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Based on the idea of adiabatic evolution, we propose two probabilistic but simple schemes for generating maximally

entangled states for two distant atoms and concentrating unknown atomic entangled states. Taking advantage of adia-

batic passage, the atoms have no probability of being excited and thus the atomic spontaneous emission is suppressed.

Furthermore, in the two schemes accurate adjustment of the interaction time is not required.
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Quantum entanglement, one of the intriguing fea-
tures of quantum mechanics, plays a fundamental role
in the demonstration of quantum nonlocality.) Tt is
also recognized nowadays as a very useful resource
in quantum information and computation, such as

2 Bl and dense

secret key distribution,'”! teleportation,
coding.* Due to its diverse and promising applica-
tions, much efforts have been devoted to the gener-
ation of entangled states both theoretically and ex-
perimentally. For instance, Zheng and Guo have pro-
posed a robust scheme for generating two-atom en-
tangled states, where the cavity is only virtually ex-
cited and thus the decoherence time of cavity is greatly
prolonged.®) The scheme has been experimentally
demonstrated in microwave cavity QED by a group
led by Haroche.®! In recent years, photon-interference
is also utilized for the generation of entangled state for
distant atoms.!”) Very recently, Zheng has proposed
a novel scheme for engineering multi-atom entangle-
ment via adiabatic passage, in which the atomic spon-
taneous emission and cavity decay are suppressed due
to the absence of the atom and cavity being excited.!®!
In the scheme, by taking the advantage of adiabatic
passage, accurate adjustment of the atom—cavity in-

teraction time is not required.

Furthermore, in practice, the maximally entan-
gled state is often used as the quantum resource for
perfect quantum information processing. For exam-
ple, to obtain the optimal fidelity, maximally entan-
gled states are the preferred resources in quantum tele-
portation. Generally, the carriers of entangled states
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are shared by distant parties. However, the maximally
entangled states are very frangible due to the existence
of decoherence during the storage and transmission of
qubits. Thus, accompanying with the intensive inter-
est in the generation of maximally entangled states,
much attention has been directed to purification pro-
cesses. Aiming to obtain a high degree of entangle-
ment, now there are two methods to get maximally
entangled states from nonmaximally entangled states,
which are termed as entangled concentration!® for the
pure nonmaximally entangled state case, and entan-
glement purification or distillation!'®! for the mixed
entangled state case. Here, we only focus on the case
Bose et all™l and

Yang et al'?l have proposed schemes for concentra-

of entanglement concentration.

tion of photonic and atomic entangled states by entan-
glement swapping, respectively. Recently, Cao et al
have proposed a probabilistic scheme for entanglement
concentration of unknown atomic entangled states via
cavity decay,!™ in which the atoms and photons are
used as stationary and flying qubits, respectively.

In this paper, we first propose a simple scheme for
generating two-atom maximally entangled state via
adiabatic passage. Then employing the idea of adi-
abatic evolution, we propose another distinct scheme
for concentrating unknown atomic entangled states.
To the best of our knowledge, this is the first pro-
posal for entanglement concentration by using adia-
batic passage, in which the evolution is very different
from the normal dynamical evolution. Taking the ad-
vantage of adiabatic evolution, the two schemes might
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be robust against certain fluctuations of experimental

parameters.[1415]
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Fig.1. (a) The level configuration of each atom. The tran-
sition |g) — |r) is resonant with a quantized cavity field
with coupling strength g, while the transition |e) — |r)
is driven by a resonant classical laser field with a time-
dependent coupling coefficient 2. (b) The experimental
setup for the generation of maximally entangled state of
distant atoms A and B. The atoms A and B are sepa-
rately trapped in leaking cavities 1 and 2. The photons
leaking from the cavities interfere in a 50/50 beam splitter
and then are detected by the detectors D+ and D—.

Consider a A-type three-level atom trapped in a
single-mode optical cavity. As shown in insert (a) of
Fig.1, the atomic energy levels are denoted by | r)
for the excited state, | e) and | g) for the two ground
states. The | e) —| r) and | g) —| r) transitions are
resonantly interacting with a classical laser field and a
quantized cavity field, respectively. In the interaction
picture, the effective Hamiltonian of the atom—cavity
system is

Hep = ga | r){g | +2(t) | r){e | +H.c. (1)

Here, a™ and a are the creation and annihilation op-
erators for the cavity mode, ¢ is the coupling con-
stant for the | g) —| r) transition under the condi-
tion that the atom is trapped at a specific position
in the cavity, while §2(t) is the coupling coefficient
for the | €) —| r) transition and is time-dependent.
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The Hamiltonian has an adiabatic eigenstate with zero
eigenvalue, which is given by

| @(t) =ale)|0)=F1]g)|1), (2)
where
a=—9 (3)
VR + 2 (1)
and
P @)

We note that the dark state is decoupled from the
excited state | r) and thus the atomic spontaneous
emission is suppressed.

