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ARTICLE INFO ABSTRACT

Keywords: High-speed X-ray imaging can be used to observe the internal evolution of objects in the microsecond range.
Silicon photomultiplier However, obtaining data and processing images continuously are difficult when the speed of X-ray imaging is
Autoencoder

more than one million frames per second (fps). The novel method of high-speed X-ray imaging, which is based on
a SiPM auto-encoding detector, was proposed. The different response to X-ray is realized by adjusting the bias
voltage of different pixels to encode the analog signals. The analog signals from multiple SiPM pixels are
simplified into a single signal. In this way, SiPM is constructed as the SiPM auto-encoding detector, which greatly
reduces the amount of analog signals to be sampled for each frame of X-ray image, and then the image is
reconstructed in the upper computer. The feasibility of the imaging method was verified by coupling the pixe-
lated SiPM and lutetium-ytterbium scintillation crystals to construct a SiPM auto-encoding detector. Six patterns
were exposed when pulsed X-rays were performed at frequencies of 100 and 500 kHz. Then, the number of image
pixels was compressed from 16 to 4. The peak signal-to-noise ratio of the reconstructed images was above 41, and
the structural similarity was above 0.99. Experimental results demonstrated that the speed of continuous X-ray
imaging reached 500, 000 fps for six kinds of 4 x 4 pixel patterns. This method can be applied to improve the

High-speed X-ray imaging

speed of high-speed continuous X-ray imaging.

1. Introduction

High-speed X-ray imaging has been widely applied to capture dy-
namic processes, such as additive manufacturing [1,2], battery thermal
runaway [3], ballistic impacts [4], crack propagation, and arc ignition
[5]. Continuous real-time monitoring is required in laser processing to
determine the size and location of pores in the material [6,7]. A
high-speed camera coupled scintillator is mainly used for high-speed
X-ray imaging with an imaging time between microseconds and milli-
seconds [8]. The speed of imaging has been primarily improved through
a scintillator with faster decay time [9], pixel array detectors (PADs)
with faster imaging speeds [10], fast digital readout [11,12], and FPGA
acceleration [13,14]. High-speed X-ray imaging could be performed on
the nanosecond scale, but doing so is suitable for limited frames oper-
ating in continuous mode [15] mainly because it takes a much longer
time to read out offline.

At present, the speed of high-speed continuous X-ray imaging is on
the tens of microseconds, which mainly depends on the speed of signal
readout [16]. The signals generated by the X-ray detector increase with
the number of detector pixels. If X-ray imaging is to be performed
continuously, then the readout of signals must be completed within the
interval of two pulsed X-ray beams. The ADC requires a large number of
parallel channels to convert analog signals. Even in-pixel ADCs have
been developed [17], but bottlenecks in high-speed off-chip data
transfer remain. A detector operating at tens to hundreds of kilohertz
with millions of pixels generates 102 bits per second if every analog
signal converts to 10-bit data words. However, it is not feasible for
system integration to parallel hundreds of off-chip ASICs. On-chip data
compression provides an effective solution that is expected to realize
high frame rate of 1 Mfps without deadtime, but it is limited by ADCs
[18].

In this study, the analog signals of multiple pixels are simplified into
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Fig. 1. Procedure of high-speed continuous X-ray imaging with SiPM auto-encoding detector. After penetrating an object, pulsed X-rays are sensed by the SiPM auto-
encoding detector, and the analog signals of images are compressed. The compressed analog signals are further converted to coded images by the data acquisition and

processing system, and the coded images are reconstructed in the upper computer.
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Fig. 2. Schematic of SiPM auto-encoding detector. (a) Structure of SiPM auto-encoding detector array. An image pixel P consists of M detector pixels S. Signals from
detector pixels with same color are connected in parallel to form the output signal I, and there are M output signals. (b) Architecture of autoencoder. Above the
autoencoder, an example of encoding and decoding is shown. The original image from the MNIST handwritten dataset is encoded into four coding layer neurons and
then decoded into an image similar to the original image. The encoder includes an input layer and a coding layer. The decoder includes R layers of recovery layer and

one layer of reconstruction layer.

one to reduce the amount of transferred data, and a silicon photo-
multiplier (SiPM) is used to prove the effectiveness of the method. The
pixelated SiPM was coupled with a scintillator to form a radiation de-
tector for X-ray imaging. The analog signals were successfully com-
pressed by setting an artificial neural network in the detector array. The
images can be restored through reconstruction. This method is first
proved to be practicable in high-speed continuous X-ray imaging.

