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ABSTRACT

In many scenarios, it is really desirable but challenging for wide-field imaging to gather both the clear morphologies and fine details of the
target. This paper realizes this imaging by a dual-mode imaging on optical parametric amplification (OPA) with a vortex laser pump. This
design includes signal imaging and idler imaging, which have complementary point spread functions with each other. The signal acts as
bright-field imaging to record morphologic information, whereas the idler does so for spiral phase contrast imaging to capture the featured
details with high brightness and contrast, which has been experimentally confirmed with a target of herb tissue. By utilizing the coupling rela-
tion among the pump, signal, and idler, the information from the recorded signal and idler images can be merged, which allows us to recon-
struct the target picture owning both high-contrast morphologies and high-brightness fine details. Due to high OPA gain, our imaging can
work with weak illumination. Its field-of-view covers an area of 0.33 x 0.33 mm” with a spatial resolution up to 228 Ip/mm. This OPA imag-
ing also provides an effective way for the imaging required nonlinear frequency conversion.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0237092
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In general, it should start with a brief introduction, followed by
other sections. Bright-field microscopy,'~ as the most basic and com-
monly used imaging mode, can collect information on the low-
frequency part of the samples and is easy to operate. Therefore, it has
been widely applied in observing life science phenomena,” ” detecting
material properties,”” and other fields. This kind of imaging is usually
used to obtain entire morphology information of objects and can oper-
ate well for samples with intensity modulation. However, in many sce-
narios, e.g., for some biological cell tissue, the focus may be on the fine
structure information of the targets;'’ for some highly transparent
samples, phase-imaging is required. Dark-field imaging'"'* can be
used to observe phase objects, but it loses a lot of image intensity
because the low-frequency information is entirely filtered out by a
high-pass filter. Optical phase contrast imaging (PCI) emerges as one
of the most effective ways for the objective detection and

recognition, ” ' allowing to realize not only the edge enhancement for
amplitude patterns but also the conversion of non-visible phase pat-
terns to intensity information. Spiral PCI'®""? with some spiral phase
modulations can work well for phase-filtering due to isotropic edge
detection.”””" It was experimentally proved that spiral PCI has better
brightness and contrast than the traditional dark-field imaging."®
Spiral PCI can underscore the fine structure information but
often loses a lot of bright-field information of the samples.
Accordingly, some efforts have been made to get both bright-field
imaging and spiral PCI by incorporating an all-dielectric metasurface
in a Fourier transform setup’” or using a dual-mode metalens inte-
grated with a liquid crystal cell to electrically switch the imaging
modes.”” However, the two imaging methods work by controlling the
incident circular polarization states, thereby failing to achieve entire
the morphology together with the fine structure information of the
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targets simultaneously. In 2023, Zhang et al.”" proposed a design and

got simultaneously two spatially separated images: one belongs to spi-
ral PCI and another to bright-field imaging by using a dielectric meta-
surface with an optical aperture of 1 mm. However, the small apertures
of metasurface devices” ** may usually limit the field of view to sub-
millimeter level.

Optical parametric amplification (OPA) imaging has drawn con-
siderable attention for decades due to its unique properties.”” As is
known, in traditional OPA imaging with Gaussian beam, the imaging
characteristics of the signal is similar to that of the idler. However, if
pumped by a vortex laser, detail enhancement can be realized in the
idler imaging,”® which means that, by some appropriate design, com-
plementary point spread functions are available for the signal and idler
imaging. Here, we realize OPA imaging on the Fourier plane with a
vortex pump but a Gaussian seed, which can work for simultaneous
signal and idler dual-mode imaging with complementary point spread
functions. Our experiments show the signal can present the entire
morphology information, while the idler records enhanced fine struc-
tures of the samples with the millimeter level field of view.
Interestingly, due to the nonlinear three-wave coupling among the
pump, signal, and idler, the information from the recorded signal and
idler images can be merged, which allows us to synthetize the informa-
tion from the bright-field signal and spiral PCI idler images, and
reconstruct the target picture owning both high-contrast morphologies
and fine details with high brightness. This dual-mode imaging pro-
vides an effective way for noninvasive observation of a target from the
entire morphology to fine detail views with high gain and contrast in
single-shot mode.

