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ABSTRACT g‘
Muon radiography is an imaging technique based on muon absorption in matter that allows measurement of internal details in hidden §
objects or structures. This technique relies on measuring cosmic-ray muons tracks accurately, which reflects the incoming muon flux from §
both the target object and the open sky. In this paper, we report on the construction of a high spatial-resolution muography instrument
based on Micromegas detectors. Using four layers of 400 x 400mm? Micromegas detectors, channel multiplexing circuits, and the versatile <
readout system, a movable muography instrument named uSTC-R400 was designed and constructed. Results show that the channel multi- 5
plexing circuits can resolve hit positions correctly, and the spatial resolution of the detector is approximately 190 um. Experiments were con-
ducted at an under-construction subway tunnel and outdoors near a mountain, demonstrating uSTC-R400’s ability to maintain high spatial
resolution outside the laboratory and its robustness in harsh environments.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0288077
I. INTRODUCTION the mass thickness, p x dl. The fraction of muons crossing a
Cosmi s . material is, therefore, determined by the integrated density over
osmic-ray muon, with its strong penetrating power and ) . )
L . L . the path length, as shown in Eq. (1), a quantity called opacity,
naturally occurring, is an ideal probe for imaging the internal . 1
. . also known as mass thickness,
structure of large or well-shielded objects. Currently, muon
imaging (muography) primarily employs two principles: muon
transmission ljadlography and muon scattering tomog.raphy. This x(L) = J o(hdl = p x L. 1)
paper primarily focuses on muon transmission radiography, a L
technique based on the attenuation of muon flux as they pass
through large structures, such as geological formations or The principle of the experimental measurement of the fraction
man-made architectures. When a muon traverses a material, it of muons crossing a material is illustrated in Fig. 1, where the
experiences energy loss primarily through ionization and radiative muon flux is measured by tracking detectors both toward the
processes. The mean energy loss rate can be described by the object [Nobject(6, ¢)] and the open sky [Nopen_sky(e, ¢)]. By cal-
Bethe-Bloch and bremsstrahlung equations. For a thin layer di of culating the ratio Nopject /N0 en-sky> the " transmission ratio of
material with density p(l), the energy loss primarily depends on cosmic-ray muons can be ({)etermmed, which is expressed as
J. Appl. Phys. 138, 174902 (2025); doi: 10.1063/5.0288077 138, 1749021
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Tracking Detectors

FIG. 1. Principle of muon radiography. A tracking system, typically an array of
position-sensitive detectors, measures the incident muon flux. As muons trav-
erse an object, their flux is attenuated due to absorption and scattering.

follows:

Nobject (0 4) Je... o ©(6, E)dE

T(6, ¢) = — S
@) Nopen-sky ) Jg, (6, E)dE

Here, ®(6, E) is the differential muon flux, E,;,(x) is the minimum
energy required for a muon to traverse an object with opacity x,
and E; represents the minimum energy threshold for muons
detected (e.g., determined by detector characteristics or analysis
cuts). In experimental analysis, the differential muon flux ®(6, E)
is primarily dependent on the zenith angle 6. Therefore, the inci-
dent flux ®(6, E) is considered to be the same for both the
open-sky and object measurements within the same angular bin.

This transmission ratio is directly linked to the energy loss
experienced by muons, which, in turn, depends on the material’s
opacity. Consequently, for a muon to traverse a material of a given
opacity x(L), it must possess minimum initial energy, E,,;,. Once
Enin is determined, the opacity x can be calculated. Subsequently,
the average density p can be obtained if the physical length L of the
object is known.

