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3D Orbital Angular Momentum Nonlinear Holography

Feiyang Shen, Weiwen Fan, Yong Zhang, Xianfeng Chen, and Yuping Chen*

Orbital angular momentum (OAM), due to its theoretically orthogonal and
unbounded helical phase index, is utilized as an independent physical degree
of freedom for ultrahigh-capacity information encryption. However, the
imaging distance of an OAM hologram is typically inflexible and determined
by the focal length of the Fourier transform lens placed behind the hologram.
Here, 3D orbital angular momentum holography is proposed and
implemented. The Fourier transform between the holographic plane and
imaging plane is performed by superimposing Fresnel zone plates (FZP) onto
the computer-generated holograms (CGH). The CGH is binarized and
fabricated on the lithium niobate crystal by femtosecond laser
micromachining. Experimental verification demonstrates the feasibility of the
encoding method. Moreover, by superimposing FZPs with different focal
lengths into various OAM channels, OAM-multiplexing holograms are
constructed. Target images are separately projected to different planes,
thereby enabling 3D multi-plane holographic imaging with low crosstalk. The
interval between adjacent imaging planes can be uniform and minimal, free

project multiple target images to arbi-
trary longitudinal position theoretically.(®1%]
However, due to the varying depth of field
at the corresponding imaging plane, the in-
terval between adjacent imaging planes is
non-uniform, with larger intervals at more
distant planes, leading to low longitudi-
nal resolution and small capacity, or equiv-
alently, strong crosstalk under the condi-
tion of dense image plane distribution (see
Note S1, Supporting Information). Orbital
angular momentum, as a new physical de-
gree of freedom, has attracted intensive and
diverse research interests.l'12] Tt is promis-
ing in the multiplexing technique due to the
orthogonality of its theoretically unbounded
OAM modes.[*! In traditional OAM holog-
raphy, a cumbersome Fourier transform

lens is typically placed behind the holo-

from depth of field (DoF) constraints, thus achieving high longitudinal
resolution. This work achieves OAM holography in a more compact manner

and further expands its applicability.

1. Introduction

Computer-generated holograms utilizing precise amplitude
and phase modulation provide an advanced method to de-
sign and manipulate complex light fields, including in 3D
display,'3] image projection,*! beam shaping,>¢! and non-
linear holography,”#! especially for Fresnel CGH, which can
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gram, resulting in a fixed and inflexible
imaging distance for an OAM hologram,
thereby limiting its further application.

In this paper, we propose and demon-
strate a general approach to realize 3D or-
bital angular momentum nonlinear holog-
raphy. By superimposing Fresnel zone
plates onto CGHs, Fourier transform operations can be per-
formed within the Fresnel regime,!'% allowing flexible control of
the projection depth in OAM holography by adjusting the focal
length of the FZPs. Furthermore, the implementation of OAM-
multiplexing hologram facilitates the independent control of the
projection depth for each OAM channel, leading to the success-
ful realization of low-crosstalk 3D multi-plane imaging. Addi-
tionally, this holographic encoding technique obviates the neces-
sity for the Fourier transform lens structure typically required
in conventional OAM holography, thereby substantially simplify-
ing the optical configuration. Femtosecond laser micromachin-
ing is becoming an advanced method used in various optical
research, 1“8 offering an efficient and integrated fabrication ap-
proach. The calculated CGH patterns are fabricated in monolithic
lithium niobate crystals with binary modulation of quadratic sus-
ceptibility by femtosecond laser. Overall, our study contributes to
the diversification of implementation methods for OAM holog-
raphy. It also opens new possibilities for nonlinear multi-plane
holography in a single piece of crystal.

