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We demonstrate the experimental generation of orbital angular momentum (OAM) multiplexed
multipartite entanglement with cascaded four-wave mixing processes in a continuous variable (CV)
system. In particular, we implement the simultaneous generation of 9 sets of OAM multiplexed tripartite
entanglement over 27 Laguerre-Gauss (LG) modes, as well as 20 sets of OAM multiplexed bipartite
entanglement over 40 LG modes, which show the rich entanglement structure of the system. In addition, we
also generate tripartite entanglement of three types of coherent OAM superposition modes. Such OAM
multiplexed multipartite entanglement opens the avenue to construct CV parallel quantum network for

realizing parallel quantum information protocols.
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A quantum entangled state, originally defined in bipartite
system, involves parties whose correlations are stronger
than those allowed by classical physics [1]. Extending such
an entangled state to a multipartite case promotes many
applications in quantum information processing [2]. For
example, tripartite entangled states [3], three-photon
energy-time entangled states [4], and cluster states [5]
are promising for constructing quantum networks [2] and
realizing quantum computation [6]. In the meanwhile,
multiplexing, a concept used in classical system to integrate
multiple channels into a single channel provides an efficient
way to enhance the channel capacity of the communication
system. It is conceivable that a parallel quantum commu-
nication network and a parallel quantum computation
architecture can be built if we combine the concept of
multiplexing with multipartite entanglement.

Orbital angular momentum (OAM) [7], as an important
physical quantity, has attracted much attention due to the
advantage of a possible infinite range of OAM modes. It
has been considered as an ideal degree of freedom for
multiplexing to enhance data-carrying capability in
classical optical communication [8,9]. Meanwhile, OAM
has also been exploited in a discrete variable (DV) quantum
system to generate and manipulate an OAM entangled state
[10-30]. However, in sharp contrast with the wide appli-
cations of OAM in DV quantum information systems,
OAM finds only a few applications in continuous variable
(CV) quantum information systems, including the gener-
ation of the low-order OAM modes [31-34]. Very recently,
in CV quantum systems, OAM has been applied to
deterministically generate OAM multiplexed bipartite
entanglement to increase the number of entanglement
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channels [35]. Although this work is promising, it is
limited to bipartite cases. As mentioned above, multipartite
entanglement is indispensable for constructing a quantum
network. Therefore, in this Letter, we combine the OAM
multiplexing with multipartite entanglement to demonstrate
the generation of an OAM multiplexed multipartite entan-
glement, which is expected to be used to construct a parallel
CV quantum network.

Figure 1(a) shows the detailed experimental setup for
generating OAM multiplexed tripartite state from cascaded
four-wave mixing (FWM) processes in two hot #Rb vapor
cells. First, a strong Gaussian beam Pump; is injected into
the Cell;, leading to the generation of multiple pairs of
Laguerre-Gauss (LG) modes: LGy p;, and LG_y oy, (i-€.,
OAM modes, ¢ is topological charge) in Pr; (probe) and
Conj; (conjugate) beams, respectively. The Hamiltonian
for describing the FWM process in the Cell; can be
expressed as

H, = ihzfyfa;],rl bifyc(mj] +H.c., (1)

where &;Prl and l;if,COnj] are the creation operators
associated with an OAM mode in Pr; and Conj; beams,
respectively. H.c. is the Hermitian conjugate. y, is the
nonlinear interaction strength of each pair of OAM modes
in this FWM process. Next in order to generate the OAM
multiplexed tripartite state, the Pr; beam is seeded into the
Cell, and coupled with another strong Gaussian beam
Pump,, leading to the generation of multiple pairs of
LGy p;, and LG_z copj, modes in Pr, (probe) and Conj,
(conjugate) beams, respectively. The Hamiltonian for this
FWM process in the Cell, can be similarly expressed as
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FIG. 1. (a)Experimental setup. Cell;, Cell,: hot 8Rb vapor cells with length of 12 mm and temperature of 108 °C; Pump;, Pump,: the
pump beams with frequency of around 377.1102 THz and waist diameter of about 900 ym. The Pump; and Pump, powers are 120 and
90 mW, respectively. The probe beam frequency is redshifted by 3.04 GHz from the pump beam. LG, py,, LG_¢ conj, » and LG_ conj, :
the LG modes in Pr,, Conjy, and Conj, beams, respectively; a, py,, B_f.c(,njl, and ¢_z copj,: the annihilation operators of corresponding
output OAM modes; a, py, IAJ_,,a’COHjO, and C_g copj,: the annihilation operators of corresponding input states; LO_z py,, LO, copj,» and
LOy conj,: the local oscillators; OAM-BHD: balanced homodyne detection technique for detecting OAM mode; SA: spectrum analyzer,
which is set to 300 kHz resolution bandwidth, 300 Hz video bandwidth, zero span, and a center frequency of 1.5 MHz. (b) A Dove prism
is inserted into the optical path of LO_; py, in order to transfer LO_; p;, to LO, py,. (¢) Energy level diagram of the double-A scheme in

the D1 line of 83Rb.

