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As an important imaging technique, holography has been realized with different physical dimensions of
light, including polarization, wavelength, and time. Recently, quantum holography has been demonstrated
by utilizing polarization entangled state with the advantages of high robustness and enhanced spatial
resolution, comparing with classical holography. However, the polarization is only a two-dimensional
degree of freedom, which greatly limits the capacity of quantum holography. Here, we propose a method to
realize high-dimensional quantum holography by using high-dimensional orbital angular momentum
(OAM) entanglement. A high-capacity OAM-encoded quantum holographic system can be obtained by
multiplexing a wide range of OAM-dependent holographic images. Proof-of-principle experiments with
four- and six-dimensional OAM entangled states have been implemented and verify the feasibility of our
idea. Our experimental results also demonstrate that the high-dimensional quantum holography shows a
high robustness to classical noise. What is more, the level of security of the holographic imaging encryption
system can be greatly improved in our high-dimensional quantum holography.
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The concept of holography was first introduced by
Gabor [1,2]. Following the pioneering work of Gabor,
Leith and Upatnieks applied the principle of holography to
free-space optical beams with the advent of the laser [3],
and Brown and Lohman invented the computer-generated
hologram [4]. Now, holography has been implemented with
x rays [5], electron beams [1], or neutron beams [6], and
has become an essential tool of modern optics of many
applications for three-dimensional displays [7—10], micros-
copy [11,12], optical encryption [13,14], information
storage [15], generation of topological structures [16—19],
and so on. To date, the different physical dimensions of
light, including wavelength [20-24], time [25,26], and
polarization [27,28] have been utilized to carry independent
information for increasing the capacity of holographic
systems.

On the other hand, holography has been introduced into
the quantum optics [29-32] and observed with the polari-
zation entangled state [33]. Information is encoded into the
polarization state, allowing us to image through dynamic
phase disorder and even in the presence of strong classical
noise with enhanced spatial resolution compared with
classical coherent holographic systems. However, polari-
zation is a two-dimensional degree of freedom, which
greatly limits the information capacity of the quantum
holography. If high-dimensional quantum holography can
be realized, the capacity will be further improved. Recently,
orbital angular momentum (OAM) [34-40] has been
introduced into the holographical system for encoding
information. By using strong OAM selectivity in the
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spatial-frequency domain, high-dimensional OAM holo-
graphy with high capacity has been realized [41,42].
However, it is still a great challenge to introduce the strong
OAM selectivity method into the quantum holographic
system, achieve the high-dimensional OAM entanglement
holography, and increase the information capacity of the
quantum holography.

In this Letter, we introduce the high-dimensional OAM
entangled states into the holographic imaging and propose
a method to realize the high-dimensional quantum holo-
graphy. By multiplexing a wide range of OAM-dependent
holographic images and using a strong OAM selectivity
method, we can obtain a high capacity OAM-encoded
quantum holographic system. We have carried out the proof
of principle experiment and verified the feasibility of the
high-dimensional quantum holography and high capacity
OAM-encoded quantum holographic system. The intro-
duction of entanglement allows us to image even in the
presence of strong classical noise. Our results also show
that the level of security of the holographic imaging
encryption system can be greatly improved by using the
high-dimensional quantum entangled state.

Quantum OAM holography.—The arrangement of our
high-dimensional quantum OAM holographic scheme is
illustrated in Fig. 1(a). Photon pairs entangled in high-
dimensional OAM are produced by pumping a f-barium
borate (BBO) crystal under type I spontaneous parame-
tric down-conversion. The high-dimensional OAM entan-
gled state of the photon pair is described as |¥) =

