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Imaging ultrafast dynamic events is a long-standing scientific goal. It is difficult for conventional
electronic imaging sensors based on charge-coupled devices (CCDs) or complementary metal oxide semi-
conductors (CMOS) to capture dynamic processes occurring on the nanosecond or even shorter timescales
due to the limitations of on-chip storage and electronic read-out speed. Here, we develop a dynamic imag-
ing technique with a very simple compact configuration, called ultrafast electro-optical deflection imaging
(UEODI), which has a temporal resolution of up to 20 ps or an imaging speed of 5 x 10! frames per sec-
ond (fps), and therefore, it enables the observation of nanosecond and even picosecond dynamic events.
UEODI operates in a single-shot receive-only mode, and thus, it is highly beneficial for imaging nonrepet-
itive (or irreversible) dynamic events and a variety of luminescent objects. Moreover, when combined with
the time-of-flight (TOF) method, UEODI can detect three-dimensional (3D) objects. Using UEODI, we
visualize a molecular photoluminescent process and measure a 3D ladder structure. Considering the capa-
bilities of UEODI, it will have very importation application prospects in both basic research and applied

science, including biomedical imaging.

DOL: 10.1103/PhysRevApplied.13.024001

I. INTRODUCTION

High-speed imaging technology plays an indispensable
role in solving countless scientific problems, advancing
medicine, producing wonderful art, and revealing the inner
workings of systems such as cells and even machines. The
first practical application of high-speed imaging technol-
ogy was the study by Muybridge in 1878 of whether all
of the horse’s feet leave the ground during galloping [1].
Recorded pictures of a supersonic bullet by Mach and
Salcher in 1887 was another famous high-speed imaging
experiment in that time period [2]. Since then, fascination
with high-speed imaging has been increasing. In the early
1940s, the Eastman high-speed camera was able to take
1000 frames per second (fps) on 16 mm film [3]. Later,
a 10000 fps rotating prism camera was demonstrated [4].
In particular, high-speed imaging was revolutionized by
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electronic sensors based on the charge-coupled device
(CCD) or complementary metal oxide semiconductor
(CMOS), which enabled acquisition rates of up to 107 fps
[5]. However, due to the limitations of on-chip storage
and electronic read-out speed, further increasing the frame
rate is challenging, severely restricting the applications of
CCD- or CMOS-based imaging technologies in measuring
faster dynamic scenes [6].

Recently, several ultrafast imaging techniques have been
developed, such as sequentially timed all-optical mapping
photography (STAMP) [7], compressed ultrafast spectral-
temporal (CUST) photography [8], compressed ultra-
fast photography (CUP) [9—15], and serial time-encoded
amplified imaging (STEAM) [16,17]. STAMP and CUST
utilize a chirped laser pulse for illumination and transform
the spectral components into temporal information. There-
fore, these two techniques operate on an active imaging
mode, which rules out the imaging of a luminescent object.
CUP is a passive ultrafast imaging technique, which com-
bines streak imaging and compressed sensing. However,
CUP employs a streak camera as an imaging device [9,18],
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which limits practical applications due to the high cost
of the streak camera. STEAM demands special active
illumination, and it has a low temporal resolution of about
100 ns.

The electro-optical deflector can vary the input-light
propagation direction within a certain angle at a high speed
[19-22], and therefore, it is successfully used in ultra-
fast imaging, such as the crystal streak camera [23,24].
In this imaging application, the electro-optical deflector
transforms the temporal information into a spatial dis-
tribution. However, only the dynamic information of a
one-dimensional (1D) image can be recorded because of
the small deflection angle (a few milliradians). Usually,
to record dynamic information of a two-dimensional (2D)
image in deflection imaging, the image-size distance on
the CCD or CMOS detector is necessary to distinguish
two adjacent frames, similar to a rotating framing camera
[25]. Obviously, the small deflection angle of the electro-
optical deflector will result in spatiotemporal mixing along
the deflection direction, when the dynamic information of
the 2D image is recorded.

