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Abstract: Imaging the interaction between the laser pulse and photoresist mixture on the ultrafast
time scale can track the path of the light pulse and reveal the procedure of the microstructure
machining. However, most existing imaging technologies suffer from problems such as requiring
multiple repeated shots or a limited time resolution. To overcome these problems, we propose to
capture the motion of laser pulses in a photoresist mixture by using compressed ultrafast photography
(CUP). In this method, we can recover the motion process of non-repeatable events with a single
shot at the time-resolution of about 1.54× 1011 fps, where the depth of the imaging sequence reaches
hundreds of frames. To verify the effectiveness of the proposed method, we estimate the speed of
the laser pulse in a photoresist mixture and evaluate the similarity between the image captured by
a streak camera and our reconstructed ultrafast sequence; the results validate the reliability of our
proposed method.

Keywords: ultrafast imaging; laser micromachining; compressed ultrafast photography

1. Introduction

The photoresist is a mixed liquid that contains a film-forming resin, photoreceptor,
solvent, and other additives [1]. When the photoresist is exposed to the light source,
such as a femtosecond laser, it undergoes a series of physical and chemical changes. The
two-dimensional or three-dimensional microstructure can be fabricated by controlling the
relative velocity of the focused laser beam and the photoresist. This approach has produced
many precision components such as optical oscillators [2], micro grooves [3], Fresnel zone
plate lens [4], and a micro lens [5]. If the interaction between the femtosecond pulse and the
photoresist mixture could be visualized in a two-dimensional image sequence, it is possible
to improve the accuracy of laser manufacturing [6].

Ultrafast imaging technologies have widely been used to capture various phenom-
ena in materials science [7], plasma physics [8,9], nonlinear optics [10], cell biology [11],
and other fields [12]. Due to the response speed limitations of electronic devices such as
charge-coupled device (CCD) and a complementary metal oxide semiconductor (CMOS),
the traditional electronic high-speed imaging technology for acquiring two-dimensional
images has a speed limit of only 107 frames per second (fps) [13]. The ultrafast framing
camera (UFC) has been demonstrated to capture 16 frames with an imaging speed of
3.33× 108 fps [14]. The imaging speed of sequentially timed all-optical mapping photog-
raphy (STAMP) can reach 4.4× 1012 fps with six consecutive frames of imaging [15]. Its
spectrally filtered variant version (SF-STAMP) captures the crystalline-to-amorphous phase
transition of the Ge2Sb2Te5 alloy with 25 frames at 7.52× 1012 fps [16]. An important factor
restricting its wide application is the limited number of imaging frames. The pump–probe
technology is popular in capturing transient events [17]; it has also been used to observe
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the femtosecond laser micromachining process. Wei et al. [18] used a time-resolved shadow
graphic imaging system based on a femtosecond laser pump–probe to image the ultrafast
process of the femtosecond laser ablating of micro-holes in silica glass. Bergner et al. [19]
observed the energy deposition and subsequent relaxation processes after the interaction
of the laser light with the glass material using pump–probe technology. Yu et al. [20]
used pump–probe technology to observe the propagation of Bessel beams in poly methyl
methacrylate (PMMA) and the resulting cylindrical pressure wave expansion. However,
the phenomena captured by pump–probe technology should be reproducible [21]. In recent
years, compressed ultrafast photography (CUP) has been developed to visualize many
transient phenomena, including light propagation, reflection, refraction [22], optical Mach
cone phenomenon [23], the dynamic process of optical soliton dissipation [24], and the
spatiotemporal imaging of optical chaotic systems [25]. As an emerging ultrafast imaging
method, CUP combines the feature of compressed sensing and the ultra-high temporal
resolution of the streak camera, achieving the visualization of two-dimensional spatial
information ultrafast imaging. The technology now has a temporal resolution higher than
1011 fps and a sequence depth of hundreds of frames [22]. Therefore, it is possible for CUP to
capture the process of the interaction between the laser pulse and the photoresist mixture.

In this paper, we film the ultrafast laser pulse transmission process in a photoresist
mixture with a streak camera and two-step iterative shrinkage/thresholding (TwIST) algo-
rithm [26]. Meanwhile, to verify the reliability of the experimental results, we estimate the
speed of the laser pulse in a photoresist mixture and evaluate the similarity between the
image captured by the streak camera and our reconstructed ultrafast sequence with a peak
signal-to-noise ratio (PSNR) and structure similarity index measure (SSIM) [27]. The results
show that our method can capture the scattering motion process when the femtosecond
laser pulse enters the photoresist mixture, which provides a potential approach to record
the ultrafast process of laser machining.

