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Single-shot ultrafast compressed imaging (UCI) is an effective tool for studying ultrafast dynamics in physics, chemistry,
or material science because of its excellent high frame rate and large frame number. However, the random code (R-
code) used in traditional UCI will lead to low-frequency noise covering high-frequency information due to its uneven sam-
pling interval, which is a great challenge in the fidelity of large-frame reconstruction. Here, a high-frequency enhanced
compressed active photography (H-CAP) is proposed. By uniformizing the sampling interval of R-code, H-CAP capture
the ultrafast process with a random uniform sampling mode. This sampling mode makes the high-frequency sampling en-
ergy dominant, which greatly suppresses the low-frequency noise blurring caused by R-code and achieves high-frequen-
cy information of image enhanced. The superior dynamic performance and large-frame reconstruction ability of H-CAP
are verified by imaging optical self-focusing effect and static object, respectively. We applied H-CAP to the spatial-tempo-
ral characterization of double-pulse induced silicon surface ablation dynamics, which is performed within 220 frames in a
single-shot of 300 ps. H-CAP provides a high-fidelity imaging method for observing ultrafast unrepeatable dynamic pro-
cesses with large frames.

Keywords: ultrafast compressed imaging; high-frequency enhanced sampling; spectral-temporal transform; transient
processes; high-fidelity reconstruction
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Introduction

The development of ultrafast imaging technologies is
very valuable for observing ultrafast phenomenon such
as laser-induced plasma'~, interaction between nanopar-
ticles and laser-induced bubbles?, or femtosecond laser
ablation®°. The above ultrafast processes have very high
time complexity and more than one physical mechanism
with different time scales might be concerned in a single
ultrafast phenomenon. For example, the visualization of

shock wave induced by femtosecond laser can be used

for material analysis’, observing the ultrafast cavitation
effect of bubbles induced by laser in a liquid containing
nanoparticles will have important applications in biolog-
ical fields such as drug delivery®, the comprehensive ob-
servation of the ultrafast dynamics such as material
phase transition occurring in the ablation area is benefi-
cial to improve the processing results*!’. Therefore, in
order not to lose any key information in the whole obser-
vation window of the investigation, the implementation

of large frame number observation is an indispensable
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requirement for the current ultrafast imaging technolo-
gy. The traditional pump-probe technology can only
capture one frame at each time and requires that the ob-
served dynamic events must be accurately and repeated-
ly measured!! ', thus limiting its application in random
or unstable ultrafast phenomena. To study the ultrafast
process that is difficult to repeat, many single-shot multi-
frame active imaging techniques have been developed in
recent years'~'7. While these methods have achieved ef-
fective imaging outcomes, the constraints of the optical
system make it be challenging to obtain finer resolved
time, higher imaging frame rate, as well as larger frame
number at the same time with the time complexity of the
observed object increases.

With the development of compressed sensing'*%, to
achieve the largest number of acquisition frames, ultra-
fast compressed imaging technology combined with
computational imaging has become a promising
method?!"». However, the imaging spatial resolution will
decrease with the increase of frame number during re-
construction due to the increase in compression rate.
This brings challenges to the observation of ultrafast pro-
cesses with both high spatial and high time complexity.
At present, many advanced imaging methods have im-
proved the spatial resolution by optimizing the optical
system to increase the number of encodings®? , using
lossless-encoding®*? or adding prior information?*2%30:31,
These methods essentially increase the number of solu-
tion conditions when solving the inverse problem of
compressed imaging, but each solving condition is not
optimized. The structure distribution of code is a very
important part of the solution conditions, which has an
irreplaceable impact on high-quality reconstruction of
large frames. Ultrafast compressed imaging usually uses
random code (R-code) to sample the ultrafast process. In
the spatial domain, the pixel distribution of R-code will
lead to the formation of a large uncoded area, and the ac-
quisition will be flawed*. In the frequency domain, the
Fourier transform energy distribution of R-code in high-
frequency and low-frequency is the same. The high-fre-
quency information of ultrafast phenomenon will be an-
nihilated in the low-frequency energy of R-code during
acquisition, which blurs the high-frequency detail infor-
mation. Therefore, from the perspective of improving re-
construction fidelity, if the code plays the role of enhanc-
ing high-frequency information during acquisition, it
will help to solve the problem of high-quality reconstruc-
tion of ultrafast compressed imaging.