To overcome the limitation of the electro-optical deflec-
tor in 2D ultrafast imaging, here, we develop the ultrafast
electro-optical deflector imaging (UEODI) technique. In
our method, all of the 2D images are encoded in the
dynamic scene, each encoded image is deflected by the
electro-optical deflector; all of the encoded and deflected
images are superposed; and, finally, the original images are
recovered using an augmented Lagrangian (AL) algorithm,
which belongs to the compressed sensing technique
[26-28]. In our scheme, the pixel-size distance on the
CCD or CMOS detector can distinguish the two adja-
cent images, instead of the image-size distance, and thus,
greatly improves the temporal resolution. In our UEODI
system, the temporal resolution is approximately 20 ps,
corresponding to a frame rate of 5 x 10'° fps, which is
mainly limited by the deflection velocity of the electro-
optical deflector, and the dynamic spatial resolutions along
the vertical and horizontal directions are 0.89 and 0.79 line
pairs per mm (Ip/mm), respectively, with a field of view
(FOV) of 25 x 25 mm?. Moreover, UEODI can detect a
three-dimensional (3D) object when combined with the
time-of-flight (TOF) method. In addition, UEODI is a
single-shot receive-only imaging method, which is highly
advantageous for imaging nonrepetitive transient events or
fast luminescent processes. To demonstrate the ability of
2D ultrafast imaging and 3D object detection via UEODI,
we successfully visualize a molecular photoluminescent
process and measure a 3D ladder structure.

II. BASIC PRINCIPLE

A schematic diagram of the data acquisition and recon-
struction in UEODI is shown in Fig. 1. For the data
acquisition, the 3D datacube X (i.e., the dynamic scene)

is first encoded spatially by random codes, then deflected
temporally by the electro-optical deflector, and finally inte-
grated spatiotemporally on the detector array to form the
2D data Y, as shown in Fig. 1(a). Mathematically, this
process is equivalent to successively applying a spatial
encoding operator E, a temporal deflecting operator, D,
and a spatiotemporal integration operator, I, to the intensity
distribution of the input dynamic scene, X, as expressed by

Y = IDEX. (1

L is used to represent the combined linear operator, that is,
L =1IDE. Then, Eq. (1) can be written as

Y=LX. )

To reconstruct the input dynamic scene X, the inverse prob-
lem of Eq. (2) must be solved. Given the operator L,
we can reasonably estimate the dynamic scene X from
measurement Y by adopting the AL algorithm [26-28],
belonging to the compressed sensing technique. Image
reconstruction using the AL algorithm can be mathemat-
ically formulated as

n}(inL(X) =dX) - AY—-LX)+ gllY— LX|5, (3)

where A is a Lagrange multiplier and S is the penalty
parameter. Y—LX represents the measurement fidelity and
[I-ll> denotes the I, norm. In addition, ®(X) denotes the
total variation (TV) norm and is often used as the regular-
izer in image restoration [26,29]; it is given by

P (X) = [[DX]]> “4)

where D is the gradient operator, which means that DX is
the gradient of X.

In our scheme, as shown in Fig. 1(a), the dynamic scene
is randomly encoded in the space. Because of the tem-
poral deflecting operation in the imaging process, these
random codes in each moment of the dynamic scene are
irrelevant. Thus, the image in each moment can be recov-
ered based on its own codes. Consequently, the original
dynamic scene can be reconstructed by using these random
codes. In our image reconstruction, as shown in Fig. 1(b),
we set all of the initial elements of X in the 3D datacube
to zero. In each iteration step, datacube X’ (i represents the
ith iteration) is recalculated by utilizing the measurement
image Y and the random codes C based on an alternat-
ing minimization algorithm [26-28]. In this process, L(X )’
is separately minimized by a shrinkagelike formula when
DX is considered as a variable, while it is minimized by
a one-step steepest descent scheme when X' is regarded as
a variable. Thus, X'*! is obtained by this alternating min-
imization process. When the difference between the two
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object functions, L(X)' and L(X)™*!, is smaller than the
threshold value, the object function, L(X), is considered to
be convergent and the images are correctly reconstructed.

