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Abstract:  We present a deterministic scheme for generating large-scale
atomic W states in a cavity QED system via a simple expansion mechanism,
which is realized only by a detuned interaction between two identical atoms
and a vacuum cavity mode. With the presented scheme, a W-type Bell
pair can be created and an n-atom W state can be expanded to a 2n-atom
W state with a unit probability of success in principle. No multi-atom
gates, quantum memories or quantum non-demolition measurements are
required, greatly simplifying the experimental realization of the scheme.
The feasibility analysis shows that our expansion scheme can be imple-
mented with state-of-the-art technologies. Our scheme enables advances
not only in quantum information and communication but also in quantum
thermodynamics, where atomic W states plays a crucial role.
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1. Introduction

Quantum entanglement not only plays an elementary role in quantum physics, but also has
wide applications in quantum information processing (QIP) tasks, for instance quantum key
distribution [1], quantum teleportation [2], quantum metrology [3], quantum cryptography [4]
and quantum computation [5]. The structure and the characteristics of bipartite entanglement is
well understood, while theoretical and experimental exploration of multipartite entanglement
is still a great challenge. Among many interesting properties of multipartite entanglement, a
major feature is the presence of inequivalent classes of multipartite entangled states, such as
Greenberger-Horne-Zeilinger (GHZ) states [6] and W states [7], and states in one class cannot
be converted into a state in another class by local operations and classical communication [8].
The entanglement of W states is more robust against particle losses than that of GHZ states [7].
A W state of appropriate size is a superior candidate for leader election in anonymous quantum
networks [9] and required for several secure quantum communication protocols [10-13].

Quantum coherence of a W state is also unique and introduces new advantages in quan-
tum thermodynamics. It has recently been found that in the thermalization process of a single
mode cavity by three-atom systems, W states achieve the maximum thermalization, in contrast
to GHZ states which provide no thermalization [14]. This interesting finding suggests that a
large-scale atomic W state, as a quantum information molecule, can be good a candidate to be
a novel quantum energy resource in quantum heat engines [15]. The increasing of the size of
the quantum system is essential to overcome the decoherence effects and to increase the ther-
malization capability [16-18]. Therefore, besides realizing QIP tasks, quantum heat engines
require experimentally accessible schemes for preparing large-scale atomic W states.

Several schemes have been presented for preparing and characterizing multipartite entan-
gled W states in various physical systems, for instance cavity quantum electrodynamics (QED)
system [19], nuclear magnetic resonance (NMR) system [20-23], optical system [24, 25], su-
perconducting quantum system [26-28] and ion traps system [29-31]. However, the achievable
sizes of the prepared W states are far from being large-scale. It was recently found that a W
state of polarization encoded photons can be expanded by adding one or two photons at a time
via accessing only one photon of the W state [32-35] and that two EPR pairs [36] and even
two arbitrary size W states can be fused to obtain a larger size W state [37] with simple optical
setups. At a cost of integrating three-qubit gates, it is possible to increase the probability of
success of the fusion process [38], or to fuse several W states to arrive at a large-scale W state
with a fewer number of fusion processes, to ease the practical implementations [39,40]. When
it comes to atomic W states, we have used light-matter interface to design expansion and fusion
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schemes for generating large-scale atomic W states in cavity QED [41-43].

Although the fusion and expansion approaches via accessing a single qubit of the state enable
preparing large-scale W states, their probabilistic nature still requires at least a sub-exponential
resource cost with respect to the target size, in terms of the spent entanglement during the
preparation process. What is more, as Ozaydin et al. demonstrated via the Monte Carlo sim-
ulation in Ref. [39], the similar scaling of the number of fusion attempts physically limits the
experimental accessibility to large-scale W states. The probabilistic nature of these approaches
also requires detection mechanisms for post-selection to find out whether the attempt has been
successful or not, not only introducing additional complexity to the system but also shrink-
ing the final size of the prepared W state in the successful attempts. An additional inherent
weakness of most of the above mentioned schemes is that they require prior entanglement, in
particular tripartite W states or at least W-type Bell pairs to start and to sustain the process i.e.
they actually require another scheme to prepare these primary resources. Since the cost of the
generation process in terms of the total entanglement spent throughout the process considerably
depends on the cost of the primary resources to be spent, Yesilyurt et al. proposed a scheme for
deterministic generation of W states of four polarization-based entangled photons, to serve as
the primary resource [44].

