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Abstract
Purpose To study the cosmic ray muon tomographic imaging of high-Z material with Micromegas-based tracking system.
Method A high-spatial-resolution tracking system was set up with the micro-mesh gaseous structure (Micromegas) detec-
tors in order to study the muon tomographic imaging technique. Six layers of 90 mm×90 mm one-dimensional readout
Micromegas were used to construct a tracking system.
Result and conclusion The imaging test using somemetallic bars was performed with cosmic ray muons. A two-dimensional
imaging of the test object was presented with a newly proposed ratio algorithm. The result of this work shows that the ratio
algorithm is well performed.

Keywords Muon tomography imaging · Micromegas detector · Ratio algorithm · High spatial resolution

Introduction

Muon imaging is a new technique developed to reconstruct
images of volumes. According to the behaviors of muons in
material, losing energy and absorbed in thematerial or chang-
ing direction after multiple Coulomb scattering, there are
two different kinds of muon imaging: muon radiography and
muon tomography imaging. A well-defined characteristic of
this technique using cosmic raymuons is its non-invasiveness
and economical value [1, 2]. Since its introduction in the
1950s [3], muon imaging has been under development for
many purposes, such as observation of volcanic activity [1],
nondestructive exploration of historical sites [4], monitor-
ing nuclear waste containers [2], potential underground sites
used for carbon sequestration [5] and detecting cargo con-
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tainers at custom entrances [6]. This work is based on the
muon tomography imaging.

Muons onEarth are the secondary particles that come from
the extensive atmosphere shower of high-energy cosmic rays
from space, with a flux about 1 cm−2 min−1 at sea level and
an average energy of about 3 GeV. Thus, a high-efficiency
and high-spatial-resolution tracing detector is required for
timely imaging events. For instance, a GEANT4-based sim-
ulation shows that better than 200 µm spatial resolution is
required for the imaging of a liter-sized (10 cm×10 cm×
10 cm) uranium cores shielded on each of their six sides
by 2.5 cm of material with lower Z (Al or Pb) which were
placed at different coordinates within a muon tomography
station (3 m×3 m×5 m) [6].

Amicro-mesh gaseous structure (Micromegas) is a typical
micro-pattern gas detector (MPGD), which has good spa-
tial resolution of <100 µm, and is easy to extend to large
area [7, 8]. In this paper, a high-spatial-resolution tracking
system consisting of 6 layers of one-dimensional readout
Micromegas detectors is set up to study the muon imaging
method for high-Z materials. The schematic design, detec-
tor and electronics, and data acquisition (DAQ) of the test
system are demonstrated.

Three-dimensional algorithms like PoCA and MLEM
reconstruct images and discriminate three cubes of different
Z materials in a GEANT4-based simulation work [9, 10].
An image filtering technique is also applied to improve the
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Fig. 1 Schematic design
diagram for muon imaging study
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performance of MLEM algorithm in simulation [11]. How-
ever, since most of the deflection angles of muons which are
scattered by the nuclei of materials are small and the con-
ventional analysis method used in tomography imaging is
focusing on processing the large angle events, the utilization
may be of low efficiency. So as to improve the utilization of
the data including the small deflection angle events, the new
ratio algorithm is introduced and applied to the real data. As
a result, a two-dimensional imaging of a test object is finally
obtained.

Tracking system

Schematic design

In this tracking system, two 150 mm×150 mm scintilla-
tors are used to select effective events that penetrate the
whole tracking detectors and provide trigger signals for the
DAQ by coinciding their signals. Six layers of 90 mm×
90 mm one-dimensional readout Micromegas detectors are
used to determine the tracks of incident and exiting muons
from a test object. As shown in Fig. 1 , the detectors
4–6 are for the tracking of incident muons; detectors 1–3
are for exiting muons scattered by the nuclei of the test
object. Signals of theMicromegas detectors are one-end read-
out by front-end electronics with APV25 ASICs [12] and
digitized by multi-purpose digitizer (MPD) boards which
are united to VME environments in data acquisition sys-
tem.

