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Cryptography plays an important role in information security, which is widely applied in the various 

fields of society. Quantum cryptography has shown its great advantages in information security 

compared with the classical one1. Two major directions of quantum cryptography are quantum key 

distribution (QKD) and quantum encryption, with the former focusing on secure key distribution2–6 and 

the latter focusing on encryption using quantum algorithms7–10. In contrast to the well accepted success 

of the QKD11–15, the development of quantum encryption is rather limited because of the difficulties of 

building up algorithms and the constructing the practical quantum computers. Here we propose a new 

scheme of quantum encryption based on high-dimensional entanglement holography. Firstly, we 

experimentally realize the quantum holography based on the high-dimensional orbital angular 

momentum (OAM) entanglement. Then, OAM-selective holographic scheme for quantum encryption is 

proposed and demonstrated. Our results show that introducing quantum entangled state into OAM 

holography makes the OAM holography possess infinite information channels and the transmission of 

information be absolute security in principle. Furthermore, decryption in the presence of strong noise 

is achieved. Our work opens up a new way to realize quantum information security. 

 

The developed all-optical holographic encryption shows great potential for information security16–18. In 

the holographic encryption, the level of security of information transmission depends on the dimension of the 

degree of freedom used, which corresponds to the number of information channels. Orbital angular momentum 

(OAM)19–24, as a novel degree of freedom of photons, can be used for representing the state vector of an infinite 

dimensional Hilbert space in principle. Recently, Ren et al. proposed a strong OAM selectivity method in the 

spatial-frequency domain and realized the OAM holography, where the OAM states have been used for 

encoding information. They also achieved ultrahigh-capacity holographic multiplexing and high-security 

encryption17.  

On the other hand, quantum encryption has attracted great attention due to its advantages in information 



security7–10. The problem is whether a quantum advance can be found for encryption, comparing with the 

corresponding all-optical OAM holographic classical scheme. To realize such a quantum encryption scheme, 

the quantum holography based on the high-dimensional OAM entanglement has to be implemented at first. 

Hologram has been introduced into the quantum optics25–27, and observed with single photons28 or polarization 

entangled state29. However, the realization of the high-dimensional OAM entanglement holography is still a 

great challenge. In this work, we firstly construct such a quantum OAM holographic system, then, apply it into 

encryption scheme and achieve higher-security quantum encryption. 

The conceptual arrangement of our high-dimensional quantum OAM holographic scheme is illustrated in 

Fig. 1a. The high-dimensional OAM entangled state of photon-pair is described as | = | |
l

l A Bl
c l l

=+

=−
  −  . Here, 

|l  denotes a state of photon with an OAM of lħ. Subscript A (B) labels the optical path-A (B). l
c  represents 

the amplitude of the lth-order OAM state. After interacting with a spatial light modulator (SLM-A), photon-A 

is coupled into a single mode fiber (SMF) and then detected by a single photon detector (D-A). Because only 

fundamental Gaussian mode state (e.g, OAM state 0| ) can be coupled into the SMF, the combination of 

SLM-A and SMF can implement the OAM projection operator described by ˆ
A

P  . The SLM-B is used for 

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

H . After 

interacting with the SLM-B and being transformed to the Fourier space by lens Lf, the photon-B is collected 

by a multimode fiber (MMF) and detected by another single photon detector (D-B). The input of the MMF 

need to be the intensity of all locations of the Fourier plane of Lf, which can be obtained by scanning the plane 

point-by-point. Thus, the holographic image with coincidence measurement between D-A and D-B is 

calculated as 

( ) 2
Hˆ ˆF

i B A
H P P=  .                               (1) 

Here, F( )  represents the Fourier transformation.  

To realize such a quantum holography, the OAM-selective hologram should be displayed on the SLM-B. 

The OAM-selective hologram is obtained by encoding an OAM state l e|  onto an OAM-preserved hologram, 

which is generated by multiplying a target image with a sampling array (see S1 in Supplementary Information 

for details). An example is shown in the right side of Fig. 1a, where the target is the image of the letters “BIT”, 

the phase distribution of the OAM-preserved hologram is described with   and 1l =e . In such a case, the 

function of the operator for photon-B is expressed as ˆ 1j j

B B B BP l e l l e l
  = +  = + H

e| | |  . By setting the 

specific phase patterns of the SLM-A OAM, which corresponds to the projection operator ˆ =
A

P 2|
A

 , 1|
A

 , 

1|
A

−  , and 2|
A

−  ,  the quantum OAM-selective holographic images can be calculated by Eq. (1). The 



experiment has been carried out. The experimental results are given in Fig.1b, and the corresponding 

simulation results are shown in Fig. S2 of Supplementary Information. Because the OAM state encoded by the 

