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Up-Conversion Imaging Processing With Field-of-View and Edge Enhancement
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Spiral phase contrast (SPC) is an important and commonly used image processing technology in edge
detection applications, and realization of a broader field-of-view (FOV) is a long-pursued aim in imaging
systems to allow more regions of the illuminated objects to be observed. Using the image processing tech-
nologies described, we first acquire both an enhanced FOV and SPC images using second-order nonlinear
frequency up-conversion from the near-infrared (NIR) spectrum to the visible spectrum in two different
configurations. In addition, SPC operation and sum-frequency generation using two different wavelengths
is performed simultaneously within a periodically poled potassium titanyl phosphate (PPKTP) crystal by
applying a vortex filter to the pump beam. When compared with the NIR spectrum, the up-converted
image in the visible spectrum benefits from the advantages of higher detection sensitivity and lower
potential speckle. By optimizing the temperature of the PPKTP crystal, controllable spatial patterns of up-
converted images with observation cone angle enhancement of the FOV by more than 2.1 times is realized
in both configurations. Additionally, we perform numerical simulations of the above phenomenon and the
results agree well with those of the experimental observations. Our results provide a very promising image
processing method that may be widely used in biomedicine and up-conversion monitoring applications.
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I. INTRODUCTION

Optical imaging systems using near-infrared (NIR) illu-
mination have a wide range of applications including
biomedicine, surveillance, and military systems [1-3].
The wavelength range around 1550 nm is of specific
interest for LIDAR imaging systems because of several
advantages, including the fact that it is an eye-safe spec-
tral region, it shows good atmospheric transparency, and
high-peak power lasers are available in this range [4].
However, CCDs in this spectral domain, which are com-
monly based on InGaAs materials, suffer from reduced
efficiency and speed, high readout noise, and more rig-
orous cooling attachment requirements than silicon CCDs
in the visible range. Existing infrared detection technol-
ogy has thus limited the development of direct infrared
imaging processes. Therefore, it is necessary to convert
the infrared illumination to the visible spectrum [5,6]. Up-
conversion detection based on sum-frequency generation
(SFG), which is a second-order nonlinear optical process,
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can visualize infrared images using standard silicon CCDs,
thus helping to improve imaging performance and sensitiv-
ity. Two additional important aspects of a typical imaging
processing method that must be considered are edge and
field-of-view (FOV) enhancement.

Phase contrast in imaging dates back to the initial promi-
nent work performed by Frits Zernike on edge detection
in the 1930s [7], in which he presented a new method for
microscopic observation of transparent objects. In optical
imaging systems, the spiral phase contrast (SPC) technique
has been developed to increase the contrast of intensity
and phase objects using a vortex structure filter [8]. In
2005, Jesacher et al. realized an oriented shadow effect
for SPC imaging of a human cheek cell using a mod-
ified spiral phase hologram [9]. Fractional vortex filters
were also investigated to obtain gradual edge enhance-
ment by Chen et al. in 2015 [10]. SPC is not just limited
to the classical region and can also be translated into the
quantum world. In 2009, SPC ghost imaging using cor-
related photon pairs was proposed based on placement of
a vortex phase plate (VPP) in one arm of the imaging
system, which then allows edge enhancement to occur in
another arm of the system [11]. This technique is based
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on processing of the image spectral information of phase
or amplitude objects in the Fourier plane of a 4 focus
length (4-f) imaging system using a helical phase mask
as a spatial filter with a topological charge of L =1. Spi-
ral operation manipulates the phase of the entire light field
in the form of a spiral-shaped phase profile of the form
e'%, where ¢ is the polar angle in a plane transverse to
the light propagation direction [12]. On account of the odd
symmetry of the spiral phase, both the phase and ampli-
tude gradients can be enhanced isotropically. SPC imaging
is widely applied in microscopic imaging systems using
visible light for contrast enhancement. Additionally, SPC
imaging may have potential applications including two-
dimensional (2D) infrared spectroscopy detection [13],
gas leak sensing [14], infrared monitoring in the military
domain [15], and biological imaging [16], in which the
use of infrared illumination is generally preferred. How-
ever, image detection in the infrared region has certain
limitations and disadvantages when compared with detec-
tion in the visible regime. It is thus wise to up-convert the
infrared image into the visible regime for higher detection
sensitivity and efficiency. By combining SPC operation
with an SFG process, both edge enhancement and fre-
quency up-conversion of the invisible objective image can
be observed simultaneously by loading the helical phase
structure into the pump beam and using a periodically
poled potassium titanyl phosphate (PPKTP) crystal as a
nonlinear SPC filter between the lenses of the 4-f set
up; this interesting setup is highlighted in our experiment
in configuration B. This achievement may provide a fas-
cinating and alternative method for up-conversion edge
detection in the infrared illumination regime that will also
have all the original merits of short-wavelength detection
and will also provide an interface between the different
light frequencies.