To convert the measured transmission ratio T into opacity x
(and subsequently density), several approaches are commonly
employed to model the muon spectrum. These include comprehen-
sive Monte Carlo simulations of cosmic-ray air showers [such as
those performed with CORSIKA (COsmic Ray Simulations for
KAscade)’], which can generate detailed muon energy and angular
distributions. Empirical models, derived from experimental data, are
also used; for instance, the EcoMug library’ is based on measure-
ments from Altazimuthal Detector for AtMospheric Cosmic-Ray
Observation (ADAMO) detectors.” Additionally, some methods
utilize analytical calculations of pion and kaon decay to generate the
energy spectrum of cosmic-ray muons, with notable examples,
including models proposed by Gaisser’ and Bugaev et al.® Hebbeker
et al. further refined these by combining Bugaev’s spectrum with
experimental data.” Alternatively, for simpler analyses or specific
experimental conditions, the energy loss rate can be approximated as
a constant. For instance, in the DIAPHANE experiment,” the muon
energy loss in rock was set at 2.5 MeV cm?/g.

ARTICLE pubs.aip.org/aip/jap

The first application of muon radiography was the measure-
ment of the overburden mass of the Guthega-Munyang tunnel
using a Geiger counterarray as the sensitive detectors.’
Subsequently, in the 1960s, L. W. Alvarez explored the possibility
of searching for hidden chambers within the Second Pyramid of
Giza."” Over the past three decades, numerous experiments have
been conducted in areas, such as volcano imaging,'' ™" geological
surveying, """ and detection of cavities for archaeological® and
civil engineering applications.'”*’ A notable recent example is the
discovery of a big void in Khufu’s Pyramid with the combination of
nuclear emulsion chambers, plastic scintillator detectors, and
Micromegas detectors.”’

The key aspect of muography is the accurate measurement of
muon tracks. Except the nuclear emulsion chambers, most detec-
tion methods employ multiple layers of detectors to reconstruct
these tracks. The use of finer resolution detectors can obtain more
accurate results and contribute to a more compact design. Spatial
resolution and detection area are two critical parameters for opti-
mizing imaging time and accuracy. Imaging time is determined by
the number of muons that penetrate the object and are subse-
quently recorded by the detectors. A muography instrument with a
larger detector area has a greater acceptance, allowing the detection
of muons from a wider range of directions, which helps to maintain
a reasonable experimental duration.

The most common detector type employed in muography is
the scintillator with Silicon Photomultiplier (SiPM) readout.”**~*
A typical scintillator telescope consists of two or more double
layers of orthogonal plastic scintillator bars, used to measure
muons tracks in two independent projection directions. For rectan-
gular bars, where a single muon typically produces a hit in one
scintillator bar, the spatial resolution o is related to the bar’s lateral
width L by ¢ = L/+/12, assuming a uniform distribution of hit

positions within the bar.”® For triangular-shaped bars, spatial reso- :
lution can be improved by measuring the signal fraction in adjacent ¢

bars, achieving approximately 3 mm resolution for a bar with
1.7 cm height and 3.3 cm width.*

With advancements in nuclear instrumentation, micro-pattern
gaseous detectors (MPGDs) have become a feasible option for
muon radiography applications, as demonstrated by their uses in
imaging Khufu’s Pyramid®' and the WatTo experiment.”” These
detectors can achieve a spatial resolution of a few hundred micro-
meters at a reasonable cost. In particular, the Micromegas
(Micro-MEsh Gaseous Structure) detector can achieve a spatial
resolution of approximately 100um over active areas of up to
several thousands square centimeters. However, a large detection
area combined with fine spatial resolution increases the complex-
ity of the readout system design. This challenge can be mitigated
through specially designed channel multiplexing methods, which
reduce the number of required readout channels while preserving
spatial information, achieving a balance between the detection
area and readout complexity.”*> On the other hand, gaseous
detectors are often considered less suitable for field applications
outside the laboratory due to their requirement for a continuous
gas supply and their susceptibility to discharge caused by envi-
ronmental factors, such as vapor or dust pollution. These issues
can be addressed by carefully controlling the gas flow and by
robustly enclosing the detectors.
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In this paper, a high spatial-resolution muon radiography
instrument based on thermal-bonding Micromegas detectors is
developed and presented. The sensitive area of this detector is
400 x 400 mm?, and the number of anode strips is 2000 for a
single detector with two dimension readout. To achieve a compact
instrument design, a novel channel multiplexing method and
highly integrated front-end electronics cards have been imple-
mented in this system. This detector achieves a spatial resolution
better than 200m with the implemented multiplexing circuit and
front-end electronics. Subsequently, we performed muon radiogra-
phy experiments in a subway tunnel under construction, and an
outdoor environment near a mountain, demonstrating the capabil-
ity and stability of this instrument.