OAM-selective hologram is 1| , only the given OAM projection operator ˆ = 1|
A A

P   can convert each pixel of 

the holographic image into the Gaussian mode, i.e., H Hˆ ˆ ˆ| | 1 |0j

B A B B B
P P P e

  −  =   . In the OAM-selective 

holographic experiment, only the Gaussian mode contributes to the reconstruction of holographic image (see 

S3 in Supplementary Information for details). It is seen clearly that the OAM-selective holographic image can 

only be reconstructed for ˆ = 1|
A A

P   with signal-to-noise ratio (SNR)~16.0. Here the value of SNR can describe 

the clarity of the image, which the detailed discussion is given in Methods. The agreements between 

experimental and theoretical results are very well, which means that the high-dimensional OAM entanglement-

enabled holography has been realized.  

 

Fig. 1 | High-dimensional OAM entanglement-enabled quantum holography. a, Schematic illustration of 

setup. Photon-A(B) of each entangled photon pair in high-dimensional OAM states propagates through the 



spatial light modulator SLM-A (SLM-B), is then coupled into SMF (MMF), and detected by D-A (D-B). SMF 

and MMF represent single mode fiber and multi-mode fiber (with core diameter 25μm), respectively. D-A and 

D-B are two single photon detectors. The lenses Lc and Lf are applied for collecting photon-A and 

implementing Fourier transformation for photon-B, respectively. A two-axis stage is used for scanning the 

input end of the MMF in the Fourier plane of Lf. Right side shows the design of the OAM preserved and 

OAM-selective hologram. b, Quantum OAM-selective holographic images reconstructed by coincidence 

measurement with the OAM projection operators ˆ = 2|
A A

P  , 1|
A

 , 1|
A

− , and 2|
A

− . There are 15×5=75 pixels 

in each reconstructed holographic image. The coincidence counts are normalized by the holographic image for 

the OAM projection ˆ = 1|
A A

P  ). 

 

Fig. 2 | Quantum OAM-selective holography in the presence of classical noise. a, Experimental apparatus of 

quantum OAM-selective holographic system. Photon pairs entangled in high-dimensional OAM are produced 

by pumping a β-barium borate (BBO) crystal under type I spontaneous parametric down conversion. Behind 

BBO, unwanted photons are filtered out by an interference filter (IF) centered at 810 ± 3 nm in path-A and 

path-B. Lenses L1 and L2 implement a 4f system and image the plane of the BBO on the SLM-A and SLM-

B. After interacting with SLM-A, photon-A is coupled into the SMF with collecting lenses (Lc1 and Lc2) and 

detected by D-A. After undergoing an optical Fourier transform implemented by lens Lf, photon-B is collected 



by a MMF in the Fourier plane of Lf and detected by D-B. c, Experimental apparatus of classical OAM 

holographic system. A collimated light beam (810 nm) illuminates SLM-1 for generating incident OAM state. 

Lenses L1 and L2 image SLM-1 on SLM-B. OAM-selective holographic images measured by recording the 

counts of D-B in the presence of dynamic stray light for different incident OAM states. For comparison, SLM-B 

displays the same OAM-selective hologram used in the experiments of both quantum and classical OAM 

holographic system shown by Fig.1. b and d, OAM-selective holographic images obtained by quantum and 

classical OAM holographic systems, respectively. The letters “BIT” can only be obtained by our quantum OAM 

holographic systems with SNR~6 when the projection operator ˆ = 1|
A A

P  .  

 

One of the advantages of quantum holography is its robustness to classical noise, as demonstrated by the 

recent experiments30,31. The holographic imaging of the amplitude objects is immune against the corruption 

induced by static stray light30,31. In order to test such an effect, we use white light of a lamp as classical noise 

in the experiment of quantum OAM holography as shown in Fig. 2a. The experimental results for 

reconstructing the OAM-selective holographic images are given in Fig. 2b. It is shown clearly that the encoded 

image (letters “BIT”) can be accurately reconstructed for ˆ = 1|
A A

P   in the presence of classical stray light, with 

only a lower SNR compared to the case without stray light (Fig. 1b). This benefits from the correlation 

properties of entangled photon pairs. In contrast, if we use single photon, instead of entangled photons, to 

reconstruct the holographic image as shown in Fig. 2c, the experimental results are provided in Fig. 2d. The 

images become too vague to tell the letters, no matter what kind of OAM state is used. That is to say, the noise 

destroys the holography in such a case. The phenomena are similar to the case for the polarization 

entanglement-enabled quantum holography29. The advantage of OAM in quantum holography is that it can 

greatly increase the channel capacity and improve the confidentiality of information transmission.  