2. Principle

The imaging approach is described in detail in Fig. 1. The SiPM
coupled scintillator is utilized to construct the SiPM auto-encoding de-
tector. The procedure of high-speed continuous X-ray imaging is shown
in Fig. 1. When the pulsed X-rays penetrate an object, the SiPM auto-
encoding detector converts X-ray signals into compressed analog sig-
nals. The data acquisition and processing system collects the signals to
obtain coded images. In the upper computer, the images of the object are
reconstructed by decoding. The transient evolution can be observed by
continuously imaging with high-frequency pulsed X-rays.

The structure of the SiPM auto-encoding detector is illustrated in
Fig. 2(a). The detector has N x M pixel; every detector pixel is called S.
An image pixel P consists of M detector pixels. Therefore, a total of N
image pixels are present. Fig. 2(b) shows the architecture of the
autoencoder. An autoencoder is a neural network consisting of two
parts: an encoder and a decoder. Every layer is fully connected. The
encoder consists of two layers: (1) an input layer with N neurons and (2)
a coding layer with M neurons. The activation function of the coding
layer is

R(x) = max (0, x). @
The output of coding layer is given by

I=R(W.P+b,), 2)

where W, is the weight matrix of the encoder, with the number of

match convert
Normalized weight — Normalized gain ——— SiPM bias voltage

Fig. 3. Establishment of the relationship between weight of the encoder and
SiPMs’ bias voltage.

weights being the same as the number of detector pixels, and b, denotes
the bias vector. The weights of the encoder are all positive to ensure
compatibility with the detector. The coding layer has no bias terms.
Correspondingly, M output current channels are present in the detector
array to equal with the neurons of the coding layer. In the detector array,
paralleling the output signals of S with the same color according to
Kirchhoff’s law, the output current signal I can be analogous to the
summation process of the network. The analog signals from multiple
SiPM pixels are simplified into a single signal in this way. Therefore,
mapping the weights of encoder to the detector array can set the encoder
in Fig. 2(b) in the detector array to complete the construction of the
SiPM auto-encoding detector.

A SiPM consists of multiple avalanche photodiodes, and its output
signal amplitude is influenced by its bias voltage [19]. For a given input,
a higher bias voltage corresponds to a higher gain, resulting in a larger
amplitude of output signal. X-rays are converted into optical light of a
specific wavelength by the scintillator, and then the current is generated
by SiPM. Setting the bias voltage of each SiPM pixel individually can
produce current signals with different amplitudes if the input remains
the same. Therefore, we can establish the corresponding relationship
between SiPM bias and the weights of the encoder. According to the
official datasheet of SiPM, a linear relationship exists between the gain
and the bias between 52 and 60 V. As shown in Fig. 3, the normalized
weight is matched with the normalized gain to set the bias voltage of
each pixel of SiPM.

The output of the encoder needs to be recovered by the decoder. As
shown in Fig. 2(b), the decoder consists of two layers: (1) recovery layers
with L neurons per layer, especially, L = 1.5 N, and (2) a reconstruction
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Fig. 4. Training results of autoencoder. (a) Loss of the autoencoder during training. (b) Weights of the encoder before and after training. (c) Some test images were

reconstructed by the decoder. The image with noise was compressed by the encoder and restored by the decoder.

layer with N neurons. Each recovery layer is followed by a tangent
activation function defined as

T(x) = {exp(x) — exp(—x)}/{exp(x) + exp(—x)}. ®

Therefore, given the weight matrix W, and the bias vector b, the
activation of the r-th recovery layer is given by

A= T( WA 1+ br)7 4

wherer =1, ..., R. The activation function of the reconstruction layer is

defined as

S(x)=1/{1+exp(—x)}. (5)
The output of the reconstruction layer is given by

P =S(WsAr +ba), 6)

where Wy is the weight matrix between the R-th recovery layer and the
reconstruction layer, and by denotes the bias vector of the reconstruction
layer. The autoencoder was trained with an adaptive moment estimation
(Adam) optimizer [20] and the mean square error loss function,
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The loss depends on the difference between the original and recon-
structed images. Once the training is complete, the encoder and the
decoder are fixed and saved into files, which can be easily loaded and
used.

3. Training of autoencoder

To verify the method, we first trained a concrete autoencoder. N, M,
L, and R were 16, 4, 24, and 3, respectively. The input to this network
was noisy images, including the letters A, F, J, T, V, and Z. The bright
and dark levels were the same as in the original image. The Gaussian
noise and crosstalk noise that would be generated in the actual process
were considered to ensure that the training is close to the real situation.
With a noise level of 0.2, 900 input images (150 images per letter) were
split into two categories: train and test (80 and 20, respectively). The
original images were employed as the label.

