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In this supporting material we present additional details on the designs of the OAM-preserved hologram 

and OAM-selective hologram (S1), simulation of the OAM-selective holography (S2), the realization of the 

quantum OAM-preserved /selective holography (S3), the quantum OAM-multiplexing holography (S4), and 

more experimental data of quantum OAM-selective holography for high-security encryption with 4-

dimensional OAM entangled states (S5). 

S1 OAM-preserved hologram and OAM-selective hologram 

In this section, we describe the generations of the OAM-preserved hologram and OAM-selective 

hologram in details. As shown in Fig. S1(a), the OAM-preserved hologram is obtained by multiplying a target 

image (letters ‘BIT’) with a sampling array, which corresponds to a 2D Dirac comb function. The periodic 

information of the 2D Dirac comb plays the role as a grating and provide discretely transverse momentums 

g|k  to the momentum of input photons in|k  for obtaining discrete momentum of output photons out|k  as 

shown in Fig. S1(b). When the OAM-preserved hologram is displayed on the SLM-B in our experiment (shown 

in Fig.1a in main text), its function for photon-B can be described as ˆ j

B B BP l e l  H| | . Here ˆ
BPH

 is the 

operator of SLM-B for photon-B, Bl|  denotes a state of photon-B with an OAM of lħ,   is the phase 

distribution of the OAM-preserved hologram and contains the information of the target image. In the spatial 

frequency domain, the function of the operator ˆ
BPH

 should be described as ˆ
B BP l H

in|k | ( ) Bl   g in|k |k |

Bl  out|k | . Each discrete momentum out|k  forms a pixel on the image plane and the holographic pattern 

of target image can be reconstructed by these pixels. Clearly, the OAM property of each pixel on the 

holographic pattern was inherited from the incident OAM states Bl|  directly (Fig. S1(c)).  

The OAM selectivity hologram is obtained by encoding OAM state l e|   onto the OAM-preserved 

hologram (Fig. S1(d) shows an example with 1l  e|  ). In this condition, the function of the operator for 



photon-B can be described as ˆ j

B B BP l e l l   H

e| |  . Here    is still the phase distribution of the OAM-

preserved hologram. While, in the spatial frequency domain, the function of the operator ˆ
BPH

  should be 

described as ˆ
B BP l H

in|k | ( ) Bl l    g in e|k |k |
Bl l   out e|k | . Clearly, the OAM property of each pixel on 

the holographic pattern was determined by the encoded OAM state l e|  and the incident OAM states Bl|  

together (Fig. S1(e)). Only a given incident OAM state Bl e|  can be converted into the Gaussian mode in 

each pixel of OAM holographic images (Fig. S1(f)). 

  

Figure S1: Designs of OAM-preserved/selective holograms. (a) Design of an OAM-preserved hologram by 

multiplying an object image with a sampling array. (b) Schematic illustration of the OAM transfer for OAM-

preserved hologram in the three dimensional spatial frequency domain (k-space). (c) Intensity (I) and phase 

(φ) distributions of single pixels selected from the reconstructed holographic images. (d) Design of an OAM-

selective hologram displaying on the SLM-B by adding an OAM state |1  onto an OAM-preserved hologram. 

(e) Schematic illustration of the OAM conversion for OAM-selective hologram in the three dimensional spatial 

frequency domain (k-space). (f) Intensity (I, with only considering the center area) and phase (φ) distributions 

of each pixel in the reconstructed holographic images using different OAM modes. 

 

S2 Simulation of the OAM-selective holography  



Figure 1b in the main text shows the experimental results of the OAM-selective holography. In this section 

we provide the corresponding simulation results. In the quantum OAM-selective holography, the OAM-

selective hologram (shown in Fig. S1(d)) displays on the SLM-B. Then, the function of the operator ˆ
BPH

 for 

photon-B is described as ˆ j

B B BP l e l l   H

e| | . The OAM property of each pixel on the holographic pattern 

is determined by the encoded OAM state l e|   and the incident OAM states Bl|   together. Only a given 

incident OAM state Bl e|  can be converted into the Gaussian mode in each pixel of OAM holographic 

images. In other words, only when the OAM projection operator for photon-A satisfies ˆ = 1|A AP  , can each pixel 

of OAM holographic images be converted into Gaussian mode. Therefore, the OAM-selective holographic 

image reconstructed with only detecting the center areas of each pixel appear (Fig. S2(b)) only when the 

projection operator ˆ = 1|A AP   (Fig. S2(f)). 

