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A B S T R A C T

A novel method of muonic X-ray imaging based on the coded aperture imaging technique is developed. The
image quality and detection rate of X-rays can be influenced by the number of detected counts (𝑁𝐷), mask size
(thickness 𝑡 and aperture size 𝑑) and sample-to-detector distance (𝐷𝑆𝐷). A figure of merit (𝐹𝑜𝑀) is introduced
as an integral and quantitative indicator of these influences. The choice of optimal values of the parameters
𝑁𝐷, 𝑡, 𝑑 and 𝐷𝑆𝐷 is achieved therefore by the comparison of respective 𝐹𝑜𝑀 values. As compared to the
conventional pinhole imaging technique, the coded aperture technique provides slightly better image quality
and has a two orders of magnitude higher detection rate. Therefore, the 𝐹𝑜𝑀 value for the coded aperture
imaging technique is higher than that for the pinhole one by a factor not smaller than 1.67. Obtained results
demonstrate that the coded aperture imaging technique has significant advantages for the applications for
elemental analysis by muonic X-ray measurements.
. Introduction

Muonic X-ray Emission Spectroscopy (𝜇-XES) is a quantitative tech-
ique for elemental analysis intended to identify both the concentra-
ions and chemical states of elements [1]. Muonic X-rays are generated
y de-excitation of muonic atoms which are formed by the capture
f negative muons (𝜇−) in the Coulomb field of nuclei. Due to the
arge mass of negative muons (207 times higher than the electron
ass), muonic X-rays are emitted with relatively high energies (0.2–
MeV) as compared to the energy of electronic X-rays [2]. There-

ore, muonic X-rays can easily leave bulk samples without significant
hoton self-absorption. Consequently, the elemental composition of
amples, especially those containing atoms with low atomic numbers,
an be identified using a semiconductor detector with high-energy
esolution [3]. Since the momentum of a negative muon beam is
unable, the depth-dependent elemental distribution in a sample can
lso be extracted. 𝜇-XES was successfully applied for research of ar-
haeological objects [4], in bioscience [5], for probing extraterrestrial
aterials [6], investigations of lithium batteries [7] and a number of

ther applications [1,2,8].
Spatial distribution of elements obtained by 𝜇-XES can be imaged

y pixelated detectors. For example, Hillier placed a pixelated CdTe
etector at a distance of 4 mm behind the sample at ISIS (High Energy
-ray Imaging Technology, HEXITEC) [9]. The sample comprised a 4-
m thick graphite block, a 3-mm thick aluminum block and a 3-mm

∗ Corresponding authors.
E-mail addresses: panzw19@ustc.edu.cn (Z. Pan), bjye@ustc.edu.cn (B. Ye).

1 These authors contributed equally to this work.

thick magnetite block. The possibility of imaging element distribution
in this sample with the HEXITEC detector was confirmed by the prox-
imity images of each block. The image quality was limited by the
solid angle covered by the HEXITEC detector and the high intensity
of background scattering events. Katsuragawa developed an imaging
system based on a CdTe doubled-sided strip detector to get the 3D
distribution of low-Z elements (B, N and F) at J-PARC [10]. A pinhole
between the sample and the detector was used to collimate X-rays, so
that image reconstruction artifacts could be effectively avoided. Due to
the low detection rate of such experimental setup, one image required
20 h of muon exposure. The system could make an image of a small
block with a size over 5 × 5 mm2.

