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Abstract. Optical orbital angular momentum (OAM) multiplexed holography has been implemented as an
effective method for information encryption and storage. Multiramp helicoconical-OAMmultiplexed holography
is proposed and experimentally implemented. The mode selectivity of the multiramp mixed screw-edge dis-
locations, constant parameter K , and normalized factor are investigated, respectively, which demonstrates
that those parameters can be used as additional coding degrees of freedom for holographic multiplexing.
The combination of the topological charge and the other three parameters can provide a four-dimensional
multiplexed holography and can enhance information capacity.
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1 Introduction
Optical holography is one of the promising technologies for in-
formation encryption and storage.1 In traditional holography, the
different physical dimensions of light, such as phase, polariza-
tion, and wavelength, have been implemented for multiplexing
multiple data in a single multiplexed hologram to improve the
capability of security encryption.2–5 However, the multiplexing
capability is still limited, and the decoding process is compli-
cated. The orbital angular momentum (OAM) carried by the vor-
tex beam has been investigated due to its unique spiral phase
structure and physically unconstrained orthogonal mode, which
is an approach to enhancing classical and quantum communica-
tions.6–8 OAM is represented as a spiral phase expðilφÞ, where l
and φ are the topological charge (TC) and the azimuthal angle,
respectively.9 In the past three decades, different types of OAM
beams, such as the Airy vortex beam, the Bessel vortex beam,
and Pearcy vortex beam, have had vast applications in optical
tweezers, optical images, and so on.10–12 In addition, the OAM

can be used as an additional degree of freedom to improve the
information capacity due to the orthogonality of OAM
modes.13,14

Recently, OAM multiplexed holography has been demon-
strated and experimentally implemented as an independent
information channel that can preserve the OAM property and
achieve the OAM selectivity in the reconstructed images.15–17

After that, different OAM holography has been developed
rapidly. The polarization-encrypted OAM holography was
implemented based on a birefringent metasurface, which can
obtain the reconstruction information in both TC and polariza-
tion channels.18 The ultradense perfect OAMmultiplexed holog-
raphy with integer and fractional TCs was investigated, which
can achieve two-dimensional spatial division multiplexing in
both radial and angular dimensions.19 Partial OAM holography
was proposed in the angular space by dividing an integer OAM
mode into several partial phase modes, which can enhance
information capacity.20 The modulated OAM holography was
investigated based on the cosine-modulated OAM beams.21

The multiple-image and multiple-dimensional encrypted OAM
multiplexed holography based on the OAM beam with phase*Address all correspondence to Xiao Yuan, xyuan@suda.edu.cn
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jump factor and the modulated chiro-optical beams were
implemented.22,23 By introducing the multiple parameters into
the OAM holography, a four-dimensional spatial multiplexing
can be achieved. In the ellipticity-encrypted OAM holography,
the multiple images can be encoded into the ellipticity channel.24

However, the encoded information capacity is still limited. The
additional degree of freedom is needed to improve information
security and capacity. A new kind of vortex beam has been stud-
ied, namely, the helicoconical beam (HCB), which has both
helical and conical phases.25–27 Note that the HCBs have the ad-
ditional conical phase modulation compared to the conventional
OAM beam, which can provide a new way to boost information
capacity. In addition, the multiramp helical-conical (MHC)
beam was proposed by Wen et al.28 and its focusing properties
were investigated. However, to the best of our knowledge, the
MHC beams have not been implemented to enhance the holo-
graphic information capacity. We find that the phase modulated
by the conical parameter and the number of multiramp mixed
screw-edge dislocations of the MHC beam also have similar
holographic preservation and selectivity like the helical phase.
In holography, the use of an MHC beam not only increases the
degree of coding freedom, but also improves the security of the
information.

In this work, multiramp helical-conical orbital angular mo-
mentum (MHC-OAM) multiplexed holography is proposed and
implemented. The four parameters of the MHC beam can be
independently modulated, namely, TC, the number of multi-
ramp mixed screw-edge dislocations m, the constant K, and
the normalized factor r0. The MHC-OAM mode selectivity
has been investigated based on the number of multiramp mixed
screw-edge dislocations m, the constant K, and the normalized
factor r0. According to these parameters, the multidimensional
multiplexed holography can be obtained. The feasibility of the
MHC-OAM multiplexed holography in different dimensions is
verified in experiments. This method shows the huge applica-
tion possibilities in information encryption and storage.

