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Generation of multiparticle three-dimensional
entanglement state via adiabatic passage∗
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A scheme is proposed for generating a multiparticle three-dimensional entangled state by appropriately adiabatic
evolutions, where atoms are respectively trapped in separated cavities so that individual addressing is needless. In the
ideal case, losses due to the spontaneous transition of an atom and the excitation of photons are efficiently suppressed
since atoms are all in ground states and the fields remain in a vacuum state. Compared with the previous proposals, the
present scheme reduces its required operation time via simultaneously controlling four classical fields. This advantage
would become even more obvious as the number of atoms increases. The experimental feasibility is also discussed. The
successful preparation of a high-dimensional multiparticle entangled state among distant atoms provides better prospects
for quantum communication and distributed quantum computation.
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1. Introduction
Quantum entanglement is one of the most striking fea-

tures of quantum physics. As is well known, the tasks of quan-
tum information can be performed normally by using two-
dimensional quantum states. However, it has been recently
recognized that significantly fundamental and practical advan-
tages can be gained by employing higher-dimensional quan-
tum states instead. For example, violations of local realism
are stronger for two maximally entangled qudits (3 ≤ d ≤
9) than those for two qubits and increase with d;[1,2] quan-
tum key distributions based on multilevel system show in-
creased resistance to noise;[3,4] a qudit-based quantum com-
putation may require less resources for its implementation
than those based on a two-level system;[5] N-particle N-level
singlet states can solve “N-strangers”, “secret sharing”, and
“liar detection” problems which have no solutions using clas-
sical tools.[6] These facts have triggered a lot of studies on
the generation of high-dimensional entangled states in recent
years.[7–12] For instance, Zou et al.[8] proposed a scheme for
creating the entanglement of two three-level atoms, which is
insensitive to the cavity decay but requires individual address-
ing on two identical atoms in a tiny cavity. Subsequently, Ye
et al.[10] proposed a scheme for realizing a three-dimensional
bipartite entangled state through an adiabatic passage along,
where two identical atoms are separately trapped in two opti-
cal cavities. Most of the previous schemes only prepare a two-
particle three-dimensional entanglement state while the gener-
ation of a multiparticle d-dimensional entangled state becomes

difficult with the increase of the number of the qudits involved.
It is worthwhile to mention that Zheng[7] proposed generating
the entangled states of more multilevel atoms with an addi-
tional strong classical driven field. Here we propose an al-
ternative scheme for generating a three-dimensional entangled
state for two atoms respectively trapped in separated cavities,
where losses due to the spontaneous transition of atoms and
the excitation of photons are efficiently suppressed by employ-
ing adiabatic passage. The required operation time is shorter
than the previous protocols by simultaneously controlling four
classical fields. The scheme can be extended to prepare a
high-dimensional multiparticle entangled state among distant
atoms, which is important in the sense of distributed quantum
computation and quantum communication.

The rest of the present paper is arranged as follows. In
Section 2, we describe the fundamental model for creating
a multiparticle three-dimensional entangled state. In Sec-
tion 3, we present a scheme for generating a two-atom three-
dimensional entangled state in detail. In Section 4, we extend
the scheme to the multiparticle case. Finally, we analyze the
experimental feasibility for the scheme and draw some con-
clusions in Section 5.

2. Model
The basic elements of the protocol are illustrated

schematically in Fig. 1. N atoms are respectively trapped in
N corresponding optical cavities which are connected by short
optical fibers and coupled by a fiber coupler (FC) and have the
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same transverse mode. Under the short fiber limit (lv)/(2πc),
only the resonant mode of the fiber will interact with the cav-
ity mode,[13–16] where l is the length of the fiber and v is the
decay rate of the cavity field into a continuum of fiber modes.
T2,T3, . . . ,TN denote the optical devices, which can exactly
control the switching on or off of the interaction between cav-
ities. The corresponding level structures of atoms are shown in
Fig. 2. Atom 1 has two excited states |ek〉 (k = L,R) and five
ground states |1〉, |R〉, |g〉, |L〉, and |0〉while other N−1 atoms
are five-level system with three ground states |R〉, |g〉, |L〉, and
two excited states |ek〉 (k = L,R). For atom 1, the transitions
|1〉 → |eL〉 and |0〉 → |eR〉 are driven by the classical fields
with Rabi frequencies Ω1 and Ω2, respectively. The transition
|ek〉 → |k〉 (k = L,R) is resonantly driven by the cavity mode
ak with k-circular polarization. For atom n (n = 2, . . . ,N),