1. SYSTEM DESIGN AND AN EXPERIMENTAL SETUP

The muography instrument consists of four layers of
Micromegas detectors serving as sensitive elements, channel multi-
plexing circuits to reduce readout electronics requirements,
Front-end Electronics Cards (FECs) for signal amplification and
digitization, and back-end electronics for event identification and
data concentration.

A. Resistive Micromegas detector

The Micromegas detector is a typical micro-pattern gaseous
detector operating in a proportional mode, featuring a drift region
and a thin amplification gap structure. A simplified cross-sectional
structure of the Micromegas is shown in Fig. 2. The active volume
is separated into a drift region, where the incident particle ionizes
the working gas, and an amplification gap, where the primary ioni-
zations are multiplied through the avalanche process.

The distance between the drift cathode and the mesh electrode
of our detector is 5 mm, and the thickness of the amplification gap
is approximately 100 um. A germanium layer coated on the surface
of the anode PCB (Printed Circuit Board) serves as a resistive
anode and is connected to the GND. The conversion-drift electric
field is established by applying negative voltages to the mesh elec-
trode and a slightly higher voltage to the drift cathode.

When a muon enters the detector, primary ionization is gen-
erated. The strong electric field in the amplification region draws
the primary electrons through the mesh voids and initiates the

Drift cathode \ (HV1)

/ Drift region

Mesh electrode - (HV2)

Amplification gap
Resistive layer
Anode PCB

FIG. 2. Simplified cross-sectional structure of the Micromegas detector. Note
that the thicknesses of the drift region and the amplification gap are not drawn
to scale.
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avalanche process. The signal induced on the anode strips is a sum
of the electrons and ions signal, and this signal, when read out by a
low-noise charge-sensitive preamplifier, is primarily due to the pos-
itive ion drift toward the micromesh electrode.

As shown in Fig. 3, the readout strips were designed in the
second and third layers of the PCB with an orthogonal arrange-
ment. This design makes a single active volume to measure both X
and Y hit positions. The strip pitch is 400 um, with the width of
strips in the upper layer being 68 um and those in the lower layer
being 295 um.

In contrast to conventional Micromegas fabrication methods,
such as the bulk method based on photoetching processes, we
employed a thermal-bonding method. In this approach, small
spacers made of a thermal-bonding film are placed on the anode
PCB to support the tensile mesh electrode. Further details about
the Micromegas detector can be found in this work,” where the
detector design was enlarged for the present work.

Several detectors with different dimensions were designed
and implemented. In this paper, detectors with sensitive areas of
400 x 400 mm? are used to construct the muon radiography instru-
ment. A photograph of the Micromegas detector is shown in Fig. 4.

B. Channel multiplexing circuit

A major constraint in the application of high spatial-
resolution Micromegas detectors is the requirement for a large
number of readout channels, leading to increased cost, power
consumption, and data processing complexity. For example, the
Micromegas detector used in this work has 2000 anode strips
(1000 for X and 1000 for Y dimensions), which would typically
require 2000 readout channels. For a muon radiography instru-
ment with four layers of detectors, the total number of strips

requiring readout could reach 8000. To address this challenge, we :
proposed a position-encoded multiplexing method, in which ;

each front-end electronics channel reads out multiple detector
strips.

