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High-order photonic spin Hall effect and its application in high-contrast imaging
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The spin-orbit interaction of light has been extensively examined in reflection and refraction at diverse
optical interfaces, which results in the discovery of photonic spin Hall effect (SHE). The fundamental
physical essence of this effect is attributed to the one-order effect of polarization rotation associated with
one-dimensional geometric phase gradient. Here, we report a unified frame of high-order photonic SHE,
which is related to the two-order effect in spin-orbit interaction of light and two-dimensional geometric
phase gradient. The conventional one-order photonic SHE is associated with the global transport of the
wave vector in momentum space, while the high-order photonic SHE is attributed to the local transport.
Direct experimental observation of high-order photonic SHE has been demonstrated in three conven-
tional cases of focusing, diffraction, and scattering. Under the focusing and diffraction conditions, the
edge-enhanced images based on the high-order photonic SHE can be realized by inserting two crossed
polarizers into a nonparaxial optical system. Under the scattering condition, the confocal imaging system
is introduced to observe the high-contrast image and motion trajectory of dynamic transparent particles.
We believe that the high-order photonic SHE may develop promising image-processing technique and

high-contrast microscopy.
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I. INTRODUCTION

The spin-orbit interaction (SOI) of light is a striking
effect in which the spin affects the spatial degrees of free-
dom of light, such as intensity distributions and propaga-
tion paths [1,2]. When linearly polarized light is reflected
or refracted at a dielectric interface, the SOI leads to pho-
tons with opposite spin chirality moving in two opposite
directions perpendicular to the refractive index gradient,
and results in the observation of photonic spin Hall effect
(SHE) [3,4]. The photonic SHE can be regarded as a direct
optical analogy of the SHE in electronic systems where
the electron spin and electric potential are replaced by
the photon spin and refractive index gradient, respectively.
The photonic SHE has been extensively investigated in
reflection and refraction at diverse interfaces of optical
materials, such as anisotropic crystal [5,6], topological
insulators [7], metal film [8,9], semiconductors [10,11],
metasurfaces [12—15], and two-dimensional atomic crys-
tals [16—19]. In addition, spin-dependent shift or split of
the beam intensity distribution arises, when a polarized
beam of light is observed from a reference frame tilted
with respect to the propagation direction. This effect has
a purely geometric nature and amounts to and is referred to
as geometric photonic SHE [20-25].

In general, the photonic SHE is a weak effect and
the spin-dependent splitting is only a fraction of a
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wavelength, therefore it cannot be detected directly by con-
ventional optical measurements. By incorporating quan-
tum weak measurements [26,27], however, the spin-
dependent shift can be enhanced by nearly 4 orders of
magnitude [28]. Based on weak-measurement technology,
the spin-dependent shift acts as a pointer in the precise
measurement of physical parameters, such as character-
izing the parameters of nanostructures [8,29] and two-
dimensional atomic crystals [30,31]. Moreover, the small
spin-dependent splitting in photonic SHE enables optical
spatial differential operations, which can be applied to edge
detection and image processing [32—38]. The photonic
SHE has potential applications in spin-controlled photonic
devices and the emerging fields of spin photonics [39].
There are two motivations behind this work. First,
inspired by the conventional photonic SHE at optical inter-
faces, we find that the tiny polarization-rotation effect in
different optical systems share the same physics: paral-
lel transport of polarization vectors in momentum space.
Therefore, the polarization-rotation effect in focusing,
diffraction, and scattering, can be simply explained as
the result of high-order photonic SHE. Our theoretical
model, although is not very rigorous, does not require com-
plex diffraction integration in the calculation of the high-
order polarization effect. It is shown that the conventional
photonic SHE is attributed to the one-order effect of polar-
ization rotation associated with one-dimensional geometric
phase gradient. Here, the high-order photonic SHE arises
from the two-order effect of polarization rotation, resulting
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in geometric phase gradients in two different dimensions.
Second, we show that the output field in the imaging plane
can be simply written as the second-order differentiation
of the input field in different optical systems of focusing,
diffraction, and scattering. Based on the high-order pho-
tonic SHE, we propose a compact two-dimensional optical
spatial differentiator, which enables second-order differen-
tial operation using a pair of orthogonal polarizers. Further,
we develop the application of high-order photonic SHE in
high-contrast images of pure-phase objects. Based on the
confocal microscope system, the high-contrast images and
the trajectory of the dynamic transparent microspheres of
biological cells are experimentally displayed.