2 Principle and Methods

2.1 Principle of MHC-OAM Multiplexed Holography

The phase function of the MHC beams is written as28

Eðx; yÞ ¼ exp

�
iα

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
r0

− K

��
θ − 2πn

m

��
; (1)

where ðx; yÞ represents the Cartesian coordinates in the holo-
graphic plane, α is the TC of the MHC beams, and
θ ¼ tan−1ðy∕xÞ is the azimuthal angle. m represents the number
of multiramp mixed screw-edge dislocations, which is an inte-
ger. Here n ¼ ½mθ∕ð2πÞ� and [·] denotes the floor function. K is
a constant that takes the values of 1 or 0, and r0 represents the
normalized factor of the radial coordinate r2 ¼ x2 þ y2.

The spatial frequency distribution of the MHC beams based
on the Fourier integral theorem is expressed as29
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where ðX; YÞ indicates the Cartesian coordinates in the image
plane, k ¼ 2π∕λ is the wavenumber, λ is the wavelength, and

f is the focal length. Figures 1(a1)–1(a3) show the phase dis-
tribution with α ¼ 6 and r0 ¼ 1 mm, and different values of K
and m. The simulation of the spatial frequency distribution of
the MHC beam is shown in Figs. 1(b1)–1(b3). When m ¼ 1,
it is a traditional HCB, as shown in Figs. 1(a1) and 1(b1).
However, whenm ¼ 3, the phase distribution of the MHC beam
is divided into three parts, as shown in Figs. 1(a2) and 1(a3), and
each part can be used to generate HCBs [Figs. 1(b2) and 1(b3)].
Notice that the distance between the three subbeams will get
closer because K ¼ 1. It can be explained that for K ¼ 1, the
phase in Eq. (1) introduces an azimuthally varying phase shift,
resulting in a beam with a greater degree of spiral, which is not
present in K ¼ 0.

In a computer-generated hologram (CGH), a Fourier pair is
formed between the electric field of the image plane and holo-
graphic plane, so the electric field of the reconstructed image is16

EOAMðX; YÞ ¼ I½EOAM
h ðx; yÞ� ¼ I½Ehðx; yÞ · EOAMðx; yÞ�

¼ I½Ehðx; yÞ� � I½EOAMðx; yÞ�; (3)

where Ehð·Þ and EOAMð·Þ are the complex amplitudes of the
hologram and the MHC beam, respectively. The operators I
and * are the Fourier transform and convolution, respectively.
If the sampling array of the target image is correlated with
the spatial frequency of the MHC-OAM beam, the OAM prop-
erties will be preserved in the reconstructed image. Therefore,
the sampling constant d of sampling array is a key issue. The
sampling constant as a function of TC is shown in Fig. 1(c).
It can be seen that the constant d increases linearly with the
increase of TC, and the larger value of m is, the smaller the
value of d under the same TC is. Note that the sampling constant
d is also related to the normalized factor r0 (Note S1 and Fig. S1
in the Supplementary Material).

The design principle of the MHC-OAM holography is shown
in Fig. 1(d). According to the adaptive weighted Gerchberg–
Saxton (AWGS) algorithm, an OAM-preserved hologram is
obtained, as depicted in the middle part of Fig. 1(d). Notice that
the MHC beam is preserved in each pixel of the reconstructed
image. From the right part in Fig. 1(d), the phase function
ϕðα; m; K; r0Þ of an MHC beam is superimposed into the OAM-
preserved hologram, resulting in the generation of an OAM-
selective hologram. Due to OAM conservation, the Gaussian
spots with a stronger intensity distribution in the desired holo-
graphic image are obtained only for a given incident MHC
phase mode with ϕð−α; m; K; r0Þ. Finally, the multiplexed
hologram can be obtained from the superposition of multiple
selective holograms.

2.2 MHC-OAM Mode Selectivity

The mode selectivity of MHC beams with the constant K, the
number of multiramp mixed screw-edge dislocations m, and the
normalized factor r0 in image reconstruction are illustrated in
Fig. 2. The encoded phase parameters of the hologram are fixed
as α ¼ 6, m ¼ 3, K ¼ 0, and r0 ¼ 1 mm. First, we demonstrate
the MHC mode selectivity under the constant K, as shown in
Fig. 2(a). When the decoded phase mode with α ¼ −6, m ¼ 3,
K ¼ 0, r0 ¼ 1 mm illuminates the hologram, the Gaussian spot
with stronger intensity is obtained. However, the reconstructed
light field with lower intensity is formed when the incident
decoded MHC beam with K ¼ 1, which can be regarded as
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Fig. 1 (a1)–(a3) Phase distributions of the MHC beams. (b1)–(b3) Simulation of the spatial fre-
quency distributions of the MHC beams. (c) Relationship between the TC and sampling constant
d . (d) Principle of the MHC-OAM holography.