As depicted in Fig. 4(a), the autoencoder was trained for 30 epochs.
From the curve, the loss decreased steeply in the first ~3 training
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Fig. 5. Experimental setup of high-speed continuous X-ray imaging based on SiPM auto-encoding detector. The X-ray tube was immersed in insulating oil to create a
vacuum environment. Except for the oscilloscope and the computer, other components were in a lead-shielded room.
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Fig. 6. Waveforms of compressed signals. (a) Compressed signals at 100 kHz. (b) Compressed signals at 500 kHz.

epochs. After about 10 epochs, the loss slowly converged to a final value,
with little fluctuation. The initial and final weights of the encoder can be
seen in Fig. 4(b); the weights were not less than 0 after training, and the
values were between 0 and 1. Fig. 4(c) shows the reconstruction per-
formance of the decoder. The original image with noise was compressed
by the encoder. Each image is compressed into a unique coded image.
The coded images maintained a similar brightness distribution for the
same original image. Slight differences occurred because of the noise.
Every image was clearly restored without noise by the decoder. This
finding shows that the images in the training database can be efficiently
compressed by the encoder and clearly reconstructed by the decoder.
Then, the weights of the encoder were mapped to the detector array, and
the decoder was used to reconstruct coded images output by the SiPM
auto-encoding detector during the subsequent experiment.

4. Experiment
4.1. Experimental setup

Once the SiPM auto-encoding detector and the decoder were ready,
the actual experimental effect can be tested. As shown in Fig. 5, the
experiment used a grid-controlled modulated X-ray tube developed by
our laboratory, which can generate stable pulsed X-rays with fre-
quencies from 1 kHz to 1 MHz [21]. The emitted X-ray energy from this
tube was mainly distributed around 10 keV at 50 kV tube voltage.
Two-layer collimators made of lead were arranged at a distance of 30 cm
from the X-ray source to obtain a parallel X-ray beam due to the absence
of additional focusing structures on the detector. The thickness of each
collimator was 1 mm, and the distance between them was 3 cm. The size
of the collimation hole was 25 mm x 25 mm, which was the same as the
size of the objects and the detector. After passing through the collima-
tors, pulsed X-ray reached the object through 2 cm of air. The patterns
were the same as the autoencoder-trained images in Fig. 4(c), containing
the letters A, F, J, T, V, and Z. They were spliced by tungsten blocks,
which were placed 1 cm in front of the detection array. The size of each
tungsten block was 3 mm x 3 mm x 1 mm. LYSO crystal with fast
luminescence decay time (about 43 ns) and high light yield (about 70%
relative to Nal) was selected to ensure the speed of continuous X-ray

imaging. The overall crystal size was 25 mm x 25 mm x 10 mm, which
was consistent with the coupled SiPM array, and it was divided into
uniform 8 x 8 pixel. The size of each pixel was 3 mm x 3 mm with a 0.2
mm BaSO4 reflective layer between pixels. This crystal was combined
with 8 x 8 pixel SiPM by an optical couplant. The SiPM was one of the
series of products produced by Hamamatsu with low crosstalk and dark
counts. The photosensitive area of each pixel was 3 mm x 3 mm. The
pixels of SiPM were connected into four output channels, as illustrated in
Fig. 2(a). Then, the four compressed current signals were linearly
amplified by a high-speed amplifier, and the signals were connected to
an oscilloscope for observation or storage.

4.2. Encoding stability

When the frequency of pulsed X-ray was 100 and 500 kHz, com-
pressed signals of the same pattern were collected for 10 consecutive
periods. Observing the waveform of compressed signals is a suitable way
to analyze the encoding stability. Fig. 6(a) shows the compressed signals
at 100 kHz. The four compressed signals are represented by four colored
lines of yellow, green, blue, and red, respectively. The ordinate was
voltage because we used an amplifier and observed them on an oscil-
loscope, which made an I-V conversion process. The compressed signals
were periodic, and their changing frequency was the same as that of
pulsed X-ray. The signals were relatively stable, thereby indicating that
the signals produced by a single pulsed X-ray beam can be isolated and
transmitted continuously by the system. The compressed signals at 500
kHz are shown in Fig. 6(b), which had 10 periods. As a result of the fixed
sampling rate, the data points were sparse at 500 kHz, and the waveform
still fluctuated periodically. Every period was about 2 ps. A 500 kfps
continuous readout for a 4 x 4 pixel image can be achieved with four
channels in parallel [22]. Compared with the signals at a waveform of
100 kHz, the signals were a little bit distorted, and the amplitude
decreased because a high X-ray frequency meant fewer X-rays in every
period. Thus, the number of photons entering each pixel will exhibit a
large statistical fluctuation, and this fluctuation will lead to the failure of
encoding so that the image cannot be reconstructed correctly.
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Fig. 7. Imaging results at 100 kHz. (a) When the frequency of pulsed X-rays was 100 kHz, the SiPM auto-encoding detector translated the projected images into
compressed signals, and then the signals were converted into coded images and finally reconstructed into an image by the decoder. (b) PSNRs and SSIMs of

reconstructed images at 100 kHz.
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Fig. 8. Imaging results at 500 kHz. (a) When the frequency of pulsed X-rays was 500 kHz, the SiPM auto-encoding detector translated the projected images into
compressed signals, and then the signals were converted into coded images and finally reconstructed into an image by the decoder. (b) PSNRs and SSIMs of

reconstructed images at 500 kHz.