The remaining sections of this paper are organized as follows. Section 2 presents the
principles of CUP. Section 3 shows the experimental setup and results. Section 4 presents
the discussion on our experimental results. Section 5 concludes the whole paper.

2. Principles

Figure 1 shows the original CUP system. The dynamic scene is first imaged from the
lens to the intermediate image plane, then transferred to the digital micromirror device
(DMD) by the 4f optical system, which consists of the tube lens and the objective lens [28].
During the operation, a pseudo-random binary mask image is created by pre-programmed
switch duty cycle control. The DMD encodes two-dimensional ultrafast optical signals
using the generated mask; the encoded signals are then transmitted into the streak camera
with the completely opened slit by the 4f optical system. The encoded images are offset by
the streak tube, and then these offsets are superimposed on the streak camera’s internal CCD
detector [29]. Currently, the streak camera records the result of the offset and superposition
of the ultrafast optical signals in two-dimensional space at each moment. Based on the
information recorded by the internal CCD detector, the compressive sensing image recovery
algorithm is used to calculate and solve the two-dimensional ultrafast optical signals at
each moment [30,31], thus the image sequence of ultrafast optical signals is formed. In this
implementation process, CUP takes full advantage of the ultrafast imaging capability of
the streak camera and the reconstruction capability of the compressed sensing algorithm.
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Figure 1. Schematic diagram of the original CUP system.

The forward model of CUP can be expressed as [22,23]:

E(m, n) = TSCI(x, y, t) (1)

where I(x, y, t) is the intensity distribution of the dynamic scene, T is the spatiotemporal
integration operator, S is the temporal shearing operator, C is the encoding operator that
comes from the DMD, and E(m, n) is the observation image captured by the steak camera.
Equation (1) shows that the three-dimensional dynamic scene I(x, y, t) has been encoded
into a two-dimensional image E(m, n). To find the original image sequence frame, we
should solve Equation (1). It is obvious that the number of elements in the 3D scene
I(x, y, t) is much larger than the number of elements in E(m, n), so solving I is a process of
solving an underdetermined system of equations. We can reconstruct sequential frames
using compressed sensing algorithms because their principles are similar. In this paper, we
adopt the TwIST algorithm to locate the minimal value of the following object function, as
shown below:

∧
I = argmin

I

{
0.5‖E(m, n)− TSCI(x, y, t)‖2

2 + τΦ[I(x, y, t)]
}

(2)

where ||·||2 is the l2 norm and τ is the regularization parameter. Φ(X) is the regularization
function to encourage sparsity in the spatial gradient domain. In Equation (2), the first term
‖E(m, n)− TSCI(x, y, t)‖2

2 is minimized when the actual measurement E closely matches
the predicted solution, and TSCI, the second term, Φ(I) encourages I to be a piecewise
constant (i.e., sparse in the spatial gradient domain). The weights of these two terms
adjusted by τ lead to the results that are most consistent with the ground truth. Φ(X) can
be written as:

Φ(X) = ∑Nz
k=1 ∑

Nx×Ny
i=1

√
(∆h

i Xk)
2
+ (∆v
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2
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2
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(∆h

i Xn)
2
+ (∆v
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2

(3)

where Nx and Ny are the row and column pixel numbers in each image; Nz is the image
number; k, m, and n are the indices; Xk, Xm, and Xn represent the 2D datum along the
indices k, m, and n, respectively; and ∆h

i , ∆v
i are the horizontal and vertical first-order local

difference operators on the 2D datum.
When reconstructing a dynamic scene I(x, y, t) with Nx × Ny × Nt dimensions, Nx,

Ny, and Nt represent the number of voxels along x, y, and t, respectively. The dimension
of the mask Cx,y displayed by DMD is Nx × Ny. After the clipping and superposition of
the streak camera, the actual spatial dimension of the mask Cx,y−t will be supplemented



Photonics 2022, 9, 903 4 of 12

by zero to Nx × (Ny + Nt − 1), and the actual spatial dimension of the three-dimensional
dimension Ix,y−t,t at the imaging location is zero-filled to Nx × (Ny + Nt − 1)× Nt.

To verify the effectiveness of our experimental method, we also compare the PSNR
and SSIM of E(m, n) and E′(m, n) in Section 3. E(m, n) is the image captured by the streak
camera, E′(m, n), is the image generated by encoding and compressing the reconstructed
ultrafast images I(x, y, t) according to the CUP imaging principle.