https://doi.org/10.29026/0ea.2025.240180

In this paper, a high-frequency enhanced compressed
active photography (H-CAP) is proposed, which en-
codes the ultrafast process with a uniform sampling in-
terval to enhance high-frequency information. At the
same time, the code has randomness and highly satisfies
the reconstruction characteristics of compressed sensing.
The Fourier transform of the new code shows that the
high-frequency energy is much higher than the low-fre-
quency energy, which can greatly reduce the loss of de-
tailed information caused by the low-frequency struc-
tural noise. It effectively overcomes the detail blur caused
by R-code reconstruction and realizes the high spatial
frequency acquisition of ultrafast process. We experi-
mentally demonstrate that the spatial resolution is 8.98
lp/mm at 2.5 mm x 2.5 mm field of view (FOV) with 100
captured frames and the reconstruction fidelity can reach
more than 0.84. To demonstrate the wide application
ability of H-CAP, we successfully used it to observe the
ultrafast dynamics of double-pulse ablation of silicon at a
long-time window of 300 ps with 220 frames in a single-
shot. The experimental results well prove the superior
ability of this technology.

Principle and simulation

Optical setup of H-CAP

In Fig. 1(a), when the temporally shaped pulse acts on
the surface of the material by using Lens 5 (L5), the
chirped pulse captures this ultrafast process O (x, y, t)
through the 4f beam-shrinking system (L1 and micro-
scope objective (MO)). According to the principle of
spectral-temporal transform, different wavelengths cor-
respond to different times. The original ultrafast process
belongs to a high-dimensional vector (x, y, t three di-
mensions). The data storage and transmission speed of
the acquisition device cannot directly collect the data, so
we need to use compressed imaging technology. Based
on the principle of compressed sensing, the ultrafast in-
formation after spectral-temporal transform needs to be
coded firstly for discrete sampling through the magnifi-
cation system composed of MO and L2. Then, the ultra-
fast information after code sampling is spectrally modu-
lated horizontally through a grating. Next, CCD records
the two-dimensional image after spectral intensity super-
position (L3 and L4). Finally, the compressed sensing al-
gorithm is used to reconstruct the image with high-
fidelity.

240180-2
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Fig. 1 | The optical setup and principle of high-frequency enhanced compressed active photography (H-CAP). (a) The optical setup of the H-CAP

system. (b) The sampling principle of R-code and (c) H-code in the spatial and frequency domain. (d) The ultrafast phenomena are reconstruct-

ed from the compressed image by using a reconstruction algorithm.

Principle of H-CAP

We describe the principle of H-CAP in Fig. 1(b) and
1(c). We first analyze the ultrafast phenomenon after en-
coding by random code (R-code) in the spatial domain
and frequency domain respectively (Fig. 1(b)). In the
spatial domain, the pixel distribution of R-code com-
monly used in ultrafast compressed imaging always has
black pixels or white pixels clustered together. The aggre-
gation of black pixels will form a large uncoded area,
which will cause the loss of information. And the white
pixels together will produce redundant samples. It can be
seen from the Fig. 1(b) that when the original object is
sampled by R-code, the high-frequency detail informa-
tion of the original object has been lost visually due to
the above characteristics of R-code, which is not con-

ducive to the subsequent reconstruction of compressed
active photography. In the frequency domain, the ener-
gy distribution of R-code in each frequency component
is almost the same. The spectrum of the sampled signal is
obtained by convoluting the spectrum of the object with
the Fourier spectrum of R-code. From the spectrum of
the sampled signal, it shows that the high-frequency in-
formation of the object will be annihilated in the low-fre-
quency structure of the R-code (in the red box), result-
ing in the loss of high frequency information. From the
principle of sampling, random sampling can eliminate
the influence of jaggies’ artifacts on the edge of image
compared with uniform sampling, but it also introduces
low-frequency structured noise in the acquisition and