[=to ¢ |1 ,| — 1) 5. Here, |I) denotes a state of photon

|=—
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with an OAM of [h, subscript A(B) labels the optical
path-A(B), c; represents the amplitude distribution of the
[th-order OAM state. Experimental data for certifying the
high-dimensional OAM entangled source is offered in
Sec. 1 of Supplemental Material [43]. Lenses L1 and L2
consist of a 4f system and image the plane of the BBO on
the spatial light modulators, SLM-A and SLM-B. After
interacting with the SLM-A, photon A is coupled into a
single mode fiber (SMF) with collecting lenses (Lc; and
Lc,) and detected by a single photon detector (D-A).
Because only the fundamental Gaussian mode state can
be coupled into the SMF, the SLM-A and SMF are together
used for projecting an OAM state (represented by |x)) into
|0). Therefore, the decoding operator of SLM-A can be
described as P, =|0),(x|,. The SLM-B is used for
displaying the holographic phase pattern and its function
for photon B is described by an operator P4. After
interacting with the SLM-B and an optical Fourier trans-
formation operated by lens L f, the photon B is collected by
a multimode fiber (MMF) and detected by another single
photon detector (D-B). The input end of the MMF scan in
the Fourier plane of Lf. Thus, the holographic image with
coincidence measurement between D-A and D-B is calcu-
lated as

H; = |fF{P ({0 P4]¥))} . (1)

Here, f{-} represents the Fourier transformation.
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FIG. 1.

The superposition of various OAM states makes it
impossible to recognize the image carried by each kind
of OAM state directly. To realize the high-dimensional
quantum OAM holography, we introduce a strong OAM-
selective method for the high-dimensional OAM entangled
states. The OAM-selective hologram is obtained by encod-
ing an OAM state |/,) onto an OAM-preserved hologram,
which is generated by multiplying a target image with a
sampling array (see Sec. 2 in Supplemental Material [43]
for details). An example is shown in the top side of
Fig. 1(a), where the target image is the letters “BIT”, the
phase distribution of the OAM-preserved hologram is
described with ¢ and [, = 1. The OAM-selective hologram
will be displayed on the SLM-B. In such a case, the
function of the operator for photon B is expressed as
P = ei?|l, 4+ 1)3(l|5. With setting the OAM decoding
operator  with Py =[0), (3]s, [0)4(2[ss 1004 (1[4,
0)4(=1]4> 10)4(=2[4, or [0)4(=3|, by displaying the
corresponding phase patterns on the SLM-A, the quantum
OAM-selective holographic images can be calculated by
Eq. (1). Experiment has been carried out. The experimental
results are given in Fig. 1(b), and the corresponding
simulation results are shown in Sec. 3 of Supplemental
Material [43]. Because the encoded OAM state in the
OAM-selective hologram is |1), only the given OAM
decoding operator P, = [0),(1], can convert each pixel
of the holographic image into the Gaussian mode as
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OAM entanglement-enabled quantum holography. (a) The schematic of setup. IF, interference filter centred at 810 4= 3 nm;

SLM-A/ B, spatial light modulator; SMEF, single mode fiber; MMF, multimode fiber with core diameter 25 pm. D-A/B single photon
detectors; Lc/Lf, lens. Top side shows the design of the OAM preserved and OAM-selective hologram (see Sec. 2 in Supplemental
Material [43] for details). (b) Quantum OAM-selective holographic images reconstructed with coincidence measurement by
implementing the OAM decoding operators P, = [0), (3[4, |0)4(2|4s [0)4 (1|4 [0)4(=1]4, |0),(=2|4, and |0),(=3|,. There are
15 x 5 =75 pixels in each reconstructed holographic image. Coincidence measurement for each pixel takes 15 s.
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PH(0|,P4|W)) « PH| —1)5 = €/?|0)5. In the OAM-
selective holographic experiment, only the Gaussian mode
contributes to the reconstruction of holographic image (see
Sec. 4 in Supplemental Material [43] for details). It is seen
clearly that the OAM-selective holographic image can be
reconstructed only for P, = |0),(1|, with signal-to-noise
ratio (SNR) ~ 15.8. The agreements between experimental
and theoretical results are very good, which means that
the high-dimensional OAM entanglement holography has
been realized.