3. Experiments and Results Analysis
3.1. Experimental Setup and Results

The schematic diagram of the experimental system built in this paper is shown in
Figure 2a. The 800 nm femtosecond laser (AVESTA/ TIF-SP-30-F10) generates a light pulse
of 30 fs with a power of around 1000 mw. If the energy of the light pulse is high, shooting
dynamic scenes will result in an overexposure, which will damage the streak camera, so
we use a laser beam attenuator (ATT30, Thorlabs, Newton, NJ, USA) to reduce the light
intensity. The laser beam is collimated and adjusted to the same height as the streak camera
using three mirrors. When the light pulse enters the photoresist mixture, the dynamic scene
is captured by the camera lens (CF75HA-1, Fujinon, Wayne, NJ, USA) and passes through
the first optical 4f system (AC254-075-A, Thorlabs; AC254-100-A, Thorlabs) before reaching
the mask board, where a pseudo-random binary pattern is inscribed to encode the scene.
The image carrying the encoded information is then passed through the second optical
4f system (AC254-100-A, Thorlabs; AC254-150-A, Thorlabs) and into the streak camera
(Model 2200, XIOPM, Xi’an, China) with the slit fully open. Finally, a compressed image is
captured by the CCD inside the streak camera.
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It is worth noting that compared to the original CUP system shown in Figure 1, we
replaced the DMD with a mask board, which is engraved with a pre-programmed coding
matrix. The mask board is used to facilitate the construction of the light path and reduce
the mixed invalid coding information in the observed image. We also split the same optical
4f system in the original CUP optical path into two different 4f systems for three purposes:
(1) since the size of the mask board is large, we magnify the ultrafast dynamic scene with
the first 4f system to fully illuminate the mask board for an effective image coding, and (2)
the encoded ultrafast dynamic scene is magnified by the second 4f system, which helps to
focus the image in light path adjustment. (3) After splitting the 4f system, it is not necessary
to use a beam splitter, which can effectively enhance the light intensity of the optical signal
and improve the contrast of the image. This design has positive impacts in establishing a
CUP system with a low intensity light source, which facilitates the streak camera to capture
clear images more easily. Figure 2b shows the actual optical path of our experiment.

In our experiment, the scanning level of the streak camera is 125 ps [32], so the temporal
resolution of the streak camera is about 0.06 ps/pixel. Meanwhile, the shearing velocity of the
streak camera is set to v = 20 mm/ns. Additionally, the internal CCD size of the streak camera
is 1024× 1024 pixels (2× 2 binning; binned pixel size d = 13 µm). Therefore, the reconstructed
frame rate, v′, is determined by v′ = v/d to be 1.538× 1011 fps [22].

We use AZ® nLOF™ 2000 Series I-line photoresist in the experiment [33]. The experi-
mental samples are the photoresist without water and the photoresist mixed with water at
a 1:3 and 1:1 volume ratio, respectively. Three experimental samples are prepared at the
same stirring frequency and time.

Before the experiment, a background image of the streak camera is taken with the slit
completely opened to reduce the influence of noise in image reconstruction (see Figure 3a).
Meanwhile, the pseudo-random binary pattern generated by the mask board is pho-
tographed, as shown in Figure 3b. After that, the laser is turned on and the light pulse
enters the photoresist mixture. The dynamic scene is captured by the streak camera and
three compressed scene images are obtained, as shown in Figure 3c–e. Figure 3c corre-
sponds to the case that the femtosecond laser enters the photoresist mixed with water at 1:3;
Figure 3d corresponds to the case that the femtosecond laser enters the photoresist mixed
with water at 1:1 and Figure 3e corresponds to the case that the femtosecond laser enters
the photoresist without water.
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Figure 3. Images taken by the streak camera: (a) background image. (b) Pattern image. (c) Observed
image (photoresist: water = 1:3 volume ratio). (d) Observed image (the volume ratio of photoresist:
water = 1:1 volume ratio). (e) Observed image (without water addition).
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The captured background image, mask image, and scene images are put into Equation (2),
then the transient sequence of ultrafast laser motion is solved with the TwIST algorithm.
To illustrate the moving process of the laser scattering, we select the reconstruction results
of the pixels from the 1300th row to the 1700th row in Figure 3c–e; the spatial resolution
of the reconstructed images is 128 × 527. After processing, 400 frames of images can be
reconstructed within 20 min. We select some representative frames to show in Figure 4.
Figure 4a shows the reconstructed results when the ratio of the photoresist concentration
to water is 1:3, Figure 4b shows the reconstructed results when the ratio of photoresist
concentration to water is 1:1, and Figure 4c shows the reconstructed results of photoresist
without water.
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Figure 4. Representative frames of reconstruction results. (a) Reconstructed images (the volume ratio
of photoresist: water = 1:3 volume ratio). (b) Reconstructed images (the volume ratio of photoresist:
water = 1:1 volume ratio). (c) Reconstructed images photoresist (without water addition).