The fundamental principle of this multiplexing approach is
that within a single acquisition window (typically set to a few
microseconds or less), at most one muon will hit the detector,
which is critical to avoid ambiguities in hit reconstruction. The

Germanium layer

/,

%I e Orthogonal readout strips

Pitch=400 pm Anode PCB

FIG. 3. Structure of the readout strips on the anode PCB, where the second
and third layers form the orthogonal readout strips. The germanium layer is
coated after PCB manufacture.
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FIG. 4. Photograph of the Micromegas detector (400 x 400 mm?) used in this
research.

resulting ionization charges distribute over several adjacent strips
for each dimension, near the hit point. Therefore, a specially
designed mapping relation can be implemented, where each contig-
uous group of strips of the detector in the same layer is connected
to a unique pair of readout electronics channels. When signals are
read back on a specific group of multiplexed readout channels,
multiple potential hit locations on the detector could be inferred.
However, according to the mapping relationship, only one result
corresponds to contiguous strips, which is the actual hit location
on the detector. A mathematical model for this approach was estab-
lished in our previous work, where different types of multiplexing
circuits were designed and evaluated.”

In this work, we employ a circuit with a multiplexing factor of
eight, where 512 detector strips are multiplexed into 64 front-end
electronics channels. The encoding circuit is shown in Fig. 5. For
each dimension of the detector strips, two multiplexing circuits are
used, meaning that 1024 strips of the detector are read out by 128
channels of electronics.

C. Front-end electronics card (FEC)

The readout is handled by an FEC, which adopts a design that
was verified in the PandaX III (Particle AND Astrophysical Xenon
experiment IIT) project.” The key differences lie in the use of an
upgraded version of the readout ASIC named STAGE (SEcond
stAGe of the AGET”*°) and the utilization of channel hit informa-
tion for self-trigger signal generation.

ARTICLE pubs.aip.org/aip/jap

Connected to 512-channel
Detector strips

Multiplexing Circuits for
Detector Strips to Electronics Channels

Connected to 64-channel
Front-end Electronics

FIG. 5. Photograph of the multiplexing circuit that connects 512 detector strips
to 64 readout electronics channels.

The structure of the STAGE chip is shown in Fig. 6. It has 64
active channels, which process the signals from the Micromegas
detector after channel multiplexing, and 4 dummy channels, which
are not connected to the detector but serve as noise monitors for
the chip. Each channel consists of a charge-sensitive amplifier
(CSA), a pole-zero canceler (PZC), an analog shaper (S&K Filter,
Sallen-Key Filter), a discriminator for trigger generation, and a
512-cell switched capacitor array (SCA). The amplified and shaped
signal is sampled by the SCA and then sent out of the chip under
the control of the field-programmable gate array (FPGA) on the
FEC. The trigger signal from each channel contributes to the total
trigger signal, with the amplitude proportional to the number of
channels exceeding the on-chip threshold.

A single FEC uses four STAGE chips to sample the encoded
signals, with one FEC reading out exactly one layer of the detector.
The output of each STAGE chip is digitized by a single-channel
12-bit analog-to-digital converter (ADC) and processed by the

FPGA. A channel-specific threshold is set to suppress the idle :
channels. All digitized data with values greater than the preset ;

thresholds, along with timestamp, trigger number, and checksum,
are constructed into a user-defined data frame and transmitted to
the back-end data acquisition (DAQ) board.

D. Back-end electronics and remote control

A back-end electronics card designed for small to medium-
scale physics experiments is adopted in the construction of this
muography instrument.”” It performs data gathering from the
FECs, event identification of potential muons, and data transmis-
sion to the host PC.

e

S&K Filter TT T
512 —cells SCA

Buffer

Vtho

Hit register

FIG. 6. Block diagram of the STAGE chip.

62:€1L:LL G20Z JoquianoN 0}

J. Appl. Phys. 138, 174902 (2025); doi: 10.1063/5.0288077
© Author(s) 2025

138, 174902-4


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

The back-end electronics card communicates with the FECs
via optical fiber interfaces using a custom-defined protocol. With
the time domain multiplexing (TDM) method, the link between
the back-end electronics and FECs is divided into three virtual
channels for trigger, data, and command transmission.

For remote control, a 4G modem provides Internet access to
the instrument. A Windows Subsystem for Linux (WSL) based
automatic data processing procedure performs data processing and
transmission to the laboratory server. Manual control, remote
debugging, and testing are performed via Windows Remote
Desktop through a ZeroTier network.