In addition, we have discovered a phenomenon where
the FOV of the up-converted image can be enhanced
during temperature changes in the PPKTP crystal. The
traditional methods for increasing the FOV are generally
realized using a broad bandwidth pump laser [17], dual
illumination wavelengths [18], an amplified spontaneous
emission (ASE) illumination source [6], crystal rotation
[19], and a designed temperature gradient inside the crys-
tal [20]. All of these methods aim to satisfy the phase
matching conditions for different incident signal angles.
In contrast to the state-of-the-art approaches above, we
demonstrate a very convenient and simple method that
places no demands or limitations on specially required
devices such as laser sources and complex temperature
gradient controllers and has no need for precise crys-
tal rotation, which may cause slight image intensity and
position variations. All that is required is to optimize the
temperature of the nonlinear crystal, while all the experi-
mental set ups remain the same. The converted observation
cone angle is used to fully describe the absolute FOV

enhancement of the image; the enhancement is given by
the square root of the area enhancement factor and area
(observation cone angle) enhancement of more than 4.5
(2.1) times is achieved using two narrowband lasers. Fur-
thermore, temperature optimization offers a particularly
simple way to experimentally implement the proposed
method. We believe this is the first time that this method
has been carried out and it will have a wide range of use-
ful applications because of its minimal experimental set-up
requirements. It should also be mentioned that the same
FOV enhancement phenomenon can be produced by vary-
ing the wavelength of the pump beam or the illumination
beam while maintaining the crystal at a constant temper-
ature, thus providing an alternative way to realize this
effect. The experimental and simulated results show nonin-
tegrated images obtained at different temperatures with the
aim of realizing high-speed real-time imaging applications.

Recent work in up-conversion SPC imaging with fre-
quency doubling at 1064 nm using a type-Il KTP crys-
tal based on critical phase-matching was experimen-
tally achieved by Chen’s group [21]. This was the first
time that the SPC imaging technique was realized in
a nonlinear optical process. However, their configura-
tion can only convert the specific given wavelength of
1064 nm with no walk-off effect, which limits the wave-
length tunability. In contrast, the advantage of our up-
conversion configuration using a type-I PPKTP crys-
tal based on quasi-phase-matching (QPM) is that the
largest nonlinear coefficient (d33) can be used and no
walk-off effect occurs at the same time [22]. Therefore,
the conversion efficiency will be higher than that of a
KTP crystal in terms of critical phase matching with
a higher effective nonlinear coefficient. Additionally, we
can obtain up-conversion imaging at any arbitrary wave-
length by appropriate design of the QPM periods of
the crystal and the coating. To date, our work repre-
sents the first time that up-conversion SPC imaging has
been achieved using a vortex pump beam at a different
wavelength to the imaging beam with FOV enhance-
ment occurring simultaneously and thus can present some
alternative experimental opportunities for multiwaveband
imaging.

II. THEORETICAL MODEL AND SIMULATIONS

Standard SPC theory is used to produce configuration 4
(Fig. 2), which is first introduced to provide a better under-
standing of the nonlinear SPC below. The generic set up
used for Fourier filtering is a 4-f system with two lenses
designated L1 and L2, as shown in Fig. 2. Es(r, ¢) is the
input object’s light field, while its spatial Fourier spec-
trum is Es(p, ¢) = F[Es(r,)]. A SPC filter is placed on
the back spectrum of lens L1 and its transmission function
is given by F(p, ) = circ(p/R) exp(ip), where R is the
aperture radius of circ(p/R). The entire light field in the
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Fourier plane is

Er (p, @) = F(p,9) x FEs(r,$)], (1

where x represents the dot product operation and F
denotes the Fourier transform. After lens L2 “undoes” the
Fourier transform, the final filtered image in the image
plane is given by

