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Megapixel X-ray ghost imaging with a binned detector
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At present, reconstruction of megapixel and high-fidelity images with few measurements is a major challenge for X-ray
ghost imaging (XGI). The available strategies require massive measurements and reconstruct low-fidelity images of less
than 300 x 300 pixels. Inspired by the concept of synthetic aperture radar, synthetic aperture XGI (SAXGI) integrated with
compressive sensing is proposed to solve this problem with a binned detector in the object arm. Experimental results
demonstrated that SAXGI can accurately reconstruct the 1200 x 1200 pixels image of a binary sample of tangled strands
of tungsten fiber from 660 measurements. Accordingly, SAXGI is a promising solution for the practical application

of XGl.
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1. Introduction

Ghost imaging (GI), referred to as correlated imaging, is a non-
localized imaging method that has attracted extensive attention
over the past few decades!' . Dependent on the flexible design
of GI's dual beams, ‘ghost’ images can be obtained with spatial
resolution beyond the Rayleigh diffraction limit'*, even in poor
illumination'®’ or turbulent environments'”’. As a result, GI has
been investigated for application in various fields such as remote
sensing!®, three-dimensional imaging'®’, and quantum lithogra-
phy[lo’“]. In principle, lensless GI''>'*! is applicable to any
wavelength, which has been demonstrated experimentally with
X-rays">1°2) electrons®!), atoms®?), and neutrons'*”!
addition to visible!***! and infrared light!**),

Up to now, X-ray GI (XGI) has attracted extensive attention
and has been investigated theoretically and experimentally in
recent years with pseudo-thermal™'>'”?L true-thermal'®), and
entangled X-ray sources!”) and in many diverse strategies includ-
ing real-space XGI"'>'”!%2%0 Fourier-transform XGI'?, phase
contrast XGI"*”), and X-ray ghost tomography!'®. In 2016,
Yu et al. experimentally demonstrated the Fourier-transform XGI
method using X-rays of the Shanghai Synchrotron Radiation
Facility (SSRF) and successfully reconstructed the amplitude
and phase images of a multi-slit sample with an image size of

in
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300 x 300 pixels from 284 measurements'?. Different from

Fourier-transform XGI, in which a space-resolved detector is
needed in the object arm, real-space XGI uses only a bucket detec-
tor, which has much higher sensitivity than a pixel-array detector.
Using a true-thermal X-ray source generated by the isolated elec-
tron bunches of the European Synchrotron Radiation Facility
(ESRE), Pelliccia et al. achieved the real-space XGI of a copper
wire with an image of 30 X 20 pixels using the ensemble average
algorithm from 20,000 measurements!®!. Then, in 2017, Schori
et al. also realized real-space XGI of slits through a rotating sheet
of copy paper illuminated by a laboratory X-ray source, in which a
10 pm-wide slit with 20 X 20 pixels was restored from 3600 mea-
surements, and a 100 pm-wide slit with 40 X 40 pixels was recon-
structed from 2400 measurements'>*), Many excellent works were
published in 2018, making it a year of great significance for the
development of XGI. Schori et al. experimentally demonstrated
XGI with paired X-ray photons generated by parametric down
conversion at Spring-8, which has the potential to allow the obser-
vation of quantum phenomena at X-ray wavelengths'**. Pelliccia
et al. reconstructed a tungsten coil image of 260 X 230 pixels with
higher signal-to-noise ratio (SNR) from 5000 measurements
using the Landweber-iteration algorithm with a pseudo-thermal
X-ray source produced by glass powder!'”). By pre-recording a
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series of repeatable reference patterns, Zhang et al. successfully
imaged both a metal stencil and a conch with an image size of less
than 250 X 250 pixels using ensemble averaging over 10,000 mea-
surements'). Kingston et al. demonstrated ghost tomography
with an aluminum cylinder with two different holes, in which
the projection image of 64 X 64 pixels was retrieved from 2000
measurements!'®), Ceddia et al. proposed an experimental scheme
for phase contrast XGI and demonstrated it by numerical simu-
lation'®”). Two years later, He et al.""* applied the scheme of com-
putational GI to restore a structured metal sample of 64 X 64
pixels through a deep learning algorithm from 768 frames, in
which speckle patterns were generated by a designed orthogonal
Hadamard matrix instead of silicon carbide sandpaper. Up to
now, the image size achieved by XGI has been limited to 300 X
300 pixels or less, which prevents the practical application of
XGI to high-fidelity and megapixel imaging in biomedicine and
material science.

