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Nonlinear Conformal Transformation for In Situ IR-Visible

Detection of Orbital Angular Momentum

Yuan Liu, Wei Chen,* Yang Ming, Wang Zhang, Jie Tang, Rui Yuan, Wei Hu,

and Yan-Qing Lu*

Linear conformal transformation provides an effective way to detect orbital
angular momentum (OAM) of photons, and particularly, their coherent
superposition states that are significant for OAM-based technologies.
However, these methods have limited applicability—they are applied to single
or few separated wavelengths and cannot achieve nondestructive
detection—although those features are attractive for practical applications.
Here, the second-harmonic spiral transformation is theoretically described
and experimentally demonstrated through IR-visible detection of OAM states
from 900 to 1400 nm, with a low energy loss of ~10~°. Remarkably, a record
high optical finesse of ~5.52 is predicted and observed, indicating that a
nonlinear enhancement factor resulting from OAM conservation significantly
improves separation efficiency. Additionally, this scheme allows flexibility to
achieve lower energy losses or higher sensitivity by adjusting phase-matching
conditions. These results can be applicable to classical and quantum areas

tweezers,[?] telecommunication,*#
super-resolution imaging,®! and quan-
tum entanglement.l®’] Although it has
been demonstrated that optical vortices
can be generated by cylindrical lens
pairs,l!l spiral phase plates,!®] compu-
tational holography,®! and g-plates,!'!
OAM detection is challenging because
topological charges are veiled in their
phases and cannot be directly distin-
guished.

The conventional OAM detection
methods include interference and diffra-
ction; the former distinguishes OAM
modes with specific interference pat-
terns of optical vortices carrying different
OAM with reference beams!®! (it can also

and promote conformal transformation into nonlinear regions.

1. Introduction

Nowadays, it is well known that an optical vortex with a helical
wavefront possesses orbital angular momentum (OAM) with a
value of Zh per photon, where # is the Dirac constant and ¢
is the topological charge corresponding to the phase winding
factor.!l The inherent orthogonality and infinity of OAM pro-
vide a new degree of freedom to manipulate light waves, which
has been extensively investigated in diverse fields, such as optical
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be the vortex beam itself(!!)), and the lat-
ter uses various optical devices to convert
the OAM beams into other modes to
identify their topological charges.!'>13] Meanwhile, OAM modes
also could be efficiently distinguished by their optical scattering
processes with the sub-wavelength scatterers, such as the dielec-
tric sphere,['¥] chiral structure,[*’] and single silver nanowire.!*°]
Unfortunately, most of these schemes cannot identify coherently
superimposed optical vortices because all OAM modes are mea-
sured in the same optical path, which results in considerable
crosstalk. Although the measurement of superimposed states
can be achieved based on fork or vortex gratings!'”!#! by convert-
ing different OAM modes into Gaussian-like modes at specific
diffraction orders, the corresponding efficiency is limited to 1/N,
where N is the dimension of the underlying OAM state space.

Ray-optics conformal transformation!’! makes the detection
of superimposed OAM modes with high efficiency possible.
The earliest proposed scheme is the log-polar transformation, 2!
where the spiral wavefront of the input vortex is mapped from
concentric circles into parallel lines in Cartesian coordinates
through an unwrapper and then collimated by a corrector. Thus,
OAM modes with different topological charges are converted into
plane waves with different tilted angles, which can be focused on
distinct positions in the Fourier plane of a lens. Subsequently,
spiral transformation was proposed by replacing the concentric
circles with spiral lines, thereby significantly improving separa-
tion efficiency via sharper peaks of transformed beams.[*!] Re-
cently, the simultaneous detection of spin and OAM via momen-
tum transformation has been demonstrated, further decreasing
the number of utilized optical elements while bringing more
crosstalk.[??]
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On the other hand, almost all of the above methods can be
regarded as strong coupling detection, which means that the
measurement will inevitably disturb the OAM state under de-
tection. Although the schemes for OAM detection have been
investigated since the proposal of the concept of optical OAM,
it was not until 2016 that the weak measurement of OAM
was proposed theoretically,!?}l and subsequently, demonstrated
experimentally.l?*] The in situ probing of intense vortex pulses
has been reported very recently, where the corresponding energy
loss is as small as 10 per 10" photons.[?’) However, this scheme
requires a complex system to obtain strong-field photoionization,
which essentially limits its practicality. Another recent work is
based on the nonlinear Dammann vortex grating, which allows
visible in situ detection of broadband near-infrared (NIR) vortices
with a relatively low energy loss of #10~°, but suffers from an ef-
ficiency of 1/N owing to the vortex grating structure.[?° To date,
there is no in situ detection scheme that can satisfy both high
efficiency and broad applicability.