I1. HIGH-ORDER PHOTONIC SPIN HALL
EFFECT

The SOI of light in diffraction, focusing, and scatter-
ing can be explained as the tiny polarization rotation of
plane-wave components, which in order to satisfy the
transversality of photon polarization [28,39]. The Hertz
vector potential arises as a consequence of the transversal-
ity of the electromagnetic fields and Maxwell’s equations
[40,41]. Therefore, the Hertz vector potential should be
introduced when establishing an intuitive physical pic-
ture of tiny polarization rotation. It is shown that the SOI
of light depends on the geometry of the polarized vec-
tor evolution on momentum space, irrespective of either
diffraction, focusing, or scattering. This is the reason why
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FIG. 1.

these seemingly different field configurations, exhibit a
correspondence in the theoretical frame.

The electric field E(k, 7) and the magnetic field B(K, /)
are determined by Maxwell’s equations and can be
written as ik - E(k, ) = 0, ik - B(k,7) = 0, ik x E(k,?) +
dB(k,7)/dt = 0, and ik x B(k, 1) — 1/c20E(k,1)/9t = 0,
where ¢ is the speed of light in vacuum and k = ke +
kyey + k-e. is the wave vector. The Hertz vector potential
M (K, 7) needs to be introduced to describe electromagnetic
wave propagation [42,43]:

E(k,7) = —k x [k x I (k, 1], (1)
. I ) i (W)
Bk, 1) = = |:zk X T} ) ()

Here, f[(k, H = f¢~>(k, 1)/k* can be written as the product
of a constant vector and a scalar potential, which naturally
arises as a consequence of the transversality of the elec-
tromagnetic fields (see Appendix A). The constant vector
f = f.e. + f e, is perpendicular to the propagation axis,
which is determined by the input polarization. The scalar
potential is determined by the initial input electric field
d)(kx: ky) o8 Ein(kx, ky)
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An analogy between conventional photonic SHE and high-order photonic SHE. Green arrows represent incoming wave

vectors, red arrows represent outgoing wave vectors, and blue arrows show linear polarization perpendicular to the wave vector. Tiny
polarization rotation in (a) beam reflection at a dielectric interface and (b) beam scattering from a dielectric particle. (c),(d) show the
parallel transport of polarization vectors in the momentum space corresponding to (a),(b), respectively. (e) Polarization distribution
of the reflected light at a dielectric interface projected in the x-y plane. (f) Polarization distribution of the scattered light on a particle
projected in the x-y plane. Here, we magnify this tiny polarization angle 100 times to make it easy to be observed. (g),(h) show the

geometric phase distribution in (e),(f), respectively.
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FIG. 2. High-order photonic SHE occurs in beam focusing, diffraction, and scattering. (a)—-(c) show the experimental schematic
diagrams: The arrows indicate the polarization direction of the polarizers. The diameter of aperture is chosen as 50 pwm. The sphere
indicates a 5-pum polystyrene microsphere. (d) The incident Gaussian linearly polarized light intensity comes from a He-Ne laser with
a wavelength of 632.8 nm. The output light intensity through the crossed polarizers corresponds to (e) focusing, (f) aperture diffraction,
and (g) particle scattering. Insets in (d)}<g) are corresponding theoretical results.

If we consider an input state of polarization with f = e,,
the electric field in momentum space becomes

E(kx’ ky) = % [(k2 - kﬁ)ex + kxkyey + kxkzez] Ein(kxa ky)
3)

It shows that the uniformly polarized beams will naturally
undergo polarization changes during propagation, which
is independent of light-matter interaction. With paraxial
approximation, ky,k, < k, the dominant component of
polarization in beam propagation is still the x direction.
The conventional one-order photonic SHE and high-
order photonic SHE share the same physics: parallel trans-
port of the polarization vector in momentum space. The
one-order photonic SHE in reflection or refraction at opti-
cal interface is related to the global transport of the wave
vector in momentum space, leading to the one-order polar-
ization rotation (y o k, /k, where y is the rotation angle)
[3,4] [Figs. 1(a) and 1(c)]. However, the high-order pho-
tonic SHE is attributed to the local transport of the wave
vector, resulting in two-order polarization rotation (y
kek, /k*) on the momentum space [Figs. 1(b) and 1(d)].
In general, high-order photonic SHE is an extremely weak

optical effect, which is difficult to be found and easy to be
ignored. When the beam is strongly focused or scattered, a
second-order transverse electric field is induced under the
nonparaxial condition.