Hy = ihE,Bpa) p ¢ o, + He.. (2)
where &;Prz and 815’(30“& are creation operators of corre-
sponding OAM mode in Pr, and Conj, beams, respectively.
P, is the nonlinear interaction strength of each pair of OAM
modes in this FWM process. By exploiting the Heisenberg
equation of motion
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where A is the annihilation operator of each output OAM
mode, and exploiting the orthogonality of OAM modes,
ie., [A,, A;,] = 6, ¢, the input-output relationship of OAM
modes in this cascaded FWM processes can be expressed as

azpr, VGr1Gro \/Geogen  \/9e2 ag pr,
T T
by con, | = e Gy, 0 b4 conjy | (4)

At
C_¢ Conj, VGri9c2  \/9e192

where Gzpy, (b conjr €l con,) is the annihilation
(creation) operator of the corresponding input state, G, =
cosh?(y,t,) and G, = cosh?(f3,t,) are the intensity gains
of OAM modes in these two FWM processes, respectively,
t; and t, are the mixing interaction time, G, — g, = 1,
Gy — gsp = 1. Consequently, multiple sets of LGy p,,,
LG_z conj, and LG_y copj, modes form the OAM multi-
plexed tripartite state.

To witness the entanglement of such OAM multiplexed
tripartite state, we need to derive the covariance matrix
(CM), which can be used to fully characterize the quantum
properties of Gaussian states. The CM is composed of

At
Gea | | C2r.conjy

|
covariances of phase and amplitude quadratures, i.e.,
o = (E€7), where o is CM, &=(X

g pr, ¢ g pr, ’Xl;-f.cOnjl ’
bt o Koo Vo pony)Ts and X=A+AT, ¥ =i(A" -
A) stand for the amplitude and phase quadratures of each
output OAM mode, respectively. Then we test the entan-
glement of each set of LGy p;,, LG_y conj, and LG_z copj,
modes by using the positivity under partial transposition
(PPT) criterion [36]. The entanglement of the OAM
tripartite state can be testified by three possible 1 x 2
partitions, which are LG_; conj, |(LGypr,» LG_¢ conj, )
LGf,Pr2 | (LG—f,Conjl »LG—f,COnjz ) and LG—f.Conjz | (LGf,Prz’
LGy conj,)- Based on these partitions, the smallest
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FIG. 2. Witnessing an OAM multiplexed tripartite and bipartite entanglement. (a) The test of tripartite entanglement among
LGy pr,» LG_z conj, » and LG_; conj, modes. Traces A and B correspond to two intensity gains G,y and G, respectively. Traces C, D,
and E correspond to three PPT wvalues of LG_;conj,|(LGspr,.LG_scon,)s LGy pr,|(LG_ conj,» LG_z conj,). and
LG_; conj, (LG pr,. LG_y conj, ) partitions, respectively. (b) The test of bipartite entanglement between any two of the three LG
modes LGypr,, LG_sconj,» and LG_zconj,- Traces F, G, and H correspond to three PPT values of LG_; conj, ILG_z conj,s
LGy pr, ILG_s conj, » and LGy pr, [LG_, conj, Partitions, respectively. Error bars of PPT values are present as data deviations. (¢) Diagram

of OAM multiplexed tripartite entanglement. (d) Diagram of OAM multiplexed bipartite entanglement.

symplectic eigenvalue of the partially transposed CM, i.e.,
the PPT value, is obtained by calculating the absolute
eigenvalue of iJ&;, where &; = T;oT:, Ty is a 6 X6
diagonal matrix with all diagonal elements equal to 1
except for Ty = —1 (k=1, 2, and 3), and J =@;_,
(% ¢) is the symplectic transformation matrix. If all the
PPT values of the three possible partitions are smaller than
1, then genuine tripartite entanglement is generated.

Experimentally we obtain CM by using three sets of
balanced homodyne detection (BHD) systems to detect
OAM modes [35]. In this BHD technique, the LG mode
with topological charge ¢ can only be extracted by a local
oscillator (LO) of LG mode with topological charge —¢.
Thus we use a spatial light modulator (SLM), which loads a
computer-generated hologram to generate a bright LG
beam. Then we set up a set of new cascaded FWM
processes seeded by this bright LG beam to generate three
LO beams LO_y p;,, LOz copj, » and LOy copj,» Which can be
used to extract three OAM modes: LGy py,, LG_z conj, » and
LG_; conj,» respectively. Each element of CM can be
experimentally obtained by

» o R0, F ANLO) F AXL;0))
(0,0)) = - -
2\/Az (Li Qvac) \/A2 (Lj QV&C)

. (5)

where Q,» (0 ) 1s Xor? quadrature, i and j denote the three
output OAM modes, “vac” denotes a vacuum mode,
A2Q.;;=A*(L;Q;£L;0;) is measured by combining
two BHDs via an adder or subtractor, L7 (L7) is LO beam
intensity, A(L;0;) [A%(L;Q;)] is measured by the single
BHD, A%(L;Qy,.) [A%(L;Qy,)] is measured by blocking
the signal beam of the corresponding BHD. After obtaining
CM, the PPT values can be calculated to testify the

entanglement of each set of OAM multiplexed tripar-
tite state.