The setup of the single-shot dual-mode imaging system is illus-
trated by Fig. 1, where a nonlinear crystal is set at focal plane of the
lens L-1 for OPA. Another two lenses (L-2 and L-3) are arranged con-
focally with L-1 to form two 4-f imaging systems. In this setup, the
weak signal illumination goes through a target and has the Fourier
spectrum at the focal plane of L-1, which then works as the signal of
OPA. A vortex laser pulse as the pump of OPA is achieved by using a
spiral phase plate (SPP), which is imaged at the front surface of the
OPA crystal. After OPA, the amplified signal and the generated idler
propagate non-collinearly under the phase-matching constraint, so
that they can be Fourier-transformed by the lenses L-2 and L-3 to get
spatially separated images and recorded by two separated CCD cam-
eras at the imaging plane of the two 4-f imaging systems.

Suppose that the incident signal light of the object is Ei(r, ¢, As),
correspondingly, on the Fourier plane, the light field can be described
by its Fourier transform Ey(p, ¢, As). Unlike traditional spiral PCL'* !
here we introduce a nonlinear vortex filter by OPA with vortex pump.

Camera
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Camera
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FIG. 1. The setup of the dual-mode OPA imaging system. SPP: Spiral phase plate;
L-1-L-3: Lenses.
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Under the paraxial approximation and the slowly varying amplitude
approximation, the signal and idler light field in the Fourier plane can
be described by the coupled wave equations as

OEg(p, ¢, 5o
o (P 9, ©s) L ﬁEf(p,(p,w,-)Ape(fiAkz),
5 0z nsc 1)
Etf(pa(pvwi) .a)tdejf il .
0z - nic Eg(p, ¢, 05)Ape “re(—iAkz),

«/»

where the superscript “/” stands for conjugate, the subscripts “s”, “G,”
and “p” represent signal, idler, and pump, respectively. d,g represents
the effective nonlinear coefficient, and # is the refractive index, A is the
complex amplitude, while / is the topological charge, thus lg, is the vor-
tex phase of the pump. o is the angular frequency, and Ak stands for
the phase mismatching. The idler frequency w; has the relation with
the pump and signal frequencies (w, and w,) as w; = w,—w;,. By con-
sidering the small-signal approximation, the output light fields of signal
Eou(1, ¢, ) and idler E;,,,,(, ¢, ;) at the imaging plane shall be

sout( ¢7w$) [Esf(p q%ws)}
_GE( b, 0.) * S[Ap(p, 0, )]
Eiout (7, §, 07) = [E‘f (s @, 05 ]

= GE(r, ¢, wy) * \Y[A e (p, @, (up)] (2)

« »

where “x” stands for the convolution and “3J” is the operator of
Fourier transformation. G, and G; are the OPA gains of signal and
idler, A,, is the normalized amplitude of the pump electric field.
During the OPA process, the vortex pump phase can be copied to the
idler but not to the signal.”>*” That is to say, the vortex pulse not only
serves as an OPA pump but also imposes a vortex phase modulation
for the idler but an amplitude filter for the signal.

In Eq. (2), for a traditional OPA imaging pumped by a Gaussian
beam with a topological charge of =0, E,(r¢,w,) and
Eiou(1> ¢, ;) are approximately equal with similar gains of G, and G;.
However, if a vortex pump with a non-zero topological charge is used,
G; and G; are still similar when SPP imaging to the position of OPA
crystal, but Ej,,,,(r, ¢, ;) with the spiral phase term exp (ilg,) is differ-
ent from E,,,(r, ¢, ;), thereby results in different spatial mode of idler
from the signal.