The test object consists of four layers of different metallic
bars including copper, iron, aluminum and tungsten, with
the atomic mass A of 64, 56, 27 and 183, respectively.
Each layer has the same three metallic bars with a size

of 10 mm×10 mm×100 mm. In other words, it is a 30-
mm-wide, 40-mm-high and 100-mm-long test object in total
and is placed along the readout strips of Micromegas detec-
tors.

Setup of the system

The Micromegas detectors are manufactured using the ther-
mal bonding method [13, 14]. A resistive anode is employed
to enhance the gas gain to higher than 104. The readout
of detectors is designed as plane with 218 one-dimensional
strips with a pitch of 412 µm and drift region of 5 mm; the
gas mixture is 93% argon to 7% carbon dioxide. As a con-
sequence, better than 150 µm spatial resolution and higher
than 90% detection efficiency are obtained for the cosmic
ray muons. As shown in Fig. 2, each Micromegas detec-
tor is installed in an aluminum plane, where a 100 mm×
100 mm hollow hole under the active area of detec-
tor is made to minimize the scattering materials in the
tracker of muons. The direction orthogonal to the read-
out strips is defined as x-axis. When a charged particle
triggers the detector, the cluster of avalanche may cover
several strips with different signal amplitude; then, the cen-
ter method is used to locate the X value of hit position.

The six detector planes are subsequently stacked to con-
struct the tracking system as the schematic design mentioned
above. Figure 3 shows the finished view of the installation of
Micromegas detectors, and the test object is inserted in the
middle of the tracking system. Finally, the whole system is
calibrated and aligned with cosmic test, and effective muon
events are collected for imaging analysis.
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Fig. 2 Installation of the tracking system for a single detector

Fig. 3 Finished view of installation of the tracker detectors

Methods

Theory of muon scattering

In this experiment, a new ratio algorithm is proposed for
imaging with the effective muon events, based on the idea of
calculating the root mean square error value of the deflection
angles of incoming and outgoing tracks of events in an explo-
ration area. The deflection angle θ of muon passing through
the material approximates a Gaussian distribution with a
mean value of zero when considering the multi-Coulomb
scattering as single scattering as Eq. 1 shows. Equation 2
gives an expression of the root mean square error σθ .

L is the length of a muon track in a certain material (air or
test object). In this work, size of 33 mm × 33 mm is taken
for the exploration area; considering the limited acceptance
angle, the L value could be treated as a constant.

Lrad is the radiation length of the material, while the com-
monly used empirical formula is defined as Eq. 3, where
Z and A are the atomic number and atomic mass of the sub-
stance, respectively, andβ, c and p are theLorentz parameters
(β ~1), the velocity of light and the momentum of muons,
respectively.

f (θ ) � 1√
2πσθ

exp

(
− θ2

2σ 2
θ

)
(1)

σθ � 13.6 MeV

βcp

√
L

L rad

[
1 + 0.038 ln

(
L

L rad

)]
(2)

L rad � 716.4 · A
Z (Z + 1) ln(287/

√
Z )

[g/cm3] (3)

The variables in Eq. 2 are momentum p and radiation
length Lrad. In the case where momentum p is fixed value,
as the atomic number Z increases the radiation length of the
material decreases in Eq. 3, and the σθ increases accordingly
in Eq. 2.

Defining H as Eq. 4, Eq. 2 can subsequently be written
like Eq. 5.

H � 13.6 MeV

βc

√
L

L rad

[
1 + 0.038 ln

(
L

L rad

)]
(4)

σ 2
θ � 1

p2
H2 (5)

For a distribution with a mean value of zero, its root mean
square error can be obtained by fitting the experiment data
into Eq. 6, where the θ i represents the measured scattering
angle of the number i of muon events in the data, and N the
total number of events.