E. Self-trigger mode

A self-trigger mode was developed to select potential muon
signals, while the instrument operates in a continuous mode. This
mode consists two main parts: pre-trigger generation by the FECs,
which indicates the detection of overthreshold signals, and subse-
quent valid trigger generation by the back-end electronics after per-
forming trigger selection.

The pre-trigger signal is generated through two stages in the
FEC. The first stage is implemented using the built-in “multiplic-
ity” function of the ASIC.”® As shown in Fig. 6, during the acquisi-
tion phase, the shaped signal is continuously sampled by the SCA
and simultaneously compared with a programmable voltage thresh-
old. If the signal exceeds the threshold, a single-channel hit signal
is generated. A total trigger signal is then produced based on the
single-channel hit signals in an analog mode, with an amplitude
proportional to the number of single-channel hits. This total
trigger signal (referred to as the multiplicity signal, which indicates
how many channels are overthreshold) is amplified to the differen-
tial analog output ports and continuously acquired by the on-board
ADC. A second-stage trigger is generated by applying two thresh-
olds to identify valid multiplicity signals: a lower one to suppress
triggers caused by noise and a higher one to eliminate spurious
triggers resulting from discharges in the Micromegas detectors.
When the multiplicity signal falls between the lower threshold and
the higher threshold, a potential event is detected, and the FEC
sends a pre-trigger signal to the back-end electronics.

The back-end electronics records pre-trigger signals from each
FEC and maintains them for a programmable time period, after
which the register is cleared. If the recorded pre-triggers match the
configured trigger pattern, a fast trigger signal followed by a 32-bit
trigger ID is distributed to all FECs. The trigger pattern is configu-
rable via control commands. In this specific application, a valid
trigger is generated and sent to the FECs if at least three layers of
FECs generate a pre-trigger signal. Upon receiving the fast trigger
signal, the FECs stop the acquisition phase and controls the ASICs
to sequentially output the sampled analog signals from the SCAs
for conversion. The digitized data are compared against the preset
channel-specific thresholds, and only data exceeding these thresh-
olds are packaged and transmitted to the back-end electronics.

F. Construction of the instrument

A muon radiography instrument was constructed using
these detectors and electronics cards and named uSTC-R400
(muon Scattering and Transmission imaging faCility, utilizing

ARTICLE
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FIG. 7. Photograph of uSTC-R400. The constructed system includes
Micromegas detectors, a multiplexing circuit, FECs, back-end electronics (DAQ)
card, PC, HV modules, and the four-wheel chassis.

400 x 400 mm? detectors for radiography). As shown in Fig. 7, this
radiography instrument contains 4 layers of Micromegas detectors, 16
multiplexing circuits (4 for each layer), 4 FECs, a back-end electronics
card, a mini-PC, 2 high-voltage (HV) modules housed in a mini-NIM
case, and a remote-controlled Ackerman chassis to support the entire
system. The system’s orientation, including its zenith and azimuthal
angles, is controlled by two motors, allowing for a precise adjustment
of the viewing direction toward target objects.

I1l. EXPERIMENTAL RESULTS
A. Performance of the readout electronics

The readout electronics cards were calibrated before installa-
tion into uSTC-R400. In the calibration, a charge signal was gener-
ated by applying a step-down voltage through a 1 pF capacitor in
series and fed into the calibration pin of the ASICs (In_cal input).
With the dynamic range set to 120fC and a peaking time of
1039 ns, the charge-to-ADC conversion gain is approximately 29
ADC units/fC. Under this calibration relationship, the root mean
square (RMS) value of the equivalent noise charge (ENC) for all
channels connected to the detector via channel multiplexing cir-
cuits is shown in Fig. 8, with 95% of the FEC channels exhibiting
noise less than 0.78 fC.

B. Energy spectrum and position decoding

The detectors operate in a gas-flow mode, with the working
gas being a mixture of argon and 7% carbon dioxide. In our
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Mean: 0.70 fC

Max: 1.14 fC

Min: 0.58 fC

Number of channels: 1024 (4 FECs)

Count

. . ) )
0.6 0.7 0.8 0.9 1 1.1 1.2
RMS value of the ENC (fC)

FIG. 8. Distribution of the RMS noise of the FECs connected to the detector.

experiments, the gas flow was set to 25 ml/min, and the working
voltages of the drift cathode and mesh were set to —570 and
—720V, respectively.