cavity 1

cavity 3

cavity N

cavity 2

FC

TN

T2

T3

Fig. 1. Schematic setup for preparing an N-atom three-dimensional en-
tanglement state, where N atoms are trapped in N separated cavities
connected by optical fibers and FC is a fiber coupler. T2,T3, . . . ,TN are
the optical devices.
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Fig. 2. Level structure of the involved atoms. For atom 1 the transi-
tions |1〉 → |eL〉 and |0〉 → |eR〉 are driven by the classical fields while
|ek〉 → |k〉 is resonantly driven by the cavity mode. For atom n the
transition |g〉 → |ek〉 is resonantly driven by the cavity mode and the
transition |ek〉 → |k〉 is driven by the classical field with Rabi frequency
Ωn3 or Ωn4.

the transition |g〉 → |ek〉 (k = L,R) is resonantly driven by the
n-th cavity mode ank with k-circular polarization, the transi-
tion |ek〉 → |k〉 (k = L,R) is driven by the classical field with
Rabi frequency Ωn3 or Ωn4.

When we only turn on the interaction between the 1st
cavity and the n-th cavity by the optical device Tn (n =

2, 3, . . . , N), the interaction Hamiltonian has the following
form (h̄ = 1):

H1n = Ω1 |eL〉1 〈1|+g1La1L |eL〉1 〈L|+Ω2 |eR〉1 〈0|
+ g1Ra1R |eR〉1 〈R|+Ωn3 |eL〉n 〈L|+gnLanL |eL〉n 〈g|
+ Ωn4 |eR〉n 〈R|+gnRanR |eR〉n 〈g|
+ ηbL(a

†
1L +a†

nL)+ηbR(a+1R +a+nR)+H.C., (1)

where η is the coupling strength between cavity mode and the
fiber mode, bR(L) is the annihilation operator for the fiber mode
with R(L)-circular polarization, anR(L) the annihilation opera-
tion for corresponding cavity field with R(L)-circular polar-
ization, and gnR(L) is the coupling strength between the cor-
responding cavity mode and the trapped atom. Without loss
of generality, all Rabi frequencies and coupling rates are as-
sumed to be real. We use the notation |t〉n

∣∣mL(R)
〉

nC

∣∣xL(R)
〉

f
to describe the state of the atom–cavity–fiber system, where
|t〉n (t = ek, R, g, L, 0, 1; n = 1, . . . , N) is the state of the
n-th atom trapped in the n-th cavity,

∣∣mL(R)
〉

nC (m = 0,1) de-
notes that there is m photon with left-circular (right-circular)
polarization for the n-th cavity mode, and

∣∣xL(R)
〉

f (x = 0,1)
represents x photon with left-circular (right-circular) polariza-
tion for the corresponding fiber mode.

3. Generation of a two-atom three-dimensional
entanglement state
Now we consider the case that the interaction between

cavity 1 and cavity 2 is turned on. Our purpose is to show that
the following two-atom three-dimensional entangled state:

|Ψ〉= 1√
3
[−|R〉1 |R〉2 + |g〉1 |g〉2−|L〉1 |L〉2] (2)

can be prepared using an adiabatic passage.
On condition that both the cavity modes and the fiber

mode are all in vacuum state, we will first show that |0〉1 |g〉2
can adiabatically evolve into−|R〉1 |R〉2, and then |1〉1 |g〉2 can
adiabatically evolve into−|L〉1 |L〉2. We also note that |g〉1 |g〉2
will not change since there is no photon for all the field modes.
So when the atoms are initially in the state

1√
3
(|0〉1 |g〉2 + |1〉1 |g〉2 + |g〉1 |g〉2), (3)

we can obtain the desired three-dimensional entanglement
state (2) after a series of adiabatic processes.