Ec(r,@) = F[F(p, )] * Es(r, ¢), 2)

where * represents a convolution. The point spread func-
tion, which is expressed as K(r, ) = F[F(p, ¢)], is the
Fourier transform of the spiral phase filter, which is a
diffraction-limited doughnut-shaped intensity ring with a
helical phase of between 0 and 27 around the ring. When
the convolution calculation is performed, every single
point in the image is weighted using the point spread func-
tion. In “flat” regions, every adjacent point has a constant
phase or amplitude distribution, leading to signal cancella-
tion because of the phase difference of 7 between any two
points across the center of the doughnut [12]. In contrast,
at the “edges” of the structures, at which the amplitude or
phase gradients occur, the cancellation process is not per-
fect, which leads to a signal being generated. Then, the
integration is carried out over the entire illuminated part of
the resolution target, which leads to the edge enhancement
effect for the whole image.

In configuration B, the SPC operation is a second-order
nonlinear filtering process based on SFG that uses a short
PPKTP crystal as a nonlinear filter for a vortex pump beam
carrying orbital angular momentum (OAM), thus enabling
up-converted visible edge detection with invisible illu-
mination. The nonlinear interaction occurs at the Fourier
spectrum plane of the 4-f system in which the crystal is
positioned. Intriguingly, this approach makes the two steps
of standard SPC and the up-conversion process in config-
uration 4 into a single process, which is first introduced to
be applied to up-conversion edge detection with the SFG
process using 1556-nm eye-safe illumination. This is the
main difference when compared with the standard linear
SPC operation shown in configuration 4. The PPKTP crys-
tal plays a crucial role in multiplying the OAM and the
object information together to achieve edge enhancement
of the up-converted SPC image in a single step by imaging
the vortex filter on the nonlinear crystal. The Fourier trans-
form of the object that is illuminated using the NIR beam
with wavelength A is Es(p, ¢, As) = F[Es(r, p, Ls)]. The
output SFG light field at the focal plane of lens 3 (L3) is
governed by the wave coupling equation shown as Eq. (3)
and it is simplified using the paraxial approximation and

slowly varying amplitude field approximation

8Ec(pa @, )"c) _ 2iw§deff
oz k.c?

Eo(p, 0, A)F,p (0, 0, Ap)e 45

i
— AE.(p, 0, ). 3
+2kc (0,9, Ac) 3)

Here, A, is the wavelength of the converted SFG beam, 1,
is the wavelength of the pump beam, d.y is the effective
nonlinear coefficient, and c is the speed of light in vacuum.
After the linear term of Eq. (3) is abandoned using the
plane wave approximation, we obtain the wave coupling
equation in a simplified form as

3Ec Zia)gdeﬁ" _iAkz
E = WESFpe . (4)

Under the optimal phase matching condition where Ak =
0, the output image on the imaging plane of the nonlinear
4-f system can be expressed as

Ec(r,¢,he) X Es(r, ¢, Ay) x F[Fp(r,d,4p)]  (5)

where * represents the convolution operation, and the
invisible signal is converted into the visible output SPC
image by imprinting the vortex filter on the nonlinear crys-
tal [21]. According to the wave coupling equation, the
spiral phase structure of the form e is transferred from
the pump beam to the conversion beam during the overall
process and this structure will modify every single point
on the Fourier spectrum of the input image via a nonlin-
ear interaction, shifting the relative phase and frequency
of the input image to the corresponding quantities of the
up-converted image between the two points across the cen-
ter of the donut-shaped structure. Therefore, the Fourier
filtered image will block out all light from the flat inner
regions and highlight the edge profile.

The FOV is a fundamental parameter of an imaging sys-
tem and ways to improve the FOV have long been sought.
The FOV is like an adjustable aperture with a size that is
dictated by the noncollinear phase matching condition of
the up-conversion process in Fourier space. In our case, the
QPM condition’s dependence on temperature is expressed
as

Ak =27 ("“(D ;@ m D ! )

)\'S )\vp )"C A (D

where n represents the refractive index at the different
wavelengths. When Ak = 0, this means that the momen-
tum mismatch is fully compensated by the reciprocal vec-
tor of the QPM crystal. By changing the temperature of the
PPKTP crystal, up-conversion controllable spatial patterns
with different FOVs for the SHG beam can be observed.
This phenomenon was first discovered by our group in
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FIG. 1. Image simulation of edge and FOV enhancements of
the USAF-1951 resolution target. The color bar is given on the
right side.