Each cosmic-ray muon deposits energy in the drift area, gen-
erating ionization. This ionization is avalanched in the amplifica-
tion gap, generating induction signals on the readout strips in both
X- and Y-directions. By summing the charges on the adjacent
strips for each valid event, the cosmic ray energy deposition spec-
trum is obtained and shown in Fig. 9. The charge distribution
mainly follows the expected Landau distribution. After performing
a Landau-Gaussian convolution fit using ROOT, the peak value is
approximately 125 fC.

Since the strips of the detectors are multiplexed, the hit posi-
tions can be decoded when more than one readout electronics

Reconstructed charge

35000 Entries 457246

Mean 188.2

30000 Std Dev 108.5

- 22/ ndf 1.767e+04 /75

Width 18.52 £ 0.07

25000 MP 125.4+0.1

\ Area 5.631e+06 + 8.5076+03

GSigma 36.7+0.1

£ 20000 9

3
o
o

15000

!
‘11’1

10000

—

5000

o

100 200 300 400 500 600 700 800 900
Charge (fC)

o

1000

FIG. 9. Energy deposition spectrum of cosmic-ray muons measured by the
detector, where the blue line with block asterisks represents the measured and
reconstructed data, and the red line represents the convoluted Landau and
Gaussian fit.
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channel reads out valid signals. Figure 10 shows the distribution of
the number of channels exceeding thresholds in each event. This
result indicates that the position encoding multiplexing method
can achieve nearly lossless channel compression in this muography
instrument.

C. Spatial resolution and angular resolution

The principle of calculating the spatial resolution of the
instrument is shown in Fig. 11. One of the layers is designated as
the target layer, and the hit positions from the other three layers
are used to fit a reference track. The fitting result can be
expressed as x5 = ky X z; + by, where k, and b, are the slope
and intercept of the fitting track, respectively, and z; is the z coor-
dinate of the target layer. After detector alignment to correct the
installation offsets and rotations, the deviation Ax = xp; — xp;
can be calculated, where xy;; is the hit position measured by the
target detector. By statistically analyzing a large number of muon
tracks, the distribution of Ax can be obtained and fitted with a
double Gaussian function. Figure 12 shows the fitting result of
the Ax in the X direction of the inner layer detector with an inci-
dent angle range of 0°-5°. The narrow component of the
Gaussian distribution (blue line) has a standard deviation of
0.188 mm. The spatial resolution of the instrument is defined as
the standard deviation of the Ax distribution. This resolution can
be conceptually divided into two contributing factors: the uncer-
tainty from trajectory fitting [o(x:)] and the intrinsic residual of
the detector under test [o(xh)]. In muography applications, both
these components contribute to the overall precision of muon
track measurement, and their combined effect represents the
spatial resolution of the instrument.

Regarding angular resolution, the muon track is reconstructed

by fitting the hit points from four layers. The track can then be rep- :
resented by a direction vector D(ky, ky, 1) and a point P(xo, yp, 0), §

where k, and k, are calculated as

E;‘;l (z — 2)x;
XiG-27
where 7 is the number of fitted detectors and (x;, y;, z;) are the hit
points for each detector. Note that the z; coordinates are fixed after
the instrument’s construction; for our four layers, these are 0, 167,

395, and 587 mm.
Thus, the reconstructed angles are given by

6 = arctan , /k2 + k; and ¢ = arctan (k,/k,), where 6 and ¢ are

the zenith and azimuthal angles, respectively. The angular resolu-
tion of @ can, thus, be written as

1 /
— 2 2
0= L+ k2 +k2 x (Ak" Aky)’ @)

where Ak, and Ak, can be calculated from Eq. (3). Assuming all
detectors have similar performance, Ak, can be approximated as

Aky = Ax /4 /3] (z — Z)%. Given that k, and k, can be minimal

(approaching zero for near-vertical tracks) and assuming similar

_ _ 21 (g — 2)y;
" TR

>
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FIG. 10. Distribution of the number of channels exceeding thresholds in each event.

resolution along the X and Y dimensions, the overall angular reso-

lution A@ can be estimated as \/2Ak,. For the uSTC-R400, the
angular resolution is approximately 0.6 mrad.