    

Figure S2: Quantum OAM-selective hologram. (a-d) Four kinds of OAM projection operators of ˆ = 2|A AP  (a), 

1|A  (b), 1|A  (c), or 2|A  (d) (holograms displaying on the SLM-A). (e-h) The corresponding simulation 

results of holographic images by only calculating the center areas of 15×5=75 pixels with Eq. (1) in main text. 

The intensities are normalized to the holographic image reconstructed for the OAM projection with ˆ = 1|A AP  . 

 

S3 Quantum OAM-preserved /selective holography 

In this section we provide detailed information on how we carry out the quantum OAM-selective 

holography step by step. In order to describe the whole process more clearly, we show our experimental setup 

first. 



S3.1 The experimental setup 

As shown in Fig. S3, a 4f-system, consisting of lenses L1 (f=200mm) and L2 (f=500mm), is used to image 

the central plane of the BBO crystals onto the SLM-A and SLM-B. Then, photon-A is coupled into a SMF with 

two lenses (Lc1: f=200mm and Lc2: f=11mm) and detected by D-A. After going through a Fourier transform 

operated with lens Lf (f=150mm), photon-B is collected by a MMF and detected by D-B. Due to that only the 

fundamental Gaussian mode (e.g, OAM state |0 ) can be coupling into the SMF, SLM-A and SMF together 

play the role of OAM projection operator (described by ˆ
AP  ) for the photon-A. The SLM-B is used for 

displaying the holographic phase pattern and its function for photon-B is described by an operator ˆ
BPH

.  

 

 

Figure S3: The experimental setup of quantum OAM holography.  

S3.2 Testing projection operators implemented on SLM-A in our quantum OAM 

holographic system. 

In this subsection, we show the simulation and experimental results for testing OAM projection 

operators implemented on the SLM-A in our quantum OAM holographic system. During the test, hologram 

displaying on the SLM-B keep to be a constant, which implies that the operator ˆ
BPH

 for photon-B is the unit 

operator I. OAM projection operators (corresponding to the holograms displaying on the SLM-A) can be 

switched. When ˆ = 0|A AP   (Fig.S4(a)), the holographic image can be calculated by Eq. (1) in the main text as 

2
F( 0| | )i AH   

2

0F( |0 )Bc  , which mean that the coincidence measurement between detectors D-A and D-B 

is the intensity distribution of Gaussian mode |0 (Fig. S4(g)). When ˆ = 1|A AP   (Fig. S4(b)), 
2

F( 1| | )i AH   



2

1F( | 1 )Bc   , which mean that the result is the doughnut-shaped intensity distribution of the OAM state | 1 

(Fig. S4(h)). Fig. S4(a-f) are the OAM projection operators for photon-A with ˆ = 0|A AP   (a), 1|A  (b), 

1| 1|A A   (c), 2|A  (d), 2| 2|A Aj    (e), and 3| + 3|A A   (f). The images obtained with coincidence 

measurements between D-A and D-B are shown in (g), (h), (i), (j), (k), and (l), respectively. The corresponding 

simulation results (shown in insets) calculated by Eq. (1) in the main text agree with the corresponding 

experimental results. 

 

  

Figure S4: Experiment for testing projection operators implemented on the SLM-A in our quantum OAM 

holographic system. Six kinds of OAM projection operators (holograms) displaying on the SLM-A (a-f) and 

the corresponding images obtained with coincidence measurements between D-A and D-B (g-l). During these 

tests, the phase distribution of the hologram displaying on the SLM-B is a constant, which implies that the 

operator ˆ
BPH

 is the unit operator I. 

 

S3.3 Quantum OAM-carrying holography and Quantum OAM-selective 

holography 

In this subsection, we show some calculations and experiments of quantum OAM-carrying holography 

and quantum OAM-selective holography with our quantum OAM holographic system. In the quantum OAM-

carrying holography, the OAM-preserved hologram (shown in Fig. S1(a)) displays on the SLM-B. In this 

condition, the function of the operator ˆ
BPH

for photon-B is described as ˆ j

B B BP l e l  H| | . The OAM-carrying 

holographic image can be calculated by Eq. (1) in the main text. When ˆ = 0|A AP  , 1|A , or 2| 2|A A  ( Fig. 

S5(a-c)), the simulation and experimental results of OAM-carrying holographic images are shown in Fig. S5(d-



i). These results suggest that the OAM property is inherited from the operator ˆ
AP  . The success of these 

quantum OAM-preserved holography has made preparations for the progress of the quantum OAM-selective 

holography. 