According to Eq. (2), we can get the signal and idler point spread
functions hy(r, ¢, ;) and hy(r, ¢, w;). Figure 2 are the calculated radial
distributions of the signal (black) and idler (red) point spread func-
tions when [ = 1. Obviously, h,(r, ¢, ®;) has its two main peaks situated
symmetrically around the beam center, whereas h(r, ¢, ;) locates its
sole peak at the center as the nonlinear crystal is set at the imaging
plane of the SPP. One can see that the differences of hy(r, ¢, ) and
h{r, ¢, w;) form a natural complementarity to collect target informa-
tion, allowing to obtain edge-enhanced information in the idler image
while the entire morphology information in the signal image with the
same OPA. Accordingly, much richer target features can be flexibly
extracted by combining the signal and the idler information with dif-
ferent weights. Of course, the spiral phase with high-order I values can
also be used for the edge enhancement. As [ value increases, our calcu-
lations show the twin peaks in the idler point spread function will
move symmetrically away from the center. By comparison, [=1 is
chosen here for better information complementation between the sig-
nal and idler images.

Appl. Phys. Lett. 126, 021102 (2025); doi: 10.1063/5.0237092
© Author(s) 2025

126, 021102-2

¥€:6€:50 G20Z ABN GL


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

——Signal
——Idler

Normalized intensity

-0.50 -0.25 0.00 0.25 0.50
Radial spatial position (mm)

FIG. 2. The radial spatial distribution of point spread functions for signal and idler
imaging when [=1.

Figure 3 presents some numerical simulations according to the
following experimental conditions described in the subsequent experi-
ment with a USAF 1951 resolution chart as the sample. As predicted,
our simulations show the detail-enhanced effect in the idler image but
the entire morphology in the signal image at the same time, as shown
in Figs. 3(a) and 3(b), respectively, which is easy to be explained by
Fig. 2. Due to the coupling relation among the pump, signal, and idler,
an image can easily be extracted by merging the signal and idler infor-
mation, thus containing richer sample information. According to our
experimental conditions, the OPA gain has been measured at 6.
Accordingly, we merged the signal and idler images with a normalized
intensity proportion of 6:5 to reconstruct the image. As shown in
Fig. 3(c), both the entire bright-field morphology and the detail-
enhanced features of the sample are clearly displayed there, which
means this dual-mode OPA imaging can help to get much more visible
imaging information.

In order to realize our dual-mode OPA imaging based on Fig. 1, a
mode-locked Nd: YAG laser is used as the light source outputting 30
ps-1064 nm light pulse with a maximal pulse energy of 5 mJ. A small
part of the output, about 6 u]/cmz, is used as the week illumination
and the signal for OPA imaging. A 24.3°-cut, 4 mm thick KTP crystal
with a clear aperture of 8 x 8 mm? is chosen as the OPA crystal due to
the high effective nonlinear coefficient of KTP, which is pumped by
the second harmonic of the 1064 laser with a beam diameter of 6 mm

2 3
[z U2
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at 1/¢” of the maximal intensity. The topological charge I of SPP is set
at 1 for detail enhancement of the idler imaging. Three-wave interac-
tion for OPA occurs with an OPA gain of 6, when both the signal and
the pump overlap spatially and temporally inside the KTP crystal by a
non-collinear angle of 2° between the signal and the pump. As pre-
dicted by energy conservation, the 1064 nm idler is generated and
propagates non-collinearly with the signal, so the signal and the idler
images can be directly recorded by the respective CCD cameras
(Basler, Aca-600gm).

To check the ability of our dual-mode OPA imaging by vortex
pump, we use a resolution chart of USAF 1951 pattern as a target in
the experiments. First, a weak signal is used to illuminate to the target.
As shown in Fig. 4(a0), the recorded image directly with CCD camera
appears to be insufficient brightness. Figures 4(al) and 4(a2) show the
signal and idler images recorded by CCD1 and CCD2 at 1X magnifica-
tion, respectively. Compared with the traditional spiral PCI without
OPA, the vortex pump combines spiral PCI with OPA, which helps
the system to realize spiral PCI imaging with high gain and high con-
trast. So, Figs. 4(al) and 4(a2), which have been recorded after OPA
with an optical gain of 6, have good brightness and image ratio.
Similar to the simulation results in Fig. 3, the signal image in Fig. 4(al)
displays the entire bright-field morphology information while the idler
shown in Fig. 4(a2) presents the detail-enhanced structures of the
target. In Figs. 4(al) and 4(a2), we can resolve the spatial features from
1 to 22.6 Ip/mm (element 4, group 4 of the resolution chart) in the sig-
nal image, and from 1 to 20.16 Ip/mm (element 3, group 4) in the idler
image with a field of view 3.8 x 3.8 mm?. Figures 4(b1) and 4(b2) are
the recorded signal and idler images when the 1X lens is replaced by a
20x microscope (Olympus, RMS20X, 0.4NA). The former can clearly
distinguish the spatial features of resolution chart from 64 (element 1,
group 6) to 228 Ip/mm (element 6, group 7), while the latter can show
clear features from 64 (element 1, group 6) to 181 Ip/mm (element 4,
group 7). One can see the signal image has higher spatial resolution,
whereas the idler owns better imaging contrast. Figure 4(c) shows the
local one-dimensional intensity profile of group 2.3 marked with the
white arrows in Figs. 4(al) and 4(a2). The contrast values have been esti-
mated to be 0.47 and 0.7 for the signal (black) and the idler (red) images,
respectively, which were calculated by (Iax — Imin)/(Imax + Imin) With
Inax for the maximal intensity and I, for the minimal intensity of
group 2.3. Obviously, due to the suppression of low-frequency back-
ground by the vortex pump, the contrast of the idler image is 1.49 times
that of the signal image.