blurs high-frequency information®. The clumps (the
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area of code aggregation) in the spatial distribution of R-
code are important factors that cause high frequency in-
formation covered. Therefore, to enhance the high-fre-
quency information of the object, we must eliminate the
clumps in the R-code®. Yellott pointed out that spatially
uniformly distributed and randomly placed coded pixels
can often capture better samples®'. Therefore, we use the
Void and Cluster method* (see Supplementary informa-
tion for details.) to rearrange the pixel distribution of R-
code, resulting in a coding matrix with a more uniform
sampling interval (Fig. 1(c)). When we use the newly
generated code to collect the original object, compared
with the sampling results of the R-code, the processed
code retains the high-frequency information of the ob-
ject during sampling. The newly generated code is called
high-frequency enhanced random code (H-code). Subse-
quently, we also analyze the sampling results of H-code
in the frequency domain (Fig. 1(c)). In contrast, the
high-frequency energy of H-code is much higher than
the low-frequency energy. Therefore, the high-frequency
component of the object (in the red box) is retained af-
ter convolution with the Fourier spectrum of the object.
In addition, this code also highly satisfies the reconstruc-
tion property of compressed sensing. Due to the high-
frequency enhanced function of H-code, when we use
the compressed image collected by H-code combined
with the compressed sensing algorithm to reconstruct,
we can improve the signal-to-noise ratio in the case of
large frames acquisition (Fig. 1(d)).

Simulation

To compare the reconstruction ability of H-code and R-
code, we first carry out simulation experiments. The sim-
ulation object is the three-reflection process of the light,
and the number of frames is 200 frames. The idea of
high-channel photography is combined during subse-
quent reconstruction, and the number of channels is 7
(high-channel and image reconstruction are explained in
Supplementary information and are illustrated in
Fig. 2(a)). Figure 2(b) is the compressed images of 200
frames collected under different codes and correspond-
ing Fourier transform. The dynamic process of H-coded
sampling is more uniform in visual effect. From the spec-
trum of spot track, H-code can effectively retain the
high-frequency information of ultrafast process and im-
prove the signal-to-noise ratio. From Fig. 2(c), the light
quality reconstructed by H-code is very excellent, and it
will not be disturbed by noise in the transmission pro-

cess (yellow dotted arrow). However, due to the mixing
of low-frequency and high-frequency information, R-
code leads to many unsatisfactory noises in the recon-
struction results, which affects the subsequent data anal-
ysis. In addition, we integrated the intensity center of 200
frames and compared it with the original data, which ob-
tained a clearer representation, as shown in Fig. 2(d).
The data of the light intensity center integrated from the
reconstruction result of H-code (yellow scatter) shows
excellent results, which is very close to the original mo-
tion trajectory of the light (red line). In contrast to the
reconstruction results of R-code (blue scatter), the light
intensity center fluctuates greatly near the original trajec-
tory, and even some points have seriously deviated from
the original trajectory. We also calculate the beam length
of the reconstruction results in Fig. 2(c), as shown in Fig.
2(e). The process of the beam length decreasing first and
then increasing corresponds to the moment of reflection.
Compared with the calculation results of R-code, the re-
sults of H-code are closer to the length of the original
beam. For the PSNR and SSIM of the reconstruction re-
sults in Fig. 2(c), please refer to Fig. S8 in Supplementary
information. The results of Fig. S8 show that the recon-
struction ability of H-code is much better than that of R-
code. Therefore, the simulation results show that the re-
construction results will be greatly improved as the spa-
tial distribution of code tends to be uniform. This is con-
ducive to observing the ultrafast process with high space-

time complexity.

Result and discussion

The large frame reconstruction ability of H-CAP

In the experiment of H-CAP, we use the high-channel
recording device (see Seciton 3 in Supplementary infor-
mation, the detailed experiment parameters are in Sec-
tion 7) to capture objects. To verify that H-CAP has ex-
cellent reconstruction ability under large frames, we per-
form the characterization of static objects. The imaging
system of this experiment is 1:1 imaging. The fineness of
the first two groups of objects selected increases in turn.
The resolution target of USAF 1951 is chosen as the third
group of objects to quantitatively characterize the spatial
resolution. Figure 3(a) is the original image of the first
two groups of objects. Figure 3(b) is the compressed im-
age of the corresponding object in Fig. 3(a) under 100
frames. (To view the compressed image clearly, we only
show the compressed image of one channel here. For