Very recently, Yesilyurt et al. designed an all-optical expansion mechanism for polarization
based entangled photons, which can deterministically expand an n-photon W state to a 2n-
photon W state using n ancillary photons [45]. The expansion mechanism used there consists
of a controlled-NOT (CNOT) gate and a controlled Hadamard (CH) gate, the latter being de-
composable into a CNOT gate and single qubit gates. Although this mechanism can be realized
easily with the current technology for polarization based photonic qubits, this is not the case
for the matter qubits, due to the difficulty in experimental realization of the controlled gates.
Therefore, a new, simple, and feasible deterministic expansion mechanism must be designed
for preparing matter-qubit W states.

In this paper, we present a simple scheme for deterministically generating large-scale atomic
W states by expanding small-size atomic W states in a cavity QED system. Detuned interactions
between a cavity field and two atoms constitute the new deterministic expansion mechanism.
The velocity of the atoms is selected for realizing the deterministic expansion mechanism,
which is much easier than realizing the controlled gates, and the feasibility analysis at the end
of the paper shows that our scheme can be realized with the current technology.

2. Expansion mechanism

The key step of our expanding scheme is the detuned interaction between two identical two-
level atoms and a cavity mode. Assume that two atoms are simultaneously sent through the
single-mode cavity, and the interaction Hamiltonian can be described in the interaction picture
as [46]

Hi=g Y (e'a's +eas)), @)

where S]“ = lej)(gj| and S = [gj)(ej|, with |gj) and |ej) representing the ground and excited
states of the jth atom, respectively. aand a' denote, respectively, the annihilation and creation
operator of the cavity mode, and g is the coupling strength between the cavity mode and each
atom. The atomic transition frequency is described by the parameter ay, @ is the cavity mode
frequency, and 6 = wp —  is the detuning between them. In this scheme, the interaction is
detuned, therefor there is no energy exchange between the cavity mode and the atomic system,

and the condition is described as 6 > g. The effective Hamiltonian can be described as
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H=2[ Y (le))(ejlaa’ —|gj)(gjla'a) + ('S, +5/ ), @

j=1.2

where 4 = g?/8. Assume the cavity field is initially prepared in the vacuum state, thus the
system effective Hamiltonian reduces to

Hert = A[ Y, lej) (gl +(S[S, +S ). 3)

=12

By solving the Schrddinger equation, we can obtain the system evolution of each initial state
as [46]

e)le) — e Me)le),

le)lgz) — e M (cosAtler)|gp) —isinAt|gy)|er)),

g1)le) — e (cosAt|gy)|ez) —isinAtler)|ap)).

90)192) — 91)|92), 4

constituting the basis of our mechanism. In the following section, we first present how to use
our mechanism to generate a four-atom W state from four atoms initially in a separable state,
as an example.

3. Deterministic generation of four-atom W state via generating and expanding an EPR
Pair

As depicted in Fig. 1, there are two steps in our deterministic generation scheme: creating a W
state, and expanding W, state to W, state. The four two-level atoms (al, a2, bl and b2) to be
entangled are supposed to be identical. In the first step, atoms a2 and b2 which are initially in
the excited and ground states, respectively, are sent through the cavity C simultaneously. The
detuned interaction between the atoms and the cavity field induces a W, state, given that the
velocity of the atoms are adjusted appropriately. After these two atoms fly out the cavity C, the
second step starts, where two ancillary atoms, al and bl which are initially in ground states,
are introduced with adjusted velocities. Atoms al and a2 are sent through cavity A, and atoms
bl and b2 are sent through cavity B, simultaneously. The expansion process is realized by these
two detuned interactions, generating a four-atom W state deterministically.

In more detail, in the first step, the atoms a2 and b2 are initially prepared in the excited state
|€)a2 and ground state |g)p2, respectively, and their velocities are adjusted so that the detuned
interaction time satisfies At = 7/4. Via Eq. (4), it is easy to see that a W, state

W) = jé<e>azg>bz ~ilg)leh) (5)

is generated between the two atoms a2, b2 as flying out of the cavity C, with unit probability.
Here a global phase factor has been omitted.