Here, we introduce a second-harmonic (SH) spiral transfor-
mation as a novel approach to realizing in situ detection of OAM
modes, which could be considered as an extension of spiral trans-
formation to nonlinear optics. We show that this combination
provides a nonlinear enhancement factor y = 2 via the conserva-
tion of OAM in the nonlinear process, further improving separa-
tion efficiency. We also show the theoretical feasibility of switch-
ing between in situ and high sensitivity detection realized by reg-
ulating the phase-matching condition, which is fundamentally
different from other in situ detection schemes. Since the detec-
tion is performed in the SH band and the three-wave coupling
process is naturally wideband, this scheme allows visible detec-
tion of broadband NIR vortices. More specifically, by carving the
holographic pattern of the SH spiral transformation in a nonlin-
ear lithium niobate (LN) crystal, we experimentally demonstrate
this method with in situ IR-visible detection of OAM modes from
900 to 1400 nm. The optical finesse that can characterize separa-
tion efficiency reaches a record high value of 5.52 in the experi-
ment compared with its linear counterpart of 2.6, confirming the
predicted enhancement factor. We also observed a relatively low
energy loss of 107° under the situation of phase-mismatching.

2. Working Principle

To better understand the SH spiral transformation, we first
re-examine the linear spiral transform. To perform the spi-
ral transformation, one element (unwrapper) with a modulated
phase Q, (x,y) converts the incident vortex with a helical phase
exp(iZ,0) into a beam with a transverse phase gradient, where
Q,,(x,y) can be expressed as?!!

[(ux+y)ln<ri> +(x—ay)p—(ax+y)

0

__ kS
Q, (x%y) = m

k,r?
=24 1)

(0]

where r = y/x? + y? and @ = arctan(y/x) + 2nx are the polar co-
ordinates (n is the spiral turns). r,, a, and g are the scaling param-
eters, w is the angular frequency, k, = 27/4,, is the wave vector,
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and d, is the propagation distance. The transformed beam has a
tilted plane wave phase of exp(i£v/f) on the output plane (u,v)
that satisfies!?!]

u(r,(p)=1fa2 Mp—ln(f)]
0
2
P . (2)
v(r,(p)zl_'_a2 @ +aln -

Another element (the corrector) with a modulation phase
P_(u,v) on the plane (u, v) completes the transformation!?!]

P, (u,v) = %ewﬁw X [sin <$}) + acos <u—ﬁav>]

k, (u? +1%)
B E— G)

@

As shown in Figure 1a,b, such transformation maps a spiral
r=r, - exp(ag) (along the incident vortex) to a straight line with
phase exp(iZ,,v/ f), which means that vortices with different topo-
logical charges ¢, are mapped to sinc functions with different
shifts £,/ in the Fourier space, but with the same width 2/(np).
By using a lens with focal length f, one can project the Fourier
space in the real space, thereby separating the OAM modes in
specific vertical positions A,7,f /2zp with width A_f /nzp (Fig-
ure 1c). The spiral transformation significantly improves sepa-
ration efficiency and suppresses crosstalk owing to the factor n
(typically, n ~ 3), compared to the log-polar transformation.[?!

Next, we turn to the SH spiral transformation, starting with
a pump and SH wave with arbitrary envelopes A, and A

2w?
E (7, @,2) = A e oot%z and E, (7, @, 2) = A,, " %02 where
Ezu), and k,,,_are the transverse and longitudinal wave vectors of
the SH wave, respectively. The SH wave propagates at arbitrary
angles; therefore, its wave vector has longitudinal and transverse
components, whereas the pump only has a longitudinal wave vec-
tor according to the vertical incidence condition. Assuming that
the pump illuminates a quadratic material (the nonlinear un-
wrapper) with a modulated phase Q,_ (x, y), we can obtain the SH
wave via small-signal approximation/?’] and slowly varying enve-
lope approximation!??]