Quantum OAM-multiplexing holography.—Since differ-
ent OAM eigenstates are orthogonal to each other, the
corresponding OAM-selective hologram can be designed
according to each OAM state to encode the information
independently. When these OAM-selective holograms are
combined, OAM multiplexing holograms can be genera-
ted. Then, we can obtain a high capacity OAM-encoded
quantum holographic system by multiplexing a wide range
of OAM-dependent holographic images. The multiplex-
ing approach is illustrated in Fig. 2(a). There are a series
of target images, letters O, ..., A,...,M,.... The OAM-
preserved hologram of each target image is generated by
multiplying it with a sampling array. Then, the OAM-
selective holograms are obtained by encoding OAM states
1), |li)s .. ]L), ... onto the OAM-preserved holo-
grams. Finally, the OAM-multiplexing hologram is obta-
ined by combining all OAM-selective holograms. Because
the property of OAM states will be well maintained
in each pixel of the reconstructed holographic images,
incident OAM states can be used to reconstruct diffe-
rent holographic images from an OAM-multiplexing
hologram. Thus, different target images can be recon-
structed by using the OAM decoding operator with
Py =10) 4 (I gs-ees [O) 4 (il s s [0 4 (Lo s TESPECLiVE-
ly. Then, quantum holography with high capacity has been
realized. The proof-of-principle experiment with four- and
six-dimensional OAM entangled states has been carried
out. The experimental results for the four-dimensional
condition are offered in Sec. 4.4 of Supplemental
Material [43]. The experimental results for the six-dimen-
sional case are shown in Fig. 2(b). Here, six target images
are letters O, A, M, E, Q, and H. Six encoding OAM states
are |3), [2), |1), | —1), | —2), and | — 3). The images of
letters O, A, M, E, Q, and H can be obtained by using the
OAM decoding operator of P, =[0),(3|x, 10)4(2,
004 (14> [0)a (=145 [0)4(=2[4, and [0),(=3]4, with
SNR ~ 8.8, 9.9, 10.4, 9.3, 9.4, and 6.8, respectively. The
smaller SNRs for letters O and H are due to the smaller
coincidence count rates of |3),| — 3)z and | — 3),|3) 5 (see
experimental data offered in Sec. 1 of Supplemental
Material [43]). Although we only give the four- and six-
dimensional cases, from these experimental results and the
simulation results for ten-dimensional case (offered in
Sec. 4.4 of Supplemental Material [43]), it can be seen
that higher dimensional quantum OAM holography is also
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FIG. 2. Principle of quantum OAM-multiplexing holography.
(a) Generation of an OAM-multiplexing hologram. (b) Experi-
mental reconstructions of holographic images based on the OAM
projective measurement operators P4 = [0), (3], [0)4(2/4s
[0)4 (114, 10)a(—1]|4, [0)4(—2|4, and |0),(—3|4. There are
5 x5 =125 pixels and the coincidence measurement of each
pixel takes 10 s.

feasible and the results will be similar. All these results
prove the feasibility of quantum OAM-multiplexing
holography.

Robustness of quantum OAM holography.—One of the
advantages of quantum holography is its robustness to
classical noise, as demonstrated for amplitude objects
[49,50]. To test such an effect, we illuminate white light
of a lamp as classical noise in the experiment of quantum
OAM holography (see Sec. 5 in Supplemental Material
[43] for details). The experimental results for reconstruct-
ing the OAM-selective holographic images are given in
Fig. 3(a). It is shown clearly that the encoded image (letters
“BIT”) can be accurately reconstructed for P, = |0), (1|,
in the presence of classical stray light, with only a lower
SNR compared to the case without stray light as shown in
Fig. 1(b). In contrast, when we use a single photon, instead
of entangled photons, to reconstruct the holographic image
(see Sec. 5 in Supplemental Material [43] for details), the
experimental results are provided in Fig. 3(b). The images
become too vague to tell the letters, no matter what kind of
OAM state is used. In the quantum OAM holographic
system, the counts of coincidence measurement are related
to the counts of each detector (D-A and D-B) and their time
correlation. The classical noise greatly increases the counts
of D-A and D-B, but slightly increases the counts of
coincidence measurements because the counts coming
from the classical noise do not have time correlation.
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FIG. 3. Quantum OAM-selective holography in the presence of classical noise. (a) OAM-selective holographic images measured with
quantum OAM holographic systems. (b) OAM-selective holographic images measured with classical OAM holographic systems.
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FIG. 4. Entanglement-enabled holography for high-security holographic imaging encryption. (a) Poincaré sphere composed of OAM
states |1) and | — 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. (b) Design of multiplexing hologram based on OAM superposition states and its corresponding OAM-
multiplexing hologram displaying on SLM-B. (c) Experimental OAM-selective holographic images for different decoding operators
implemented with SLM-A.
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The phenomena are similar to the case for the polarization
entanglement-enabled quantum holography [33].