2. Result
2.1. Design Principle of 3D OAM Nonlinear Holography

The encoding process of the OAM holography is shown in
Figure 1a. The target image is first sampled according to the

© 2025 Wiley-VCH GmbH
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Figure 1. a) Design principle for the OAM hologram; b) Schematic illustration of the optical system for holographic image reconstruction and the optical

image of the fabricated hologram on LN sample by femtosecond laser.

spatial frequency of the selected encoding helical phase (see Note
S2, Supporting Information). Then, the Gerchberg—Saxton (GS)
algorithm is utilized to obtain the OAM-preserved hologram. To
construct an OAM-selected hologram, a helical phase plate (HPP)
with [, is encoded onto the OAM-preserved hologram. According
to the nonlinear OAM conservation law!"! and nonlinear OAM-
matching condition?®) Al = 21, + I, where I, is the topologi-
cal charge carried by the incident fundamental beam. The target
image can be clearly reconstructed only when an incident OAM
beam with [, = —1/21_is used and the reconstructed image con-
sists of pixels that feature Gaussian mode showing high-intensity
distribution. On the contrary, if a mismatched OAM beam is inci-
dent, each pixel maintains the vortex characteristics and exhibits
a lower intensity distribution, which can be regarded as back-
ground noise. In this work, a decoding HPP with —I, is directly
superimposed onto the hologram instead of the OAM beam in-
cidence.
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In the OAM holography, the electric field on the hologram
plane and that on the image plane form a Fourier pair. Di-
rect superposition of a FZP on a Fourier hologram will gen-
erate a single-plane Fresnel hologram (see Note S3, Support-
ing Information), where the focal length of the FZP can be
used to translate the image to any distancel'”! controllably. No-
tably, this flexibility is further exemplified by our ability to su-
perimpose Fresnel zone plates with different focal lengths in
various OAM channels, thereby projecting different target im-
ages onto planes at distinct depths, namely, the 3D multi-plane
OAM holography. Meanwhile, the traditional Fourier transform
lens structure can be omitted, which greatly simplifies the op-
tical configuration. The phase function of FZP can be written
as:

(3 7) = —%(xz +¥) M)
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where (x, y) represents the Cartesian coordinates in the holo-
graphic plane, k is the wavevector and f represents the fo-
cal length. So the final complex-amplitude distribution of an
OAM multiplexed hologram can be described mathematically
as:

M=

Ulx,y) = exp(i®gec(x.Y)) 2, Ej(x V)exp(i®i_rpzp(x, y))exp(i®i_enc(x.y)) (2)

j=1

(-
1l

where n is the total OAM channel number, E;(x, y) is the complex-
amplitude distribution of the sampled target image obtained by
GS algorithm encoded on the j-th OAM channel, @, _,, (x, y) is
the phase distribution of the j-th encoding HPP, ®; _ 1, denotes
the phase function of the FZP superimposed on the j-th OAM
channel and @, (x, y) is the phase distribution of the decoding
HPP. It is worth noting that the depth controllability is achieved
by loading different FZP phases onto different OAM channels.
It should be emphasized that the size of the reconstructed tar-
get image is directly related to the focal length of the FZP. The
larger the focal length, the larger the size of the image. There-
fore, to achieve a realistic restoration of a 3D object, the images
of each plane need to be scaled accordingly in advance (Note S4,
Supporting Information).

Finally, we choose a suitable way to encode the complex-
amplitude field onto the holographic plane. Considering that we
use the femtosecond laser to erase the nonlinear coefficient of the
lithium niobate crystal which results in two states corresponding
to the actual laser-nonirradiated area and laser-irradiated area,
the binary Fresnel CGH was selected in our experiments (see Ex-
perimental Section).

Notably, both the FZPs and the binarization process in
the encoding process are wavelength-dependent. Therefore, we
adopted a configuration where the beam was first frequency-
doubled and then modulated, with the design of CGHs specif-
ically tailored for the SH beam. Under the irradiation from the
opposite direction, the target image can not be clearly recon-
structed(see Note S5, Supporting Information), enabling non-
reciprocal information processing. Further, we encode Num-
ber “3” and Letter “D” into the OAM channels | = 0 and
I = —2 respectively. If we engrave these two different holo-
grams on the back and front surfaces of the LN crystal sepa-
rately, the incidence of Gaussian light can reconstruct the Num-
ber “3,” while the reverse incidence of vortex light with | = 1
can reconstruct the Letter “D.” Consequently, we can realize
that irradiation in both directions will produce different patterns
and the capacity of our holography can be further improved
by multiplying a factor 2. It is worth noting that this double-
layer structure must be based on the laser poling technique
to avoid excessive modulation of the fundamental frequency
light by the previous layer (see Note S6 for details, Supporting
Information).