—dAZ“’ = KkA? 012800 i (2ky k20, )2 0100 (1) =ik, 7 (4)

dz

where k denotes the nonlinear coupling coefficient. Since the spi-
ral transformation is based on ray optics, and we mainly focus on

paraxial propagation wave components (|k,,, | <k, ),/*’! we ig-

nore the transverse phase term e %" according to the nonlinear
Huygens principle.?”! Therefore, Equation (4) can be expressed
as

A2 ei(zkw—kZmZ)L
Nk —2 ei2,0eiQux)) = AZei2000eiQ X)) (5)

A
7 i (2ky, — K, ) L

20

where L is the propagation distance. Equation (5) indicates that
this process can be considered as a linear spiral transformation
of an SH vortex with helical phase exp(i#,,0), where ¢,, = 2¢,,
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Figure 1. Comparison between linear and SH spiral transformations. a) Linear spiral transformation converts the incident vortex with a helical phase
exp(i£,,0) into a beam with a transverse phase gradient exp(iZv/f). b) Fourier and real spaces projected by a lens. Note that “I” here indicates the
intensity of the transformed beam and “k,” refers to the spatial frequency corresponding to the x axis. c) Simulated results. d—f) Same as in (a—c) but for
SH spiral transformation. Due to the enhancement factor y, the SH spiral transformation greatly improves separation efficiency and further suppresses

crosstalk.

(Figure 1d). Intuitively, this is the result of the OAM conserva-
tion in nonlinear interactions.[?8] It is worth mentioning that the
phase-matching condition can be tailored by introducing a re-
ciprocal vector in the z direction, thereby flexibly adjusting the
intensity of the SH wave (shown in Figure S1, Supporting In-
formation). Given that the transformation and correction phase
patterns are unchanged for the SH vortex, we obtain

kB
Qy (%) = @i

(ax+y)ln<rl> + (x—ay)0— (ax+7y)
0

20

2
ko1

24,

p

2w

(u,v) = 20008 5 |sin 422
d,, (@2 +1) p
ky, (4 +v?)

24

2w

where d,, = 2d, to satisfy Q,,(x,y) = Q,(x.y) and P, (u,v) =
P_(u,v). One sees clearly that the SH vortex underwent a linear
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spiral transformation with the same scaling parameters but dou-
ble propagation distance d,,,. This means that in Fourier space,
pump fundamental wave (FW) vortices with different topological
charges ¢, are mapped to sinc functions with shift 27, /# and
width 2/(np) (Figure le). In comparison with its linear counter-
part, the SH spiral transformation further provides an enhance-
ment factor of y = 2 in mode shifts, which significantly improves
separation efficiency (considering n ~ 3). Thus, one can separate
the FW vortices (with the same lens) with different 7, in the
same positions 4,,7,.f /2xp = A,¢,f /2xp, but with half-width,
ie, A f /nxp = A,f/2nxp (the simulated results for comparing
these two transformations are presented in Figure 1c,f). In addi-
tion to the enhancement factor y, the SH spiral transformation
has many other advantages, as demonstrated below.

3. Visible Detection of Infrared OAM With a
Record High Separation Efficiency

For demonstration, we fabricated a nonlinear unwrapper from
a 45 pm thick LN slice, whose nonlinear quadratic coefficient
is modulated by Q,,(x,y), i.e., ¥ (xy) = d;sign{cos[Q(x,y)]},
where d; = d,, is an element of the second-order susceptibility
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Figure 2. Schematic for SH spiral transformation process and samples used in the experiment. a) Process of NIR optical vortex detection through SH
spiral transformation. b) Binary phase pattern of LN unwrapper (upper) and image of LN ferroelectric domain (lower). c¢) Accompanied LC corrector
phase pattern (upper) and its image captured by polarized micrograph (lower). d) Phase pattern of LC g-plate (upper) and its image captured by polarized
microscope (lower). The scale bars are given in (b—d). Double-ended arrows in (c) and (d) indicate the polarizer and analyzer, respectively.