σ 2
θ � 1

N

N∑
i�1

θ2i (6)

Next, a test objectwhich has a certainH value andwhoseN
events can be divided into n groups according to the momen-
tum of muons. For a group of muons in momentum bin pi
(i � 1, 2… n), supposing there are ki events with scattering
angle θ i1, θ i2… θ iki. A series of the root mean square errors
can be obtained through Eqs. 5 and 6:

σ 2
1 � 1

k1

k1∑
j�1

θ21 j � 1

p21
H2

σ 2
2 � 1

k2

k2∑
j�1

θ22 j � 1

p22
H2

. . .
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σ 2
n � 1

kn

kn∑
j�1

θ2nj � 1

p2n
H2

Rearranging these equations leads toEq. 7,where the coef-
ficient ki

N indicates the probability of muons in momentum
bin pi.

σ 2
θ � 1

N

N∑
i�1

θ2i �
n∑

i�1

ki
N

1

p2i
H2 (7)

when the amount of experimental data is sufficient, the
momentum distribution can be considered to satisfy the nat-

ural distribution at sea level [15], such that the term
n∑

i�1

ki
N

1
p2i

can be considered as a constant value A which is indeed the
average value

〈
1
p2

〉
when N is large enough. Equation 7 con-

sequently becomes:

σ 2
θ � 1

N

N∑
i�1

θ2i � AH2. (8)

Compared to Eq. 5, the influence to rootmean square error
from the momentum of muons is negligible.

Ratio algorithm

An intuitive method for distinguishing different materials is
to calculate the root mean square error of themuon scattering
angles with Eq. 8, and it was named RMS error imaging
method in thiswork.Due to the termwhich sums the square of
the scattering angle, RMS error imaging method is sensitive
to large angle events. In order to eliminate the effect of large
angle and obtain good quality of imaging, it is necessary to
constrain the angle range.

In anotherway, the so-called ratio algorithmwas proposed
in this work. Figure 4 shows the behaviors of muons pass-
ing through the test object. As mentioned in this paper, the
deflection angles obey Gaussian distribution as Fig. 5 shows;
the red line indicates the angle distribution of muons passing
through the low atomic number Z material, while the blue
line relates to the high-Z material.

As mentioned above, two tracks can be obtained when a
muon event hit all the six detectors. The event will be consid-
ered as a straight track event if the deflection angle of these
two reconstructed tracks is small due to the muon passed air
or passed the test object without scattering; on the other hand,
the event with large deflection angle will be considered as a
scattered track event. The ratio value R is defined as Eq. 9

R � Ac

A0
(9)

Fig. 4 Muon event pass through the test object

Fig. 5 Gaussiandistributionofmuondeflection angles in differentmate-
rials

All of the events counted asA0 that pass through the explo-
ration area can be divided into two situations by studying the
incoming and outgoing tracks: (1) For a straight track event,
it will be recorded whether it passed the top margin or bot-
tom margin of the exploration area. (2) For a scattered track
event, it will be recorded only if the scattering point is in
the exploration area, or it will be discarded. As for the events
counted asAc, which are the events with the deflection angles
satisfy the selection criteria (|θ | <1.6 in this work) among the
scattered track events.

The ratio value is actually the Gaussian function definite
integral (or likelihood error function) of the root mean square
error σθ , as shown in Eq. 10:

R(θ0) � 1√
2πσθ

∫ θ0

−θ0

exp

(
− θ2

2σ 2
θ

)
dθ (10)

Obviously, formaterialswith differentZ values, the higher
the Z material has, the smaller the R value. In this way,
different materials (air and test object in this work) can be
distinguished. Furthermore, theR values could also be linked
to the Z values if the tracks were precise enough.
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Fig. 6 Diagram of the description of the ratio algorithm