An Experimental Muon Source (EMuS) is proposed to install at the
China Spallation Neutron Source (CSNS). About 5% of the proton beam
power (1.6 GeV, 25 Hz, 500 kW) will be allocated to EMuS to produce
muons. Relatively low repetition rate as compared to that at ISIS
(40 Hz) [11] and J-PARC (25 Hz) [12] will largely limit the counting
rate in future 𝜇-XES applications at EMuS. Analogously to the muonic
X-ray imaging experiments conducted at the J-PARC, a single pinhole
will be replaced by a coded mask (multiple pinholes), which will lead to
a significant increase of the counting rate at the same time maintaining
the image quality. The coded aperture imaging technique combined
with use of X- and 𝛾-rays is widely applied in various research fields
including astrophysics [13], medical physics [14], nuclear safety [15]
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Fig. 1. (a) Illustration of coded imaging and decoded reconstruction in the coded aperture imaging technique. 𝐷𝑆𝑀 is the distance between the sample and the mask, 𝐷𝑆𝐷 is the
istance between the sample and the pixelated detector, 𝑡 is the thickness of the mask, and 𝑑 is the size of an aperture on the mask, (b) geometric structure of the simulation
etup in Geant4, (c) pattern of the mask used in the simulation.
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nd X-ray fluorescent analysis [16]. In the present work, the feasibility
f this technique for 𝜇-XES is thoroughly studied based on Geant4 [17–
9] simulations. The image quality can be affected by the imaging
echnique, the number of detected counts, the size of coded mask, and
he relative positions of sample, mask and detector. The impacts of all
hese influencing factors are quantitatively estimated and the factors
hemselves are optimized aimed at the application of the code aperture
maging technique in the EMuS imaging detection system at the CSNS.

. Principle of coded aperture imaging and simulation method

.1. Principle of coded aperture imaging

The coded aperture imaging technique includes two main steps,
hich are illustrated in Fig. 1(a), namely coded imaging and decoded

econstruction. In the first step, a coded mask is placed between an
bject and a pixelated detector such as e.g. a CdTe one. The image 𝐼
etected by the latter can be considered as a convolution of the object
unction 𝑂 and the mask function 𝐴, which can be expressed as follows:

≃ 𝑂 ∗ 𝐴 +𝑁, (1)

here asterisk denotes the convolution operator and 𝑁 is the signal-
ndependent noise, respectively [20,21]. Transparent or opaque pixels
n the mask can be expressed by the following function:

(𝑖, 𝑗) =

{

1, transparent
0, opaque,

(2)

here 𝑖 and 𝑗 denote the order of a pixel along the horizontal and
he vertical axis, respectively. Thereafter, the detected image can be
econstructed by

̂ = 𝐼 ⊗ 𝐺 ≃ (𝑂 ∗ 𝐴 +𝑁)⊗𝐺 ≃ 𝑂, (3)
 t

2

(𝑖, 𝑗) =

{

1, 𝐴(𝑖, 𝑗) = 1
−1, 𝐴(𝑖, 𝑗) = 0,

(4)

here �̂� is the reconstructed object, ⊗ is the cross-correlation operator,
nd 𝐺 is a 2D array, respectively.

Current reconstruction methods [22,23] of coded aperture imaging
nclude deconvolution (Fast Fourier Transform, FFT), iterative algo-
ithm (Maximum-Likelihood Expectation Maximization, MLEM [24,
5]), convolutional neural network [22,26] and correlation analysis.
he FFT deconvolution method needs to determine the filter function
ccording to the imaging mode to reduce the noise. The iterative
lgorithm method such as MLEM can effectively reduce noise, while the
econstruction is time-consuming and requires high computing perfor-
ance. Convolutional neural network is a new reconstruction method,
hich can significantly improve the quality of images, but it needs
large number of imaging samples as training before reconstruction.

he methods mentioned above are mainly based on the reduction of
oise. In addition, an increase of detection counts can also help improve
he image quality such as the correlation analysis. Compared with
ther methods, the reconstruction processes of correlation analysis are
imple and easy to be implemented. In this work, a correlation analysis
sing finely sampled balanced correlation [27] was employed for image
econstruction.

.2. Geant4 simulation model

The imaging process was modeled using the Geant4 10.5 software
nd reconstructed by a standalone code. The geometry of the imaging
ystem in Geant4 was shown in Fig. 1(b). The physical list, QBBC, was
hosen to simulate the capture of negative muons by nuclei, emission
f muonic X-rays, muon decays and respective electromagnetic interac-
ions. Table 1 lists main parameters related to the negative muon beam,
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Table 1
Parameters of negative muon beam, coded mask and CdTe detector used in Geant4 simulations.
Object Parameter Value