Fig. 2 MHC-OAM mode selectivity. (a) Mode selectivity of the constant K . (b) Mode selectivity of
the multiramp mixed screw-edge dislocations. (c) Relationship between the reconstructed normal-
ized peak intensity and normalized factor r0. (d) Interference field distribution of the encoded MHC
beam with r 0 ¼ 1 mm and decoded MHC beams with r0 ¼ 0.8 mm, r0 ¼ 0.95 mm, r 0 ¼ 1 mm,
and r 0 ¼ 1.5 mm, respectively.
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background intensity and ignored. Figure 2(b) shows the effect
of the number of multiramp mixed screw-edge dislocations m
on the mode selectivity. Similarly, when the hologram is illumi-
nated by the decoded phase mode with ϕð−6; 3; 0; 1 mmÞ, the
desired Gaussian spot is obtained. Otherwise, the peak intensity
of the mode with m ¼ 2 or 4 is lower than that of the mode with
m ¼ 3. The relationship between the reconstructed peak inten-
sity and the normalized factor is shown in Fig. 2(c). It can be
seen that the peak intensity is influenced by the decoded phase
with different normalized factors r0. If the difference between
decoding r0-de and encoding r0-encod is more than 0.1 mm, the
reconstructed peak intensity can be neglected. In this case, the
multiplexing interval of r0 can be set to Δr0 ≥ 0.1 mm. The
reconstructed intensity distributions with different r0 are shown
in Fig. 2(d).

In order to select the appropriate parameters m and r0 for the
multiplexed holograms and to ensure that the multiplexed re-
sults have a good signal-to-noise ratio (SNR), the corresponding
OAM-selective holograms are designed using OAM selectivity.
The effect of the number of multiramp mixed screw-edge dis-
locations m on the SNR is shown in Fig. 3(a). The MHC phase
with mencode ¼ 3 is superposed on the MHC-OAM-preserved
hologram, resulting in the generation of an MHC-OAM-selec-
tive hologram, andmdecode ¼ 1, 2, 3, 4, 5 are the decoding phase
parameters of incident MHC beams. When the incident MHC
beam with parameter mdecode ¼ 3 illuminates the hologram,
we can decode the target image with a relatively high SNR,
as the parameter mdecode of the incident MHC beam can match
better with the design value of mencode. On the contrary, we get
the reconstructed image with poor SNR, and the reconstructed
image will be hidden. Under the promise of obtaining a high
SNR, the difference of m in holographic multiplexing can be
chosen as 1. The SNR as a continuous function of the decoded
normalized factor is depicted in Fig. 3(b). When the decoded
normalized factor is close to the encoded normalized factor,
the reconstructed result with a relatively high SNR is obtained.
Under the promise of a high SNR, the difference between the
normalized factors of the encoded and the decoded MHC phase
modes is required to exceed 0.1 mm.

3 Results and Discussion
The schematic diagram of the experimental setup of MHC-
OAM holography is shown in Fig. 4. An He–Ne laser

(Research Electro-Optics, R-31007) with a wavelength of
633 nm and a power of 0.8 mW is used as the light source.
The laser beam is expanded and collimated by a 20× objective
and a lens L1 with a focal length of 400 mm. An aperture is used
to adjust the size of the incident beam matching the phase-only
spatial light modulator (SLM, Hamamatsu-X13138 series-07,
1272 pixels × 1024 pixels, pixel pitch of 12.5 μm). Since the
SLM is only sensitive to the horizontal polarized component
of the incident beam, a polarizer is inserted between the aperture
and the SLM to generate a horizontal polarized beam. The beam
is modulated by the SLM and passes through a lens L2 with
the focal length of 100 mm to a CCD (GS3-PGE-91S6M-C,
3376 pixels × 2704 pixels, pixel pitch of 3.69 μm) used to
capture the reconstructed holographic image. In this work, the
experimental system is simplified, since we have only one SLM.
The hologram pattern is not directly illuminated by an MHC
beam. Alternatively, the decoded MHC phase distribution is

Fig. 3 (a) SNR as a function of the number of multiramp mixed screw-edge dislocations. (b) SNR
as a function of the normalized factor.