Reconstruction of megapixel and high-fidelity images with
few measurements is a major challenge for XGI. As is well
known, the number of measurements needed for image
reconstruction with acceptable SNR is proportional to the
number of pixels in the image. For the reconstruction of a meg-
apixel image based on the classic ensemble average algorithm,
typically many more measurements than the Nyquist-Shannon
criterion are needed to achieve sufficient fidelity, which implies
tedious data acquisition and long acquisition time. Reducing the
number of measurements significantly is apparently the critical
path for the realization of practical XGI. The compressed sens-
ing algorithm (CSA) is proposed for the reconstruction of
XGI, which can reduce the acquisition time dramatically®®->!],
Unfortunately, the computing power and memory space
required by the CSA are exceptionally large®?, which ulti-
mately limits the number of pixels of the ghost image that
can be reconstructed. Many other strategies have been devel-
oped to significantly improve fidelity with fewer measurements
than traditional GI, such as differential GI'**), iterative denoise
of GIPY, higher-order GIP>%! and pseudo-inverse GIP738],
However, all of these algorithms for high-fidelity reconstruction
of XGI are helpless when dealing with megapixel images, which
prevents its practical application to clinical diagnosis and micro-
scopic investigation.

Inspired by the concept of synthetic aperture radar (SAR),
a method called synthetic aperture XGI (SAXGI) is proposed
in this study to reconstruct megapixel XGI images with high
fidelity using few measurements.

2. Principle

2.1. Theory for synthetic aperture X-ray ghost imaging

The experimental setup for SAXGI is shown in Fig. 1. The
pseudo-thermal X-ray source is artificially created by sandpaper
sheets acting as masks illuminated by a collimated monochro-
matic X-ray beam. The stochastic intensity fluctuation at differ-
ent sampling times is achieved by scanning the sandpaper
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Fig. 1. Scheme of experimental setup for synthetic aperture X-ray ghost
imaging (SAXGI), showing the reference arm and object arm.

transversely by a motor stage to illuminate different parts of
the sandpaper. The object is placed a distance d; downstream
of the sandpaper, followed by a high-resolution detector Dy
at a distance d, away from the object. Theoretically, the distance
d, should be set to zero to meet the real-space GI condition of
ensuring that the distance from pseudo-thermal source to object
is equal to that from source to detector. However, a defocused
distance is inevitable in actual experiments, and the increase
of d, deteriorates the correlation strength between the speckle
patterns on the object plane and detector plane in the reference
arm and thus the quality of the reconstructed image. This
implies that the object should be positioned as close as possible
to the detector during data collection.

With the object out of the optical path (reference arm), the
X-ray beam propagates in free space and then impinges on Dy.
The chaotically distributed speckle pattern at the detector plane
is registered by Dy. With the object moved back into the optical
path (object arm), the X-ray beam penetrates through the
object, and then the modulated X-ray beam is collected by a
low-resolution detector Dg. The use of a low-resolution binned
detector instead of a bucket detector in the object arm differen-
tiates SAXGI from traditional XGI (TXGI). The pixels of Dy
are synthesized by binning over the adjacent pixels of Dy. The
high-resolution reference patterns and the corresponding
low-resolution signals are collected by shuttling the object in
and out of the X-ray beam during the pseudo-coherent duration
in each measurement (during which the pseudo-thermal X-ray
source is relatively stable). At the mth measurement, the speckle
pattern in the reference arm and the low-resolution signal in the

object arm are denoted as I{"” (i,j) and I (p,q), respectively,
where (i,j) and (p,q) indicate the pixel location on Dy and
Dy, respectively. After M measurements, the structure informa-
tion of the object could be retrieved according to the TXGI algo-
rithm!”) as follows:

Trxar = ((Y = (Y)A), (1)

where (-) denotes ensemble averaging over all the measure-
ments. According to Eq. (1), the reconstructed image by
TXGI is synthesized through the linear superposition of the rows
from the measurement matrix A. The weight coefficient of each
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row is the corresponding bucket signal Y subtracted by its mean
(Y). A € RMN comprises all the reference patterns,

IP(1,1) 1 (i) IQ(N.N,)
A=| 11,1 19 (i,f) 19 (N1,N,) ,
RIRIC8Y) 18 (i) IPONLNY) |
)

where N =N; X N, denotes the size of the high-resolution
reference pattern taken by Dy and the size of the target

image T. Y € RMX! js regarded as an observation vector in
TXGI,

Yg"
Y=|y™ , (3)
()
LYs ™ Jaa
where Y = ol g=1 1 (p,q) signifies the sum over all the

pixels of Dg at the mth measurement, and s, X s, indicates
the size of the low-resolution signal taken by Ds.

To attain a good fidelity, TXGI based on ensemble averaging
requires many more measurements than pixels of the recon-
structed image. The large number of measurements makes
TXGI unsuitable for practical applications concerning data
acquisition efficiency. Thus, the concept of SAR? is intro-
duced into XGI to divide the target image into several non-over-
lapping blocks of n, X n, pixels. The overall sampling rate
is M/(N; X N,) for TXGI, while the block sampling rate is
M/(n, X n,) for SAXGL In general, the size of the block image
in SAXGI is much smaller than that of the whole image, and the
overall sampling rate is several orders of magnitude lower than
the block sampling rate, which implies that SAXGI is able to
reconstruct X-ray images with very few measurements. During
the reconstruction of each block, there is an obvious relation at
each measurement, which is expressed as follows:

anl ,qxf’lz

Py = Y 1) - 17" (i), ()
i=(p—=1)xny +1,
Jj=(g=1)xny+1

where £(i,j) is the intensity transmittance on the pixel location
(i,§) of the target image T. Taking all measurements and noise
into consideration, Eq. (4) can be rewritten in matrix form,

P =12

T =para. TP e, (5)
ﬁ 3

where e, denotes environmental noise, and I ‘gq € RMx1

is a column vector composed of a sequence of Igm)(p,q).
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TP e R™ is also a column vector rearranged from T4,
and TP comes from the rectangular area [(p — 1) X n; + Lp X
n] X [(q — 1) X n, + 1,q X n,] of the object’s transmittance map
T. AP4 € RM*" s a measurement matrix constituted of the same
area of all the reference patterns, where n = n; X n, represents
the size of the image block T4,

The CSA is introduced to further reduce the number of mea-
surements while retaining sufficient image quality. Combined
with total variation (TV) reglllarization[40’4”, Eq. (5) is
rewritten as

TP = argmin TV(TP1) 4 || AP - T _ ?‘g'qH;, (6)
where 1 denotes the penalty parameter, and

PXnygxny

TV(TP) = Y |tli+ L) — t(i)] + [tGj + 1) — ti)].
i=(p—1)xny +1,
j=(@=Dxny+1

(7)

As is well known, for a larger block, more measurements are
required to maintain an acceptable block sampling rate and
achieve a successful reconstruction of the block image. On the
other hand, according to the principle of the CSA, an image
block with small size generally leads to the loss of sparse char-
acteristics. This means that the block size selected for SAXGI
should be optimized. Simulations were carried out to investigate
the effect of block size on the SAXGI image quality, and the
results are presented in Section 2.2.