2014 [23]. In Ref. [23], controllable spatial structures in
the SFG light beam were reported that were achieved by
crystal phase mismatching produced by tuning the pump
frequency or the crystal temperature; two Gaussian pump
beams were used in this process. In this work, we “add”
image processing to this model and find that the FOV of
the up-converted image can be tuned periodically, thus
allowing more regions of the illuminated object to be seen.

Next, numerical simulation of the nonlinear imaging
process, which combines FOV enhancement with SPC
operation using configuration B, is performed. A com-
putational numerical tool based on configuration B is
developed to simulate the image processing for edge and
FOV enhancement to allow us to anticipate the improve-
ments that will be produced by the experimental set up

object L3 PMPPKTP Image
Configuration B

and provide feedback to continue the optimization of the
proposed up-conversion system. All the simulation param-
eters, including the crystal length, the beam waist, and
focal length of the lenses, are in accordance with those
used in the experimental set up.

In our simulation, we use the Collins diffraction inte-
gral equation and the split-step Fourier method to obtain
the simulated output image from the nonlinear 4-f system
shown in Fig. 1. We only show the main frame for the light
evolution and propagation in the main text; for a detailed
discussion with a step-by-step derivation of the formula
during the nonlinear process, please refer to the Appendix.
As the figure shows, the FOV and the spatial pattern of the
image both change with the phase mismatching parameter
of temperature and we obtain a theoretical FOV enhance-
ment of 2.2 times based on the ratio of the maximum FOV
[image (d), 12.3 mrad] to the minimum FOV [image (b),
5.6 mrad].

III. EXPERIMENTAL SET UP

The two different configurations used in our experi-
mental set up are displayed in Fig. 2. First, configuration
A is introduced as follows. We begin by generating an
infrared SPC image using a standard SPC operation, and
then use a Gaussian pump beam to up-convert this image
to the visible regime. By changing the temperature of
the PPKTP crystal, we achieve FOV-enhanced SPC imag-
ing. The 1556.3-nm illumination beam is provided by a
diode laser (prodesign, Toptica) and is amplified using an
erbium-doped fiber amplifier. The pump beam at the wave-
length of 791.8 nm is from a Ti:sapphire laser. Both beams
are continuous narrowband waves and are fiber-coupled

FIG. 2. Experimental set ups
for up-conversion SPC imaging
system showing two configura-
tions. FC: fiber collimator; HWP:
half-wave plate; QWP: quarter-
wave plate; BPF: band-pass filter;
DM: dichroic mirror; VPP: vor-
tex phase plate; PC: personal com-
puter; L1-L6: lenses.

SPC Image preparation

Up-conversion
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using fiber collimators. The U.S. Air Force MIL-STD-
150A standard of 1951 (USAF-1951) resolution target is
then inserted as the illumination intensity object. Two
pairs of half-wave plates (HWPs) and quarter-wave plates
(QWPs) are used in each beam to optimize their polariza-
tion directions and then satisfy the type-I phase matching
condition. The type-I PPKTP crystal that we use in our
experiment is 3-mm long, with an aperture of 2 x 1 mm?;
both end faces are antireflection coated for 524.8, 1556.3,
and 791.8 nm, and its quasiphase matching periodic poling
period is 19.4 pm. The temperature of the PPKTP crystal is
controlled using a homemade temperature controller with
a stability of £0.002°C. Lens L1, lens L2, and the VPP
with a topological charge of L =1 that is inserted into the
waist of the illumination beam are used to form an SPC 4-f
imaging system. The topological charge of the VPP aligns
with the center of the beam. Then, lens L3 focuses the SPC
image into the PPKTP crystal. The pump beam is trans-
formed into beams that are two times smaller in diameter
by a 4-f system consisting of lens L5 and lens L6, which
have confocal lengths of 300 and 150 mm, respectively. A
dichroic mirror reflects the pump beam and translates the
illumination beam such that they overlap in the same direc-
tion. The PPKTP crystal is positioned in the Fourier plane
of the up-conversion 4-f system composed of lenses L3 and
L4. The output image is cleaned up using a band-pass 525-
nm filter with a full width at half maximum of 10 nm. Then,
a low-noise and high-speed CCD (BC106-VIS, Thorlabs)
records the visible converted image.