Results

The ratio algorithm is proposed for eliminating the effects
of large angle events. It is subsequently applied to exper-
imental data. For detectors of the tracking system are
one-dimensional, the x–y plane is focused in this work as
shown in Fig. 6, which is the schematic diagram of the test
system with the test object, and the positions along the y-
axis are measurable; from top to bottom, the locations of six
detectors are − 3.5 mm, 58.9 mm, 106.5 mm, 266.8 mm,
320.8 mm and 383.8 mm. When muons are scattered by a
test object passing by all of the six detectors, the positions of
the x-axis can be obtained through the detectors’ readout. As
a result, the two-dimensional positions of the exact scatter
points are found. The incoming and outgoing x–y tracks can
subsequently be reconstructed with a linear function fitting
to the upper three points and lower three points, respectively.
For imaging of the test object, ratios for all points in the mea-
surement area are needed. As an example, the ratio at point
A in Fig. 6 is calculated through the following steps:

• Take a square exploration area with a random point A as
its center. Here, the exploration area is 33 mm × 33 mm.

• All events passing through the exploration area are counted
as A0, and events with scatter angles in a certain range
(|θ | <1.6° in this work) are counted as Ac

Fig. 7 Image of test object by cosmic ray muon tomography

• Use Eq. 9 to get the ratio R.

All of the events counted asA0 that pass through the explo-
ration area can be divided into two situations by studying
the incoming and outgoing tracks. (1) For a straight track,
whether it passes the top margin or the bottom margin will
be recorded; (2) for a scattered track, if the scattering point is
in the exploration area it will be recorded; if not, then it will
be discarded. Then these scattered tracks satisfy the selec-
tion criteria (|θ | <1.6°) that are counted as Ac. This shows
that the ratio algorithm can make good use of these events
which have scattering angle near 0°.

In order to ensure the unbiased R values, 500,000 points
were selected randomly in the test object measurement area
and theR values were calculated for all points. Consequently,
a quantity field R(x, y) (i.e., the R value with coordinates
aroundpointA) of the objectmeasurement area is obtained. In
this way, the image of cosmic ray muon tomography is visu-
alized using ratios, as shown in Fig. 7. The rectangular box
with coordinates shows the location and size of the test object.
These points with ratio less than 0.800 are roughly formed
into a rectangle. The reconstructed rectangle is smaller than
the actual test object, but the reconstructed position is con-
sistent with the actual position. Besides, these points with
a ratio greater than 0.880 represent the air. The ratio value
from 0.800 to 0.880 mainly occurs in the transition region
between the test object (high-Z) and air (low Z). In this sys-
tem, the reconstruction uses data from 793 effective muons
detected in 1 day, with a detection flux about 10 cm−2 day−1.
The lower detection flux is due to removing the noised events
caused by the detectors’ performance. Improving detection
flux will be very useful for rapid detection to some extent.

As mentioned above, constraining the scattered angle to
suppress the effect of large angles is one feature of RMS error
imaging method. These two algorithms are applied under
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Fig. 8 Comparison of ratio and RMS error imaging method after the
different angle limits

different scatter angle θ cuts for eliminating the large angle
events, as shown in Fig. 8. It can be seen that more strin-
gent angle cuts bring better imaging quality for RMS error
imaging method, but less influence to ratio algorithm.

Discussion, future direction and conclusion

Themuon tomography imaging is a very promising technique
for non-invasiveness detecting with many potential applica-
tions such as detecting the shielded nuclear material in the
cargo at the customs, monitoring the spent nuclear fuel and
testing the cavity nondestructively in archeology or modern
architectures. This work realized imaging with a tracking
system based on Micromegas detectors, and a new proposed
imaging algorithm named ratio algorithm which can make
good use of events with scattering angles near 0° shows the
effectiveness in the area of muon tomography imaging.

Development of this technique is ongoing. The focus of
our work is on identifying different high-Z materials with
ratio algorithmandon improving the performance of tracking
system to achieve large acceptance and to get good qual-
ity data. In particular, two-dimensional readout detectors are

under developing for new tracking system in order to achieve
three-dimensional muon tomography imaging.
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