Finally, the large-size image is synthesized from a sequence
of image blocks. The quality of the reconstructed images is
evaluated by the structural similarity (SSIM) index!*?!, which
characterizes the similarity between the retrieved image and
the target image. The theoretical maximum of the SSIM is
one, which represents the perfect reconstruction. According
to the principles, SAXGI is anticipated to simultaneously achieve
megapixels and high fidelity under the premise of very few
measurements.

2.2. Effect of block size on the restored image

When the block size is too small, it is difficult for the CSA
to accurately describe the sparse characteristics of each block
in natural images, which makes it invalid to exactly restore
the images. Accordingly, the peak SNR (PSNR) of the restored
images tends to decrease with reduced block size. A simula-
tion was carried out to verify this property. In the simulation
with 1% Gaussian white noise added, to achieve the efficient
reconstruction of large images, the cameraman image with
300 x 300 pixels was selected as the natural image. Images were
reconstructed at a series of block sizes. The appropriate number
of speckle patterns was set according to the number of pixels in
each block and the specific block sampling rate. The simulated
speckle field was generated by the propagation of the light field
modulated by the randomly distributed irregular particles in a
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sandpaper sheet. The sandpaper was produced by thousands of
superpositions of the two-dimensional Gaussian distribution
function with the fixed variance and the randomly set mean.
The maximum value and full width at half-maximum (FWHM)
of the second-order autocorrelation'*?! for all the speckle pat-
terns were 1.4 and 5 pixels, respectively. Finally, natural images
with different block sizes were reconstructed by augmented
Lagrangian and alternating direction algorithms (TVAL3)™*!),

Simulation results for the effect of block size on the restored
image at different sampling rates are shown in Fig. 2. Figure 2(a)
presents the target image for comparison. Figure 2(b) corre-
sponds to the square block size of 20. Due to the limited block
size, deteriorated image quality can be observed directly, espe-
cially at the areas denoted with yellow and green boxes. With
the block size increased to 40, the corresponding image quality
was visibly improved, as shown in Fig. 2(c). When the block size
was 60, the improvement of image quality in Fig. 2(d) relative to
that in Fig. 2(c) was not significant. To analyze the effect of block
size on the image quality quantitatively, image reconstruction
with a series of block sizes of SAXGI was carried out. As shown
in Fig. 2(e), the PSNR of the restored images rises sharply with
the block size until the block size reaches 20. At a block size of 30,
the rising rate of the PSNR begins to decline. After a block size
of 40, the increase of the PSNR tends to gentle. As shown in
Fig. 2(e), for sampling rates of 20%, 30%, and 40%, the higher
the sampling rate, the larger the PSNR. The trend of the
PSNR with block size is similar for all measured sampling rates.
By appropriately compromising the number of measurements
and PSNR in actual SAXGI for radiology, a block size of 40 and
sampling rate of 30% are generally preferred. To demonstrate
the ability of SAXGI for megapixel imaging, a simulation using
an image of SSRF scenery with 2048 x 2048 pixels was also car-
ried out, and the detailed structure of the whole scenery was
successfully restored as presented in Section 3.1.

26
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Block size/pixel

(e)

© (d)

Fig. 2. Simulation results for the effect of block size on the restored images
by SAXGL. (a) Target image. (b), (c), (d) Restored images at square block sizes
of 20, 40, and 60, respectively, using a sampling rate of 30%. (e) Peak signal-
to-noise ratio (PSNR) of the restored images versus block size at different
sampling rates.
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3. Results and Discussion

3.1. Simulations

To demonstrate the ability of SAXGI for megapixel imaging, a
simulation was carried out prior to experiments. In simulation,
the experimental setup was conceived, as shown in Fig. 1. The
simulated speckle field was generated by the method mentioned
above. The maximum value of its autocorrelation was far below
the theoretical maximum of two, because the refractive index of
the simulated speckle modulated the phase of X-rays within a
range of much less than 2z, which is consistent with actual
conditions.