x?. This LN unwrapper is realized using the widely used elec-
tric field poling technique (Experimental Section),*”! where the
binary modulated y® can be expanded to a Fourier series, usu-
ally with a dominant term equal to exp(iQ,,).*!! In addition, we
fabricated a corrector from a nematic liquid crystal (LC) with its
director profiles arranged by P, (u, v) (Experimental Section),*?!
thereby contributing to the phase correction exp(iP,,). In our ar-
rangement, the incident FW vortex propagates along the original
path after interacting with the LN unwrapper while maintaining
its mode, because the linear susceptibility of the LN unwrapper
is not modulated (Figure 2a). Instead, the generated SH vortex
undergoes a spiral transformation according to Equation (5) and
is then modulated by the LC corrector. Notably, since one end
of the converted straight line optical field is almost at the ori-
gin of the output plane (i.e., u, v=0), the FW and SH waves
naturally separate without the need for additional devices. The
phase patterns for the LN unwrapper and LC corrector are shown
in Figure 2b,c, respectively, in which the scaling parameters are
r, = 1.1 mm, 2za = In1.6, and 2z = 1 mm. The captured ferro-
electric domain of the LN unwrapper (via SH imaging) and image
of the LC corrector (via a polarized microscope) verified our de-
sign. Additionally, the FW vortices were generated by LC g-plates
made in-house using the same technology as the LC corrector.
The phase pattern and micrograph of a g-plate with ¢ = 0.5 are
shown in Figure 2d.
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We note that the detection of OAM is performed in the SH
wave band, which means that an NIR vortex can be converted into
the visible band, and then, detected using a high-performance
silicon-based charge coupled device (CCD) camera. In contrast,
direct measurement based on the InGaAs detector suffers from
some limitations, such as high readout noise, low speed re-
sponse, and stringent cooling requirements.>*! First, we chose
A, = 1400 nm to verify this characteristic of SH spiral transfor-
mation. We carried out the experiment with a Ti:sapphire fem-
tosecond laser (Revolution, Coherent, USA) pumped optical para-
metric amplifier (TOPAS-Prime, Light Conversion, Lithuania),
which has a pulse duration of 50 fs and a repetition rate of
1 kHz. By alternating the right or left circular polarization states
of the incident beam before the LC g-plates with ¢ = 0.5 or 1,
we obtain 1400 nm NIR optical vortices carrying opposite topo-
logical charges (7, = +1 and ¢, = +2) (Figure 3a). Figure 3d
shows the simulated and experimental results after the incident
optical vortices illuminated the LN unwrapper and then, propa-
gated a distance of 2d,, ~ 90 mm, where the NIR incident wave-
length of 4, = 1400 nm was converted to a visible wavelength
of A,, = 700 nm through the SH generation process. The donut
shapes of the optical vortices were transformed into long rectan-
gular stripes with a length of ~3.6 mm. These SH stripe-shaped
fields were phase corrected to plane waves with a tilted phase
by the LC corrector, and then a Fourier transform was applied
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Figure 3. Simulated and experimental results of visible detection of IR OAM. a) Generated near-infrared (NIR) optical vortices carrying OAM of £, = -2,

0]
(p=-1,¢,=07¢,=17¢,=2,and ¢, = =1 by LC g-plates. White arrows in the left corner indicate the polarization state of the incident Gaussian
beam, and the right corner indicates the polarization distribution of generated optical vortices. b) Simulated and experimental SH unwrapped stripes
of OAM beams passing through the LN unwrapper. c) Different OAM modes transformed to parallel lines at different vertical positions through the SH
spiral transformation method. d) Intensity distribution along the dashed lines in (c). e) Crosstalk analysis of different sent and detected OAM modes

calculated from (d).