To show the 2D ultrafast imaging based on image encod-
ing and decoding, we theoretically simulate the dynamic
scene with two orientation phantoms appearing alternat-
ingly, and the simulation results are shown in the inset
of Fig. 1(b), wherein the upper panel shows the origi-
nal images, and the lower panel shows the reconstructed
results. Clearly, the reconstructed images are consistent
with the original ones, and thus, demonstrate the feasi-
bility of UEODI. In the image reconstruction, there are
some restrictions. Generally, these restrictions are rela-
tive to the data compressed ratio from three-dimensional
scene to two-dimensional image and the sparsity of the
dynamic scene. If the dynamic scene has low sparsity
and the data acquisition needs a high compression ratio,
the reconstructed images will be blurred for some details,
including the spatial structure and temporal evolution.

However, if the dynamic scene has low sparsity and the
data acquisition needs a low compression ratio, the recon-
structed images can usually retain the true details, such as
the reconstructed images in the inset of Fig. 1(b). A simi-
lar situation can be found for the dynamic scene with high
sparsity and data acquisition with a high compression ratio.
In a real experiment, the dynamic scene often has a sim-
ple texture, and thus, it has high sparsity. Therefore, data
acquisition allows a high compression ratio.

III. EXPERIMENTAL SETUP

The experimental configuration of UEODI is shown in
Fig. 2. First, the dynamic scene or object is imaged on
a DMD using a camera lens. Here, a Glan polarizer is
placed behind the camera lens to generate linearly polar-
ized light or to change the light polarization direction. To
encode the dynamic scene, a pseudorandom binary pat-
tern is generated on the DMD via a personal computer.

FIG. 1. Data acquisition and
I = Fdn image reconstruction. (a) Data
| *‘:"‘\ s o0 . e . .
it ey ol i Y acquisition, X : original datacube;
FFRlRs ol P Y: measurement result; E: spatial
| l”! - !Il! - encoding operator; D: temporal
i = o " deflecting operator; and I: spa-
o, L 1 o ! tiotemporal integration operator.
Vi W (b) Data reconstruction and simu-
| W ¢ |
L 4 lation results for the rotated phan-
Datacube Code Electro-optical b tom (inset pictures). Here, the
X) deflector Meas(u;()ament dashed arrows indicate the middle
iteration processes.
E D | P
e r— —)
(b)
—> AL. -> -> AL.
Iteration Iteration
Y\
Initial X° X'
|
o\
' [ \ Original images
\ /
) 4
Integrated Q
image
Code Meas(u)r/t;ment Reconstructed images
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FIG. 2. UEODI

system configuration.
ZYLA4.2 PLUS); EOD, electro-optical deflector; DMD, digital
micromirror device (Texas Instruments, DLP LightCrafter);
P, Glan polarizer (Newport, RM25A); CL, camera lens; DS,
dynamic scene; L1 and L2, lenses.

CMOS (Andor

Then, the encoded dynamical scene reflected from DMD
is deflected by an electro-optical deflector that is composed
of an electro-optical crystal (41K-BB, Quantum Technol-
ogy, Inc.) with a deflection efficiency of 2.5 mrad/kV
and a custom-made ultrafast high-voltage power source
(Minyang Device, Inc.) with a time response within 700 ps.
Finally, the deflected dynamic scene is measured by a
CMOS camera through a 4f imaging system with two tube
lenses with 100 and 300 mm focal lengths. The CMOS
camera has 2048 x 2048 pixels, but only 1000 x 1060 pix-
els are utilized in our UEODI system. In the experiment,
each image involves 1000 x 1000 pixels, and the dynamic
scene can be maximally deflected by 60 pixels in the
vertical direction by applying the highest voltage on the
electro-optical crystal. Thus, a 1000 x 1000 x 60 datacube
can be recorded in our UEODI system with a single-
shot measurement. That is, 60 frames of images can be
reconstructed in our experiment.