The target image used in the numerical simulation was a pho-
tograph of the exterior scenery of SSRF with an image size of
2048 x 2048 pixels, as shown in Fig. 3(a). Shown in Fig. 3(b)
was the signal recorded by the detector with 64 X 64 binning,
which indicated that n; and #n, were both set to 64 in the object
arm. Figure 3(c) shows the image reconstructed by TXGI from
1000 measurements, in which no effective spatial information of
the target image was revealed. The sampling rate commonly uti-
lized by the CSA to ensure an effective image restoration is gen-
erally not lower than 30% of the Nyquist sampling limit!**~>"4%],
In the case of a block sampling rate of 24.4%, the corresponding
overall sampling rate was 0.024%, much lower than that
required by the CSA, let alone all kinds of ensemble average
algorithms. Therefore, it is reasonable that TXGI cannot achieve
a successful reconstruction.

Figure 3(d) shows the result of SAXGI, in which details of the
target image, including the fuzzy branches of the bush and the
ripples on the water surface, were clearly reconstructed. The
block sampling rate of 24.4% was applied to meet the demand
of the CSA, which contributed to a high-fidelity and high-
resolution image restored by SAXGI. To compare the image
reconstructed by SAXGI with the target image quantitatively,

— target image
- retrieved image

100
X/pixels

(e)
—— targel image
— retrieved image

150 200

0 20 40 60 80 100
X/pixels

(© ®
Fig. 3. Numerical simulation on the megapixel SAXGI. (a) Target image.
(b] Signals in the object arm with binning of 64 x 64. (c) Image reconstructed
by TXGI with 1000 measurements. (d) Image reconstructed by SAXGI with
1000 measurements. (e) Line profiles of the images marked at the red lines
of (a) and (d). f) Line profiles of the images marked at the yellow lines of
(a) and (d).
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line profiles of the branches marked with red lines in Figs. 3(a)
and 3(d) are presented in Fig. 3(e), which confirms the accurate
reconstruction of the target image, especially for branches with
larger size. Figure 3(f) shows the line profiles of ripples on the
water surface of the pool marked with yellow lines in Figs. 3(a)
and 3(d), respectively. Due to the low contrast induced by the
ripples and reflection of the pool floor, the consistency of line
profiles in Fig. 3(f) is poorer than that in Fig. 3(e). This demon-
strates that objects with high contrast tend to be recovered with
higher fidelity with the CSA based on TV regularization.

To further compare Figs. 3(d) and 3(a) quantitatively, the
SSIM index is employed, and, in this case, its value is 0.982, a
value quite close to one, which indicates that the image recon-
structed by SAXGI maintains high fidelity with the target image.
Meanwhile, the SSIM value for the TXGI image is 0.009, which
agrees well with the fact that no effective spatial information of
the target image can be retrieved through TXGI, as shown in
Fig. 3(c). As verified by the numerical simulation, SAXGI is able
to deal with megapixel image reconstruction with high fidelity
under very limited measurements, while TXGI is ineffective
under these conditions.