Muon beam Momentum dispersion (%) 5
Size of beam spot (mm2) 32 × 32
Spatial distribution of beam spot corresponding to
the Full Width at Half Maximum (FWHM) (mm2)

70 × 60

Sample Dimensions (mm3) 31 × 31 × 2
Coded mask MURA array 61 × 61

Material Pb
Thickness 𝑡 (mm) 0.5–4.0
Aperture size 𝑑 (mm) 0.65–0.95

Detector Pixel array 128 × 128
Cell size (mm3) 0.25 × 0.25 × 0.75
Area(mm2) 32 × 32
Detector readout Photon energy and hit position
Energy resolution (%) 1.06 [31]

Distance 𝐷𝑆𝐷 (mm) 20–240
𝐷𝑆𝑀 to 𝐷𝑆𝐷 ratio 0.75
e
k
r

4

4

m
c
t
s
o
f

𝐴

t
o

𝐼

w
𝑂

𝑂

T

𝑂

T
(

m
𝑑
r
a
p
c
T
t
f

sample, coded mask, and CdTe detector [28,29] shown in Fig. 1(a).
The detector was required to record the energy and hit position of
each photon. The position of photons discriminated by energy was
used to reconstruct the sample image. Fig. 1(c) shows the mosaic of
two cycles of rank 31 MURA mask [30] used in the simulation. The
thickness 𝑡 and the aperture size 𝑑 of the coded mask varied in steps of
0.5 and 0.1 mm, respectively, to study their impacts on image quality.
The sample had a three-layer ‘‘sandwich’’ structure, which is shown in
Fig. 2. The central layer consisted of several carbon blocks inserted in
an aluminum plate, while the top and the bottom layers were pure
aluminum. To simplify the calculations, the ratio of sample-to-mask
distance to sample-to-detector distance 𝐷𝑆𝑀∕𝐷𝑆𝐷 was fixed.

2.3. Quality evaluation of coded aperture imaging

The quality of image reconstruction can be evaluated using a uni-
versal image quality index, 𝑄, which is defined as follows [32]:

𝑄 =
2cov(𝑂, �̂�)

var(𝑂) + var(�̂�)
2�̄� ⋅ ̄̂𝑂

�̄�2 + ̄̂𝑂2
, (5)

where ‘‘cov’’ and ‘‘var’’ correspond to the covariance and variance
function, respectively, 𝑂 is the image of a sample, and �̂� is the recon-
structed image, respectively, �̄� and ̄̂𝑂 are the average values of 𝑂 and
�̂�, respectively. According to Eq. (5), the parameter 𝑄 varies in the
range of [−1, 1]. A high quality of reconstructed image is indicated by
the values of 𝑄 close to 1.

The detection rate of X-rays is another important variable, which
determines the measurement time needed to achieve the required
precision. The detection rate 𝜀 can be expressed as follows:

𝜀 =
𝑁𝐷
𝑁𝑇 𝑜𝑡

(6)

where 𝑁𝐷 is the total number of detected X-rays that energy in the
energy window and 𝑁𝑇 𝑜𝑡 is the total number of primary negative
muons, respectively. The value of this parameter mainly depends on
the covered solid angle of a detector in the sample coordinate and the
transparency of a coded mask.

3. Momentum setting and energy window selection

We simulated the implantation profiles of muons to confirm that
most of them can stop inside the carbon layer of the sandwiched
sample. As shown in Fig. 3(a), the peak position of a muon distribution
shifts deep in the sample with the increase of muon kinetic energy.
The red plot in Fig. 3(b) presents the dependence of the fraction of
negative muons stopping inside the second layer (C layer consists of
carbon blocks and aluminum blocks) on their kinetic energy. As can be
seen from this figure, nearly 100% of these muons with the energies
in the range of 4.4–5.1 MeV stop in the second layer. Therefore, the
3

momentum of negative muons was set to 32.89 MeV/c (i.e. corre-
sponding to the energy of 5 MeV) with a dispersion of 5% for Geant4
simulations. In the simulation, muons are deposited inside the sample,
so that background events outside the sample are limited to zero. As
only several carbon blocks were inserted in the aluminum plate, the
highest fraction of negative muons stopped inside these blocks was
around 0.24, as the black plot in Fig. 3(b). In order to obtain only the
contributions from carbon elements, the energy windows of ±1.5 keV
ach were set around the characteristic energies of 72.55 and 13.85
eV corresponding to the 𝜇C-K𝛼 and 𝜇C-L𝛼 lines, respectively, as the
ed line shown in Fig. 3(c).