D. Muon radiography experiment results
1. Measurement at an underground tunnel

An experiment was performed at a subway tunnel under con-
struction in the Hefei city. As shown in Fig. 13, uSTC-R400 was
placed in the subway tunnel approximately 18 m below the ground
surface. A river on the ground flows above the subway tunnel,
approximately perpendicular to it. According to the engineering
investigation, the vertical distance between the riverbed and the
bottom of the tunnel is about 11 m. Since the subway site was
under construction during the experiment, a UPS module was used
to prevent power surges and sudden power loss. Remote control
was implemented via the local WiFi network in the tunnel for
monitoring the status of detectors and readout electronics.

The measurement in the tunnel lasted approximately 300 h,
while an open-sky muon flux measurement conducted at a
ground level on the USTC campus lasted about 266 h. After per-
forming position alignment to correct for offset and rotation

Reference

Target
detectors

detector

FIG. 11. lllustration of the method for calculating spatial resolution. The actual
hit positions are represented by red crosses, while the fit hit position is indicated
by a red hexagram.
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FIG. 12. Deviation distributions of the Micromegas in the X direction with an 20 06
incident angle range of 0°-5°. 25
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errors, muon tracks were reconstructed where all four layers of 240
detectors were fired and the RMSE (Root Mean Square Error) of 03
the fitted tracks was less than 2 mm. Figures 14(a) and 14(b) 45 o5
show the 2D hit distributions measured on the ground (the open 50 ’
sky) and in the tunnel, respectively, with the muon counts nor- 55 01

malized to 10 min. Figure 14(c) presents the transmission map
for the subway tunnel measurement. Figure 15 shows the distri-
butions of the 6 and ¢ angles for open-sky and tunnel measure-

. . 10
ments (counts normalized to 10 min). Results show that the
muon flux is attenuated by the soil above the tunnel, while the 15
influence of the river is not significant. This can be attributed to 20 06

o
N
62:€1L:LL G20Z JoquianoN 0}

the limited density difference between the river water and the
surrounding overburden soil. Nonetheless, uSTC-R400 has dem-

onstrated its robustness by operating successfully in the subway e o

tunnel environment where vapor and dust were present during 835 ’

the test. < 40 03
. 45

2. Measurement at a mountain 0.2
50

To validate the versatility of this muography instrument &
in outdoor environments, an experiment was performed at s

60 0

40 30 20 10 0 10 20 30 40

¢ (degree)

FIG. 14. (a) 2D hit distribution for open-sky measurements. (b) 2D hit distribu-
tion measured in the tunnel. The color bars in (a) and (b) represent the muon
count per 10 min. (c) Transmission map calculated as the ratio of (b) to (a). To
suppress statistical noise in low-count regions, pixels with muon counts below
5% of the maximum are masked (set to zero).

Subway tunnel

FIG. 13. (a) Photograph of the £STC-R400 instrument in the under-construction
subway tunnel with a zenith angle of 30° and oriented toward the river on the Dashu Mountain in the Shushan Forest Park located in the
ground surface. The direction of the river is approximately perpendicular to urban area of Hefei city. As shown in Figs. 16(a) and 16(b)
the subway tunnel. (b) Placement of the detector in the underground tunnel and : . .. )
: PR - USTC-R400 was placed in a microbus positioned near the foot
the cross section of the stratum from an engineering investigation. " . .
of the mountain. The horizontal distance between the
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instrument and the top of the Dashu Mountain is approxi-
mately 1km, with a vertical distance of about 200m. To
measure both the open-sky muon flux and the flux through
the mountain at the same time, the detectors were rotated so
that their normal was parallel to the ground, with the center
approximately pointing toward the mountain peak. As shown
in Fig. 16(c), the detectors could simultaneously record
muons from both the mountain direction and the open sky.
This configuration ensured that fluctuations in muon flux and
detector gain remained equal for both the target measurement
and the background measurement.