240180-4
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Fig. 2 | Simulation results of H-code and R-code. (a) Forward model of high-channel photography. (b) The compressed images of 200 frames

collected under different codes and corresponding Fourier transform. (c) Reconstruction results of light reflection under different codes. (d) The

comparison of the light intensity center extracted from the reconstruction results of H-code and R-code with the original data. (e) The beam length

calculated according to the reconstruction results of different codes.

compressed images of 7-channel, please see Fig. S10 in
Supplementary information.) The object 'Laser' in Fig.
3(b) is the original acquisition direction, and is rotated in
Fig. 3(a) and subsequent reconstruction results for ease
of comparison. Figure 3(c) shows the comparison of the
reconstruction results of H-code and R-code when the
number of acquisition frames increases from 40 frames
to 100 frames. It can be seen from the Fig. 3(c) that with
the increase of the number of frames, the letters in the
reconstruction results of H-code can still be clearly dis-
tinguished. In contrast, the reconstruction quality of R-
code will decrease significantly, and some information of
the object will be missing, which will also bring addition-

al reconstruction noise. To more clearly characterize the

H-code still has good reconstruction ability under large
frame number acquisition, the correlation between the
reconstructed object and the original object is calculated.
(This value is used to represent the fidelity.) From the
correlation curve of 'UPL' in Fig. 3(d), the reconstruc-
tion correlation of H-code only decreases from 0.841 to
0.838 (the decreasing rate is 0.36%) when the number of
frames increases from 40 to 100. However, the recon-
struction correlation of R-code decreases from 0.818 to
0.795 (the decreasing rate is 2.8%). In other words, when
there are a high number of frames, H-code is able to re-
main the same level of reconstruction quality as with a
smaller number of frames. Furthermore, the reconstruc-

tion result of H-code consistently outperforms that of R-
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Fig. 3 | Characterization of static experimental results. (a) The original image of the object. (b) The compressed image of the object with 100

frames. (c) Reconstruction results of ‘UPL’ and ‘Laser’ under different captured frames. (d) The correlation between the reconstruction result in

(c) and the original object. (e) Reconstruction results of the resolution target under different captured frames. (f) The intensity curves of vertical

stripes in (e).

code, regardless of the number of frames. From the cor-
relation curve of 'Laser’, we can get the same conclusion.
The above results show that the fidelity of H-code can
reach more than 0.84. Finally, to characterize the spatial
resolution of H-code, the reconstruction result of resolu-
tion target of USAF 1951 (spatial resolution corresponds
to 5.6 lp/mm-10 lp/mm) is obtained, as shown in
Fig. 3(e). From the figure, as the number of frames in-
creases, the reconstructed spatial resolution of R-code

becomes worse and worse. Under the compression ac-

quisition of 100 frames, the reconstruction result of H-
code can be resolved to 8.98 Ip/mm, while the random
coding can only be resolved to 6.4 Ip/mm. Similarly, in
order to more intuitively find out the compared result,
the intensity curve of the vertical stripes on Fig. 3(e) is
made, and the results are shown in Fig. 3(f) (the lines of
10 lp/mm are not represented in the figure). As can be
seen, when the number of frames is 100, the peak of the
vertical stripe with a spatial resolution of 8.98 Ip/mm can
be reconstructed and distinguished by H-code. Random

240180-6
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code can only distinguish the peak with a spatial resolu-
tion of 6.4 Ip/mm. Therefore, it means that the H-CAP
has a spatial resolution of 8.98 Ip/mm at 100 frames and
a field of view of 2.5 mm x 2.5 mm. By adding a mi-
croscopy to the imaging system, higher spatial resolu-
tion can be obtained.