by a spherical lens with f = 100 mm. Consequently, the adja-
cent NIR OAM modes were finally transformed into visible par-
allel lines with equal intervals determined by parameter # (Fig-
ure 3c). For the case of 4, = 1400 nm, the separation interval was
Sy 11— S, = A f/2np =~ 140 um. Despite stray light, the exper-
imental in(’utensity profiles were consistent with the simulated re-
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sults (Figure 3c). (The experimental detail especially the polar-
ization configuration of the light can be found in Note S2, Sup-
porting Information.) Furthermore, we generated a vector beam
that simultaneously carried an OAM of ¢, = +1 by irradiating
the LC g-plates with g = 0.5, with a linearly polarized incident
beam. In this case, two vertical lines separated by ~#280 um could
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be distinguished, thus verifying the capability of detecting coher-
ently superimposed OAM states via SH spiral transformation.
Furthermore, no noticeable other nonlinear optical effects (such
as the two-photon luminescencel3*)) are observed in the exper-
iment, indicating that the SH generation dominates the whole
nonlinear transformation process in the LN crystal.

Figure 3d shows the intensity profiles of these modes in the
horizontal direction along the dashed middle lines, as shown in
Figure 3c. Accordingly, we calculated the separation efficiency
of SH spiral transformation, which can be quantified by the
so-called optical finesse, defined as the ratio of the spacing be-
tween adjacent OAM states over their average full-width at half-
maxima.l®*] As expected, this indicator reaches a record high
value of 5.52 in experiment (6.30 for simulation) because of the
nonlinear enhancement factor y = 2 (shown in Figure S4, Sup-
porting Information). This slight deviation between numerical
and experimental values results from the practically transformed
lines being slightly broader than the simulated ones owing to im-
perfect optical alignment. To analyze the crosstalk between dif-
ferent incident OAM modes varying from ¢, = -2 to ¢, = 2,
we divided each OAM profile in Figure 3d into five equal parts
and counted the intensity of each part, thereby determining the
crosstalk from the power ratio of a specific OAM state.[2036] Ag
shown in Figure 3e, the average power ratio of the detected OAM
modes is #95.15% in the simulation and 70.32% in the experi-
ment. The difference between experimental results and simula-
tion can be reduced by further adjusting the optical path so that
the incident beams are strictly perpendicular to the LN unwrap-
per, and optimizing the binary strategy of Q(x, y) to avoid the ef-
fect of stray light (shown in Figure S5, Supporting Information).
Nevertheless, owing to the nonlinear enhancement factor, it is
clearly available to determine the OAM state of NIR vortices from
the sharp peak of the visible output line in the detector plane.

4. Broadband and Nondestructive Properties of SH
Spiral Transformation

Further, we show the feasibility of wavelength demultiplexing
of OAM modes owing to the broadband property of SH spiral
transformation. Most of the reported conformal transformation
schemes are limited to a single wavelength or several separated
wavelengths because they are based on linear optical devices,
such as spatial light modulator?®?!] and metasurfaces.!?237]
In contrast, the SH spiral transformation exhibits excellent
wavelength compatibility owing to its nonlinear three-wave
mixing process.””) Here, the detection of NIR optical vortices
at wavelengths of 4, = 900 nm and 4, = 1300 nm was demon-
strated. We only need to adjust the applied external electric field
to LC devices for different wavelengths to satisfy the half-wave
condition (Experimental Section) and change the distance be-
tween elements according to Equation (6). OAM modes with
topological charges varying from —2 to +2 were transformed
and captured, as shown in Figure 4a—c (shown in Figures S7
and S8, Supporting Information). Despite the optical vortices
having the same topological charges, the position of transformed
parallel lines varies with each other due to the difference between
their wavelengths, ie., S, = 4,Z,f/2xp. Notably, the scales of
the transformed lines decrease with the incident fundamental
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wavelength owing to the same spherical lens (f= 100 mm) used
to perform the spatial Fourier transform (more details are shown
in Figure S6, Supporting Information). The intensity profiles
along the dashed lines in both the simulation (Figure 4b) and
experiment (Figure 4c) confirm that different OAM modes with
separated wavelengths can be transformed to specific positions
with a slight overlap, owing to the nonlinear enhancement factor.
This means that demultiplexing of both the OAM and wavelength
can be realized simultaneously by choosing suitable wavelength
channels and scaling parameters of the SH spiral transforma-
tion. Although the demonstrated wavelength range of 500 nm is
still much broader than previous results, the theoretical analysis
clearly shows that a wider wavelength range is possible. In fact,
despite the proposed nonlinear scheme has almost no wave-
length limitation in theory, the bandwidth in practical application
may be limited by other conditions, such as the transparency
and working bandwidth of the LN and LC devices used in the
experiment.