IV. RESULTS AND DISCUSSION

The temporal resolution is a very important parame-
ter for characterizing the system performance of UEODI.
Here, we transform the spatial distance into temporal infor-
mation by utilizing the TOF method, that is, the time
difference is characterized by the spatial distance with
At=2AL/c, where c is the velocity of light and AL is the
distance between the two measured objects. The experi-
mental arrangement is shown in Fig. 3(a). A Ti-sapphire
laser amplifier (Spectra-physics, Spitfire ACE) is used to
generate the femtosecond laser with a pulse width of 50 fs,
a central wavelength of 800 nm, and a repetition rate of
10 Hz. The output pulse laser is diffused by a concave
lens diffuser, and it irradiates two plastic stakes (labeled
“1” and “2”), where the distance of the two plastic stakes
can be adjusted. The width of the plastic stake is 3 mm and

its length is 15 mm. The UEODI device collects backscat-
tered photons from the stake surfaces. In the experiment,
we fix the distances of the two plastic stakes at 1.5, 3,
and 4.5 mm, corresponding to time intervals of 10, 20,
and 30 ps, respectively. Figures 3(b)-3(d) show the recon-
structed images obtained using the three time intervals,
wherein the left panel shows the reconstructed close “1”
plastic stake and the right panel shows the reconstructed
far “2” plastic stake. For a time interval of 10 ps, the two
plastic stakes simultaneously appear and their intensities
are almost indistinguishable. This phenomenon is simi-
lar to that of a slow-speed camera that cannot distinguish
fast-moving events. When the time interval is increased
to 20 or 30 ps, the two plastic stakes appear sequen-
tially and the difference in their intensities can be clearly
observed. Based on experimental observations, we can
conclude that the temporal resolution of our UEODI device
is approximately 20 ps, corresponding to an imaging speed
of 5 x 10! fps.

Although spatial resolution can be adjusted by tuning
the numerical aperture (NA) of the camera lens, the spatial
resolution of UEODI under our experimental conditions
must be characterized. Here, we image one part of the
1951 USAF resolution test chart, illuminated by two dif-
fused laser pulses, and the experimental design is shown
in Fig. 4(a). Here, the two pulses have a slight difference
in intensity and are separated by a 3 ns delay in time order.
We measure the static scene without electro-optical deflec-
tion, and the experimental result is shown in Fig. 4(b),
wherein the FOV is approximately 25 x 25 mm?, and only
elements 3, 4, 5, and 6 in group —1 are recorded. The
reconstructed dynamic images with electro-optical deflec-
tion are shown in Fig. 4(c). Compared with that of the static
image, the quality of the dynamic images is relatively poor
because the dynamic images are obtained by encoding,
superposition, and reconstruction. Moreover, the vertical
lines are clearer than the horizontal ones. The basic reason
for this difference in clarity is that the dynamic scene is
deflected along the vertical direction by the electro-optical
crystal. To intuitively show the spatial resolution, the two
lines of each element in the left reconstructed image of
Fig. 4(c) are integrated along the horizontal and vertical
directions, and the calculated results are shown in Fig. 4(d).
In element 6, the vertical lines can be distinguished, but the
horizontal lines cannot. However, both the horizontal and
vertical lines can be distinguished in elements from 3 to
5. UEODI cannot distinguish the narrower lines, such as
element 1 in group 0, even for the vertical lines. In ele-
ment 5, the width of the line is approximately 629 um,
and the dynamic spatial resolution is calculated to be
0.79 lp/mm. In element 6, the width of the lines is approx-
imately 561 um, and the spatial resolution is determined
to be 0.89 Ip/mm. Thus, the dynamic spatial resolutions
of UEODI along the vertical and horizontal directions are
determined to be 0.79 and 0.89 Ip/mm, respectively. To
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FIG. 3. Characterizing temporal
resolution. (a) Experimental setup,
wherein the distance between two
plastic stakes (“1” and “2”) can be
precisely adjusted. (b)~(d) Recon-
structed images with time inter-
vals between the two plastic stakes
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demonstrate the information capacity of an image, we cal-
culate the space-bandwidth product (SBP) [30], which can
be obtained by the relationship of Nsgp = (L,/B,) (L,/B;),
where L, and L, are the length and width in the FOV,
respectively, and B, and B, are the widths of the horizon-
tal and vertical lines, respectively. Based on the FOV size
(25 x 25 mm?) and the line widths (0.629 and 0.561 mm)
in our experiment, the Nsgp value is calculated to be 1771.

