DSCs takes weeks–

months
• Need: a new physics-informed algorithm that models full 

MCS (curved trajectories) for faster, facility-scale 
monitoring

Actual

PoCA

Muon 
particles

DetectorsDetectors

Background
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• Physics-based algorithm coupled with 
Bayesian theory, 

P(A|B) = ! 𝐵 𝐴 .!($)
!(&)

• A Gaussian approximation of multiple 
Coulomb scattering (MCS)

• The estimated muon path 
asymptotically approaches the incoming 
and outgoing muon trajectories

µTRec

Trajectories of four randomly selected muons 
passing through the dry storage cask

µTRec
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Method - µTRec

• The muon state is represented using a two-dimensional state
vector that encapsulates both the transverse displacement and
angular deflection at z.

• Step 1: Bayesian theory
Probability of a muon displaying a specific displacement and

angle at y1 , given the exit point 2.

• Step 2: Gaussian approximation for MCS:
The Gaussian approximation of Y follows a zero-mean bivariate

normal distribution.

Illustration of muon scattering 
occurring within the y-z plane.

Derivation for trajectory equation
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Method - µTRec (continuation) Illustration of muon scattering 
occurring within the y-z plane.

Derivation for trajectory equation

The general form

where Σ is the covariance matrix

where
= scattering displacement variance
= scattering angle variance
= covariance between the displacement and the scattering angle

𝑃 𝑌 =
1

2π Σ
exp −

1
2
𝑌$Σ%!𝑌
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Illustration of muon scattering 
occurring within the y-z plane.

Method - µTRec (continuation)
Muon energy loss

• The Bethe-Bloch formula: 

• Assumptions
Ø Energy range relevant to cosmic ray muons 1 GeV < E < 

100 GeV and mean energy 3–4 GeV

Ø Most materials, radiative effects account for less than 
1% and nuclear loss rate is negligible

§ For practical purposes 

For the given VSC-24 geometry 
𝒂 = 5 MeV/cm

𝑑𝐸
𝑑𝑥

= 4π𝑁&𝑟'"𝑚'𝑐"𝑍!
𝑍"
𝐴"

1
β"

ln
2𝑚'𝑐"β"γ"𝑇max

𝐼"
− β" −

δ
2

(MeV/cm)

𝑑𝐸
𝑑𝑥 = −𝑎
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Method - µTRec (continuation)
Derivation for trajectory equation

Similarly, 

Finally , we get the trajectory equation : 

Variables:

Illustration of muon scattering 
occurring within the y-z plane.

Y = 𝛴!%! + 𝑅"$𝛴"%!𝑅" %! 𝛴!%!𝑅#𝑦# + 𝑅"$𝛴"%!𝑦"

X = 𝛴!%! + 𝑅"$𝛴"%!𝑅" %! 𝛴!%!𝑅#𝑥# + 𝑅"$𝛴"%!𝑥"
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0 1 ,
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Scattering angle mapping

𝜃 =
𝜃!" + 𝜃#"

2
,

Voxel value = $
%
∑&'$% 𝜃& Pseudocode for the µTRec algorithm

1. Collect incident and exiting muon points.
(p1; p2) from entry plane,
(p3; p4) from exit plane.

2. Compute scattering angles.
3. Estimate the muon trajectory using a Gaussian MCS   

model and Bayesian formalism.
4. Discretize the reconstruction volume into n × n × n  

voxels.
5. Reconstruct image using the computed voxel statistics.
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Results

SNR: signal-to-noise ratio
CNR: contrast-to-noise ratio
DP: detection power
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Results

Expected

Outline of a steel 
canister

Simulated reconstruction of DSC for finding a missing fuel assembly using 1 million a) cosmic ray 
muons comparing µTRec & PoCA algorithms, and b) laser-generated muons, at 1 cm resolution. 

Vertical scale depicting average scattering angle along the length of DSC.

a) Cosmic ray muons b)   Laser-generated muons
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Cosmic muon source

Voxel size = 5 cm

(a) 5 × 104 muons (b) 105 muons (c) 3 × 105 muons (d) 106 muons

Quantitative comparison of µTRec and PoCA at 
varying muon flux levels using SNR, CNR and 

DP metrics

Only 1/20th of muon flux required for similar quantitative comparison!

Results
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Conclusion
Ø µTRec Algorithm

• Physics-informed muon trajectory reconstruction algorithm
• Models multiple Coulomb scattering using a Gaussian approximation
• Uses Bayesian inference to estimate the most probable muon path
• Accounts for constant muon energy loss along the trajectory

Ø Dry Storage Cask Imaging
• Achieves equivalent detection quality using only 1/20 of the muon flux required by PoCA
• Fine features: The 2.5 cm thick steel canister successfully localized using a single view and a 

muon flux of 1 million
• Reduced flux suitable for near real time imaging
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