As mentioned previously, the LN unwrapper does not perturb
the incident vortices owing to its modulation-free linear index.
In addition, since the scheme unwraps the optical vortices from
the center to the side and departs away from the original trans-
mission direction (more strictly, just a tiny amount of overlap of
FW and SH waves). Consequently, the generated SH stripes un-
dergo phase correction and Fourier transform along a new path.
The nondestructive property of SH spiral transformation is con-
firmed in Figure 4d, where the incident OAM mode (¢, = —1)
is unchanged, as shown in the inserted captures measured be-
fore and after the LN unwrapper. As predicted by Equation (5),
the corresponding converted SH OAM mode with doubled topo-
logical charge and half-wavelength was also captured on the sur-
face of the LN unwrapper. We also quantified the energy loss
of the input OAM modes, and the measured nonlinear conver-
sion efficiencies are shown in Figure 4e,f. Since the intensity of
the generated SH wave has a quadratic order dependence on the
input beam intensity,!?’] the conversion efficiency has linear de-
pendence on the incident power, with an order of magnitude of
~107°. Such low conversion efficiency results from the longitudi-
nal wave vector mismatch, i.e., Ak, = k, —k,, # 0 as described
by Equation (5), indicating that this process can be regarded as
in situ detection. Furthermore, the quasi-phase-matching mech-
anism can be introduced in the longitudinal direction via 3D do-
main engineering technology,®**%l thereby allowing us to make
a trade-off between improving detection efficiency and reducing
energy loss in practical applications.

5. Discussion and Conclusion

In this study, we have shown both theoretically and experimen-
tally that in situ IR-visible detection of OAM modes can be
achieved by SH spiral transformation. In comparison with pre-
vious optical transformation schemes, our proposed nonlinear
strategy provides higher separation efficiency and better wave-
length compatibility. Since the nonlinear enhancement factor
(v = 2) originates from the conservation of angular momentum
in the nonlinear process, a similar mechanism can be used for
higher separation efficiency by combining optical transformation
with higher-order nonlinear effects, such as high-order harmonic
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Figure 4. Broadband and nondestructive properties of SH spiral transformation. a) Experimental results for different incident wavelengths of 4, =
900 nm and 4,, = 1300 nm, and transformed parallel lines with SH wavelength of 4,,, = 450 nm and 4,, = 650 nm. b,c) Simulated and experimental
intensity profiles along the dashed lines in (a). d) Experimental setup to verify the nondestructive property of SH spiral transformation, where the input
and output OAM modes are exhibited in the inserted captures. The red optical path marks the undisturbed FW vortices captured by a CCD camera. The
blue optical path shows the transformed SH waves whose power is measured by an OP (QWP: quarter-wave plate, LPF: long pass filter, SPF: short pass
filter, OP: optical powermeter). e,f) SH beam power and nonlinear conversion efficiency as a function of pump input beam power.