To show that UEODI can capture ultrafast dynamic
events, we measure a photoluminescent process with Rho-
damine B, and the experimental arrangement is shown in
Fig. 5(a). Rhodamine B dissolved in absolute ethyl alco-
hol is excited by a femtosecond laser with a pulse width
of 50 fs and a central wavelength of 800 nm, and UEODI
measures the fluorescent signal in the perpendicular

(a)

(b)

direction of the laser propagation. Figure 5(b) shows the
image reconstruction results obtained for the time interval
of 500 ps. The whole evolution process of the fluorescence
signal from appearance to disappearance can be clearly
observed. To directly display the photoluminescent pro-
cess, we calculate the total intensity by summing all of the
pixel values in each image, and the calculated results are
shown in Fig. 5(c) (red squares). In the fluorescent decay
component, we use an exponential function, e(="/%), for
the fitting (blue line), where t is the lifetime. We obtain
a value of 7 of 2.84 ns, which is close to that in a previ-
ous report [31]. In addition, we use the streak camera to
measure the dynamic evolution of the fluorescence signal,
and the measured result is also shown in Fig. 5(c) (cyan
circles). A comparison of the photoluminescent processes

FIG. 4. Characterizing dynamic
spatial resolution. (a) Experimen-
tal setup for two delayed laser
pulses irradiating a 1951 USAF
resolution test chart, where K is
the wave vector. (b) Static image
for elements 3, 4, 5, and 6 in
group —1 of the 1951 USAF reso-
lution test chart. (c) Reconstructed
dynamic images. (d) Integrated
intensity along the horizontal or
vertical axis for each element.

Pulse 2
Pulse 1
(d)
E 1.0
‘c
>
£
T 0.5t
>
‘0
C
9
[
Pulse 1 Pulse 2 0.0 3 4

— Vertical — Horizontal
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measured by the two methods shows that the obtained
results are almost identical, but UEODI can also provide
spatial information at each moment.

The 3D imaging technique is widely employed in many
application areas, such as biology, remote sensing. and
entertainment [32—34]. The most common approach for
3D imaging is based on TOF detection [35—39]. In combi-
nation with the TOF technique, UEODI can also directly
map a 3D object. To show that the combined approach
can detect a 3D object, we map a ladder structure, and
the experimental arrangement is shown in Fig. 6(a). In
the experiment, the ladder has four steps, and the height,
width, and length of each step are 7.5, 3, and 25 mm,
respectively. The height of 7.5 mm corresponds to a time of

(a) _ UEOD! (b)

FIG. 6. Mapping a 3D ladder structure. (a) Experimental
design, wherein the height of each step is 7.5 mm, the width
is 3 mm, and the length is 25 mm. (b) Reconstructed images
at times of 50, 100, 150, and 200 ps. (c) Recovered 3D ladder
structure. Scale bar: 2 mm.

1000 ps
-\ L h
h N
5000 ps
6500 ps [T
0

FIG. 5. Recording a molecu-
lar photoluminescent process. (a)
Experimental design. (b) Recon-
structed images of the Iumi-
nescent process. (c¢) Calculated
fluorescence intensity evolution
(red squares), together with the
exponential fitting (blue line) and
the measured result obtained by
the streak camera for comparison
(cyan circles). Scale bar: 3 mm.