Fig. 4 (a) Schematic diagram of the experimental setup of MHC-
OAM holography. L1 and L2, lens; A, aperture; P, polarizer; BS,
beam splitter; and SLM, spatial light modulator. (b) The hologram
loaded into the SLM contains the decoded phase and OAM
hologram.
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superimposed into the hologram, which is illuminated by a
planar beam, as shown in Fig. 4(a). In the decrypted process,
the hologram used is represented as the superposition of the
decoded MHC phase and the MHC-OAM hologram, so the
mathematical phase-only hologram can be described as

P ¼ arg

�XN
i¼1

expðiϕiÞ expðiψ i-deÞ
�
; (4)

where ϕi, ψ i-de, and N represent the phase information of each
image channel, the decoded MHC phase distribution, and the
number of multiplexing channels, respectively. The design
principle of the hologram loaded into the SLM is shown in
Fig. 4(b).

3.1 m- or r0-Encrypted MHC-OAM Multiplexed
Holography

According to the results in Sec. 2, the number of multiramp
mixed screw-edge dislocations m and the normalized factor
r0 can be used as independent channels for multiplexed holog-
raphy. The MHC-OAM multiplexed holography with m- and
r0-encryption is implemented in the experiment. Figure 5 shows
the schematic diagram of the m-encrypted MHC-OAM multi-
plexed holography. The four Arabic numbers “1,” “2,” “3,”
and “4” are set as target images and encoded into four OAM
preserved holograms using the AWGS algorithm, respectively.
Then the four MHC phase modes with the TC of 8, the constant
K ¼ 0, the normalized factor of 1 mm, and the number of
multiramp mixed screw-edge dislocations of 4, 5, 6, and 7 are

superimposed into the OAM-preserved hologram, leading to
the four OAM selective holograms, respectively. These four
OAM selective holograms can be superimposed into one OAM-
multiplexed hologram, as shown in Fig. 5(a). The feasibility of
the m-multiplexed holography is numerically simulated (Note
S2 and Fig. S2 in the Supplementary Material). The experimen-
tal results are shown in Figs. 5(b)–5(e). When the MHC-OAM
multiplexed hologram with the key m is illuminated by the
different incident MHC beams with ϕð−8; 4; 0; 1 mmÞ,
ϕð−8; 5; 0; 1 mmÞ, ϕð−8; 6; 0; 1 mmÞ, and ϕð−8; 7; 0; 1 mmÞ,
four distinct images are reconstructed, respectively. The pixel
intensity fluctuations in the reconstructed images may originate
from three factors: inadequate phase modulation of the SLM,
the uniformity of the incident beam, and nonuniform photon
sensitivity of the pixelated CCD camera. When the multiplexed
hologram is illuminated by a planar beam, four images appear
simultaneously and are indistinguishable from each other, as
shown in Fig. 5(f). The results exhibit that four images can
be encrypted and decrypted from one multiplexed hologram
under the same TC of the MHC beams.

In order to enhance the capacity of holographic multiplexa-
tion, the normalized factor r0 is used in OAM-multiplexed
holography. The design process of the r0-encrypted MHC-
OAM-multiplexed holography is shown in Fig. 6(a). Four im-
ages with the letters “C,” “O,” “P,” and “E” are encrypted into
a single MHC-OAM-multiplexed hologram, where the normal-
ized factors of r0 ¼ 0.5, 0.6, 0.7, and 0.8 mm are adopted to
decrypt each image, respectively. The other coding parameters
are fixed as α ¼ 5, m ¼ 3, and K ¼ 0. In the decryption pro-
cess, each image can be reconstructed when the incident
MHC beam with ϕð−α; m; K; r0Þ. The influence of parameter

Fig. 5 Schematic diagram of MHC-OAM-multiplexed holography designed with keym. (a) Design
process. (b)–(e) Experimental reconstruction results based on the m-dependence of the incident
MHC beams with m ¼ 4, 5, 6, and 7, respectively. (f) Reconstruction holographic image by
a planar wave.
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r0 on MHC-OAM-multiplexed holography is numerically
investigated (Note S3 and Fig. S3 in the Supplementary
Material). It is clear to see that the reconstructed target images
have a relatively low SNR due to the spatial overlap of MHC
modes (Table S1 in the Supplementary Material). In order to
reduce the overlap between MHC modes, the target images with
larger sampling constants are numerically simulated (Table S2
and Fig. S4 in the Supplementary Material). The experimental
results are shown in Figs. 6(b)–6(e). In this case, the MHC-
OAM-multiplexed holography with the r0-encryption is imple-
mented, demonstrating that the normalized factor can be used
as an independent information channel. The multiplexing cross-
talk is analyzed in the holographic reconstruction (Note S4
and Fig. S5 in the Supplementary Material). In addition, the
crosstalk can have originated from the noise of the CCD,
the uniformity of the incident beam, or the limitation of the
sampling point. In CGH, the MHC-OAM hologram and target
image are discretely sampled, which is limited by the pixel pitch
of the SLM and the spatial frequency of the MHC beam.
Although the iteration algorithm can optimize the intensity
value of each sampling point, the area between the sampling
points is completely unrestricted. If the phase difference be-
tween the adjacent sampling points is chose to π, the noise may
appear.