3—
=a5E

s =[] = IE

Enml n=’ M=
=

FIG. 3. The simulations of the dual-mode OPA imaging. (a) Signal image, (b) idler image, and (c) a merged image.
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FIG. 4. The dual-mode OPA imaging for a USAF 1951 resolution chart pattern. (a0) the signal image illuminated by a weak light before OPA, (a1) the signal, (a2) idler, and
(a3) merged images after OPA with 1X optical magnification; (b1) the signal, (b2) idler, and (b3) merged images after OPA by 20X optical magnification; and (c) the local one-

dimensional intensity profile of group 2.3 marked with the white arrows in (a1)-(a3).

It is very interesting and meaningful if we can merge the bright-
field morphology and fine features into one image. Here, we propose a
merging method, which includes two steps. The first step is to calibrate
the spatial position correspondence of two CCD cameras used to
record the signal and idler images with pixel level accuracy by using
the features of a resolution chart pattern as the target. Then, the infor-
mation of the signal and the idler images are merged via. Eq. (1).
Based on Figs. 4(al)-4(a3) is a merged image by setting an intensity
ratio of the signal to the idler to be 6:5 with an OPA gain of 6. It is
shown that the merged image has the same spatial resolution as the
signal image, but its contrast reaches to 0.59, which is 1.26 times that
of the signal image. The image of Fig. 4(b3) has been merged from
Figs. 4(b1) and 4(b2). As can be seen, Fig. 4(b3) has got richer sample
information: owing both the entire morphology and the clear fine
structure information of the samples, meanwhile maintaining high
spatial resolution and good imaging contrast.

Now, a thin sample of herb tissue is used as the target to replace
the spatial resolution chart. The recorded signal and idler images are
shown in Figs. 5(a) and 5(f). Here, a 40x microscope (Olympus,
RMS40X, 0.65NA) is used to see the structures with the spatial features
finer than 228 Ip/mm. One can see that the signal image in Fig. 5(a)
shows the bright-field morphology of the biological sample with low-
frequency components, but some edge information is blurry or even
lost. On the contrary, the idler image in Fig. 5(f) displays clearly the
fine details and edges with high contrast, but the low-frequency mor-
phologies with low brightness. For example, in Fig. 5(a), the signal
image within the blue box shows clearly that the intensity distribution
from the sample increases gradually from the left bottom to the right
top, which indicates that the sample has a curved surface. However,