3.2. Experiments

A typical sample, especially a tangled strand of tungsten fiber,
was chosen to test the feasibility of SAXGI for a binary object.
The SAXGI experiments were carried out at beamlines of
BL09B and BL13W at SSRF, a 3.5 GeV third-generation syn-
chrotron radiation facility'**). The pseudo-thermal X-ray source
was generated by scannable sandpaper scattered with irregular
alumina particles, illuminated by a monochromatic X-ray beam
atan energy of 15 keV. The average particle size of the sandpaper
acting as the beam modulator is approximately 75 pm, which
agrees with the FWHM of the second-order autocorrelation
function™®! of 72 pum for all the reference patterns, as shown
in Fig. 4(b). According to Fig. 4(b), the maximum of the auto-
correlation function is approximately 1.26. The larger the maxi-
mum value, the more intense the fluctuation of the speckle
intensity, which results in a better measurement matrix to satisfy
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Fig. 4. Speckle pattern and corresponding autocorrelation function in the
experiment. (a) Speckle pattern taken by the detector Dy with the pixel size
of 3.25 um. (b) Autocorrelation function over the whole speckle pattern, which
has the maximum value of 1.26 and full width at half-maximum (FWHM) of
72 pm.
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the restricted isometry property (RIP)"*>**), Accordingly, XGI
with the conditions mentioned above is noise resistant and able
to restore an image with high fidelity from a few measurements.
The sample was mounted 45 cm downstream of the sand-
paper, followed by the Hamamatsu detector (model: ORCA-
flash 4.0 C11440), which was less than 1 cm away from the
object. The basic pixel size of the Hamamatsu detector is
6.5 pm. The X-ray beam impinged on a scintillator to obtain
a projected image of visible light and was then magnified with
a microscope objective. The effective pixel size depends on the
optical magnification. The decline of the correlation strength
caused by the defocused distance d, < 1cm is inevitable in
the experiments. The introduced deterioration of image quality
is expected to be acceptable in practical applications.
Tungsten fiber is a true binary object due to the strong absorp-
tion of tungsten at the photon energy of 15 keV. The tangled
strand of tungsten fiber was taken as the test sample with high
contrast and complex structure for SAXGI. The target image
shown in Fig. 5(a) was obtained by projection imaging with a
field of view of 1200 X 1200 pixels and exposure time of 3 s,
in which the transmittance of the tungsten fiber is almost zero
compared to the background inferring a high-contrast test
object. In this experiment, after 2X optical magnification, the
effective pixel size of Dy is reduced to 3.25 pm, which is the
basic pixel size divided by the optical magnification. Through a
40 X 40 binning of Dy, the effective pixel size of Dg was 130 pm,
which is much larger than the tungsten fiber’s cross-sectional

1000 pm

(c)

Fig. 5. SAXGI experiments for tungsten fiber. (a) Target image taken by Dg,
where the edge of the cross is smooth in the inset. (b) Signals in object
arm with a binning of 40 x 40. (c) Image reconstructed by TXGI with 660 mea-
surements. (d) Image reconstructed by SAXGI with the same measurements,
where the edge of the cross is uneven in the inset.
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diameter of 20 pm. Figure 5(b) shows the object signals modu-
lated by the sandpaper with a binning of 40 X 40. The exposure
time for each frame in the signal and reference arm was
increased to 6 s, considering that the transmittance of the sand-
paper is approximately 50%. It is obvious that complex structure
of the tungsten fiber cannot be revealed directly by the detector
in the object arm, and correlation between signals and reference
patterns is needed to retrieve the target image. A total number of
660 measurements were carried out during the data acquisition
to implement the correlation. As shown in Fig. 5(c), it is obvious
that TXGI is incapable of retrieving any structure information of
the fiber at an overall sampling rate of 0.046%.

Then, the reconstructed image by SAXGI is shown in
Fig. 5(d). Obviously, the complex structure of the tungsten fiber
was successfully retrieved, and the quality of the image restored
by SAXGI was significantly improved compared with that by
TXGL. Both the background noise and the complexity generated
by the overlapping of the tungsten fiber may aggravate the dif-
ficulty of high-quality reconstruction. Therefore, the block
sampling rate of 41.25% was employed to ensure accurate
reconstruction for SAXGI. The similarity of the morphology
of the crosses in the insets of Figs. 5(a) and 5(d) proved the
reconstruction accuracy, although the edge of the tungsten fiber
got slightly blurred in the reconstructed image. Results shown in
Fig. 6 indicate that high consistency of the line profiles was
achieved.