generation occurring in chirped nonlinear photonic crystals.[*!]
By further introducing the sum frequency process,*?! even visi-
ble detection of light at terahertz wavelength region can be ex-
pected. Both phase and amplitude information stored in tera-
hertz photons is converted to the up-conversion photons through
designed nonlinear conformal transformation process.!*}] Given
that the nonlinear response is coherent and ultrafast in essence,
this can allow spatial distinction of OAM modes loaded in differ-
ent spectral components, which is attractive for optical communi-
cations. In addition, the limited sample processing accuracy (Fig-
ure 2b) may partly result in the observed crosstalk in the experi-
ment, which can be reduced by the femtosecond laser processing
technology with high precision.[** The crosstalk can also be sup-
pressed by shifting the transformed SH wave to the first-order of
the nonlinear Raman-Nath diffraction!*’] (shown in Figures S9,
Supporting Information). Considering the previous effort for in-
tegrate d configuration based on linear spiral transformation, ¢!
a similar compact scheme, such as the combination of the micro-
structured LN slice and LC substrates, could be developed for de-
tecting OAM modes through the proposed nonlinear conformal
transformation.
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We note that linear optical transformation based on geometric
phase devices has enabled the simultaneous detection of both
OAM and spin angular momentum (SAM).[??] Similar detection
is possible by performing SH spiral transformation through
nonlinear metasurfaces owing to the nonlinear spin—orbit an-
gular momentum interactions.[*”*8] Since the spin-determined
geometric Berry phase is continuous, it can effectively suppress
stray light in the current binary scheme. Given that such a
nonlinear system maps different optical angular momentum
to different spatial positions, the entanglement between optical
path and total photon angular momentum can be generated
through spontaneous parametric down-conversion, 4% which
can be used for high-dimensional quantum entanglement. More-
over, although research on linear conformal optics is growing
rapidly,5%3] the investigation of nonlinear conformal transfor-
mation has lagged noticeably,**! particularly in the experimental
aspect. Our results promote this research direction, and by fur-
ther extending various conformal transformations to nonlinear
optics, exotic phenomena and novel applications can be found in
diverse fields, such as nonlinear beam shaping!®! and invisible
cloaks.[5637]
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6. Experimental Section

Electrically Poling Fabrication and Observation of LN Unwrapper. Elec-
trically poling process for the fabrication of LN unwrapper. An LN wafer
with a 45 pum thickness was adopted. The wafer surface was first pro-
cessed through plasma and ultrasonic cleaning. Then, the maskless pho-
tolithography, vacuum deposition, and photoresist removal procedures
transformed the phase mask of the binary unwrapper to a +z surface with
a 120 nm Cr electrode. Finally, a high voltage of 1160 V was applied to
the Cr electrode, resulting in the reversed LN domain with opposite spon-
taneous polarization directions. The LN unwrapper was accomplished by
removing the Cr electrode. The fabricated LN unwrapper domain was ob-
served in the experimental setup through the SH generation process with
the help of a 4f system, as shown in Figure 2b.

Photoalignment Technology for the Fabrication of LC Corrector:  Indium-
tin-oxide glass substrates (1.5 x 2 cm?) were ultrasonically and UV-Ozone
cleaned and then spin-coated with the polarization-sensitive photoalign-
ment agent SD1 (Dai-Nippon Ink and Chemicals, Japan), which was dis-
solved in dimethylformamide (DMF) at a concentration of 0.3 wt%. Af-
ter curing at 100 °C for 10 min, two pieces of glass substrates were as-
sembled into a cell using UV curing adhesive with 6 um spacers mixed. A
multistep partly overlapping exposure process was performed to carry out
space-variant orientations of SD1 matching with the designed corrector’s
phase through a digital micromirror device-based dynamic microlithogra-
phy system. After yelling the photoaligned cell with nematic LCE7 (HCCH,
China), LC molecules followed the direction of SD1 orientations, and the
LC corrector was thereby accomplished. The fabricated LC corrector was
observed by polarized microscope, as shown in Figure 2c. The phase retar-
dation of the LC corrector could be expressed as I" = 2z (n.gq — ny)d /4,
where ng changed from n, to n, with the applied electric field due to LC
molecule tilting. For different wavelength in the experiment, correspond-
ing external voltage of 1 kHz square wave with different voltage V=23V
for 4,,, = 700 and 650 nm, V = 2.8 V for 4,,, = 450 nm was adopted.

Simulation for Linear Propagation of Beams: After the LN unwrap-
per, the following propagation of the SH wave was the linear process,
which could be calculated with the discrete angular spectrum method.[5®!
Az (ke ky, 0) was defined as the Fourier transformation of the SH wave
Ay, (% v, 0), and the SH wave after propagation with a distance of d could
be calculated by

Ay (ko Ky, 0) = / / Aoy 7,0) - & () gy

Ay oy, d) =// A (ks K, 0) .eid,/k2_4n2(kf+k$) .eiZﬂ(ka-#yky)dedky

7

where k, and k,, are the transverse wavevectors of the SH wave.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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