Consider that atom 1 is prepared in the superposition state
(|0〉1 + |1〉1 + |g〉1)/

√
3 with the method of Ref. [17] while
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atom 2 is prepared in the state |g〉2, and all the field modes are
initially in vacuum state |0〉1C |0〉2C |0〉 f , i.e., the state of the
whole compound system is initially in the state

1√
3
(|0〉1 |g〉2 + |1〉1 |g〉2 + |g〉1 |g〉2) |0〉1C |0〉2C |0〉 f . (4)

Define the excitation number operators as

NL = |eL〉1 〈eL|+ |1〉1 〈1|+ |eL〉n 〈eL|+ |L〉n 〈L|
+ a†

1La1L +a†
nLanL +b†

LbL (5)

and

NR = |eR〉1 〈eR|+ |0〉1 〈0|+ |eR〉n 〈eR|+ |R〉n 〈R|
+ a†

1Ra1R +a†
nRanR +b†

RbR, (6)

then Nk (k = L,R) will commute with H of Eq. (1) so that
the excitation number is conserved during the evolution. For
the initial state |0〉1 |g〉2 |0〉1C |0〉2C |0〉 f , the eigenvalue of NR

is nR = 1. The subspace with nR = 1 is spanned by the state
vectors

|φ1〉= |0〉1 |g〉2 |0〉1C |0〉2C |0〉 f , (7a)

|φ2〉= |eR〉1 |g〉2 |0〉1C |0〉2C |0〉 f , (7b)

|φ3〉= |R〉1 |g〉2 |1R〉1C |0〉2C |0〉 f , (7c)

|φ4〉= |R〉1 |g〉2 |0〉1C |0〉2C |1R〉 f , (7d)

|φ5〉= |R〉1 |g〉2 |0〉1C |1R〉2C |0〉 f , (7e)

|φ6〉= |R〉1 |eR〉2 |0〉1C |0〉2C |0〉 f , (7f)

|φ7〉= |R〉1 |R〉2 |0〉1C |0〉2C |0〉 f . (7g)

The Hamiltonian H of Eq. (1) has a dark state (i.e., zero-
energy eigenstate of Hamiltonian H)

|ψD1〉 = K24[g1R(t)Ω24(t) |φ1〉−Ω2(t)Ω24(t) |φ3〉
+ Ω2(t)Ω24(t) |φ5〉−g2R(t)Ω2(t) |φ7〉], (8)

where K−2
24 = g2

1RΩ 2
24 + 2Ω 2

2 Ω 2
24 + g2

2RΩ 2
2 . Under the condi-

tion of

g1R(t),g2R(t)�Ω2(t),Ω24(t), (9)

the dark state (8) reduces to

|ψD1〉 ∝ g1R(t)Ω24(t) |φ1〉−g2R(t)Ω2(t) |φ7〉 . (10)

If pulse shapes are designed such that

lim
t→−∞

g2R(t)Ω2(t)
g1R(t)Ω24(t)

= 0, (11)

lim
t→∞

g2R(t)Ω2(t)
g1R(t)Ω24(t)

= ∞, (12)

the initial state |φ1〉 of the system is adiabatically transferred
into (−|φ7〉).

For the initial state |1〉1 |g〉2 |0〉1C |0〉2C |0〉 f , the eigen-
value of NL is nL = 1. The subspace with nL = 1 is spanned by
the state vectors

|ϕ1〉= |1〉1 |g〉2 |0〉1C |0〉2C |0〉 f , (13a)

|ϕ2〉= |eL〉1 |g〉2 |0〉1C |0〉2C |0〉 f , (13b)

|ϕ3〉= |L〉1 |g〉2 |1L〉1C |0〉2C |0〉 f , (13c)

|ϕ4〉= |L〉1 |g〉2 |0〉1C |0〉2C |1L〉 f , (13d)

|ϕ5〉= |L〉1 |g〉2 |0〉1C |1L〉2C |0〉 f , (13e)

|ϕ6〉= |L〉1 |eL〉2 |0〉1C |0〉2C |0〉 f , (13f)

|ϕ7〉= |L〉1 |L〉2 |0〉1C |0〉2C |0〉 f . (13g)