Entanglement-enabled holography for higher level secu-
rity of holographic imaging encryption.—What is exciting
is that the quantum OAM-selective holography enables an
imaging encryption strategy with a higher level of security
compared with that based on classical one [41]. As is well
known, a classical bit would have to be in the bases state O
or 1. However, a qubit is allowed to be in a coherent
superposition of its basis state. Therefore, if one employs a
superposition state as the key to encrypt a text, searching
for the key in the corresponding state space (Hilbert space)
would be much harder than that for a key encoded by bits
in its finite state space. Here, we take the OAM states |1)
and | — 1) as an example. In the first-order OAM Poincaré
sphere as shown in Fig. 4(a), |1) and | — 1) are located at
north and south poles, respectively [51,52]. Any state of
superposition of |1) and | — 1) can be described with a
point on the Poincaré sphere, which is located by two
angle parameters 6 € [—rz/4,7/4] and ¢ € [0, z]. In our
quantum OAM holographic system, the information can
be encoded with any point on the Poincaré sphere in
principle, which implies that one has to guess the key
among infinite number of possible states if no prior
knowledge of the encryption is available. For high-
dimensional entangled states, the situation is similar.
More discussion has been offered in Sec. 6 in
Supplemental Material [43].

To verify the feasibility of entanglement-enabled holog-
raphy for quantum imaging encryption, the experiments
based on four-dimensional OAM entangled states have
been done. As shown in Fig. 4(b), 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, |S,); = (| —2)+
=D+ +11)/2 1S = (1=2) + /1 — 1) — 2)—
/2 1805 = (=2 — = 1)+ 2) =]1))/2,  and
1Se)s = (| —2) — j| — 1) — [2) + j|1))/2, 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. Figure 4(c) displays
the experimental results of OAM-selective holo-
graphic images for 64 kinds of decoding operators. The
decoding operators are implemented by the SLM-A,
which are described as P, = |0),[e /" @=1/2(=2|,+
efjﬂ(arl)/2<_1 |4 + efjﬂ(arl)/2<2|A + efjﬂ(rl471>/2<1 14]/2.
The values of parameters (a;, a,, a3, @) are listed on each
reconstructed OAM-selective holographic image. The
images of letters O, A, M, and H can be decoded with
(aj, o, 03,04) = (1,1,1,1), (1, 2, 3, 4), (1, 3, 1, 3), and
(1, 4, 3, 2) (marked with the frames of purple line) with
SNR =11.3, 9.4, 11.5, and 10.8, respectively. These
results demonstrate that only when one knows the exact
expression of the superposition state used for imaging

encryption, can he or she obtain the information of the
encrypted four letters.

In conclusion, we have presented a way to realize the
high-dimensional quantum holography based on high-
dimensional OAM entangled states. Because different
OAM ceigenstates are orthogonal to each other, each
OAM state can be implemented as an independent infor-
mation carrier. Therefore, we can obtain a high-capacity
quantum holographic system by multiplexing a wide range
of OAM-dependent holographic images. Proof-of-principle
experiment with four- and six-dimensional OAM entangled
states has been carried out and verified the feasibility of the
high-dimensional OAM quantum holography and high
capacity quantum multiplex holography. Comparing with
classical holography, quantum holography has practical
advantages. The introduction of entanglement can effec-
tively reduce the impact of classical noise, which leads to
achieving decryption in the presence of strong noise. The
use of the superposition state leads to more states being able
to be selected for encoding information. Therefore, the
level of security can be greatly improved in comparison
with the classical one. At present, OAM entangled states
with dozens of dimensions can be generated [53,54]. If
quantum OAM holography with dozens of dimensions can
be obtained based on our method, the capacity of quantum
holographic imaging is greatly improved, and the security
of quantum holographic imaging encryption can be
improved to an unprecedented level.
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