On the other hand, the impact of TC α on the MHC-OAM-
multiplexed holography is numerically characterized (Note S5
and Fig. S6 in the Supplementary Material). Our numerical
results show that the use of MHC beams with a larger TC differ-
ence in the holographic multiplexing can yield a lower crosstalk.
Moreover, it should be mentioned that the effect of constant K
on the reconstruction of MHC-OAM-multiplexed holography

exhibits a good SNR (Note S6 and Fig. S7 in the
Supplementary Material). The above results show that using
MHC modes with a smaller TC difference or a smaller normal-
ized factor difference produces a higher crosstalk. Therefore, the
selection of TC and the normalized factor needs special consid-
eration in the design of holographic multiplexing. Meanwhile,
our results suggest that the selection of larger sampling con-
stants is beneficial to improve the SNR.

3.2 X-K-Encrypted MHC-OAM-Multiplexed Holography

In this section, the combination of the parameter X and the con-
stant K will be demonstrated in different multiplexing channels.
Three modulation parameters of the MHC beams, namely,
TC, m, and r0 can be used as independent degrees of freedom,
so the parameter X is chosen as any one of the above three
parameters.

The α-K-encrypted MHC-OAM-multiplexed holography is
shown in Fig. 7. Two different TCs (α ¼ −5 and 5) and two
different constants K (K ¼ 0 and 1) are used to encode the four
images with the letters “D,” “A,” “T,” and “E.” One α-K-
encrypted MHC-OAM-multiplexed hologram can be obtained
by superimposing the four OAM selective holograms generated
from the OAM-preserved holograms and four MHC phase modes
with ϕð−5; 3; 0; 1 mmÞ, ϕð−5; 3; 1; 1 mmÞ, ϕð5; 3; 0; 1 mmÞ,
and ϕð5; 3; 1; 1 mmÞ. Here the TC and the constant K together
determine the encrypted and decrypted images. The four images
can be reconstructed when the multiplexed hologram is
illuminated by different MHC beams with ϕð5; 3; 0; 1 mmÞ,
ϕð5; 3; 1; 1 mmÞ, ϕð−5; 3; 0; 1 mmÞ, and ϕð−5; 3; 1; 1 mmÞ,
respectively, as shown in Figs. 7(b)–7(e).

Fig. 6 Schematic diagram of MHC-OAM-multiplexed holography designed with key r0. (a) Design
process. (b)–(e) Experimental reconstruction results based on the r 0-dependence of the incident
MHC beams with r0 ¼ 0.5, 0.6, 0.7, and 0.8 mm, respectively.
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The MHC-OAM-multiplexed holography based on the
number of multiramp mixed screw-edge dislocations m and
the constant K is implemented under the same TC and the same
normalized factor. The design process is shown in Fig. 8(a).
The four images with the letters “W,” “O,” “R,” and “D” are
encrypted by the different number of multiramp mixed screw-
edge dislocations m (m ¼ 3 and 5) and the different constants
K (K ¼ 0 and 1). The reconstructed results are shown in
Figs. 8(b)–8(e). The encoded images can be reconstructed when
the incident MHC beams with inverse TC, and the specific
number of multiramp mixed screw-edge dislocations, the
constant, and the normalized factor are used. Furthermore,
the r0-K-encrypted MHC-OAM-multiplexed hologram is de-
signed, as shown in Fig. 9(a). The four letters “L,” “I,” “F,”
and “E” are encoded by the four different MHC phase modes
with the same TC (α ¼ 5), the same number of multiramp mixed
screw-edge dislocations m (m ¼ 3), two different normalized
factors r0 (r0 ¼ 0.5 and 1 mm), and two different constants
K (K ¼ 0 and 1). The experimental results are shown in
Figs. 9(b)–9(e), where each image is reconstructed from the
suitable incident MHC beam.

In addition, the m-α-encrypted MHC-OAM-multiplexed
holography is further investigated. Four images with Arabic
numbers “5,” “6,” “7,” and “8” are used and encrypted into
four OAM holograms. The four MHC phase modes with
ϕð2; 3; 0; 1 mmÞ, ϕð3; 4; 0; 1 mmÞ, ϕð4; 5; 0; 1 mmÞ, and
ϕð5; 6; 0; 1 mmÞ are superimposed into the above four OAM
holograms, resulting in four OAM selective holograms. The
MHC-OAM-multiplexed hologram with the m-α-encryption
is designed in Fig. 10(a). Each image can only be reconstructed
by the incident MHC beam with ϕð−α; m; K; r0Þ, as shown in
Figs. 10(b)–10(e).