 

  

Figure S5: Quantum OAM-carrying hologram. (a-c) Three kinds of OAM projection operators of ˆ = 0|A AP  (a), 

1|A (b), or 2| 2|A A  (c) (holograms displaying on the SLM-A). (d-i), The corresponding simulation results 

with Eq. (1) in the main text (d, f, h), and the corresponding holographic images obtained with coincidence 

measurements between D-A and D-B (e, g, i). There are 15×5=75 pixels. 

   

Figure S6: Quantum OAM-selective hologram with detecting the whole areas of each pixel. (a, b) Two kinds 

of OAM projection operators of ˆ = 2|A AP   or 1|A  (holograms displaying on the SLM-A), respectively. (c, d) 

The corresponding simulation results of holographic images by calculating the whole areas of 15×5=75 pixels 

with Eq. (1) in the main text.  

 

In the quantum OAM-selective holography, the OAM- selective hologram (shown in Fig. S1(d)) displays 

on the SLM-B. Then, the function of the operator ˆ
BPH

 for photon-B is described as ˆ j

B B BP l e l l   H

e| | . 

Here   is still the phase distribution of the OAM-preserved hologram. The OAM property of each pixel on 



the holographic pattern was determined by the encoded OAM state l e|  and the incident OAM states Bl|  

together. Only a given incident OAM state Bl e|  can be converted into the Gaussian mode in each pixel of 

OAM holographic images. In other words, only when the OAM projection operator for photon-A satisfies 

ˆ = 1|A AP   (Fig.S6(b)), can each pixel of OAM holographic images be converted into Gaussian mode (Fig. S6(d)). 

Therefore, the OAM-selective holographic image reconstructed with only detecting the center areas of each 

pixel appears only when the projection operator of ˆ = 1|A AP   (Fig. S2(f)). 

S4 Quantum OAM-multiplexing holography 

In this section, we show the experiments on the quantum OAM-multiplexing holography. As shown in 

Fig. S7(a), two OAM-preserved holograms are obtained by multiplying two target images (letters ‘Q’ and ‘H’) 

with a sampling array, respectively. Then two OAM states, 1|   and 1 |  , are encoded into the OAM-

preserved holograms for generating two OAM-selective holograms, respectively. The OAM-multiplexing 

hologram is achieved by combining the two OAM-selective holograms. Due to the use of OAM-preserved 

holograms in the design of the OAM-multiplexing hologram, both the OAM property and OAM modal 

orthogonality are well maintained in each pixel of the reconstructed holographic images. When only 

considering the center areas of each pixel of the holographic images, the OAM projection operators ˆ
AP  can 

be used to reconstruct different holographic images from the OAM-multiplexing hologram. In the experiment, 

the letters ‘Q’ and ‘H’ were reconstructed by using ˆ = 1|A AP   and 1|A , respectively (Fig. S7(b)). This opens 

the possibility of using the OAM projection operators as an optical switch to achieve different information. 

    

Figure S7: Experimental characterization of the quantum OAM-multiplexed hologram. (a) The generation of 

an OAM-multiplexing hologram displaying on the SLM-B. (b) Experimental reconstruction of OAM-selective 

holographic images based on the OAM projection operators ˆ = 1|A AP   and 1|A . 

S5 Quantum OAM-selective holography for high-security encryption 



with 4-dimensional OAM entangled states 

 

Figure S8: High-security holographic encryption based on 4-dimensional OAM entangled state. Experimental 

OAM-selective holographic reconstruction with coincidence measurement for different OAM projection 

operators on the SLM-A. 

 

In the main text, some experimental results for high-security holographic encryption based on 4-

dimensional OAM entangled state has been shown in Fig. 4 in main text. More experimental data is offered in 

Fig. S8. The value of parameters (a1, a2, a3, a4, ϕ1, ϕ2, ϕ3) are listed on each reconstructed holographic image 

with h=1/2, q=1/2, α=π/2, β=π, γ=3π/2. The information of letters ‘O’, ‘A’, ‘M’, and ‘H’ can be decoded when 



(a1, a2, a3, a4, ϕ1, ϕ2, ϕ3) = (1/2, 1/2, 0, 0, 0, 0, 0), (1/2, 1/2, 0, 0, π, 0, 0), (0, 0, 1/2, 1/2, 0, 0, π/2), and (0, 0, 

1/2, 1/2, 0, 0, 3π/2) (marked with the frames of purple line) with SNR=11.4, 11.1, 12.6, and 11.9, respectively. 

Clearly, only when one knows the exact expression of the superposition state used for encryption, can he obtain 

the information of the encrypted four letters. The application of superposition state in quantum holography 

makes the transmission of information with higher security.  

 