From Figure 4, we can see that the scattering intensity of the photoresist mixture with
different water concentrations is different. Figure 4a,b shows that the scattering intensity
of the photoresist mixture with a higher water concentration is larger than the photoresist
mixture with a lower water concentration. Figure 4c shows that it is difficult to observe the
scattering of a light pulse in the photoresist without water. We also calculate the average
lightness (AL) values of Figure 4a–c. The calculation formula of the AL is as follows:

AL =
1

M× N

M−1

∑
x=0

N−1

∑
y=0

L(x, y) (4)

where M and N represent the row and column of the image, respectively. L(x, y) represents
the lightness of each pixel point. The average lightness of Figure 4a–c is 51.6, 44.2, and 2.2,
respectively. Based on this result, we speculate that under the condition of a certain light
intensity, the scattering intensity of the light pulse may be related to the concentration of
water in the photoresist mixture.

3.2. Analysis

To verify the accuracy of the reconstructed results, we calculate the velocity of the laser
pulse from the reconstructed images in Figure 4a. The refractive index of the experimental
sample (mixture of photoresist and water) ranges from 1.3 to 1.6 (1.3 in water and 1.6 in
photoresist). Therefore, the theoretical value of the speed of light in the photoresist mixture
is between 1.87× 108 m/s and 2.30× 108 m/s.

As shown in Figure 5, we label one light pulse from the reconstructed ultrafast images
with the green grid. From these images, we can see that the spatial location of the light
pulse is time-varying, and the velocity of the light pulse could be inferred with the changes
in the spatial location and the time interval between the images. For example, from the
reconstructed frame at 12.6 ps to the reconstructed frame at 13.8 ps (20 frames are included),
the light pulse moves about 20 pixels (single pixel size occupies 6.5 µm). Meanwhile, as
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the shearing effect of the streak camera, the light pulse in fact moves by 20 pixels, thus the
light pulse moves by (20 + 20)× 6.5 µm = 260 µm in total within 1.2 ps.
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Therefore, we obtain the velocity of the laser pulse results shown in Figure 6. The light
speed in the photoresist mixture recovered by our proposed method is (2.1± 0.2)× 108 m/s;
this result is consistent with the theoretical range (between 1.87× 108 m/s and 2.30× 108 m/s).
Thus, we can conclude that the reconstruction results of our proposed method are reasonable.
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On the other hand, to validate the reliability of our proposed method, we also evaluate
the similarity between the image captured by the streak camera E(x, y) and our reconstructed
ultrafast sequence I(x, y, t) in the case of photoresist mixed with water at 1:3. In this procedure,
we code the reconstructed sequence frames I(x, y, t) into a new image E′(x, y) according to
the compressed ultrafast imaging principle; the PSNR and SSIM of E(x, y) and E′(x, y) are
calculated to verify the reliability of the experimental results. This validation process of our
experiment can be summarized in three steps, as shown in Figure 7.
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1. The first step is to capture the ultrafast dynamic scene with the compressed ultrafast
imaging system. The ultrafast scene images are encoded, compressed, and superim-
posed into the streak camera; the captured image of the streak camera is E(m, n), as
shown in Figure 7b.

2. In the second step, a series of reconstructed images I(x, y, t) are obtained by using the
TwIST algorithm, as shown in Figure 7c.

3. In the third step, the reconstructed images I(x, y, t) are encoded and compressed
according to the compressed ultrafast imaging principle to obtain image E′(m, n), as
shown in Figure 7d. Then, we calculate the PSNR [34] and SSIM [35] of E(m, n) and
E′(m, n) to verify the reliability of our proposed method.

The PSNR and SSIM are important criteria for the objective evaluation of the image
quality. The calculation formula of the PSNR is as follows:

MSE =
1

H ×W

H

∑
i=1

W

∑
j=1

(X(i, j)−Y(i, j))2 (5)

PSNR = 10 log10

((
2N − 1

)2

MSE

)
(6)

where the mean square error (MSE) represents the mean square error of the current image
X and the reference image Y, H, and W are the height and width of the image, respectively.
N is the number of bits per pixel, of which the general value is eight.

The calculation formula of SSIM is given by:

SSIM(X, Y) =

(
2µxµy + C1

)(
2σxy + C2

)(
µ2

x + µ2
y + C1

)(
σ2

x + σ2
y + C2

) (7)

where µx, µy, σx, σy, and σxy are the local mean, standard deviation, and cross-covariance
of image X and Y, C1, C2, and C3 are the regularization constants of the brightness, contrast,
and structurization, respectively.