Imaging of the self-focusing of optical pulses in Kerr
medium

Birefringence effect induced by ultrashort laser in opti-
cal Kerr medium®® has great applications in all-optical
communication”, ultrafast fluorescence measurement?
and ultrafast optical imaging. Femtosecond laser is easy
to generate self-focusing effect in Kerr medium due to its
high peak power, which changes the focusing character-
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istics of the beam. As an experiment to verify the superi-
or dynamic resolution of H-CAP, we observe the self-fo-
cusing process of the beam in CS,. The simple design of
the experiment is shown in Fig. 4(a). The pump pulse is
focused in CS; through an objective lens (Olympus, 5x,
NA = 0.1). Only around the region excited by the pump
pulse, a chirped pulse with a 45° polarization can pass
through the region and be detected by the subsequent
polarizer. Finally, the process is recorded by H-CAP. The
detailed experiment parameters are in Section 7. Figure
4(b) shows the reconstruction results of H-code and R-
code. The total recording time is 22.2 ps, and the num-
ber of recorded frames is 50 frames. From the recon-
structed process, the result measured by H-code is better.
Specifically, there is almost no additional reconstruction
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Fig. 4 | Imaging of the self-focusing of optical pulses in Kerr medium. (a) The experimental schematic of optical pulse self-focusing. (b) Recon-

struction results of optical pulse self-focusing under different codes. (c) Scatter plot of spots along x direction and corresponding Gaussian fitting

curves (every 8 frames in the reconstruction results of H-code). (d) Scatter plot of transverse spot sizes and corresponding Gaussian fitting

curves (every 8 frames in the reconstruction results of R-code). (e) The velocity of beam in CS; is calculated according to (c) and (d). (f) The in-

tensity curves of the spot along the y direction. (g) The variation of beam width with travel time (according to the full width at half maximum

(FWHM) of the curve in (f)). The red box indicates the self-focusing area.
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noise on the motion path of the beam, and the shape
contour of the beam will not be distorted or affected by
the beam at other times. For a clearer comparison, we
first qualitatively characterize the transverse size of the
spot (x direction). We select a picture every 8 frames in
the reconstruction results to perform Gaussian fitting on
the transverse size of the spot, as shown in Fig. 4(c) and
4(d). From the comparison results, the scatter distribu-
tion extracted from the measurement results of H-code is
more consistent with the Gaussian distribution, while
there are many offset points in the results of R-code mea-
surement. To quantitatively illustrate the better recon-
struction performance of H-code, we calculate the speed
of the light in CS, according to the moving distance of
each 8 frames, which are shown in Fig. 4(e) (the method
of calculation is in Supplementary information). Since
the refractive index of CS; is 1.6, the theoretical value of
the moving speed of the spot in CS; is calculated to be
1.875x10® m/s. From Fig. 4(e), it can be clearly seen that
the calculation result based on H-code measurement is
closer to the theoretical value. In addition, we analyze the
error between the measurement results and the theoreti-
cal values. Compared with R-code, the measurement re-
sults of H-code can effectively decrease the measure-
ment error double and significantly improve the quality
of the measurement results.

Based on the above analysis results, we selected five
moments from the H-code measurement results in
Fig. 4(b) to quantitatively characterize the self-focusing
effect. By extracting the longitudinal size of the spot (y
direction), the intensity of the spot along the y direction
in Fig. 4(f) and the width of the spot in Fig. 4(g) are ob-
tained. In the traditional linear focusing phenomenon,
the longitudinal size of the spot changes continuously
and diverges immediately after passing through the fo-
cus. The self-focusing experiments of the beam are all
measured near the focus of the objective lens. It can be
seen from Fig. 4(f) and 4(g), the size of the spot does not
change significantly within about 10 ps, which is differ-
ent from the phenomenon of linear focusing, indicating
that the pump pulse has a self-focusing effect in CSs.
Through the self-focusing effect of light pulse in Kerr
medium, we verify that H-CAP has the superior perfor-
mance of reconstructing dynamic process.

Double-pump pulse induced ultrafast ablation
process of silicon surface
Temporally shaped pulses can induce different mecha-

https://doi.org/10.29026/0ea.2025.240180

nisms with materials due to their unique time character-
istics, so that some decisive physical processes can be
better controlled**. Here, we use the H-CAP imaging
system to observe the ultrafast process of double-pump
pulse ablation of silicon surface. On the time scale of
hundreds of picoseconds, there are abundant physical
phenomena when femtosecond laser interacts with mate-
rials, such as the ionization of free electrons, the phase
transition of materials, etc. To achieve an approximately
complete observation of the phase transition process of
femtosecond laser ablation of silicon surface, we choose
the observation time window is 300 ps in this experi-
ment. (Optical Kerr switch is used to measure the corre-
sponding relationship between the wavelength and time
of the chirped pulse. See the Supplementary information
for a detailed description.) The specific optical path and
details of double pulse ablation are shown in the Section
7 of Supplementary information.