Figure 2(a) shows the results of PPT values as functions
of  (see the Supplemental Material for images of output
fields [37]). We find that the larger the |Z]| is, the lower the
intensity gains G, ; and G,, will be, as shown in traces A
and B, respectively. This is due to the beam size increase of
the OAM modes with the increase of the |£|. Such beam
size increase will reduce the overlap of OAM modes with
the pump beams and thus reduce their nonlinear interaction
strength. In addition, it can be seen that for £ in the range of
—4 to 4, the three PPT values (traces C, D, and E) for the
case of each ¢ are all smaller than 1 (within the gray
region), which demonstrates the generation of 9 sets of
OAM multiplexed tripartite entanglement, as depicted in
Fig. 2(c). Some of the three PPT values are larger than 1
when |Z| is increased to 5 and 6, showing the disappearance
of genuine tripartite entanglement. This is actually due to
the disappearance of the nonlinear interaction strength for
the case of large |#|, which defines the OAM bandwidth
[35,40] of tripartite entanglement in this system.
Meanwhile, it is also interesting to investigate the bipartite
entanglement between any two of the three generated LG
modes. The corresponding results of PPT values are shown
in Fig. 2(b). It can be seen that the PPT values of
LGy pr, ILG_y conj, partition (trace G, ¢ from —4 to 4)
and the PPT values of LGy py, |[LG_; copj, partition (trace H,
¢ from -5 to 5) are all smaller than 1, clearly showing that
the LGy p;, mode is entangled with both LG_, ¢y, and
LG_y conj, modes. It is also clear that the LG_; coyj, and
LG_/ conj, modes are not entangled since the PPT values of
LG_¢ conj, ILG_z conj, partition (trace F) are always larger
than 1 for £ ranging from —6 to 6. This is due to the fact that
the LG_y conj, and LG_ ¢,pj, modes have never interacted
with each other directly. The presence of tripartite and
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FIG. 3. Testing the OAM multiplexed tripartite entanglement
among LG_;pr,, LG_; conj,» and LG_; con, modes. Traces A
and B correspond to two intensity gains G, 1 and Gyp,
respectively. Traces C, D, and E correspond to three PPT
values of LG_ conj, [(LG_¢ pr, . LG_¢ conj, )» LGz pr, | (LG_¢ conj, »
LG—f,Conjg)’ and LG—f.Conj2|(LG—f.Pr2s LG—f.Conjw) partitions, re-
spectively. Error bars of PPT values are present as data deviations.

bipartite entanglement shows the rich entanglement struc-
ture of the system. In other words, this cascaded FWM
system can provide 9 sets of OAM multiplexed tripartite
entanglement of LGy pr,, LG_z conj,» and LG_y copj, modes
as depicted in Fig. 2(c), as well as 9 (11) sets of OAM
multiplexed bipartite entanglement between LG, p,, and
LG_z conj, (LG_zconj,) modes as depicted in Fig. 2(d).
Besides, these experimental results also show that these

entangled OAM modes are generated in pairs in each FWM
process, which clearly confirms the OAM conservation in
the FWM process [35].

To illustrate the decisive role of OAM conservation in
preparing the above mentioned OAM multiplexed tripartite
entanglement, we test the quantum entanglement among
the LG modes: LG_y py,, LG_z conj, » and LG_z gpj, - To this
end, the three local oscillator (LO) beams LOgp,,,
LOy conj,» and LOy copj, are required. Thus a Dove prism
is inserted in the light path of LO_,p,, to transfer it to
LOy py,, as shown in Fig. 1(b). The corresponding results of
PPT values are shown in Fig. 3. It can be seen that the
three PPT values (traces C, D, and E) for any nonzero ¢ are
all larger than 1 (above the gray region), demonstrating
no genuine ftripartite entanglement among LG_,p,,
LG_z conj,» and LG_z cop, (£ # 0) modes. Moreover, the
higher the intensity gains G,; and G,, (traces A and B)
are, the larger the PPT values will be, which shows the
stronger uncorrelated noises shared among these LG
modes. For the case of £ = 0, the three PPT values are
all smaller than 1, demonstrating the generation of genuine
tripartite entanglement of three Gaussian modes, which is
consistent with the corresponding result in Fig. 2(a). Thus,
it can be concluded that OAM multiplexed tripartite
entanglement is only distributed among specific OAM
modes, which are determined by the OAM conservation
of FWM process.