We consider only polarization states in the x-y plane.
The linear polarization consists of a circularly polarized
substrate, satisfying e, = (e, +e_)/ V2 and e, =i(e_ —
e;)/v/2, where e, represents the horizontal polarization
and e, represents the vertical polarization. The polarization
state of electric field is given by (see Appendix A)

Ein (kxa ky)

ek
NG exp | —i— 5 | er

ok k;
+ exp +17 e_ + ﬁ(eJr +e)|. 4

E(k, k) ~

The SOI of light can be explained as the tiny polariza-
tion rotation of plane-wave components in order to sat-
isfy the transversality of photon polarization [Figs. 1(e)
and 1(f)]. The polarization rotation will induce a geo-
metric phase gradient and ultimately lead to the spin-
dependent shifts. In the conventional one-order photonic
SHE, only one-dimensional geometric phase occurs as
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shown in Fig. 1(g). In the high-order photonic SHE, how-
ever, two-dimensional phase gradient arises as shown in
Fig. 1(h).

After passing through a polarizer whose polarization
axis is parallel to the y axis, the output electric field in
momentum space and position space can be, respectively,
written as

kek

l:jout(kx, ky) = k_ZyEin(kxs ky)eys (5)
1 ainn(xay)
Eou(x,y) = —ﬁwey' (6)

The detail derivation can be found in Appendix B. It is
shown that the output field in the imaging plane can be sim-
ply written as the second-order differentiation of the input
field. Therefore, a two-dimensional optical spatial differ-
entiator can be produced based on the high-order photonic
SHE.

III. HIGH-CONTRAST IMAGES

The schematic experimental setup and the output
results of high-order photonic SHE in the beam focusing,

(a)

FIG. 3.

diffraction, and scattering are shown in Fig. 2. The beam
vector propagates along the z axis. Because the high-order
photonic SHE is a weak effect depended on nonparax-
ial wave-vector propagation, the large extinction ratio
of the Glan linear polarizer make it difficult to observe
in experiment. Particularly, we choose a plane polarizer
(LPVISE100-A, Thorlabs) and 25-mm lens for experi-
ments in Fig. 2(a). Diffraction and scattering situations in
Figs. 2(b) and 2(c) naturally enhance the propagation of
nonparaxial wave vectors and thus do not limit the type of
polarizer. The diameter of small hole that produces diffrac-
tion is 50 pm, and the particle that produces scattering is
a single polystyrene microsphere of 5 wm. Two polarizers
with perpendicular polarization axes serve as preselected
and postselected states. The camera beam quality ana-
lyzer (BC106N-VIS, Thorlabs) captures the outgoing light
field. The preselected state controls the polarization of the
incident light (the 632.8-nm Gaussian beam from He-Ne
laser) along the horizontal direction, as shown in Fig. 2(d).
Orthogonal postselected state produces a beam split in
both the x and y directions, forming four spots shown
in Figs. 2(e)}-2(g). The experimental results correspond
to the simulated polarization distribution. It proves to be
consistent with the proposed physical model.

CCD

=1 2
s=ll 1 =1

g=lll

High-contrast images of amplitude objects based on high-order photonic SHE. (a) Experimental setup for edge-enhanced

imaging; light source is He-Ne laser (wavelength 632.8 nm); HWP, half-wave plate; P, polarizer (Economy Film Polarizer LPVISE100-
A, Thorlabs); L, lens; CCD, charge-coupled device profiler measurement for laser beam. (b)—(e) are the bright-field images under laser
illumination with wavelengths of 632.8 and 532 nm. (f}«i) show the corresponding edge-enhanced images of (b)—e), respectively.
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FIG. 4. Observation of high-contrast images of transparent samples based on high-order photonic SHE. (a) Schematic of the exper-
imental setup. P, polarizer; MO, microscope objective. The numerical aperture (NA) of the objective 10x and NA = 0.25. L, imaging
lens; CCD, charge-coupled device; GS, glass slide. (b) The microscope image of polystyrene microspheres. Scale bars, 5 pm. (c¢) Phase
distribution of a single transparent microsphere. (d) Trajectory of a polystyrene microsphere within 15 s. (e)~(h) High-contrast images
of the observed microsphere, corresponding to the four different moments A to D marked in (d). (i),(j) are bright-field patterns
and high-contrast images of broad bean leaf, respectively. (k),(1) are bright-field patterns and high-contrast images of hair follicle,

respectively.