What’s exciting is that the introduction of quantum entanglement can enable all-optical quantum OAM-

selective holographic encryption with a higher level of security compared with that in classical system. As is 

well known, a classical bit would have to be in one state or the other. However, a qubit is allowed to be in a 

coherent superposition of both states. Here, we take the OAM states 1|  and 1− |  as an example. In the first-

order OAM Poincaré sphere as shown in Fig. 3a, 1|   and 1− |   are located at north and south poles, 

respectively32,33. Any state of superposition of 1|   and 1− |   can be described by a point on the Poincaré 

sphere. The points on the equator, for instance, represents the superposition of 1|   and 1− |   with equal 

probabilities; the relative phase of the superposition determines the orientation of the dark lines produced by 

coherent cancellation. In our quantum OAM holographic system, the information can be encoded by any point 

on the Poincaré sphere in principle, which implies that the introduction of quantum superposition state leads 

to the infinite information channels and absolute confidentiality of information in principle. While, in classical 



OAM holographic system, the information is encoded with the north ( 1|  ) or south pole ( 1− |  ), only two 

information channels17.  

 

Fig. 3 | High-security quantum holographic encryption based on OAM entangled state. a, The Poincaré 

sphere representing the OAM state space spanned by { 1| , 1− | }. Its north and south poles represent the 1|  

and 1− | . Any superposition state of 1| and 1− |  can be represented by a point on the Poincaré sphere, which 

is located by two angle parameters θ∈[−π/4, π/4] and ϕ∈[, π]. Thus, the whole sphere represents a qubit. b, 

Design of OAM-multiplexing hologram based on OAM superposition states. c, Experimental OAM-selective 

holographic images obtained with coincidence measurement for different decoding operators implemented on 

SLM-A.  

 

Considering the fact that there are infinite superposition states, it is impossible to verify them one by one 

experimentally. To prove our idea in experiment without losing generality, we firstly choose fourteen discrete 

superposition states for two-dimensional case, which correspond to the fourteen red points on the Poincaré 

sphere (Fig. 3a). To implement quantum encryption, OAM-multiplexing holography should be realized in our 

quantum system first (See S4 in Supplementary Information for detail). As shown in Fig. 3b, two OAM-

preserved holograms are obtained by multiplying two target images (letters ‘Q’ and ‘H’) with a sampling array, 



respectively. Then two OAM superposition states, ( 3|1 | 1 ) / 2+ −   and (|1 3| 1 ) / 2 − −  , 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. Fig. 3c shows the 

experimental OAM-selective holographic images obtained with different decoding operators. The decoding 

operators implemented by the SLM-A are described by 1

1 2
ˆ = 1| 1|j

A A A
P a a e

− + − , where non-negative a1 and 

a2 represent intensities and satisfy the normalized condition a1 + a2 = 1, ϕ1 represents relative phase. The values 

of parameters (a1, a2, ϕ1) are listed on each decoding operator. It is confirmed that the images of letters ‘Q’ and 

‘H’ can be detected with (a1, a2, ϕ1) = (3/4, 1/4, 0) and (1/4, 3/4, π) (marked with the frames of purple line in 

Fig. 3c) with SNR=14.4 and 13.4, respectively. 

In order to avoid the crosstalk of the information, the superposition states encoded into the multiplexing 

hologram should be orthogonal to each other. In fact, the high dimension of the OAM entangled states provides 

a natural advance. The more basis vectors one introduces for information encoding, the more complicated 

information representation one can obtain, and the harder it is for others to find the vital message hidden in the 

high dimensional space. As shown in Fig. 4a, four OAM-preserved holograms are obtained by multiplying 

four target images (letters ‘O’, ‘A’ , ‘M’, and ‘H’) with a sampling array, respectively. Then four OAM 

superposition states, (|1 | 1 ) / 2+ −   , (|1 | 1 ) / 2− −   , (|2 | 2 ) / 2j + −   , and (|2 | 2 ) / 2j − −   , are encoded 

into the OAM-preserved holograms for generating four OAM-selective holograms, respectively. The OAM-

multiplexing hologram is achieved by combining these OAM-selective holograms and displays on the SLM-

B. Correspondingly, there is an infinite number of OAM-selective holographic images for decoding operators. 

As examples, Fig. 4b displays the experimental results of OAM-selective holographic images for twenty-eight 

kinds of decoding operators. The decoding operators are implemented by the SLM-A, which are described as 
1

1 2
ˆ = 1| 1|j

A A A
P a a e

−− +  2

3 2|j

A
a e

−+ − 3

4 2|j

A
a e

−+  . Here, non-negative a1, a2, a3, and a4 represent intensities 

and satisfy the normalized condition a1 + a2 + a3 + a4 = 1, where ϕ1, ϕ2, and ϕ3 are the relative phases. The values 

of parameters (a1, a2, a3, a4, ϕ1, ϕ2, ϕ3) are listed on each reconstructed OAM-selective holographic image with 

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

conditions have been tested in the experiment (See S5 in Supplementary Information).  