To validate the effectiveness of this encoding method, the letter
S was encoded with a HPP with | = 4 and a FZP with f= 50mm.
When a decoding HPP with | = —4 was superimposed onto the
hologram, a distinct SH pattern emerged at the corresponding
distance with Gaussian-spot pixels under the condition of Gaus-
sian beam incidence, as shown in Figure 1a. The slight difference
between the experiment and theoretical simulation is the imper-
fection of the produced ferroelectric domain structure and the
unavoidable random structure errors.
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2.2. OAM-Multiplexing Holography at the Same Imaging Plane

The more pronounced difference between the OAM-matching
and OAM-mismatching can be demonstrated by constructing an
OAM-multiplexing hologram. As can be seen from Figure 2a, let-
ters L and N, namely the abbreviation for lithium niobate crys-
tal, were encoded separately into two OAM channels, i.e., | =
1 and I = 3, while superimposing identical FZPs with f = 50
mm projects them onto the same imaging plane. The decod-
ing process can be performed by superimposing correspond-
ing decoding HPP onto the OAM-multiplexing hologram as
shown in Figure 2b. Figure 2¢,d show the simulation and ex-
perimental results, respectively. It is clear that the decoded tar-
get image consisted of Gaussian-shaped pixels showing high
intensity, corresponding to the OAM-matching condition being
satisfied. Due to the OAM mismatching, the other letter had
donut-shaped pixels and relatively low intensity, which can be re-
garded as background noise and can be further removed through
post-processing.

2.3. OAM-Multiplexing Holography for 3D Multi-Plane Imaging

Suffering from strong crosstalk and varying DoFs between ad-
jacent planes, it is challenging for traditional 3D holographic
imaging techniques to achieve large-capacity and high-fidelity
3D information storage. By leveraging the orthogonality of
OAM modes, crosstalk can be significantly reduced, espe-
cially since the proposed encryption method now enables pre-
cise and independent control over the imaging distances of
each OAM channel. Additionally, the intervals between ad-
jacent imaging planes are no longer constrained by the
DoFs.

To characterize the 3D reconstruction performance of the
proposed OAM holography, we chose multi-plane images of
the letters “SJTU” as our 3D object model. As is illustrated
in Figure 3, the four letters are divided into four layers
which are positioned at different distances from the hologram
(z, = 42mm, z, = 43mm, z; = 44mm, z, = 45mm). After
performing the GS algorithm, they were separately encoded
into four different OAM channels (I, = -3, [, = -1, I, = 2,
l, = 4) and superimposed with corresponding FZPs for inde-
pendent projection. The OAM-multiplexing hologram was ob-
tained by superposing four DC-OAM-selective holograms. The
decoding process is shown in Figure 4a. To reconstruct a spe-
cific target image, correct decoding HHP should be superim-
posed onto the OAM-multiplexing hologram. The numerical re-
constructions under the Gaussian beam incidence at four dif-
ferent depth planes are shown in Figure 4b—e and the cor-
responding experimental reconstruction results are shown in
Figure 4f—i. After applying a mode-selective aperture array in
post-processing of the reconstructed holographic images, most
of the OAM-mismatching target images were filtered. To bet-
ter illustrate the mechanism and the design principle of the
mode-selective aperture array, a sample example is presented
in Figure S8 (Supporting Information). As we can see, the ex-
pected letters appeared at pre-designed distances. Due to in-
evitable discrepancies between the actual fabricated structures
and the designed CGH pattern, the interference between OAM
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Figure 2. a) Design principle for the OAM-multiplexing hologram with the same depth; b) The decoding process by superimposing corresponding
decoding HHP; c) Simulated and d) Experimental reconstruction results at z = 50mm.