Unlike previously reported methods of edge detection,
our proposed edge-imaging scheme based on the high-
order photonic SHE effect can be realized by inserting
two crossed polarizers into a nonparaxial optical system
[Fig. 3(a)]. Figures 3(b)-3(e) show the complete bright-
field images when the two polarizers are parallel to each
other. The amplitude target, corresponding to the light-
intensity distribution pattern (USAF-1951, Thorlabs), is
placed at the front focal plane of the first lens (L1), and
the CCD is placed at the back focal plane of the second
lens. Both P1 and P2 do not have to be placed at the focal
point of the lens. The function of P1 is to provide the

initial horizontally polarized beam, and placing it before
or after L1 will not affect the differential operation. The
role of L1 is to establish nonparaxial conditions, and L2
is the lens used for imaging. When only the two polariz-
ers are crossed, edge-enhanced images of different objects
are obtained [Figs. 3(f)}-3(i)]. In order to prove that the
performance of the differentiator is not affected by the
wavelength, the light source is set to lasers with two wave-
lengths (A = 632.8 nm and A = 532 nm). In the imaging
experiments, edge images at different wavelengths can also
be obtained. This shows that the transmission efficiency
of the differentiator based on the high-order photonic SHE
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can support the conventional CCD to acquire edge images
under orthogonal conditions, and has good performance in
the field of image processing.

Figure 4 shows the experimental setup and results of
dynamic particles and two cell slices. The polarizer and
light source of Fig. 4(a) are the same as in Fig. 3(a).
Monodisperse polystyrene plastic microspheres of 5 pm
in pure water are used as the observed sample packed in
a 5-mm-wide quartz cuvette. The microscope image and
phase distribution of individual microsphere are shown in
Figs. 4(b) and 4(c). We set the center point of the CCD
screen as the coordinate origin, and set the focal length
of the confocal microscope system to 0 s until a micro-
sphere is clearly located. The observation ends when the
microsphere moves out of focus. Figure 4(d) is the trajec-
tories of a polystyrene microsphere in the certain x-y plane.
Figures 4(e)—4(h) are images of individual microspheres
corresponding to the four different time points in Fig. 4(d).
We choose broad bean leaf and human skin hair follicle
as observation samples. By adjusting the two polarizers in
parallel or orthogonal condition, we observe bright- and
dark-field images as shown in Figs. 4(i)-4(l). Compared
to the bright-field microscopy images, crossed polarizers
result in dark-field performance, eliminating background
noise and interference from other samples that are not
in the focal plane. Therefore, high-order photonic SHE
enables high-contrast imaging of dynamically transparent
microspheres and cells.

Clover-shaped intensity distributions are widely found
in different optical systems, such as crossed polarizers, par-
ticle scattering, and strong focusing [44—46]. To explain
these unusual optical phenomena, a variety of different
propagation models (oblique incidence and nonparaxial
conditions) [47,48], scattering theory involving complex
integration operations [49], and high numerical aperture
optical microscopy with strong SOI have been proposed.
The SOI of light on focusing by a high-numerical-aperture
lens or scattering a small particle has also been extensively
studied [50—53]. Here, the SOI of light in different imag-
ing systems are described as high-order photonic SHE.
Furthermore, the output field in the imaging plane can be
expressed as the second-order differentiation of the input
field in the object plane. It should be noted that the differ-
entiation relationship no longer holds at other transmission
distances.

IV. CONCLUSION

In conclusion, the high-order photonic SHE has been
proposed based on the second-order solution of Maxwell’s
equations. This effect can be described as the two-
dimensional displacement of the components with oppo-
site spins during the propagation process of light-matter
interaction. Under the orthogonal postselection setting, the
transverse output electric field produces two-dimensional

splitting to form light spots distributed in four quadrants.
Its physical principle is explained as tiny polarization rota-
tion due to the the transversality of photon polarization
during the parallel transport of polarization vector in the
momentum space. Our scheme, although is not very rigor-
ous, does not require complex diffraction integration in the
calculation of the high-order polarization effect. The one-
order photonic SHE and high-order photonic SHE share
the same physics: Parallel transport of the polarization vec-
tor in momentum space. The local transport of polarization
vectors would result in two-dimensional geometric phase
gradient, and eventually lead to the high-order photonic
SHE. These results may provide a deeper understanding
of SOI of light. In addition, the orthogonal postselec-
tion filters out the low wave vector and allows the high
one to pass, which works as a high-pass filter. Therefore,
the high-order photonic SHE may also be combined with
imaging systems to develop spatial differentiation opera-
tions and all-optical image processing techniques. In the
light-scattering system, the high-contrast images of indi-
vidual microspheres are obtained, which provide possible
applications in visualization of transparent particles.
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APPENDIX A: THEORETICAL MODEL OF
HIGH-ORDER PHOTONIC SHE