. Performance of imaging system under different conditions

.1. Impact of detected counts and position of CdTe detector

The anti-mask technique was developed for coded aperture imaging
easurements to reduce second-order artifacts as compared to the

onventional only-mask technique [33]. In this technique, 50% of the
otal number of negative muons are simulated using the mask, and
imulation of the remaining counts takes place with the anti-mask
btained by rotating the mask by 90◦ [34]. According to Eq. (2), the
unction of anti-mask, 𝐴′, is defined as
′ = 1 − 𝐴, (7)

hen the image 𝐼 ′ recorded by detector is defined as a convolution of
bject 𝑂 and the anti-mask 𝐴′

′ ≃ 𝑂 ∗ 𝐴′ +𝑁 ′, (8)

here 𝑁 ′ is noise. According to Eqs. (3), (4), the reconstructed image
̂′ is

̂′ = 𝐼 ′ ⊗𝐺 ≃ (𝑂 − 𝑂 ∗ 𝐴 +𝑁)⊗𝐺 = 𝑂 ⊗𝐺 − 𝑂 +𝑁 ′ ⊗𝐺. (9)

he image reconstructed by the anti-mask technique can be derived by

̂ − �̂�′ ≃ 2𝑂 + (𝑁 −𝑁 ′)⊗𝐺. (10)

he usage of anti-mask technique can reduce the noise by the operation
𝑁 −𝑁 ′)⊗𝐺.

Fig. 4(a–f) shows the reconstructed images obtained using the only-
ask and the anti-mask techniques at different values of 𝐷𝑆𝐷 for given
= 0.75 mm and 𝑡 = 2.0 mm. As can be seen from this figure, the images

econstructed using the anti-mask technique contain less second-order
rtifacts (the artifacts of the edge of panels (a–c)) [33,34]. As shown in
anels (d–f), the anti-mask technique enables to obtain more distinct
ontours of carbon blocks at medium 𝐷𝑆𝐷 values (𝐷𝑆𝐷 = 50 mm).
his is because the anti-mask technique can suppress noise according
o Eq. (10). The images reconstructed using anti-mask technique at dif-
erent number of detected counts for given 𝐷 = 50 mm, 𝑑 = 0.75 mm
𝑆𝐷
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Fig. 2. (a) Sandwich structure of the sample, and (b, c) the second layer containing
everal carbon blocks (yellow) inserted in an aluminum plate (gray). The sizes of carbon
locks range from 1 to 6 mm. Panels (b, c) show different arrangements of blocks used
o investigate the dependence of image quality on the edge block size.

nd 𝑡 = 2 mm are plotted in Fig. 5. With the increase of detection
counts, the carbon blocks in the reconstructed image become clearer
and the artifacts are much less. Improvement of the quality of images
obtained using the coded aperture imaging technique was quantita-
tively confirmed by calculation of the image quality 𝑄. Fig. 6(a) shows
the image quality for the only-mask and the anti-mask techniques as a
function of the number of detected counts 𝑁𝐷 at different 𝐷𝑆𝐷 when
𝑑 = 0.75 mm and 𝑡 = 2 mm. The data obtained for both techniques show
a rising trend with saturation after several hundred thousand counts. By
4

Fig. 3. (a) Depth distribution of muons with different kinetic energies in the sand-
wiched sample, (b) fraction of negative muons that stop in the second layer (C layer
consists of carbon blocks and aluminum blocks) (red) and carbon blocks (black), and
(c) energy spectrum recorded by a CdTe detector.

averaging 𝑄 values that 𝑁𝐷 higher than 1.5×105 at different 𝐷𝑆𝐷 with
𝑑 = 0.75 mm and 𝑡 = 2 mm, the dependences presented in Fig. 6(b) are
obtained clearly demonstrating better image quality provided by using
the anti-mask technique as compared to that obtained with the only-
mask technique. Therefore, the former was selected for optimization of
coded aperture based muonic X-ray imaging.