To evaluate the precision of the image reconstruction by
SAXGI, line profiles of the sparse fibers denoted with red lines
in Figs. 5(a) and 5(d) are presented in Fig. 6(a). High consistency
between the SAXGI image and the target image can be observed,
especially at positions with high contrast. As shown in Fig. 6(a),
the flat top of the profile depicts the grayscale of the flat back-
ground without absorption. Moreover, line profiles of the
stacked fibers denoted with green lines in Figs. 5(a) and 5(d)
also match the positions and heights of the peaks of the curves
quite well, as shown in Fig. 6(b). However, the consistency of
the profiles at the lower and narrower peaks was obviously
reduced, which confirms that simpler structure and higher con-
trast of objects would lead to higher fidelity of restoration.
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Fig. 6. Comparison between the line profiles of different positions in the
target image and the reconstructed image. (a) Line profiles of the sparse
tungsten fiber marked with red lines in Figs. 5(a) and 5(d), respectively.
(b) Line profiles of the stacked tungsten fiber marked with green lines in
Figs. 5(a) and 5(d), respectively.
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The SSIM value of 0.976 confirms the high fidelity of the
tungsten fiber image reconstructed by SAXGI compared to the
target image. Meanwhile, the SSIM value of 0.044 verifies the
inability of TXGI to reconstruct the tungsten fiber from so
few measurements.

Theoretically, the resolution limit of real-space XGI through
the CSA can surpass the Rayleigh diffraction limit!">?),
According to Fig. 4, the diffraction limit in the experiment is
72 pm, e.g., the FWHM of the autocorrelation function.
Correspondingly, spatial resolution better than the diffraction
limit can be achieved. However, the actual resolution is usually
deteriorated by noises and insufficient sampling rate. As dem-
onstrated in the experiments, the tungsten fibers with a diameter
of 20 pm were imaged distinctly, even though the two fibers were
stacked very closely, which implies that spatial resolution of
20 pm is achievable.

Image reconstruction efficiency is also important for appli-
cability of the proposed method. The practical computing time
for the reconstruction of ghost images depends on many factors
including size of the block image, number of blocks, number
of measurements, and image complexity. In the simulation,
the time for the reconstruction of one block with a size of
64 X 64 pixels was 2.5 s for 1000 measurements, and the total
reconstruction time for the megapixel image with total blocks
of 1024 was ~0.7 h. In the experiments, the reconstruction time
needed for a single block with size of 40 X 40 pixels was 1.6 s for
660 measurements. Accordingly, the final reconstruction time
for the image of tungsten fibers composed of 900 blocks was
about ~0.4 h, which is acceptable for a practical application of
the proposed method. In general, the fewer measurements,
the smaller block image, and the simpler image structure would
decrease the time required for the image reconstruction of
SAXGI. In principle, each block image can be reconstructed
independently. Therefore, parallel computing based on a graph-
ics processing unit (GPU) can be utilized to speed up signifi-
cantly the reconstruction of the megapixel images.

As a result, experiments with a high absorption sample
demonstrate the excellence of SAXGI for retrieving the image
with high contrast and structure complexity from very few
measurements.

4. Conclusion

As a powerful non-localized radiology, XGI has attracted exten-
sive attention in recent years. However, reconstruction of mega-
pixel and high-fidelity images with fewer measurements is a
major challenge for XGI. Inspired by the concept of SAR,
SAXGI is proposed in this study for the realization of megapixel
and high-fidelity XGI using very few measurements. Both sim-
ulations and experiments were carried out to demonstrate the
superiority of the proposed method. In the simulation, the SSIM
up to 0.982 indicated that SAXGI almost perfectly retrieved the
fine detail of the scenery image with 2048 x 2048 pixels from
1000 measurements. Experiments with a true binary sample
of tangled strands of tungsten fiber verified that an image
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with 1200 X 1200 pixels was accurately reconstructed by SAXGI
with 40 X 40 binning in the object arm from only 660 measure-
ments, and its SSIM of 0.976 indicated that the complex struc-
ture of the tungsten fiber was restored successfully. Therefore,
we can conclude that the proposed SAXGI is a promising solu-
tion for the implementation of megapixel and high-fidelity XGI
with vastly fewer measurements than TXGL

The ability of SAXGI for large field of view, high-fidelity XGI
using few measurements implies that the proposed method may
find applications in in-situ imaging of a variety of samples, espe-
cially when data acquisition efficiency is crucial. Moreover,
when combined with computational XGI and a direct recording
X-ray detector in the signal arm, the data acquisition efficiency
of SAXGI can be further improved, and a dynamic XGI is also
predictable.
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