3.3 α-m-Y-Encrypted MHC-OAM-Multiplexed
Holography

Here the parameter Y is chosen as the normalized factor r0 and
the constant K. First, the principle of α-m-r0-encrypted OAM-
multiplexed holography is illustrated in Fig. 11(a). The nine
images with Arabic numbers 1 to 9 are encoded into nine
holograms, then nine different MHC phase modes with the
constant K ¼ 0, TC values of −6, 6, and 12, m values from
3 to 5 with the interval of 1, and r0 values from 0.5 to
0.7 mm with the interval of 0.1 mm are added to the above nine
holograms, resulting in the nine OAM selective holograms.
The α-m-r0-encrypted MHC-OAM-multiplexed hologram is
obtained by superimposing all selective holograms. In the
decryption process, the encrypted images can be reconstructed
by the suitable incident MHC beams with ϕð−α; m; K; r0Þ, as
shown in Fig. 11(b). Thus the combination of these parameters
provides a high level of information security.

The TC α, the number of multiramp mixed screw-edge dis-
locations m, and the constant K are used to increase the number
of multiplexed channels. The 12 images from 1 to 6 and A to F
are encrypted into different OAM-preserved holograms. Four dif-
ferent TCs ðα ¼ −12;−6; 6; 12Þ, three multiramp mixed screw-
edge dislocations (m ¼ 3, 4, 5) and two constants (K ¼ 1, 0) are
used to encrypt the above 12 images. The encoded phase mode
of each image is shown in Fig. 12(a), and the experimental
reconstruction results are shown in Fig. 12(b).

3.4 α-m-r0-K-Encrypted MHC-OAM-Multiplexed
Holography

The four parameters of the MHC beam are independent of
each other and can potentially be used for holographic

Fig. 7 Experimental reconstruction results of the α-K -encrypted MHC-OAM multiplexed hologra-
phy. (a) The design process and (b)–(e) experimental reconstruction results.
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Fig. 9 Experimental reconstruction results of the r0-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b)–(e) experimental reconstruction results.

Fig. 8 The experimental reconstruction results of the m-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b)–(e) experimental reconstruction results.
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multiplexing in four dimensions. A four-parameter dimen-
sional multiplexed holography can be achieved by encrypting
16 images in different channels with these parameters. Four
different TCs ðα ¼ −12;−8; 8; 12Þ, four different multiramp
mixed screw-edge dislocations from 4 to 7 with the step of
1, four different normalized factors from 0.6 to 0.9 mm with
the interval of 0.1 mm, and two different constants (K ¼ 0, 1)
are used to encode these 16 images. The 16 images are chosen
from 0 to 9 and A to F. Here the parameters of each encoded

image are shown in Fig. 13. The 16 OAM-selective holograms
can be generated by encoding the different MHC phase
modes into the corresponding OAM-preserved holograms.
The α-m-r0-K-encrypted MHC-OAM-multiplexed hologra-
phy can be obtained by superposing those 16 selective holo-
grams. Each target image can be reconstructed when the
suitable MHC beams with ϕð−α; m; K; r0Þ illuminate the
multiplexed hologram. The experimental results are presented
in Fig. 14.

Fig. 10 Experimental reconstruction results of the α-m-encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b)–(e) experimental reconstruction results.

Fig. 11 Experimental reconstruction results of the α-m-r0-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b) experimental reconstruction results.
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4 Conclusion
In summary, the MHC-OAMmultiplexed holography is pro-
posed and experimentally implemented by introducing the num-
ber of multiramp mixed screw-edge dislocations, the normalized
factor, and the constant K as new degrees of freedom. The MHC
beams modulated with different parameters can be utilized as
information encryption or decryption channels, which enhance
the capability of holographic multiplexation. In the experiments,
we have successfully realized 4-, 9-, 12- and 16-channel multi-
plexing by the combination of the four parameters of MHC
beam. The results show that the encrypted image can be cor-
rectly reconstructed when the MHC-OAM hologram is illumi-
nated by the incident MHC beam with an inverse TC, a
customized number of multiramp mixed screw-edge disloca-
tions, the normalized factor, and the constant K, while there is
no image reconstructed with false MHC beam. The multiplexed
holography proposed in this work can significantly improve the
capability of the information encryption and storage and has
potential applications in communication, 3D display, etc.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant No. 61775153) and the Priority
Academic Program Development of Jiangsu Higher Education
Institutions.