Successful encryption and decryption using the OAM-selective quantum holographic scheme has been 

demonstrated again. As we all know, to uniquely identify an unknown d-dimensional entangled state, one 

should carry out the standard quantum tomography34,35, where the required number of measurements increase 

with the dimension of entangled state as ~O(d4). This means that the higher dimension of the OAM entangled 

state, the higher security of information transmission. 



 

    

Fig. 4 | High-security holographic encryption based on high-dimensional OAM entangled states. a, 

Design of multiplexing hologram based on OAM superposition states and its corresponding OAM-

multiplexing hologram displaying on SLM-B. b, Experimental OAM-selective holographic images for 

different decoding operators implemented with SLM-A. 

 

In conclusion, we have realized the quantum holography based on high-dimensional OAM entanglement 

for the first time, and demonstrated a new scheme of quantum encryption based on such a holography. In the 

quantum OAM holography, the information can be encoded by the superposition states of OAM modes, which 

leads to the infinite information channels, and the information transmission is regarded as absolute security in 

principle. In the experiments, the two and four-dimensional cases of our proposal have been implemented, 

verifying the idea. The introduction of entanglement not only allows us to reconstruct the holographic images 

remotely and enhance the manipulation of information transmission, but also effectively reduces the impact of 

classical noise. The decryption in the presence of strong noise has been achieved. With the rapid development 

of the faster and cheaper sensors for imaging quantum correlations, our quantum OAM holography shows 

great potentials in quantum optical communications and opens up a new way for quantum information security. 
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Methods 

Experimental layout. The pump light is a femtosecond pulsed laser polarized at 0° with a fundamental 

Gaussian mode, a power of ~600mW, a central wavelength of 405 nm, a pulse duration of ~140 fs, and a 

repetition rate of 80 MHz (Coherent chameleon). A β-barium borate (BBO) crystal with dimensions of 0.6×7×7 

mm3 were cut for producing down-converted photons at a degenerate wavelength of 810 nm in a ~3.0° half-

opening angle cone under the type I phase-matching condition. A 650-nm-cutoff long-pass filter was used to 

block pump photons after the crystals (not shown in main text). There is an interference filter (IF) centred at 

810 ± 3 nm in front of each single photon detectors (Perkin Elmer). The SLM was a phase-only modulator 

(Holoeye Pluto-2-NIR-015) with 1920×1080 pixels and a pixel pitch of 8μm. The focal length of lenses are as 

follows: L1, 200mm; L2, 500mm; Lc1, 200mm; Lc2, 11mm; Lf, 150mm. The distances between components 

were as follows: crystal plane to lens L1, 200 mm; lens L1 to Mirror, 200 mm; Mirror to lens L2, 500 mm; 

lens L2 to SLM, 500 mm; SLM-A to lens Lc1, 200 mm; SLM-B to lens Lf, 150 mm; lens Lf to Fourier plane, 

150 mm. The distance between Lc1 and Lc2 is dependent on the distance between Lc2 and the input end of SMF 

for make sure that SLM-A is imaged onto the input end of SMF. Due to that the distance from Lc2 to the input 

end of SMF too hard to be measured, the key point is to make sure that when we incident a beam of light from 

the output end of SMF reversely, light emitted from input end of SMF will be focus on the back focal plane of 

Lc1 after passing Lc2. 

 

The SNR in experiments. The SNR is defined as 10log10(CSig/CNoise), where CSig and CNoise represent the 

average coincidence counts of the desired and undesired pixels of OAM-selective holographic image, 

respectively. It is easy to obtain that when there is no signal, CSig = CNoise, and thus SNR = 0; when there is no 

noise, CSig = CNoise, and thus SNR = ∞. The value of SNR is affected by pump power, coincidence counting 

time, pixel number and so on. In our experiment, the pump power (~600 mW) and coincidence counting time 

(15s for each pixel) are fixed. In the presence of classical noise, the average coincidence counts of both the 

desired and undesired pixels will be increased by CCN. Thus, the SNR decreases to be 

10log10[(CSig+CCN)/(CNoise+CCN)]. For classical OAM holographic system (Fig. 1c), the CCN>> CSig>> CNoise, 

and thus SNR~0, which implies that the images will become too vague to tell the letters. While, for quantum 

OAM holographic system (Fig. 1a), the coincidence measurement decreases the CCN greatly. Leading to CNoise< 

CCN < CSig, and thus SNR>3, which means that the images is still clear. 
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