For a rigorous description of electromagnetic wave
propagation, the Hertz vector potential II(k, #) is an exact
solution of the Helmholtz wave equation:

1’ M(k, 1)

V(K 1) — —
k, 1) Ry

0. (A1)

Here, II(K, 1) = f¢~> (K, £)/k?* can be written as the product of
a constant vector and a scalar field. The scalar field cannot
represent an electromagnetic wave because both the elec-
tric and magnetic field are vector field. This problem can
be overcome by associating with a constant unit vector f.
Furthermore, the scalar and vector potentials are defined as
[54,55]

(A2)

(A3)
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The electric and magnetic fields are then obtained as

. . IA(K, 1)
Ek, ) = —VO(k,1) — T

(A4)
B(k,7) = V x A(K,?). (A5)

After substituting Egs. (A2) and (A3) into Egs. (A4) and
(AS), we get

EKk, /) = —k x [k x II(k, 1], (A6)
Bk, = clz |:ik « 8“(;1;’ t)} . (A7)

When the arbitrary linearly polarized beam propagates
along the z axis, f = cosae, + sinae,, where o is the
angle between the incident polarization direction and the
x axis. The Hertz vector becomes I (K, 7) = (cos e, +
sin ozey)¢~>(k, 1)/k*. From Eq. (1), the electric field can be
written as

Ein(kx, ky)
2
+ (kxky cosa + kﬁ sino + £ sina) e,

E(k,, k) = [(kf cosa + kek, sina + k* cos a) e

+ (kek: cosa + kyk. sina) e.] . (A8)

We consider only polarization states in the x-y plane.
The electric field can be expressed in spin basis: e, =
(ex +e_) /ﬁ and e, =i(e_ —ey) /ﬁ. Equation (AS)
can be rewritten as

Ein(kxs ky)
V2i2
— i(kxky cosa + kﬁ sina + & sina)] e

E(k, k) = [kﬁ cosa + k.k, sina + k* cosa

+ Ein(kxa ky)
V212
+ i(kxky cosa + kﬁ sina + & sinoe)] e_.
(A9)

[kﬁ cosa + kek, sino + K cosa

When we choose o = 0, the polarization state of electric
field is given by

Ein(kxa kv) .
W[(kf + K — ikck,)e,

+ (2 + 12 + ikeky)e_].

E(kxs ky) =

(A10)

After introducing the approximation: 1+ ik.k, ~ exp
(—Hkxky), we get

Ein (e, ke kyk,
E(k, k) ~ % |:exp (—i k2y> e,

Kok i
+ exp +17 e_+ 2 (e +e_)|.
(A11)

The first term is in the same direction as the input
linear polarization. The terms of exp(—ik.k,/k*)e; and
exp(+ikyk, /k*)e_ present two-dimensional opposite phase
gradients in the x and y directions. The polarization rota-
tion will induce a geometric phase gradient and ultimately
lead to the spin-dependent shifts. When the polarization
rotation occurs in momentum space, the spatial shift will
be induced in position space.

The polarization rotation can be explained as the origin
of photonic SHE. In general, an arbitrary linear polar-
ization state can be decomposed into two orthogonally
circular polarization states with opposite phases:

cosy
sin y

where y is the polarization angle. The tiny polariza-
tion rotation will induce a geometric phase gradient and
ultimately lead to the spin-dependent shifts. In conven-
tional one-order photonic SHE, the polarization rotation
is related to one-dimensional geometric phase ¢g o k, /k
The polarization rotation occurs in momentum space, the
spatial shift will be induced o d¢g/0k,. In the two-order
photonic SHE, the polarization rotation is related to two-
dimensional geometric phase ¢  kyk, /k*.

) = exp(—ipg)|+) + exp(+ipg)|—), (A12)

APPENDIX B: OPTICAL DIFFERENTIATION AND
IMAGE EDGE DETECTION

After the beam passing through second polarizer whose
polarization axis is chosen as 8 = « + 7/2, and the Jones
matrix can be written as

cos’ B

- [sinﬂ cos B (B1)

sin B cos ,8:|

sin’ B

The final electrical field in momentum space through
crossed polarizers can be written as
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el Ein krak
Eout (kx: ky) = (—y)

— Ein(kxa ky) %

When o = 0, the output field in the imaging plane can
be written as

= Ein(kx:k ) 0
Eout(kx, ky) =2 |:k k i| .
XKy

> (B3)

The field in the real (position) space can be obtained using
the inverse Fourier transform:

Ein(x,y) = / / Einke, ky) explikex + iky,y)dkdk, .