References

1. L. Hesselink, S. S. Orlov, and M. C. Bashaw, “Holographic data
storage systems,” Proc. IEEE 92(8), 1231–1280 (2004).

2. Q. Dai et al., “A single-celled tri-functional metasurface enabled
with triple manipulations of light,” Adv. Funct. Mater. 30(50),
2003990 (2020).

3. J. P. Balthasar Mueller et al., “Metasurface polarization optics:
independent phase control of arbitrary orthogonal states of polari-
zation,” Phys. Rev. Lett. 118(11), 113901 (2017).

4. D. Wen et al., “Helicity multiplexed broadband metasurface holo-
grams,” Nat. Commun. 6(1), 8241 (2015).

5. X. Li et al., “Athermally photoreduced graphene oxides for three-
dimensional holographic images,”Nat. Commun. 6(1), 6984 (2015).

6. L. Zou, L. Wang, and S. Zhao, “Turbulence mitigation scheme
based on spatial diversity in orbital-angular-momentum multi-
plexed system,” Opt. Commun. 400, 123–127 (2017).

Fig. 12 Experimental reconstruction results of the α-m-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b) experimental reconstruction results.

Fig. 13 The encrypted images are encoded by the parameters α,
m, r0, and K .

Fig. 14 Experimental reconstruction results of the α-m-r0-K -
encrypted MHC-OAM-multiplexed holography.

Zhang et al.: Multiparameter encrypted orbital angular momentum multiplexed holography…

Advanced Photonics Nexus 036013-10 May∕Jun 2023 • Vol. 2(3)

https://doi.org/10.1109/JPROC.2004.831212
https://doi.org/10.1002/adfm.202003990
https://doi.org/10.1103/PhysRevLett.118.113901
https://doi.org/10.1038/ncomms9241
https://doi.org/10.1038/ncomms7984
https://doi.org/10.1016/j.optcom.2017.05.022


7. A. Mair et al., “Entanglement of the orbital angular momentum
states of photons,” Nature 412(6844), 313–316 (2001).

8. C. Li and S. Zhao, “Efficient separating orbital angular momentum
mode with radial varying phase,” Photonics Res. 5(4), 267–270
(2017).

9. L. Allen et al., “Orbital angular momentum of light and the trans-
formation of Laguerre–Gaussian laser modes,” Phys. Rev. A
45(11), 8185 (1992).

10. Y. Liu et al., “Switchable second-harmonic generation of airy
beam and airy vortex beam,” Adv. Optical Mater. 9(4), 2001776
(2021).

11. J. Berškys and S. Orlov, “Spherically polarized vector Bessel
vortex beams,” Phys. Rev. A 105(1), 013502 (2022).

12. C. Sun et al., “Propagation dynamics of autofocusing circle
Pearcey Gaussian vortex beams in a harmonic potential,” Opt.
Express 28(1), 325–333 (2020).

13. X. Ouyang et al., “Synthetic helical dichroism for six-dimensional
optical orbital angular momentum multiplexing,” Nat. Photonics
15(12), 901–907 (2021).

14. X. Fang et al., “High-dimensional orbital angular momentum
multiplexing nonlinear holography,” Adv. Photonics 3(1), 015001
(2021).

15. H. Ren et al., “Metasurface orbital angular momentum hologra-
phy,” Nat. Commun. 10(1), 2986 (2019).

16. X. Fang, H. Ren, and M. Gu, “Orbital angular momentum holog-
raphy for high-security encryption,” Nat. Photonics 14(2), 102–108
(2020).

17. H. Ren et al., “Complex-amplitude metasurface-based orbital
angular momentum holography in momentum space,” Nat.
Nanotechnol. 15(11), 948–955 (2020).

18. H. Zhou et al., “Polarization-encrypted orbital angular momen-
tum multiplexed metasurface holography,” ACS Nano 14(5),
5553–5559 (2020).

19. G. Zhu et al., “Ultra-dense perfect optical orbital angular momen-
tum multiplexed holography,” Opt. Express 29(18), 28452–28460
(2021).

20. F. Wang et al., “Angular multiplexation of partial helical phase
modes in orbital angular momentum holography,” Opt. Express
30(7), 11110–11119 (2022).

21. F. Wang et al., “Enhancing the information capacity with modu-
lated orbital angular momentum holography,” IEEE Photonics J.
14(1), 5212905 (2022).