Fig. 4(d–f) and Fig. 5 show the reconstructed images obtained using
the anti-mask technique at different values of 𝐷𝑆𝐷 and 𝑁𝐷. As men-
tioned above, the images obtained at medium 𝐷𝑆𝐷 values have better
quality as shown in Fig. 4(d–f). Regarding the influence of parameter
𝑁𝐷, one may notice that raising the number of detected counts can help
improve the image quality. Therefore, it is necessary to find the smallest
𝑁 while maintaining the image quality. The impacts of 𝐷 and 𝑁
𝐷 𝑆𝐷 𝐷
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Fig. 4. The images reconstructed using the only-mask (a–c) and the anti-mask (d–f) techniques at different values of 𝐷𝑆𝐷 and the number of detected counts of 1.5 × 105. In all
he plots, the dimensions of the mask 𝑑 and 𝑡 are set to 0.75 and 2.0 mm, respectively.
Fig. 5. The images reconstructed using the anti-mask technique at different numbers of detected counts and 𝐷𝑆𝐷 = 50 mm. In all the plots, the dimensions of the mask 𝑑 and 𝑡
re set to 0.75 and 2.0 mm, respectively.
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n image quality were quantitatively estimated. Fig. 7(a) and (b) show
imilar saturation trends for these characteristics plotted as functions
f 𝑁𝐷 and 𝐷𝑆𝐷. The data points presented in these two panels can be
itted by the following dependences:

= 𝑄0 +𝑄1𝑒
−𝑁𝐷

𝜆𝑁 , (11)

𝑄 = 𝑄0 +𝑄1𝑒
− 𝐷𝑆𝐷

𝜆𝐷 , (12)

here 𝑄0, 𝑄1, 𝜆𝑁 and 𝜆𝐷 are the fitting parameters. The 𝜆𝑁 and 𝜆𝐷 in
he exponents are the characteristic values reflecting the image quality
aturation rate. Fig. 7(c, d) presents the dependences for the values
f 3𝜆𝑁 and 3𝜆𝐷 as such a factor is large enough to ensure saturation
f exponential functions in the expressions (11) and (12) and, hence,
aturation of 𝑄. i.e. 𝑄 will approach its saturation value at 𝑁𝐷 = 3𝜆𝑁
nd 𝐷𝑆𝐷 = 3𝜆𝐷. At this, the values of 𝑁𝐷 and 𝐷𝑆𝐷 should not be
maller than 1.5 × 105 and 50 mm, respectively. Fig. 7(e) shows that
he detection rate quickly decreases with the increase of 𝐷𝑆𝐷, which is
esulted from the drop of radiation intensity according to the inverse
quare law. To integrally evaluate the impact of 𝑁 and 𝐷 on both
𝐷 𝑆𝐷 X

5

and 𝜀, a figure of merit (𝐹𝑜𝑀) was introduced as follows:

𝑜𝑀 = 𝑄
| ln 𝜀|

. (13)

he logarithm is introduced in Eq. (13) to balance the influences of
he number of detected counts (𝑁𝐷), sample-to-detector distance (𝐷𝑆𝐷)
nd mask size (thickness 𝑡 and aperture size 𝑑) on 𝑄 and 𝜀. As shown
n Fig. 7(f), the 𝐹𝑜𝑀 peaks at 𝐷𝑆𝐷 = 50 mm. At 𝑁𝐷 > 2.0 × 105 counts
nd 𝐷𝑆𝐷 = 50 mm, the value of 𝐹𝑜𝑀 almost does not change with 𝑁𝐷.
herefore, the values of 𝑁𝐷 and 𝐷𝑆𝐷 can be set to 2.0×105 and 50 mm,
espectively.