The Hamiltonian H of Eq. (1) has the other dark state

|ψD2〉 = K13[g1L(t)Ω23(t) |ϕ1〉−Ω1(t)Ω23(t) |ϕ3〉

+ Ω1(t)Ω23(t) |ϕ5〉−g2L(t)Ω1(t) |ϕ7〉], (14)

where K−2
13 = g2

1LΩ 2
23 +2Ω 2

1 Ω 2
23 +g2

2LΩ 2
1 . Similar to the dark

state |ψD1〉, under the condition of

g1L(t),g2L(t)�Ω1(t),Ω23(t), (15)

the dark state (14) reduces to

|ψD2〉 ∝ g1L(t)Ω23(t) |ϕ1〉−g2L(t)Ω1(t) |ϕ7〉 . (16)

If pulse shapes are designed such that

lim
t→−∞

g2L(t)Ω1(t)
g1L(t)Ω23(t)

= 0, (17)

lim
t→∞

g2L(t)Ω1(t)
g1L(t)Ω23(t)

= ∞, (18)

the initial state |ϕ1〉 of the system is adiabatically transferred
into (−|ϕ7〉).

For the initial state |g〉1 |g〉2 |0〉1C |0〉2C |0〉 f , it is always
unchanged during the evolution. Therefore, the initial state (4)
of the compound system will evolve into the state

|Ψ〉 = 1√
3
[−|R〉1 |R〉2 + |g〉1 |g〉2

− |L〉1 |L〉2] |0〉1C |0〉2C |0〉 f (19)

after the above processes, which is a product state of two-atom
three-dimensional entanglement state, the cavities state, and
the fiber mode state. It is worth noting that conditions (11)
and (17) (or (12) and (18)) can be simultaneously met by si-
multaneously controlling four classical fields Ω1(t), Ω23(t),
Ω2(t), and Ω24(t).
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4. Generation of a multiparticle three-dimen-
sional entanglement state
The above scheme can be extended to generate a N-atom

three-dimensional entanglement state, i.e.,

|Θ〉N =
1√
3
[(−1)N−1 |R〉1 |R〉2 · · · |R〉N + |g〉1 |g〉2 · · · |g〉N

+ (−1)N−1 |L〉1 |L〉2 · · · |L〉N ]. (20)

Assume that the compound system including a N-atom and
N-cavity is initially in the state

|Θ〉1 =
1√
3
(|0〉1 + |1〉1 + |g〉1) |g〉2 |g〉3 · · ·

× |g〉N |0〉1C |0〉2C |0〉3C · · · |0〉NC |0〉 f . (21)

(i) Primarily, the first two atoms are prepared in state (2)
by the above method.

(ii) Switch off the classical fields in cavity 1. Then, the
transformations |L〉1→ |1〉1 and |R〉1→ |0〉1 are performed on
atom 1, which leads the compound system to the state

|Θ〉2 =
1√
3
[−|0〉1 |R〉2 + |g〉1 |g〉2−|1〉1 |L〉2] |g〉3 · · ·

× |g〉N |0〉1C |0〉2C |0〉3C · · · |0〉NC |0〉 f . (22)

(iii) Subsequently, only Tn (n = 3, . . . ,N) is in the trans-
mitted state, thus the interaction between the 1st cavity and the
n-th cavity is turned on. Under the condition of

g1R(t),gnR(t)�Ω2(t),Ωn4(t), (23)

g1L(t),gnL(t)�Ω1(t),Ωn3(t), (24)

if pulse shapes are designed such that

lim
t→−∞

gnR(t)Ω2(t)
g1R(t)Ωn4(t)

= 0, (25)

lim
t→−∞

gnL(t)Ω1(t)
g1L(t)Ωn3(t)

= 0, (26)

lim
t→∞

gnR(t)Ω2(t)
g1R(t)Ωn4(t)

= ∞, (27)

lim
t→∞

gnL(t)Ω1(t)
g1L(t)Ωn3(t)