So far, we have studied the tripartite entanglement of
OAM modes carrying single topological charge. It is also
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FIG. 4. Witnessing the tripartite entanglement for three types of coherent OAM superposition modes. For all subfigures, traces A and
B correspond to two intensity gains G4 and G, of two FWM processes, respectively. Traces C, D, and E correspond to three PPT values
of Conjq|(Pry, Conj,), Pry|(Conj;, Conj,), and Conj,|(Pr,, Conjy) partitions, respectively. (a) The test of tripartite entanglement
among /kLGg pr, + V1 = kLG4 pr,, v/KLG_z conj, + V1 =k LG_ conj,» and /kLG_z conj, + V1 = k LG_1 conj, modes by varying k.
The second row shows the computer-generated hologram and the images of Pr,, Conj,, and Conj, beams with corresponding OAM
superposition modes in the case of x = 0.5, respectively. (b) The test of tripartite entanglement among LG, pr, +LG_/py,,
LG_; conj, + LGy conj,» and LG_z conj, + LGy conj, modes by varying #. The second row shows the computer-generated hologram
and the images of Pr,, Conj;, and Conj, beams with corresponding OAM superposition modes in the case of £ = 4, respectively. (c) The
test of tripartite entanglement among LGy py, + €*LG_1 py,, LG_1 conj, + €*’LG1 conj,» and LG_1 conj, + €*’LG1 conj, modes by
varying relative phase 26. The second row shows the computer-generated hologram and the images of Pr,, Conj;, and Conj, beams with
corresponding OAM superposition modes in the case of 26 = 360°, respectively. Error bars of PPT values are present as data deviations.

083605-4



PHYSICAL REVIEW LETTERS 124, 083605 (2020)

interesting to study the tripartite entanglement of coherent
OAM superposition modes [10]. Thus a more complicated
hologram is loaded onto the SLM to generate the appro-
priate LO beams. The corresponding results are shown in
Fig. 4, where traces A and B correspond to intensity gains
G, and G,, respectively, traces C, D, and E correspond to
three PPT values. Figure 4(a) shows that the three PPT
values are all smaller than 1, which demonstrates the
genuine tripartite entanglement among +/kLGsp,,+
V 1- KLGI,Prz’ \/ELG—?),Conj] + V 1- KLG—I.Conjl’ and
VKLG_3 conj, + V1 = KLG_| conj, modes for any « within
the range of [0, 1]. Figure 4(b) shows that the three PPT
values are smaller than 1 for ¢ in a range of 1 to 4,
which demonstrates the genuine tripartite entanglement
among LGgp;, + LG_sp,, LG_sconj, + LGy conj,» and
LG_s conj, + LGy conj, modes. For £ =5, 6, some of the
three PPT values are larger than 1, which shows the
disappearance of the genuine tripartite entanglement for
this type of coherent OAM superposition mode. Figure 4(c)
shows that the three PPT values are all smaller than 1,
which demonstrates the genuine tripartite entanglement
among LG],PrZ + EZieLG—l,Prz’ LG—],Conjl + EZieLGl.Conjl’
and LG_; copj, + ez’eLGl.Conj2 modes.

In conclusion, we have experimentally demonstrated the
generation of 9 sets of OAM multiplexed tripartite entan-
glement as well as 20 sets of OAM multiplexed bipartite
entanglement in CV regime by exploiting cascaded FWM
processes. In addition, we have also experimentally shown
that there is no tripartite entanglement among LG_zp,,,
LG_/ conj;» and LG_y coyj, modes, which verifies the
importance of the OAM conservation for generating
OAM multiplexed tripartite entanglement in this system.
Furthermore, we have investigated the tripartite entangle-
ment for three types of coherent OAM superposition
modes. As far as we know, the experimental generation
of multipartite entanglement from cascaded FWM proc-
esses has not been reported. Although the multiple quan-
tum correlated beams have been generated from such a
system in our previous work [41], it only focuses on
intensity correlation and is far from the demonstration of
multipartite entanglement, which requires the measurement
of both amplitude and phase quadratures. Such OAM
multiplexed multipartite entanglement can be used to
construct a parallel CV multichannel quantum network.
In such a parallel quantum network, each set of multipartite
entanglement can be distributed to each channel to realize
various different quantum information tasks, such as
quantum state sharing [42], quantum teleportation network
[43], and controlled dense coding [44]. Thus, the channel
capacity and diversity of the quantum network can be
greatly enhanced. Our work opens the avenue for realizing
the parallel quantum information protocols.
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