.2. Impact of the size of the coded mask

Fig. 8(a) shows that the image quality peaks at 𝑡 ≈ 1 mm and
hen gradually decreases. Such trend is similar for small aperture sizes
𝑑 = 0.65 mm, 𝑑 = 0.75 mm), but with a flat from 𝑡 = 0.5 mm to
= 2.5 mm at the larger aperture sizes (𝑑 = 0.85 mm, 𝑑 = 0.95 mm).
his is because the aperture size will affect the transmission angle of
-rays at same thickness. The detection rate presented in Fig. 8(b) also
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Fig. 6. (a) Quality of reconstructed images obtained using the only-mask and the anti-
mask techniques at different values of 𝑁𝐷 and 𝐷𝑆𝐷 , and (b) average image quality
btained by averaging the values of 𝑄 at 𝑁𝐷 in the range of (1.5–3.0)×105 counts. The
arameters of the mask are 𝑑 = 0.75 mm and 𝑡 = 2.0 mm. Dashed curves are guides for
yes.

hows a decreasing trend with the mask thickness due to increase of
he absorption and scattering of X-rays by thicker masks. In the same
igure, the masks with larger apertures allow more X-rays to get to
he detector, which is supported by the increase of detection rate with
he aperture size. As can be further seen in Fig. 8(c), 𝐹𝑜𝑀 obtained
t different aperture sizes demonstrate a decreasing trend with the
hickness of mask similar to the already considered functions. Fig. 8(d)
hows the dependence of average 𝐹𝑜𝑀 calculated by averaging 𝐹𝑜𝑀
alues for different aperture sizes, on the mask thickness. The results
btained demonstrate that the highest average 𝐹𝑜𝑀 value is reached at
he thickness of mask equal to 1 mm. Therefore, this parameter can be
et to 1 mm. Under such condition, the image quality and 𝐹𝑜𝑀 reach
he highest values at the optimal aperture size equal to 0.75 mm as can
e observed in panels (a) and (c) of Fig. 8.

.3. Image quality with optimal parameters

According from simulation results described in Sections 4.1–4.2, the
ptimal parameters for the coded mask and the detector were found,
hich are listed in Table 2. Fig. 9 shows the reconstructed images

imulated with these parameters. Both panels in this figure demonstrate
 t

6

Table 2
Optimal parameters of the coded mask and
the detector.
Parameters Values

𝑁𝐷 2.0 × 105

𝐷𝑆𝐷 (mm) 50
𝐷𝑆𝑀 (mm) 37.5
𝑡 (mm) 1.0
𝑑 (mm) 0.75

Table 3
Image quality, detection rate and 𝐹𝑜𝑀 for the coded aperture and the pinhole imaging
techniques. The first row corresponds to the configuration with optimal parameters
listed in Table 2.

Imaging technique 𝐷𝑆𝐷 (mm) 𝑑 (mm) 𝑡 (mm) 𝑄 𝜀 𝐹𝑜𝑀

Coded aperture 50 0.75 1.0 0.677 2.37 × 10−3 0.112
80 0.75 1.0 0.670 1.25 × 10−3 0.100

Pinhole 80 0.75 20.0 0.649 2.06 × 10−5 0.060
80 1.50 20.0 0.381 2.67 × 10−5 0.036

that the coded aperture imaging technique is feasible to apply for 𝜇-
XES. It can be seen from Fig. 9 that the blocks with sizes not smaller
than 2 mm are clearly resolved. The reconstructed images of the blocks
with sizes smaller or equal to 2 mm on the edges (Fig. 9(a)) and in the
center (Fig. 9(b)) are similar. For blocks with sizes over 2 mm, such
‘‘edge effect’’ is negligible.