50 ps, which is larger than the temporal resolution (20 ps)
of our UEODI system. First, the diffused laser illuminates
the ladder. Then, UEODI collects backscattered photons
from the surface of the ladder. Finally, the AL algorithm
recovers the ladder structure. The reconstructed images at
each moment are shown in Fig. 6(b). Clearly, each step can
be individually distinguished. The spatial depth (z) can be
calculated according to the temporal information (¢) and
is given by z=ct/2. Based on the reconstructed images
in Fig. 6(b), we recover the ladder structure, as shown in
Fig. 6(c). The recovered ladder structure is in good agree-
ment with the real object shape. In our UEODI system, the
temporal resolution is approximately 20 ps, and the depth
resolution for the 3D object detection is 3 mm. Therefore,
our device enables mapping of a 3D object with a longi-
tudinal resolution of 3 mm and lateral resolutions of 629
(vertical) and 561 um (horizontal), respectively.

CUP is another 2D ultrafast imaging technique [9—15].
The main difference between UEODI and CUP is the imag-
ing deflection method. UEODI utilizes the electro-optical
crystal in combination with a CMOS camera, while the
CUP employs the streak camera. The electro-optical crys-
tal deflects the photons by the Pockels effect, while the
streak camera deflects the electrons by the electric field.
Both deflection methods can achieve a very high temporal
resolution in the femtosecond region. However, the streak
camera is usually applied in 1D ultrafast imaging and has
great limitations for 2D ultrafast imaging. In the streak
camera [18], the photons are transformed into the elec-
trons, then the electrons are deflected in the steak tube,
and finally the electrons are converted into the photons
again. If the electron density in the transient event is high,
the electrons will diffuse due to the Coulomb repulsive
force [40,41]. Thus, the measured image will be blurred
and the spatial resolution is greatly reduced. Moreover,
the streak camera is very expensive, which greatly limits
practical applications. On the contrary, the electro-optical
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crystal is cheap and it just operates the photons, which
is beneficial for keeping the original image shape. These
advantages can promote the marketization and applica-
tions of UEODI. Additionally, the UEODI adopts an AL
algorithm. Compared with the TWIST (Two-Step Iterative
Shrinkage/Thresholding) algorithm in the CUP, the AL
algorithm has advantages in the quality and stability of the
image reconstruction [15,26-28]. The temporal resolution
of UEODI in our system is 20 ps, which is close to that
of picosecond CUP, while lower than that of femtosecond
CUP in previous works [9—15], but UEODI also has the
ability to obtain similar temporal resolution by optimizing
the optical system. The time response of the electro-optical
crystal via the Pockels effect is very fast, which can be
in the femtosecond region, and thus, the temporal resolu-
tion of UEODI is mainly limited by the power source. In
the future, we can use a power source with a faster time
response to increase the temporal resolution. An alterna-
tive way to increase the temporal resolution is to employ
an optical-deflection accelerating technique [42,43], which
can amplify the deflection angle by one to two orders of
magnitude by adjusting the curvature of the curved sur-
face. Therefore, by applying both the power source with a
faster time response and the optical-deflection accelerating
device, the temporal resolution of UEODI is expected to
be upgraded to a new level.

V. CONCLUSIONS

We develop a 2D ultrafast imaging technique, namely,
UEODI. This UEODI technique is based on 3D image
reconstruction that combines electro-optical deflection
imaging with the AL algorithm, opening up an alterna-
tive route for ultrafast optical imaging. In our UEODI
system, the temporal resolution of UEODI is 20 ps, and
the dynamic spatial resolutions along the vertical and hor-
izontal directions are 0.89 and 0.79 lp/mm, respectively,
with a 25 x 25 mm? FOV. When combined with the TOF
method, our UEODI system can map a 3D object with
a longitudinal resolution of 3 mm and lateral resolutions
of 561 (vertical) and 629 um (horizontal), respectively.
Using UEODI, we successfully visualize a molecular lumi-
nescent process and map a 3D ladder structure. More-
over, UEODI can be coupled to a variety of imaging
modalities and provides more powerful temporal and spa-
tial imaging. Given the advantages of UEODI related to
the single-shot receive-only nature and higher temporal
and dynamic spatial resolutions, we expect that UEODI
will have widespread applications in physics, chemistry,
biology, and even information science.
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