Figure 5(a—c) shows the dynamic process of the dou-
ble-pulse ablation of silicon surface captured by H-CAP
at the imaging speed of 0.74 THz and the acquisition
frame number of 220 frames in a single-shot. The num-
ber of acquisition frames in this experiment is deter-
mined by the spectral width of the chirped pulse used (it
is close to the maximum spectral range available) and the
linear dispersion of the grating on the CCD’s adjacent
pixels in the compressive imaging system. The recon-
struction results when the inter-pulse delay time 7is 0 ps,
6.7 ps and 13.3 ps are shown in the figure. The single
pulse energy is 7 pJ. With the increase of 7, the ablation
enhancement effect caused by the double-pulse becomes
more and more obvious. This phenomenon occurs due
to the presence of a significant quantity of free electrons
in the excited silicon during this delay range, resulting in
heightened interaction with the subsequent sub-pulse.
To further analyze the reconstruction results, we mea-
sured the relative reflectivity curve of the excitation re-
gion’s center over time with varying pulse delays, as de-
picted in Fig. 5(d). The dynamic change of relative reflec-
tivity can not only reflect the change of plasma density
during the interaction between laser and material, but al-
so understand the change of material state. The ultrafast
dynamics at 7 = 0 ps is firstly analyzed. It can be seen
from Fig. 5(d) that in the initial 40 ps of ablation (region
I), the relative reflectivity shows a downward trend and
decreases to a negative value. This stage indicates that the
laser-induced strong ionization increases the surface
temperature of the silicon material. The structure of the
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Fig. 5 | Double-pump pulse induced ultrafast ablation process of silicon surface. (a—c) The reconstructed dynamic process of the double-pulse

ablation of silicon surface when the inter-pulse delay time tis 0 ps, 6.7 ps and 13.3 ps. (d) The curves of the relative reflectivity of the center of

the excitation region over time under different pulse delay. (e) The change on the depth of the ablation area with the number of shots when the

delay between pulses is 6.7 ps and the observation time is 260 ps.

surface melts and gradually generates liquid phase mate-
rial, which enhances the absorption of light!. In the
range of 40 ps to 150 ps (region II), the relative reflectivi-
ty remains basically unchanged. The reason is lattice heat
conduction, the liquid phase on the surface of the mate-
rial remains at a high temperature, preventing the
change of reflectivity. At 150 ps-300 ps (region III), the
liquid gradually cools with time, the absorption capacity
of light is weakened, so the relative reflectivity begins to
rise””. When the delay between pulses begins to increase,
the relative reflectivity curve changes. Due to the de-
layed excitation of the double pulse, when the second
pulse has not yet interacted with the material, the first
pulse causes the surface of the excitation region to
change slowly because the energy is only half of the dou-
ble-pulse. When the second pulse reaches the surface, the

reflectivity decreases rapidly. These phenomena can be
directly seen from region I. In addition, we also ob-
served from region II that the minimum value of relative
reflectivity will fall to a lower point at a new time point
when the inter-pulse delay increases, and the upward
trend of reflectivity in region III is also smaller. This phe-
nomenon is due to the dense plasma generated by the
first pulse on the surface, which changed the instanta-
neous local characteristics of the material****. The plas-
ma carried out a light field reorganization on the second
pulse. Therefore, the energy of the second pulse can be
deposited into a deeper material space, which effectively
improves the ablation effect. Ultimately, we measured
the variation in the depth of the ablation area in relation
to the number of shots under the condition of a 6.7 ps

delay and an observation time of 260 ps. From Fig. 5(e),
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as the number of pulses accumulates, the minimum re-
flectivity of the ablation region decreases from —0.38 to
-0.75, and the full width at half maximum of the abla-
tion region increases from 10.5 um to 20.3 pm. This phe-
nomenon is very consistent with the actual process of
laser-matter interaction. The ultrafast phenomenon that
the physical mechanism of different time windows
change is captured by H-CAP system. It means that the
high-precision imaging ability of H-CAP is helpful to
study the ultrafast dynamic process of femtosecond laser
induced materials.