4.3. Reconstruction results of coded images

The SiPM auto-encoding detector was operated as an encoder to
compress the patterns. Compressed signals of six letters in one period
were collected for reconstruction under the pulsed X-ray of two fre-
quencies to verify that the method can be used for X-ray imaging. One-
dimensional array was obtained by sequentially collecting the amplitude
of compressed signals, which was viewed as the output of the encoder.
Then, it was converted into a 2 x 2 array to obtain the coded image.
During reconstruction, 16 outputs were obtained by inputting the one-
dimensional array into the decoder in the upper computer, and the
reconstructed image could be obtained by transforming the outputs into
a4 x 4 array. The speed of X-ray imaging is not less than 1/T, where T is
the period of pulsed X-rays. The peak signal-to-noise ratios (PSNRs) and
structural similarities (SSIMs) were used to evaluate the reconstruction
performance. If the PSNR is higher, then the reconstruction is better. The
closer the SSIM is to 1, the more similar the reconstructed image is to the
original image.

As can be seen from Fig. 7(a), each projected letter at 100 kHz
delivered a unique coded image at the output. The reconstructed image
correctly corresponded to the original image, and the reconstructions
were considerably less noisy. The PSNRs and SSIMs of reconstructed
images could be seen in Fig. 7(b). The reconstruction performance at
100 kHz was good, which indicated that the speed of continuous X-ray
imaging can reach 100 kfps for six letters. For the reconstructed images,
the PSNRs of letters A, F, J, T, and V were all above 70, and the PSNR of
letter Z was 41.73, which was not as good as that of the other letters. The
SSIMs of all six letters remained at 0.99. The X-rays produced by the X-
ray tube show a certain spatial distribution. Although the collimators
can minimize the dispersion of the X-rays as much as possible, scattered
X-rays inevitably exist. Scintillators convert the X-rays into optical light.

When optical light passes through the coupling interface between the
scintillator and SiPM, reflection and refraction slightly lead to optical
crosstalk. These factors cause errors in the amount of incident optical
light in some pixels of SiPM, resulting in the reduction in the PSNR of
letter Z. Some electronic noises can also affect the reconstruction.
Electromagnetic interference will cause waveform oscillation, which
will affect the judgment of signal amplitude, thus leading to image
reconstruction failure.

Similarly, as can be seen in Fig. 8(a), at 500 kHz, different letters
were compressed into different coded images. For the same letter, the
coded images were consistent with that at 100 kHz. The coded image of
the letter Z was different from that of 100 kHz, and this difference could
not affect its reconstruction. This result illustrated the fault tolerance of
the decoder. For six letters, the PSNRs and SSIMs in Fig. 8(b) showed
that the overall reconstruction performance was also good, which
indicated that the speed of continuous X-ray imaging can reach 500,000
fps at least. For the reconstructed images, the PSNRs of letters A, F, J, T,
and V were all above 70. The PSNR of letter Z was also not as good as
that of the other letters, and the SSIMs of all six letters still remained at
0.99. For letter Z, the coded images had a minimal difference at the two
frequencies. This situation did not appear in other patterns. Therefore,
the arrangement of letter Z may be a non-negligible factor except for
other experimental factors.

5. Conclusion

In this study, a new high-speed continuous X-ray imaging method
was proposed. This method can reduce the number of analog signals that
need to be sampled without delay. In this way, the speed of high-speed
continuous X-ray imaging is expected to be improved. The autoencoder
was trained offline and saved into files for experiment. During the
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experiment, six letters were projected by pulsed X-ray, and 16 image
pixels were compressed into 4 pixels in the analog domain. The correct
pattern can be reconstructed by the decoder in the upper computer. The
PSNRs and SSIMs were above 41 and 0.99, respectively, indicating that
the speed of continuous X-ray imaging reached 500, 000 fps for six
letters. According to the compression scheme in the experiment, the
amount of data is reduced to one-fourth of the original. Although the
patterns are relatively simple, it is enough to prove that this method can
compress image analog signals for high-speed continuous X-ray imaging.
For more image pixels, the SiPM auto-encoding detector can reach a
larger compression ratio. However, a large compression ratio means a
great difference between the reconstructed image and the original
image.
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