OAM-specific OAM-preserved Encoding HHP FZP OAM-selective

Target image
g g sampling hologram hologram

+

OAM-multiplexing
hologram

ﬂ
1=-3
n
n"ﬂ ‘ 4l=-1
E
H:
;E
=4

Figure 3. Encoding process of OAM-multiplexing holography for 3D multi-plane imaging. The 3D object “SJTU” is sliced into four planes containing
different letters. Each letter is encoded into a distinct OAM channel by applying OAM-specific sampling before performing the GS algorithm and then
superimposing with the phase of encoding HHP and FZP. Consequently, four OAM-selective holograms are obtained respectively and then superimposed
to construct an OAM-multiplexing hologram.

f=45mm
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Figure 4. a) Decoding process of OAM-multiplexing holography for 3D multi-plane imaging; b—e) Numerical reconstructions of 3D model “SJTU” at
the depth of z1, 22, z3, and z4, respectively; f-i) Experimentally reconstructed images at corresponding positions.

modes in adjacent pixels, termed as adjacent pixel interference
(API), is unavoidable. Consequently, high-intensity pixels compa-
rable to those in the signal regions appear in the non-signal areas
during experiments, and these pixels cannot be filtered out. Fur-
thermore, a smaller interval of topological charges significantly
amplifies the crosstalk between imaging channels, whereas
the spacing between imaging planes exerts minimal influence
on this phenomenon. A detailed discussion of their respec-
tive impacts on crosstalk is provided in Note S8 (Supporting
Information).

In order to quantitatively analyze the experimental reconstruc-
tion results of our 3D OAM nonlinear holography, the mean
square error (MSE) is introduced. It is the average of the squares
of the corresponding pixel differences between the numerical
and the experimental reconstructed images, which can be ex-
pressed as:

X, [1(m,m) = I(m, m))”
MXxN

MSE =

©)
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where I(m, n) and [ (m, n) represent the optical intensity matri-
ces of experimental and numerical results. M and N are the pixel
numbers of matrices corresponding to horizontal and vertical di-
rections. The summation ), , is over all possible pixels with
index (m, n) of the image. Generally speaking, a low MSE cor-
responds to a high-quality reconstruction. We calculate the MSE
between the reconstructed and original images. For comparison,
random noise images are adopted to calculate the same quanti-
ties MSE,, in which the matrices I(m, n) are replaced by random
numbers. The results of MSE and MSE,, are shown in Table 1. It
is clear to see that the values of MSE of the reconstructed images
are two orders of magnitude smaller than the random noise im-
ages, which indicates that the 3D object is well reconstructed by
our method.

3. Discussion

The imaging distances and the number of target images selected
in this experiment are merely exemplary. In practice, smaller

© 2025 Wiley-VCH GmbH
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Table 1. The results of MSE and MSE,.

Letter S Letter Letter T Letter U
MSE 0.0028 0.0013 0.0032 0.0047
MSE, 0.3340 0.3358 0.3337 0.3331

distance intervals and a greater number of images can be se-
lected. Both of the transverse resolution and longitudinal res-
olution, or equivalently the capacity, are constrained by the
OAM sampling condition and the numerical aperture of the
CCD camera. A larger number of target images necessitates
a larger sampling constant. This implies that the target im-
ages need to be magnified and a camera with a larger nu-
merical aperture should be used; otherwise, the resolution of
the images will degrade, potentially leading to distortion. If
our holograms are loaded onto a spatial light modulator and
a temporal multiplexing method is employed,?! this issue can
be mitigated. A more detailed discussion of the capacity and
resolution is provided in Note S7 (Supporting Information).
We compare our 3D nonlinear OAM holography with other
reported 3D holography works in terms of capability, resolu-
tion, crosstalk, performance and implementation method. As
shown in Table S1 (Supporting Information), despite some
performance differs, our method shows high resolution, low
crosstalk and uniqueness in non-reciprocity. Meanwhile, our en-
cryption method is compatible with other enhanced OAM holog-
raphy techniques, 2/ and their integration allows us to fur-
ther enhance the capacity and resolution of 3D holographic
imaging.