It should be noted that the reconstruction process is the optimization process of objective
function Î based on Equation (2), which is an ill-conditioned equation with far more unknowns
than the equations. In other words, as the number of reconstructed images increases, the
unknown quantity will also change significantly, and the error will fluctuate accordingly.
Therefore, it is of great significance to study the frame number of the reconstructed images for
the parameter selection of the experiment. To this end, we reconstruct the transient process
with a different number of images (i.e., the sequences with different time intervals), including
10, 20, . . . 400 frames. In all cases, we calculate the PSNR and SSIM in relation to the image
captured by the streak camera. The result is shown in Figure 8.
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In Figure 8, the red dots are the PSNR results, the blue dots are the SSIM results, and
the horizontal axis represents the number of reconstructed images. The highest value of the
PSNR is 40.6796 dB and the lowest is 22.8753 dB, with an average of 32.5888 dB. Although
there is an obvious decrease in the PSNR value from the 50th to the 80th frame and the
170th to 220th frame, the PSNR value still remains above 28.8455 dB. The highest SSIM is
98.02%, the lowest is 68.46%, and the average value is 95.25%. The lowest SSIM value is at
the 10th frame, which increases to 89.46% at the 20th frame and is more than 91.40% from
the 30th frame. It can be seen that the SSIM value does not change much when the number
of image reconstruction frames reaches 200. The PSNR value fluctuates greatly with the
number of the image, which may result from the change in the weight factor τ in Equation
(2). The existing best results of PSNR and SSIM are obtained when the number of frames
reaches 350. In future research, we will investigate the influence of the number of frames
and other parameters to find the best PSNR and SSIM.

According to our reconstructed ultrafast sequence, the velocity of the light pulse in the
photoresist mixture falled within the reasonable range, and the PSNR and SSIM values also
demonstrate a high quality. Therefore, we can conclude that the reconstructed sequence
reflects the transient process of the optical pulse movement inside the photoresist mixture,
which verifies the feasibility and reliability of our proposed method.

4. Discussion

The existing TwIST algorithm can effectively reconstruct compressed images captured
by the streak camera, but its high computation amount still limits its application. It
takes about 20 min for reconstructing 400 images with the size of 128 × 527 pixels in this
paper. The time-consuming steps are mainly in the iteration process. Each iteration of the
algorithm uses the previous two iteration values and the denoising operator to update the
current value. We think the speed of the calculation can be accelerated by using specially
designed hardware such as GPU or FPGA. Meanwhile, the reconstruction quality of the
images varies with the value of the weight factor τ in the TwIST algorithm. As shown
in Figure 8, with the increase in the number of images, the value of PSNR is obviously
changed. We believe that machine learning may be used to search the weight factor τ to
obtain higher quality reconstructed images. The encoding pattern also has a great influence
on the running time of the algorithm and the quality of the reconstructed image. Although
a random encoding matrix is used in this paper, it may not be the best choice for some
ultrafast scenarios. For example, for the dynamic scene with known prior conditions (such
as fringe images), it can be encoded by designing a specific pattern, which can improve
the reconstruction speed and quality; for dynamic scenes without a priori conditions, the
dynamic scene can be divided into multiple replicas in space, then each replica passes
through a different random encoding region, and finally all these encoded replicas are
sent to a streak camera for imaging. If the speed and quality of CUP are improved to
achieve a real-time, fast, high-quality image reconstruction, it could be used in observing
and researching more ultrafast phenomena in biomedical and materials processing.

5. Conclusions

In this paper, we capture the propagation process of the ultrafast laser pulse in a
photoresist mixture by using the improved CUP system. In the experiment, two optical
4f systems are used to reduce the optical signal loss as much as possible and improve the
image signal-to-noise ratio. The scattering intensity in the photoresist mixture is observed
and, according to the reconstructed ultrafast sequences, we infer that the intensity of the
scattering may be related to the concentration of water in the photoresist mixture. To
validate the effectiveness of our proposed method, we estimate the speed of the laser pulse
in a photoresist mixture based on the reconstructed image sequence, and the results show
that the speed of the laser pulse falls within a reasonable range. We also evaluate the
similarity between the image captured by the streak camera and our reconstructed ultrafast
sequence to verify the effectiveness of our proposed method. The results show that with
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the increase in the number of reconstructed images, the quality of the reconstructed signals
keeps rising on a high level, indicating that our CUP system is capable of two-dimensional
ultrafast imaging. From these results, we can conclude that the method proposed in
this paper provides a possible approach to capture the transient phenomena in ultrafast
laser machining.
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