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• Over 10,000 cosmic ray muons a minute stream 
through each square metre of the Earth’s surface.

• These particles either scatter (high energy) or are 
absorbed (low energy) as they pass through matter.

• Creates a three dimensional image.
–Cosmic ray imaging is an old idea (1950’s) and has been 

used to image: pyramids, volcanoes, mines, ...

The Idea - Cosmic Ray Muon Tomography
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• The scattered and absorbed muons can be used to 
make two independent measures of the target 
material

Muon Tomography Capabilities
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The Simulation - Current Status
• GEANT4 is the particle physics tool of choice for 

simulation.
–Contains all known particle interactions with matter.

• We have a simulation that we can use to test a variety 
of target geometries
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• A realistic muon flux that depends on energy and 
angle is used 

Muon Flux
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Figure 63: Results for UV-planes spaced equal distances from each other. Scat-
tering by the scintillator planes has been turned off. The number of layers is
2. The resolution of the scintillator planes is 0.002m. The left-hand plot shows
the case without the steel box, and the right-hand plot shows the case with
the steel box (i.e. the muon gets scattered by the steel). The different colours
correspond to different distances between the UV layers.
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Figure 1: Comparison between best fit (lines, Eq. (3)) and experimental data (points) for
the differential flux I(E) = dI/dEdΩ at sea level. The solid line shows the differential flux at
θ = 0◦; the dashed line shows the differential flux at θ = 75◦.

At high energies, the additional term is negligible. The parameters 3.64 in the numerator and
1.29 in the power of cos θ∗ of Eq. (3) were obtained by fitting experiment data [1, 2, 3, 4, 5].
Comparisons of the differential parameterization (3) and data are shown in Figs. 1 and 2.

The total rate RH(Emin) of muons above an energy threshold Emin across a horizontal surface
is obtained by integrating the differential flux (3), as shown in Fig. 3. Some selected results are
listed in Table 2, which agrees with the well-known approximation for the total rate of muons
across a horizontal surface, I ≈ 1 cm−2min−1.

Table 2: Total muon rates RH across a horizontal surface at sea level for various energy thresh-
olds.

Threshold 0.2GeV 0.3GeV 0.4GeV 0.6GeV 0.8GeV 1GeV
RH (m−2s−1) 172.2 166.7 161.5 151.8 143.1 135.2

2 Total Muon Rate across a Vertical Surface

To convert the total rate RH of muons crossing a horizontal surface to the total rate RV of
muons crossing a vertical surface, one first multiplies the differential rate dI/dEdΩ across a
horizontal surface by the factor tan θ sinφ [9], and then integrates over energy and solid angle.

Total muon rates RV from integration of Eq. (3) are listed in Table 3 for various energy
thresholds. Note that RH/RV is very close to π, as predicted by the approximation that the
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Initial Results -- Absorbed Tracks
• 10cm ‘tungsten’ target in a shipping container
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Initial Results -- dE/dx measurement 
• Six minute exposures

8

x position (mm)
2000 1000 0 1000 2000

y
po

si
tio

n 
(m

m
)

5000

0

5000

)1
dE

/d
x 

(M
eV

 c
m

0

10

20

30

40

50
Case (a)

x position (mm)
2000 1000 0 1000 2000

y
po

si
tio

n 
(m

m
)

5000

0

5000

)1
dE

/d
x 

(M
eV

 c
m

0

10

20

30

40

50
Case (b)

x position (mm)
2000 1000 0 1000 2000

y
po

si
tio

n 
(m

m
)

5000

0

5000

)1
dE

/d
x 

(M
eV

 c
m

0

10

20

30

40

50
Case (c)

x position (mm)
2000 1000 0 1000 2000

y
po

si
tio

n 
(m

m
)

5000

0

5000

)1
dE

/d
x 

(M
eV

 c
m

0

10

20

30

40

50
Case (d)

!

10cm Target 5cm Target

10cm Target in water vessel 10cm Target in water vessel



• Six minute exposures
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Initial Results -- dE/dx measurement 
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Initial Results -- Scattering
• 10cm Target

• 5cm Target
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Initial Results -- Scattering
• Six Minute Exposure
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• Six Minute Exposure
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Initial Results -- Scattering
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Detector Optimisation Studies
• A number of detector 

parameters have been 
investigated
–Number of detector layers
–Separation of layers
–Detector resolution
–Detector material

• Using
–Realistic energy and 

angular spectra
–Multiple scattering in 

detector and target (i.e 
shipping container walls)

14Figure 1: Simple drawing of the simple simulation used to optimize the CREAM
TEA detector parameters. The object is placed inside a steel box, although this
steel box can also be removed for simulation purposes. The different distances
between the planes and layers can be changed/optimized.

loss of the muon as it traverses the detector is calculated using the Bethe-Bloch
dE/dx formula provided in [1]. Again, the results are different for steel and
scintillator. Finally, the cosmic muon flux as a function of angle and energy is
calculated using a new flux formula as provided in [2]:

dI

dEd
=

0.14E−2.7

cm2ssrGeV
[E(1 +

3.64GeV

E(cosθ∗)−1.29
)]−2.7(

1

1 + 1.1Ecosθ∗

115GeV

+
0.054

1 + 1.1Ecosθ∗

850GeV

)

(1)
where cosθ∗ is given by:

cosθ∗ =

√

(cosθ)2 + P 2
1 + P2(cosθ)P3 + P4(cosθ)P5

1 + P 2
1 + P2 + P4

(2)

The angle θ is the zenith angle of the incoming muon for a range of 0-90

2

Sketch of a simulated setup

Muon

Target

‘Container’

Detector
Layers



Two Layer Scintillator Resolution
• The resolution at the target for two layers of 

scintillator detector
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Two Layer Drift Chamber Resolution
• The resolution at the target for two layers of drift 

chamber detector

• Drift chamber modelled as 2mm of scattering material 
with 1 micron resolution
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Detector Optimisation
• The optimal detector consists of

–two layers of detectors
–separated by as large a distance as possible
–increasing detector position resolution allows one to 

reduce the separation between detector layers
• Multiple scattering in the detectors limits resolution

–Particularly below 1-2 GeV
• The walls of the container (2mm steel) provide an 

additional limit to the optimal sensitivity
• The GEANT4 simulation studies will be updated using 

an optimised detector geometry
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Test Stand Construction Progress
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New Scintillator Planes

• First evaluation 
models are in the 
laboratory in MSSL 
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UCL Muon Tomography Summary
• Preliminary studies have shown that muon 

tomography techniques can be applied to security 
areas

• We have moved from a feasibility stage to a detector 
optimisation stage

• The test stand construction at the ν-lab at MSSL is 
proceeding well

• Extra funds would enable
–construction and testing of higher resolution scintillator 

planes
–the addition of a muon spectrometer below the test stand
–an increase on the 256 PMT/electronics channels 

currently in testing
20