(B4)
After the two-order differential operation, Eq. (B4) can be
written as
0°E;
T — [ [k Euthok)
8x8y
exp(ikyx + ikyy)dk.dk,. (BS)
The output electric field in the position space is
1 8%Ein(x,y)
Eout (x,y) = ————"e,. B6
t ('x y) k2 axay ey ( )

Similarly, when o = /2,
obtained as
E _ Ein(km ky) kxky
out — —k2 O .

The output electric field in the position space is given by

the output field can be

(B7)

1 9% Ein(x,y)

— " B8
K 9xdy ¢ (B8)

Eou(x,y) = —

The spatial transform between the input and output
electric fields is determined by a spatial spectral transfer
function:

H (ke ky) = Eou(ke, ko) /Ein (ke b)) o ki, (B9)
Notably, the two-dimensional optical differentiator with
isotropic  transfer function H(k, k,) = Cike + Cyk,
(C,/C, = =£i) has been proposed [56]. Isotropic edge

sina [—kxky cos 2a + (kf - kﬁ) cosa sina
k2 cos o [kxky cos 2u + (kf — kﬁ) cos & sin o

J k2 cosa + kok, sina + k* cos o
72 XX kyk, cosa + kﬁ sina + k% sina

(B2)

(

detection means that the complete edges of images are dis-
played with the same intensity. Here, the transfer function
H(ky, k,) o< kck, of the high-order photonic SHE differen-
tiator is anisotropic but does not affect two-dimensional
edge detection. As shown in Fig. 3(g), the edge informa-
tion of the four edges of the square pattern is complete.
In addition, the high-order photonic SHE is dependent
on nonparaxial wave-vector propagation, which implies a
large spatial bandwidth for the differentiator, but the tiny £,
and &, components also pose some difficulties for exper-
imental observation. Meanwhile, the optical components
for realizing the high-order photonic SHE is fewer and
simpler to operate. Based on the high-order photonic SHE,
we propose a compact, low cost, and two-dimensional
optical spatial differentiator, which enables second-order
differential operation and edge imaging using a pair of
orthogonal polarizers.

It is rather counterintuitive, since two crossed polarizers
cannot transmit a beam. Therefore, we must first establish
the nonparaxial condition, which is reflected in increas-
ing the wave-vector components &, and k, of the beam.
Then, the transfer function is measured experimentally and
the spatially differentiation operation of the differentiator
is verified. The experimental setup is shown in Fig. 5,
the light source is a 632.8-nm He-Ne laser. The polar-
izer (P) is a thin plate with a dichroic film. P1 and P2
do not need to be in focus between the two lenses. It
is worth noting that the Glan laser polarizer is not suit-
able for this experiment due to its unique structure. The
combination of lenses L1 and L2 constitutes a 4f sys-
tem with f = 25 mm [Figs. 5(b)-5(d)] and f = 100 mm
[Figs. 5(e)}-5(g)]. The CCD is a laser beam profiler that
records the two-dimensional density distribution of the
beam power. When the polarization axes of the two polar-
izers are arranged parallel, the CCD captures the initial
incident Gaussian field. If the polarization axis of the
second polarizer is adjusted perpendicular to that of the
first polarizer, the output light field similar to the second-
order Hermite-Gaussian mode is obtained. Experimental
measurements of the transfer function are obtained by pro-
cessing the data extracted from the initial and output light
fields [Figs. 5(d) and 5(g)]. We compare two different non-
paraxial conditions: the role of L1 is to provide different
k¢ and k, components. This proves that the stronger the
focusing ability, the larger the &, and k, components of the
beam, and the more obvious the high-order photonic SHE.
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Two-dimensional optical transfer function measured experimentally under the two lenses with different focal lengths.

(a) Diagram of the experimental setup, the light source is He-Ne laser (wavelength 632.8 nm); P, polarizer (Economy Film Polar-
izer LPVISE100-A, Thorlabs); L, lens; CCD, used for the measurement of the charge-coupled device profiler of the laser beam.
(b)+d) The input and output optical field intensity and the transfer function of the differentiator under the condition of a 25-mm lens.
(e)«(g) The input and output optical field intensity and the transfer function of the differentiator under the condition of a 100-mm lens.
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