Configuration B is largely based on experimental set up
A, but with a slight change. The VPP operating at 1556 nm
is removed and inserted into the path of the pump beam
at the position of the front focal plane of the 4-f system
formed of lenses L5 and L6. Then, we switch the VPP to
the wavelength of 792 nm and align it with the center of the
pump beam. The image without SPC is generated using the
first 4-f system that includes lenses L1 and L2. Next, the
pump beam carrying the OAM light is mixed with the illu-
mination beam and imprints the VPP on the PPKTP crystal
during SFG. In this way, the up-conversion and SPC pro-
cesses occur in a single step, which is simpler and more
convenient.

IV. EXPERIMENTAL RESULTS

In the above configurations, three asymmetric Arabic
numerals, 4, 5, and 6, are selected as intensity objects to
show the universality of the objects. Up-converted images
of the single numbers with and without SPC are acquired.
The output images are shown in Fig. 3. Our experimental
results agree well with those of the theory and the simu-
lations. Through the SPC-based imaging process, we can
see both the outline and the shapely edge enhancement in
images (b1)~(b3) and images (c1)+c3) in Fig. 3. When
compared with the images acquired using configuration B,

]

100) 150
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FIG. 3. Experimental up-conversion images of the numbers 4,
5, and 6. (al)~a3) are the images without SPC. (b1)Hb3) are
the SPC images acquired using configuration B. (c1)~(c3) are
the SPC images acquired using configuration 4. The color bar
is shown on the right side of the figure; all other figures below
use the same color bar, so it will not be shown again. Line
charts (d1)~(d3) correspond to the vertical intensity distributions
of images (a3)—(c3), respectively.

more speckle and scattered noise can be seen in the
images acquired using the other configurations because
the NIR illumination beam suffers slight scattering at the
focal plane where the VPP is positioned in the SPC 4-f
system [24].

To perform an approximate analysis of the image qual-
ity, we define the average visibility as the index that
is used to evaluate the quality of the SPC:V = [([jpax —
Iin)/ (Imax + Imin)]- Here, Inax 1s the average maximum
gray value of the enhanced outlines, while /., is the mini-
mum gray value of the dark region between the highlighted
outlines. Line charts (d1)~(d3) show the vertical inten-
sity distribution results from images (a3) to (c3) along
the direction of the red dashed line in Fig. 3, and the
average visibilities for the two schemes in images (b3)
and (c3) of the number 6 are approximately 91.8% and
77.7%, respectively, which show higher contrasts and
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FIG. 4. The temperature-controllable FOVs of the image are
shown in (a)~(f). The temperature conditions in images (a)—(f)
are 18.7°C, 29.6°C, 33.0°C, 34.5°C, 37.1°C, and 45.7°C,
respectively.

lower backscattered noise than that of the nonlinear SPC
configuration.

Another area of the USAF-1951 resolution target is
selected as an illumination object to demonstrate the
improvement in the FOV. When we adjust the tempera-
ture of the PPKTP crystal, different FOVs are obtained
for the converted images because of phase mismatching,
as demonstrated in Fig. 4. The ratio of the maximum
FOV [image (d), 10.1 mrad] to the minimum FOV [image
(b), 4.0 mrad] is 2.5 times for the observation angle
enhancement. This interesting process is much more like
an “adjustable aperture” analogous to the different views
that can be obtained by the wide-angle lens of a cam-
era, in which different illuminated parts of the object are
selectively imaged as the crystal’s temperature changes.
In addition, the quality and the contrast ratio of the image
remain the same despite the changes in temperature.

Next, we discuss the imaging process that simultane-
ously provides both FOV and edge enhancement using two
configurations. Figure 5 depicts all the outcomes of the up-
conversion imaging process. Two different locations on the
USAF-1951 resolution target are used as illumination parts
for the two configurations. As is vividly illustrated by the
images, the outline of the entire intensity object is high-
lighted with different spatial patterns by controlling the
PPKTP crystal’s temperature. In Fig. 5, the ratio of the
maximum FOV [image (a4), 9.6 mrad] to the minimum
FOV [image (a3), 4.5 mrad] is 2.1 times for the observation
angle enhancement in configuration 4 and the ratio of the
maximum FOV [image (b5), 10.0 mrad] to the minimum
FOV [image (b3), 4.7 mrad] is 2.1 times for the observa-
tion angle enhancement in configuration B. In comparison,
the image acquired using configuration 4 has a little stray
light in the background due to focusing light diffraction on
the filter. In general, the two configurations are basically

FIG. 5. Up-converted SPC images at different temperatures.
Images (al)—(a6) are acquired using configuration 4 and images
(b1)~(b6) are acquired using configuration B. The tempera-
ture conditions for images (al)—~(a6) and images (bl)~(b6) are
18.7°C, 24.1°C, 29.6°C, 34.5°C, 37.1 °C, and 45.7 °C, respec-
tively.

equivalent in both theory and experiment, and only depend
on which light beam arm carries the OAM.