the idler image always has a dark intensity distribution inside the blue
zone, so it is hard to see the surface morphology of the sample. Inside
the green box of Fig. 5(a), the signal image presents very blurry fine
details, which are very clear in Fig. 5(f). These results verified again
that the signal imaging can effectively work as bright-field imaging to
capture the gradient of the entire morphology information, while the
idler imaging does as spiral PCI to suppress the background, mean-
while augmenting the abrupt structure information of the sample.
Benefitting from the natural complementarity between signal and idler
images, we have synthetized the information of Figs. 5(a) and 5(f) to
make the reconstructed image be truer, as shown in Figs. 5(b)-5(e).
Figure 5(c) is directly obtained based on the three-wave coupling rela-
tion among the pump, which means the ratio of the signal to idler is
6:5. As predicted, it shows both morphologies and fine details of the
target. Obviously, the signal or idler intensity can be changed with an
optical attenuator in front of either CCD1 or CCD2, which allows us
to synthetize the signal and idler information with different intensity
proportions. Figure 5(b) is obtained by attenuating the idler intensity
to have an intensity ratio of 6:2, where the bright field reveals clearly
the surface morphology, as well as some not so clear fine structures.
With a decrease in the intensity ratio, 3:5 for Fig. 5(d) and 2:5 for
Fig. 5(e), the synthetized image strengthens gradually the fine struc-
tures, meanwhile weakens the slowly changing surface morphology.
Figure 6 focuses on the local information of the green box in Figs.
5(a) or 5(f) but presents it with two-dimensional spatial intensity in
order to better display the imaging features of the sample correspond-
ing to those in Fig. 5. In the bright-field signal image in Fig. 6(a), one
can see there is an elliptical area with a hill-like profile that is sur-
rounded by a ditch. Except these, finer details are not so clear. In the
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FIG. 5. The dual-mode OPA microscopic imaging for the biological tissue sample. (a) The signal image, (b)—(e) the synthetized images with different intensity ratios, and (f) the

idler image.

idler image as shown in Fig. 6(f), many small black specks appear
instead of the bright hill-like profile in the elliptical area in Fig. 6(a).
Figure 6(f) can also present the elliptical area with a steep border and
many tiny peak-shaped features, which fail to be seen in Fig. 6(a), espe-
cially in the zone surrounding the point (35, 15). In addition, the high
brightness occurs in the zones with the plunging structures or high-
frequency details in Fig. 6(f), rather than the slow-extending or low-
frequency morphologies in Fig. 6(a). Figures 6(b)-6(e) correspond to
Figs. 5(b)-5(e). As the intensity ratio of the signal to the idler
decreases, it is clear that the synthetized image moves gradually the
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highlights from the low-frequency morphologies to the high-frequency
details. These results mean that this dual-mode imaging system can
provide the images according to customer preference between the
morphologies and fine details by single-shot mode.

In summary, this paper has proposed and realized a dual-mode
imaging to gather both the clear morphologies and fine details of the
target with high optical gain and enhanced contrast, which is based on
vortex pumped OPA. As is known, traditional OPA imaging pumped
by a TEMy laser has its signal and idler imaging to own similar per-
formances due to the similar point spread functions, so it usually
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FIG. 6. The local images of the green box in Fig. 5(a) or 5(f) with two-dimensionally spatial intensity corresponding to Figs. 5(a)-5(F).
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works for optical imaging with high gain, high sensitivity, and nonlin-
ear frequency conversion. However, if pumped by a vortex laser, the
similarity can be replaced by the complementation of the point spread
functions. The signal acts as bright-field imaging to record morpho-
logic information, whereas the idler does so for spiral phase contrast
imaging to capture the featured details with high contrast, which has
been experimentally calibrated with a resolution chart of the USAF
1951 pattern. Furthermore, by using an herb tissue sample, our experi-
ments have captured simultaneously the entire morphology in the
signal image and enhanced details with high brightness in the idler
image. By utilizing the three-wave coupling among the pump, signal,
and idler, the information from the recorded signal and idler images
can be merged so that the information from the bright-field signal and
spiral phase contrast idler images can be synthetized to reconstruct the
target picture owning both clear morphologies and high-brightness
fine details. If changing the signal or idler intensity with an attenuator,
it allows us to synthetize the signal and idler information with different
intensity proportions according to customer preference between the
morphology and fine details by single-shot detection. Due to high
OPA gain, our imaging can work with weak illumination. Its field-of-
view depends on the pump intensity, which allows our imaging to
cover an area of 3.8 x 3.8 mm? This work provides an effective way
for noninvasive imaging from entire morphology to fine detail views
with high gain and contrast in single-shot mode, which can work for
optical imaging with nonlinear frequency conversion, too. We believe
that this single-shot dual-mode imaging can be applied effectively in
many scenarios, e.g., biological tissue imaging.
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