The test continued for approximately 37 days, during which
a heavy snowfall occurred in Hefei; yet, the instrument main-
tained proper functioning. The 2D distribution of muons from
the open-sky direction and from the mountain direction is
shown in Figs. 17(a) and 17(b), where the “shadow” caused by
the mountain’s absorption is clearly visible. Figure 17(c) shows
the transmission ratio, where values larger than 1.2 were set to
1.2 to provide clear color gradation. The shape of the Dashu
Mountain was obtained through drone mapping with an accuracy
of 10m, and Fig. 17(d) shows the traversal length at the experi-
ment site.

With the known transmission rate T(6, ¢), the traversal
length L(6, ¢), and according to Eq. (1), the average
density of the object can be calculated as p(6, ¢)
= X(6, ¢|Emin)/L(6, ¢), where E.;, is the minimum energy
required to traverse the objects. The reconstructed density is
shown in Fig. 17(e) using parameters from the EcoMug
library’ and from this work,” with the mountain body treated
as rock with Epin =2.5MeVg!lcm? x X. The reconstructed
density values are lower than expected empirical values. This
discrepancy may be attributed to uncertainties in the determi-
nation of En;, at large incident angles, as well as the 10m
accuracy of the traversal length measurement obtained from
drone mapping.

(a)

(©)

FIG. 16. (a) View of the Dashu Mountain, with £STC-R400 placed at the foot of the mountain [approximately at the location marked by the hexagram (with the GPS
location at 117.18°E 31.84°N 74.7 m)). (b) Photograph of the instrument placed in a microbus. (c) Diagram of the detector placement, where the normal of the detector is

parallel to the ground.
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FIG. 17. (a) 2D hit distribution from the open-sky direction. (b) 2D hit distribu-
tion from the mountain direction. (c) Transmission ratio calculated as
Nmountain /Nopen-sk with values larger than 1.2 set to 1.2. (d) Traversal length
from the experimen¥ site perspective. (€) Reconstructed density using a constant
minimum transmission energy of 2.5MeV g~'cm? x X.

IV. DISCUSSION AND CONCLUSIONS

In this study, a high spatial-resolution muon radiography
instrument named uSTC-R400 was designed and implemented.
Four layers of detectors with a sensitive area of 400 x 400 mm?
were used, requiring a total of 8000 strips to be read out. A channel
multiplexing method was applied to reduce the large number of
readout channels. Together with the scalable readout system and
the self-trigger mode, this instrument could be constructed in a rel-
atively compact size. Test results show that the RMS of the ENC is
approximately 0.8 fC with a dynamic range of 0 ~ 120 fC, which
adequately covers the signal range of the Micromegas detector. The
spatial resolution of the detectors with encoding readout is

ARTICLE pubs.aip.org/aip/jap

approximately 190 um, which provides sufficient angular resolution
for muon radiography. The long-term stability and the environ-
mental suitability were tested during different types of experiments
in harsh environments, demonstrating that with proper design and
sealing, the Micromegas detectors can operate effectively in muog-
raphy experiments outside the laboratory. The instrument pre-
sented in this article indicates that Micromegas detectors with the
thermal-bonding method can be a promising solution for building
high spatial-resolution muography facilities, while the channel mul-
tiplexing readout circuit significantly reduces system complexity.

Current research and development efforts are ongoing toward
further enhancement of the instrument. In the future, more
advanced algorithms can be developed based on the high-
resolution muon track data. Specifically, the energy spectrum
model at large incident angles requires further investigation. The
current angular resolution significantly exceeds the requirements
for muon transmission radiography. This suggests that for future
high spatial-resolution detector applications, the distance between
detectors can be shortened. A reduced inter-detector distance
would enable the instrument to achieve a larger field of view,
thereby increasing the muon rate.
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