Discussion

H-CAP improves the problem of high-frequency infor-
mation loss caused by R-code, which is very helpful for
the visualization of unrepeatable ultrafast phenomena. In
recent years, some work on ultrafast compressed imag-
ing has also proposed mask optimization methods. For
example, Yang et al.** optimized the coding structure by
genetic algorithm. The method is to obtain the opti-
mized code through genetic algorithm firstly, and the
second is to use the optimized code to improve the quali-
ty of image reconstruction. That is, the whole process
needs to measure the ultrafast phenomenon twice. For
predictable or repeatable ultrafast processes, this method
has relatively high reconstruction fidelity. H-code is used
to collect the whole ultrafast process, and the coding
structure does not change with the change of the ob-
served object. Therefore, the H-CAP system is more ad-
vantageous for unpredictable ultrafast phenomena. In
addition, Marquez M et al.* combined the deep learning
method to optimize the coding structure under the guid-
ance of the CUF’s sensing geometry and the spatiotem-
poral characteristics of the training data. The coding
structure has a uniform pixel intensity distribution and
reduces low-frequency energy. Compared with H-code,
it has a higher sampling rate and can obtain a higher dy-
namic range. However, the energy distribution of the
Fourier spectrum of H-code is approximately isotropic,
which can achieve global high-frequency enhancement
of the reconstructed image.

The frame interval of H-CAP is defined as the recipro-
cal of the imaging speed. The temporal resolution de-
pends on the spectral bandwidth of the illumination light
used and the group delay dispersion®*%. If the spectral
bandwidth of the illumination light is reduced, the time
resolution obtained in the same observation time win-
dow will decrease. This is a trade-off between observing

time and the time resolution. In the experiment of dou-
ble-pulse ablation of silicon surface, the spectral band-
width of the illumination light used is 22.8 nm, and the
corresponding time resolution is 3.6 ps (frame interval is
1.4 ps) under the observation time window of 300 ps. Fu-
ture research can broaden the available spectrum band-
width range to improve the time resolution in the same
time window.

In addition, H-CAP needs to consider some issues.
First, the sampling rate of H-code used in this work is
only 33%. There will be many inevitable noises for detec-
tion with weak light. Second, although H-code has the
ability to enhance high-frequency information, its Fouri-
er spectrum also has a cutoff frequency in the high fre-
quency band and cannot be infinitely extended to any re-
gion of the high frequency. A feasible solution is to start
with the method of generating H-code, taking into ac-
count high sampling rate and high reconstruction fideli-
ty. Another limitation of H-CAP is that the aberration of
the whole system determines the pixel size of the coding
element (30 pm), which also limits the spatial resolution.
For this problem, we need to start with the optimization
design of the optical system, which is expected to ensure
the acquisition of high-quality coded images and com-
pressed images.

Conclusions

In summary, we use high-frequency enhanced com-
pressed active photography (H-CAP) technology to
achieve large frame number observation and high-fideli-
ty reconstruction of ultrafast processes. By using the
code with uniform pixel distribution and random place-
ment, the high-frequency detail information is retained
during the sampling of the ultrafast process, and the low-
frequency structured noise is greatly reduced. Through
static experiments, we prove that the H-CAP has a spa-
tial resolution of 8.98 Ip/mm at 100 frames in a field of
view of 2.5 mm x 2.5 mm and the reconstruction fidelity
can reach more than 0.84. In addition, we also prove the
superior dynamic reconstruction ability of H-CAP
through the self-focusing phenomenon of the beam in
the Kerr medium. Finally, we use H-CAP to observe the
ultrafast dynamic process of double-pulse ablation of sil-
icon surface in a long-time window of 300 ps with 220
frames. This technique solves the problem that the pixel
distribution of R-code will lead to information loss and
redundancy when collecting images in compressed ultra-
fast imaging, which is of great help to observe the ultra-
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fast process with higher spatial complexity. In the future,

we can also design related algorithms that match the

technology to further improve the quality of reconstruc-

tion. The large-frame observation and high-fidelity re-

construction capabilities of H-CAP have very important

application prospects in irreversible dynamics such as ul-

trafast laser-matter interaction, ultrafast light field mea-

surement or ultrafast demagnetization.
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