In the second step, two ancilla atoms al, bl are both prepared in the ground state (|g)a1 and
|9)p1), and their velocities are adjusted so that the two detuned interactions in cavities A, B have
the same duration satisfying At = 7 /4 too. After leaving the cavities, the state of the four-atom
system is found as:

1 . .
W) = ﬁ(lgegwal’az'bl’bz’ - '|egggg>a1’a2’b1’b2’ _"ggge>al’az’b1’b2’ - |ggeg>al’az’b1’b2’>7
(6)
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Fig. 1. (color online). The setup for deterministic generation of a four-atom W state from
four atoms illustrated with blue, red, red and blue spheres, respectively, initially in the sep-
arable state |9)a1|€)a2|9)b2|9)p1- In Step 1, an EPR pair is prepared, which is then expanded
in Step 2 to a W state of four atoms, illustrated with green spheres labeled as al’, a2’, b2’
and b1’

where the global phase factor has been omitted. Since the four-atom W state is generated with
unit probability, no quantum measurement is required in the generation scheme, therefore the
complexity of the scheme is reduced considerably. A consecutive round of four expansion
schemes in parallel can expand this four-atom W state to an eight-atom W state, and so on.
Therefore, in principle, our scheme enables the deterministic generation of any even-number-
atom W state, starting with atoms in a separable state, i.e. requiring no prior entanglement. In
the next section, we demonstrate how a 2n-atom W state can be deterministically expanded
from an n-atom W state.

4. Deterministic generation of 2n-atom W state via expanding an n-atom W state

An n-atom W state is expressed as [Wh) = [(n—1)g,€)/y/N = [[(N = 1)g) ® |€)ar +

VN—1Wh_1)5 ®[g)ar]/+/N, where the subscript al denotes the alth atom and al denotes
the rest (n— 1) atoms of |W). The evolution of a W, state together with nancilla atoms through
n parallel expansion mechanisms can be obtained by the following equations
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[(N—=1)g)z1/€a1 @ Ng) — [2(n—1)g) Mb), ™
Mh-1)57(9)a1 @ [Ng) — [Wa(n_1)|2g)- (8)

Therefore, the final state of the whole system is
1
V/n

which is a standard 2n-atom W state.

Mbn) = —=[12(n—1)g) M) + VN — 1[W(n_1))|2g)], ©)

5. Resultsand discussion

We have presented a new expansion mechanism which can generate a Bell state from a product
state of two atoms, and can double the size of a given atomic W state of two or more atoms,
deterministically. It is well-known that if an entangled W state with odd number of atoms
(Mon1)) is required, one can first deterministically generate the state Won12) and then via
a projective measurement on any atom of the state \Won12), will be left with the remaining
(2n+ 1) atoms in the state Wbny1), if the measurement result is |g), with a probability of
success 1 —1/2(n+ 1) which approximates to 1 for large n.

Since the large detuning interaction between the cavity mode and the atoms adiabatically
eliminates the excitation states of cavity mode during the interaction, the cavity decay time does
not affect the scheme. The radiative time of a Rydberg atom with principal quantum number
49, 50 or 51 is T, = 3 x 10~ 2s, the atom-cavity coupling strength is g = 27 x 24 kHz [46-48],
and the choice 6 = 10g satisfies the large detuning condition, i.e. the interaction time in each
step between the cavity mode and atoms is in the order of ©8/g? ~ 2 x 10~*s, implying that
the time required for accomplishing the whole process is approximately 10~3s, which is much
shorter than T,. Therefore, the interaction time of our scheme is much shorter than the radiative
time of atoms, and thus the deterministic expansion scheme is realizable with the current cavity-
QED technology. Actually, the basic expansion mechanism described in Eq. (1), i.e. a coherent
control of an atomic collision in a detuned cavity has been experimentally demonstrated [49].
Since the radiative time of the Rydberg atom is about 30 times that of the interaction time,
expansion mechanism can be repeated 30 times in principle, thus the number of atoms of the
final W state can reach up to 2%.

6. Conclusion

In conclusion, a new expansion scheme based on detuned interaction between a vacuum cav-
ity mode and two atoms is proposed to double the size of a given atomic W state, with a unit
probability of success. The scheme can not only expand a given W state but it can also generate
a W-type Bell state from a product state of two atoms, allowing one to prepare an arbitrarily
large scale W state, starting with atoms initially in a separable state, requiring no other setup
for preparing any prior entanglement. No quantum measurements and no controlled operations
are required. The feasibility analysis shows that our expansion scheme is experimentally re-
alizable with the current cavity-QED technology. Enabling efficient generation of large-scale
atomic W states, our scheme promotes advances in quantum information processing, storage
and computation tasks, quantum communication protocols, and the extraction of heat and work
in quantum heat engines. We believe that our work may also open new insights in self-testing
of atomic W states.
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