V. CONCLUSIONS

In summary, we first demonstrate two image process-
ing methods that provide both FOV and edge enhancement
separately and simultaneously via an up-conversion pro-
cess using invisible illumination at around 1550 nm with
two configurations. Comparatively speaking, configuration
B offers the advantages of a more compact experimental
set up, parallel processing, much lower background scat-
tered noise, and a higher contrast radio. In other words, all
processes, including frequency up-conversion, spiral phase
contrast, and FOV enhancement, can be skillfully parallel
processed in the nonlinear crystal in a single step because
sum frequency generation acts as a natural multiplier of
the two beams and significantly improves the process-
ing efficiency. In addition, the imaging results in terms
of both FOV and edge contrast are in good agreement
with those of the simulations. Because the optical method
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has the advantages of parallel processing and high-speed
operation, it may be applicable to real-time holographic
displays via a spiral light modulator, which will provide
the extra benefits of high flexibility and high resolution
[25]. The up-conversion SPC imaging scheme presented
here may also have direct applications in reagent-free bio-
logical imaging, pattern recognition, and edge detection
in the near future. The flexibility and extensibility of the
proposed experimental up-conversion set up will provide
several potential choices to allow image processing based
on multiple specific circumstances.

APPENDIX

We now provide the detailed method used for the imag-
ing simulation that was mentioned above. The field dis-
tribution of light is expressed discretely using a matrix
in MATLAB software. The two-valued function of the
USAF-1951 resolution target is given as 7. On the object
plane, the field distribution is the product of the trans-
verse distribution of a Gaussian beam and 7, which can
be written as

U, = Texp(=r /), (A1)
where r = \/x2 + »2 is the radial coordinate and wy is the
radius of the beam waist. The propagation in the parax-

ial optical system of U, is calculated using the Collins
diffraction integral equation [26]

U, = 5 // U, ok R IACT HyD+D0S+33) —2(x1x2-+3132)] do,
i

(A2)

where U, is the input field and U, is the propagation result,
d is the total length of the system, and 4, B, C, and D are
the elements of the ray transfer matrix (ABCD matrix) of

the system. »_ is the plane of U,. To obtain the field dis-
1

tribution in the crystal, we calculate the ray transfer matrix
between the object plane and a specified plane in the crys-
tal. The ray transfer matrix around a thin lens is given
by

_h 1 _ 1
ML, b) = ( ! IF hlz (ll + F> ), (A3)
- F

1
)
L
=7

where /; and [/, are the distances before and after the lens,
respectively. Figure 6 shows the configuration B used in
our experiment. For Lensl, /y = F and I, = F — L/2n;.
The remaining part of the crystal should take the refractive
index n; and the interface between the different refractive
indices of the air and the crystal into account. We establish
a coordinate system with the center of the crystal as the

Pump Laser
VPP s

————

Object Lens2 Filter ~CCD
Imaging py PPKTP I
Laser ” ”

: L

F o o L F | F

FIG. 6. Experimental set up of configuration B.

origin and set right as the positive direction. For a plane in
the crystal with the coordinate z, the ray transfer matrix is
expressed as shown below

I’llL 1
M, =M. n12+7 M| — | ML, 1)
ni

(1/n—)L—2z
(= )
—F 0

where M, (x) = ( ) is the propagation matrix in the crys-
tal, M;(x) = ( 0y ) is the matrix of the interface, and L is the
length of the crystal. We then substituted = 2F + [(n; —
D)/2n L+ z, k =k =n (2w /A1), Uy = U,, and the ele-
ments of M| into Eq. (2) to obtain U, (z) = A7 which
is the field distribution in the crystal. The amplitude is
given by

(A4)

S (2F+ o ! L)
v

iky [ (1/n l)L 2z
/f U, ezFl[ L (2+y12)*2(xxl+yy1)]do_l

(A5)