4.4. Comparison of the coded aperture and the pinhole imaging techniques

Fig. 10 shows the reconstructed images obtained using the coded
aperture and the pinhole imaging techniques. The thickness of a col-
limator with a single pinhole was set to 20 mm, and the shape of
the pinhole is knife-edge with an angle about 30◦. Therefore, X-rays
not entering the pinhole could be effectively shielded. However, it
is possible that X-rays can penetrate the thin part of the knife-edge
and cause noise. The contribution of these noise was subtracted in
the reconstruction process. Due to the limit imposed by the covered
solid angle in the pinhole imaging technique, the distance between the
detector and the sample was set to 80 mm. Comparison of the panel (a)
with the panels (b, c) in Fig. 10 shows that the image of carbon blocks
obtained using the coded aperture imaging technique has a higher
resolution. In the pinhole imaging technique, using a narrower pinhole
leads to an improvement of image quality, as can be seen in panel (b)
of Fig. 10. For comparison of two imaging techniques, Table 3 lists the
image quality, detection rate and 𝐹𝑜𝑀 obtained by both of them. It can
be seen from this table that the image quality achieved by the coded
aperture imaging technique is slightly better than that for the pinhole
one at the same values of 𝐷𝑆𝐷 and 𝑑 and nearly 76% (i.e. (0.670 −
.381)∕0.381 × 100%) higher than that for the pinhole technique with
= 1.5 mm. The coded aperture imaging technique has an advantage

hat its detection rate is around two orders of magnitude that of the
inhole imaging technique. With the significant increase of the number
f holes on a mask, the detection solid angle of the coded aperture
maging technique is much larger than that of the pinhole imaging
echnique. Evaluation of the impacts of different imaging techniques
n 𝑄 and 𝜀 shows that the 𝐹𝑜𝑀 for the coded aperture technique
s higher than that for the pinhole one by a factor of at least 1.67
i.e. 0.100∕0.060). These comparisons strongly support the conclusion
hat the coded aperture imaging technique can be applied for 𝜇-XES.
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Fig. 7. (a) Image quality versus 𝑁𝐷 , (b) image quality versus 𝐷𝑆𝐷 , (c) 𝜆𝑁 fitted to the data presented in panel (a), (d) 𝜆𝐷 fitted to the data presented in panel (b), (e) detection
rate versus 𝐷𝑆𝐷 , and (f) 𝐹𝑜𝑀 versus 𝐷𝑆𝐷 for different values of 𝑁𝐷 . Dashed curves in (a, b) are fitted to the data points, while the ones in (c–f) are guide for eyes.

Fig. 8. (a) The image quality 𝑄, (b) detection rate and (c) 𝐹𝑜𝑀 as functions of the mask thickness at different aperture sizes, and (d) the average 𝐹𝑜𝑀 values versus mask
thickness. Dashed curves in all panels are guides for eyes.
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Fig. 9. Reconstructed images of the second layer of samples shown in Fig. 2(b, c)
obtained at optimal parameters. White dashed squares show the positions of carbon
blocks in the aluminum plate.

5. Conclusion

The feasibility of coded aperture imaging technique for 𝜇-XES was
tudied using Geant4 simulations. The anti-mask technique was con-
irmed to result in better performance than the conventional only-mask
ne. A figure of merit (𝑄∕|ln𝜀|) was introduced to integrally and
uantitatively evaluate the impacts of the number of detected counts,
ize of the coded mask and relative positions of the sample, mask and
etector on image quality and detection rate. The optimal values of
hese parameters were found to be 𝑁𝐷 = 2.0 × 105, 𝑡 = 1.0 mm,

= 0.75 mm and 𝐷𝑆𝐷 = 50 mm, respectively. As compared to
he pinhole imaging technique, the coded aperture technique provides
lightly better image quality with two orders of magnitude higher
etection rate. Therefore, the coded aperture imaging technique has an
dvantage of the higher 𝐹𝑜𝑀 value by a factor not less than 1.67 over
he pinhole one. Our simulations confirm the suitability of the coded
perture imaging technique for applications in elemental imaging by
uonic X-ray measurements.
8

Fig. 10. Reconstructed images obtained using the coded aperture imaging technique
with (a) 𝑑 = 0.75 mm, 𝑡 = 1.0 mm and 𝐷𝑆𝐷 = 80 mm, and the pinhole imaging technique

ith (b) 𝑑 = 0.75 mm, 𝑡 = 20.0 mm, 𝐷𝑆𝐷 = 80 mm, and (c) 𝑑 = 1.50 mm, 𝑡 = 20.0 mm,
𝐷𝑆𝐷 = 80 mm.
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