= ∞, (28)

the state (22) will be adiabatically transferred into

|Θ〉3 =
1√
3
[(−1)n−1 |R〉1 . . . |R〉n

+ (−1)n−1 |L〉1 . . . |L〉n + |g〉1 . . . |g〉n]
× |g〉n+1 . . . |g〉N |0〉1C |0〉2C |0〉3C . . . |0〉NC |0〉 f .(29)

(iv) Repeat N− 2 times steps (ii) and (iii), where n (n =

3, . . . ,N) only takes a different number in order each time.
Thus, the state of the compound system evolves finally into

|Θ〉4 =
1√
3
[(−1)N−1 |R〉1 . . . |R〉N

+ (−1)N−1 |L〉1 . . . |L〉N + |g〉1 . . . |g〉N ]
× |0〉1C |0〉2C |0〉3C . . . |0〉NC |0〉 f , (30)

which is a product state of an N-atom three-dimensional en-
tanglement state, the cavities state, and the fiber mode state.

Similar to the above cases, the conditions (25) and (26)
(or (27) and (28)) can be simultaneously met by simultane-
ously controlling four classical fields Ω1(t), Ωn3(t), Ω2(t),
and Ωn4(t).

5. Discussion and conclusion
We now make a simple analysis on the experimental feasi-

bility for the scheme. The required atomic level configuration
can be chosen from the hyperfine states of 133Cs. For atom 1,
the states |R〉 (|L〉) and |0〉 (|1〉) correspond to |F = 3,m = 2〉
(|F = 3,m =−2〉) and |F = 2,m = 1〉 (|F = 2,m =−1〉) of
5S1/2 ground levels, while |eR〉 (|eL〉) corresponds to
|F = 3,m = 1〉 (|F = 3,m =−1〉) of 5P3/2 excited level.
Other hyperfine levels in the ground-state manifold can be
used as |g〉. For the atom n (n = 2, . . . , N), the states |R〉,
|L〉, and |g〉 correspond to |F = 2,m =−1〉, |F = 2,m = 1〉 ,
and |F = 3,m = 0〉 of 5S1/2 ground levels, while the up-
per levels |eR〉 and |eL〉 correspond to |F = 3,m =−1〉 and
|F = 3,m = 1〉 of 5P3/2, respectively.

In order to meet the adiabatic condition, the adiabatic op-
eration time t should be larger than the inverse of the energy
gap between the dark state and bright state (i.e., the nonzero-
energy eigenstate of Hamiltonian H).[18] Take the generation
of the two-atom entanglement state for example. Assume that
the energy gap between a dark state and its most closest bright
state is denoted by ∆E. If gnL = gnR = 1 GHz,[19] Ω1max =

Ω2max = Ωn3max = Ωn4max = g/4,[20–22] and η = 10g,[16] then
the energy gap ∆E is about 0.25g. Taking t = 10/∆E and ne-
glecting single qubit operation time, the total time of gener-
ating two-atom three-dimensional entangled state is T = t =
40 ns, but it is 100 ns in the previous scheme.[10] For generat-
ing an N-atom three-dimensional entangled state, the required
operation time is about (N−1)×40 ns, which is much shorter
than the single atom information storage time ts ∼ 180 µs if
N < 1000.[23] In addition, the strong coupling of the fiber-
cavity system has been observed in Ref. [24]. All of these
open up possibilities for the experimental implementation of
the scheme.

In summary, we proposed an alternative scheme for creat-
ing a multiparticle three-dimensional entangled state via adia-
batic evolution in the cavity and fiber system. Our scheme has
the advantages that the atomic spontaneous emission and the
decay of optical fields can be greatly reduced since atoms are
all in ground states and the fields remain in a vacuum state in
the ideal case. A two-atom three-dimensional entangled state
is prepared by simultaneously controlling four classical fields,
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which can reduce the operation time. This benefit would be-
come even more obvious as the number of atoms increases.
Individual addressing is needless, which lowers experimen-
tal difficulties. In addition, the created maximally multiparti-
cle three-dimensional entangled state spreads among separated
cavities, which is important in the sense of distributed quan-
tum computation and multi-party quantum communication.
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