In addition, the pump beam with OAM is approximated
using the Laguerre-Gauss mode LGO1 for simplicity as
follows

2

r T2 e
w2(1+z$) etq)'

" (1 +iE)

Here, & = ZZ/kQW%, ky = ny(2m/Ay), wy is the radius of the
beam waist, and ¢ = arctan(y /x) is the angular coordinate.
We then use the split-step Fourier method [27] to solve the
coupled wave equation

(A6)

2
3 deff

04
i2k3a—3 +V3d; = T A4, (AT)
z
where k3 = n3(27/A3). To perform the numerical calcula-
tions, the propagation of the beam in the nonlinear crystal
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is divided into N steps. Then, the linear term and the
nonlinear term are calculated separately in each step. The
linear term is calculated using the following equation

dAs( ) s + ” As( )dz,  (A3)
X, V,2) = 7 | 75 ) X,y,z)az,
3 2 \ax2 g2 ) Y

where dz = L/N is the length of a step. This equation
can be solved using a two-dimensional Fourier transform.
Here, we write the solution using the difference form for
the numerical calculations.

dAz = As(m + 1) — A3(m)

i
= et e+ EDFUAs(m)])dz,

(A9)
where k&, and £, are the transverse wave vectors. In addi-
tion, the nonlinear term is calculated using

. zd
dA3 :A3(m =+ 1) —A3(m) = Lw} off

e e Cz A]AzeiAkde.
3 €0

(A10)

The integration can be approximately solved step-by-step
using the recurrence relation

2
w3 defr
2

As(m+ 1) = As(m) + — B 4 46 gz

2k3 &oC

i
w7 NG + k) FlA3(m)]}dz,  (A11)

where m = 0,1,2,...,N is the ordinal number of steps
and 4(0) = 0. The final result of the iteration is A; =
A(N).

After the nonlinear process, we substitute d = 2F, k =
27 /A3, and the elements of M, = M(F, F)M;[n(A3)] into
Eq. (A2) to obtain the field distribution in the image
plane. In the code, we directly change the parameter Ak
to simulate the FOV enhancement.

In the above simulation, we use the following
parameters:w; = 1,w, = 1, N = 20. We find that a larger
wy value leads to clearer image edge enhancement. We,
therefore, condense the parallel pump beam rather than
focus it in our experiments. One point that should be con-
sidered in the FOV enhancement simulation is that the Ak
corresponding to a certain effect is not precise and varies
with . To avoid this phenomenon, we provide an approxi-
mate calculation that can explain the FOV enhancement to
a certain extent. We introduced the numerical calculation
above. Here, we analytically solve Eq. (A7) in the plane
wave approximation. Equation (A7) can be simplified to

read

043(x,y,2) _a)%deff
oz goC?

i2k; Ay (x,y,2) 4267, (A12)

where we also assume approximately that A, = exp
(ip — r*/w3) in the thin crystal. Therefore, we obtain the
following equation

2
2 oI5 pLJ2
. w3defr 972 ;
i 3 > e w5 / AlelAkZdZ.
2kze0c Y

Ay = (A13)

We then substitute Eq. (AS) into Eq. (A13) and obtain

— L tip
©}dee 2 //Sm L\ G+
2/{3806’2)\117 2 2F2
S
_(/n =1L
x Uy (e y)e 4

A3(x,y) =

2.2y Lk
X7+ Sl (g —
O yl)elp( xX] yy1)d01.

(Al14)

This equation can be regarded as a two-dimensional
Fourier transform, where exp[i(k;/F)(—xx; — yy1)] is the
kernel of the transform. In addition, Lens2 can be regarded
as another Fourier transform of the field, thus meaning that
the field distribution in the image plane is

o272
¢ 2
} * {T(—ax, —ay)e "

2 o (1/n=1L
x sinc L Ak—kla r T a’r )
2 2F?

(A15)

2 b

U = Flds) ocf{e v

where o = A /n;n3A; is the zooming factor. This equation
can explain both the SPC effect and the FOV enhance-
ment. In addition to the Gaussian factor, the object T is
also modulated using a sinc function factor with variable
Ak, which is caused by the nonlinear process. This sinc
function reaches a maximum value when the argument is
zero. Therefore, the position of the relative maximum of
the field changes with increasing Ak. Additionally, we can
also see that the SPC and FOV enhancement make con-
tact with each other via the linear convolution operation.
The two effects are thus approximately independent of each
other.
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