22. F. Li et al., “Multiple-dimensional multiplexed holography based
on modulated chiro-optical fields,” Opt. Express 30(23), 41567–
41579 (2022).

23. F. Li et al., “Multiple-image encryption using phase jump gradient
factors-based OAM multiplexing holography,” Opt. Laser Eng.
160, 107303 (2023).

24. P. Cheng, S. Huang, and C. Yan, “Ellipticity-encrypted orbital
angular momentum multiplexed holography,” J. Opt. Soc. Am. A
38(12), 1875–1883 (2021).

25. C. A. Alonzo, P. J. Rodrigo, and J. Glückstad, “Helico-conical
optical beams: a product of helical and conical phase fronts,”
Opt. Express 13(5), 1749–1760 (2005).

26. N. Hermosa, C. Rosales-Guzmán, and J. P. Torres, “Helico-conical
optical beams self-heal,” Opt. Lett. 38(3), 383–385 (2013).

27. N. Bareza and N. Hermosa, “Propagation dynamics of vortices in
helico-conical optical beams,”Opt. Commun. 356, 236–242 (2015).

28. J. Wen et al., “Fabrication of chiral 3D microstructure using tightly
focused multiramp helico-conical optical beams,” Micromachines
13(10), 1771 (2022).

29. X. Li et al., “Controllable mode transformation in perfect optical
vortices,” Opt. Express 26(2), 651–662 (2018).

Nian Zhang received his MS degree in optical engineering from the
School of Optoelectronic Science and Engineering, Soochow University,
Suzhou, China, in 2020. He is currently a PhD student in optical engineer-
ing at the School of Optoelectronic Science and Engineering, Soochow
University, Suzhou, China. His research interests are holography and
vortex beams.

Baoxing Xiong received his MS degree in optical engineering from the
School of Optoelectronic Science and Engineering, Soochow University,
Suzhou, China. He is an assistant researcher at the School of Opto-
electronic Science and Engineering, SoochowUniversity, Suzhou, China.
His research interest is photothermal refractive glass.

Xiang Zhang received his MS and PhD degrees in optical engineering
from the National Laboratory for Optoelectronics, Huazhong University
of Science and Technology, Wuhan, China. He is a professor at the
School of Optoelectronic Science and Engineering, Soochow University,
Suzhou, China. His research interests are the preparation of photother-
mal refractive glass and Bragg volume diffractive devices, the theory and
preparation of micro-nano-structure optical devices, advanced solid-state
laser technology, and beam control.

Xiao Yuan is a Distinguished Professor at the School of Optoelectronic
Science and Engineering, Soochow University, Suzhou, China. He was
a visiting scientist at the University of Maryland from 1995 to 1997 and
worked at the School of Optoelectronic Science and Engineering of
Huazhong University of Science and Technology from 2002 to 2008.
His research interests include high-power lasers and their applications,
micro-nano-optical devices and technologies, laser materials and devi-
ces, nonlinear optics, and laser plasma physics. He has coauthored more
than 100 publications in peer-reviewed journals.

Zhang et al.: Multiparameter encrypted orbital angular momentum multiplexed holography…

Advanced Photonics Nexus 036013-11 May∕Jun 2023 • Vol. 2(3)

https://doi.org/10.1038/35085529
https://doi.org/10.1364/PRJ.5.000267
https://doi.org/10.1103/PhysRevA.45.8185
https://doi.org/10.1002/adom.202001776
https://doi.org/10.1103/PhysRevA.105.013502
https://doi.org/10.1364/OE.28.000325
https://doi.org/10.1364/OE.28.000325
https://doi.org/10.1038/s41566-021-00880-1
https://doi.org/10.1117/1.AP.3.1.015001
https://doi.org/10.1038/s41467-019-11030-1
https://doi.org/10.1038/s41566-019-0560-x
https://doi.org/10.1038/s41565-020-0768-4
https://doi.org/10.1038/s41565-020-0768-4
https://doi.org/10.1021/acsnano.9b09814
https://doi.org/10.1364/OE.430882
https://doi.org/10.1364/OE.452610
https://doi.org/10.1109/JPHOT.2022.3146189
https://doi.org/10.1364/OE.472304
https://doi.org/10.1016/j.optlaseng.2022.107303
https://doi.org/10.1364/JOSAA.445364
https://doi.org/10.1364/OPEX.13.001749
https://doi.org/10.1364/OL.38.000383
https://doi.org/10.1016/j.optcom.2015.08.005
https://doi.org/10.3390/mi13101771
https://doi.org/10.1364/OE.26.000651