In conclusion, we have proposed the concept of 3D OAM
nonlinear holography and employed femtosecond laser mi-
cromachining technique to fabricate CGH pattern onto the
lithium niobate crystal. Our approach utilizes superimposed
FZPs in CGH replacing the Fourier transform lens used in the
traditional OAM holography, enabling us to flexibly con-
trol over imaging distance. Meanwhile, the optical configu-
ration is greatly simplified. Moreover, we constructed OAM-
multiplexing holograms to independently project images that
loaded in different OAM channels to distinct positions, thereby
achieving low-crosstalk 3D multi-plane holographic imag-
ing. Experimental verification has demonstrated the feasibil-
ity of 3D OAM nonlinear holography. It is worth mention-
ing that the proposed OAM holographic encoding strategy rep-
resents a universal approach compatible with the majority of
OAM holography techniques, holding great promise for ap-
plications in various field including 3D display and optical
manipulation.

4. Experimental Section

Binarization of the Complex-Amplitude OAM Hologram: To record the
information of the complex-amplitude OAM hologram onto the lithium
niobate crystal, the method of binary interference CGH was used. Through
the interference of the object wave U(x, y) = Aq(x, y)exp(ido (x, y) and the
planar reference wave R(x, y) = Rexp (i2zax), where Ay (x, y) and exp (idq (x,
y)) are the amplitude and phase term of the complex amplitude on the
holographic plane, R and a are the amplitude and the carrier frequency re-
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spectively, the transmittance function h(x, y) of the hologram was obtained
first:

hxy) =1 UK y) +Rxy) I*

“)
1
= 21+ Ao lcos ol y) - 2rar)
The bright fringes equation of the hologram can be obtained as:
bo(x,y) — 2max = 2zn (5)

where n represents the serial number of the bright fringes, n =0, +1, +2,
....By solving the position of each bright fringe and opening a thin slit, a
binary transmission grating is formed, that is, the phase of the object wave
is encoded. The encoding of the amplitude was obtained by introducing
an offset coszq(x, y) to modulate the width of the bright fringes,[2°] where
q(x, y) = arcsin[Ao(x, y)]/= and the amplitude Ao(x, y) takes the normalized
value. This encoding method is widely used in standard wavefront gener-
ation and interference detection.3%31] Then, the final interference binary
CGH is represented as follows:

Hix y) = {1, cos[pq (X, y) — 2zax] > cos mq(x, y) ©)

0, others

Fabrication of CGH by Femtosecond Laser Erasure: The CGH was fab-
ricated using a NIR laser working at 800nm wavelength, 1kHz reputation
rate, and 109fs pulse width (Coherent Legend Elite). A 5mol.% MgO-doped
LiNbO3 crystal with a thickness of 1mm was used as a sample which is
mounted on the computer-controlled XYZ translation stage with a resolu-
tion of 0.2um. An objective lens with a numerical aperture of 0.90 (Nikon
CFITU Plan Fluor BD) was applied to focus the laser pulse onto the surface
of the crystal. The moving speed was 100um/s and the moving direction
was perpendicular to the laser beam. In this experiment, a single pulse
of about 30y was used. Controlled by the computer program, the ferro-
electric domain of the crystal was selectively erased corresponding to the
dark area of the CGHs. While the non-irradiated points correspond to the
white area of the CGHs. The physical mechanism of the ferroelectric do-
main erasing process can be understood in that the crystallinity is reduced
through laser irradiation.[*2] The CGH patterns were fabricated with 300
% 300 pixels, where each pixel has a size approximately at 2 um X 2 um.
The fabricated CGH's were written within an area of 0.6 x 0.6 mm? and the
total processing time is 1.5 h.

Experimental Set-up: Figure 1b shows the optical holographic imag-
ing system. The fundamental frequency (FF) beam with a wavelength of
800nm was used for image reconstruction. A linear polarizer was utilized
to adjust the polarization of the FF beam. Afterward, an ordinary polar-
ized laser beam was irradiated onto the sample. Given that the CGH
pattern was inscribed on the surface of the LiNbO3 crystal, we arranged
the sample such that the FF beam initially traversed the unmodulated
LiNbO3 crystal, where the second harmonic (SH) beam was generated
at the wavelength of 400 nm. Subsequently, the SH beam was modu-
lated by the CGH and projected to the corresponding depth for imag-
ing. Before the CCD camera, a filter was used to separate the FF and
SH beams.

Supporting Information

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