In the first part of this paper, we consider two
identical atoms A and B separately trapped in two
distant single-mode cavities 1 and 2 as shown in Fig.1.
In each cavity, the atom and fields have the interac-
tion described in Eq.(1).
from the respective cavities interfere in a beam split-

Then the photons leaking

ter, followed by the detection by two single-photon
detectors D, and D_.
atoms are in the state | e) and the cavity fields are

Suppose that initially the
in vacuum state. In each cavity, we first choose
g > 2(0) to prepare atom—cavity system in the dark
state | D (0)) =] e) | 0). Then we slowly increase the
Rabi frequency {2 (t) in each cavity. Under the adia-
batic condition, the time evolution of such system is
given by Eq.(2). Here, we further assume that the
atom—cavity coupling constant g is much larger than
the cavity decay rate x and thus the cavity decay can
be ignored during the atom—cavity interaction stage.
At the time T, we assume {2 (T') = g. This leads the
total atom—cavity system to the state

(U@ = 5(ehal 0l gal 1) ()5 |0)

=98 |1)2). (5)

Now we wait for the detectors to click. Due to the cav-
ity decay, during the waiting-for-detection stage, the
atom—cavity system is governed by the non-Hermitian

Hamiltonian . —ixata.'®l Thus the state of atom—
j=1,2
cavity system evolves into

( le)a|0)1—e " | g)al 1>1> < le)p [0)2—e ™™ [ g)p | 1>2>, (6)
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where ¢; is the waiting-for-detection time and ¢p is the detection time for that one of the detectors clicks. If
there is a click at one of the photon-detectors, the corresponding coherent evolution is interrupted by a quantum
jump, which can be formulated as (a4 £ ap) /\/5 for the detector Di. Once DL clicks, the total system will
collapse onto

| ¥ (tp)™) = m{ﬂ glale)ptle)alg)n)®[0)1]|0):

—e | g)a | 9hm( 1001 | Dot | )11 0)2)]- (7)

Here, we have discarded the common factor —1. Now we wait for another time t,,. Assume that there is no
photon decaying from cavities during the waiting stage, the state of the total system evolves into

1
RACHRE
\/2 (1 + e—QH(tDthW))

—eT e | gha | bz (001 | o | 11| 0)s) ] (8)

(1904 le)nE | e)algln)@ | 001 0)2

If t, is sufficiently long and thus satisfies atoms C’ and D’ are possessed by Bob and Charlie, re-
e "iotte) « 1, the state of atoms A and B approxi-  spectively. The four atoms have the same energy level
mates to structure as shown in insert (a) of Fig.1. Therefore,

_ 1
V2

which is a maximally entangled state we want. For

| ) (lg)alelsEle)alg)p), (9)

ideal single-photon detection, the success probability | |
is Psyc = 1/2. However, due to the imperfection of | |

single-photon detectors, there are two unwanted cases: BS B’ D’
D (e 9 ———@

(1) no photon being detected while actually one pho- i
Charlie

ton leaks from cavity; (2) two photons leaking from 2

cavities but only one of them being detected. There- |

fore, taking the two cases into consideration and as- ¢ .‘| ______ o A |

suming the efficiency of single-photon detector being Bob N

7, the success probability is Pl (1) = nPsuec = n/2

and fidelity is F =1/ (2 — n). Alice
In the second part of this paper, we focus on the

. . . Fig.2. The experimental setup for concentration unknown
concentration of unknown entangled atomic states via . , )
entangled atomic states. Atoms A’ and B’ are possessed

adiabatic passage. Assume that two pairs of nonmax- by Alice, while atoms C’ and D’ are separately possessed

imally entangled atomic states by Bob and Charlie.

| V)arcr =ale)a | gler+blg)a | e)er  (10)

the effective Hamiltonian in the interaction picture is
and in the same formulation as Eq.(1). Now we switch
the effective Hamilton i ities 1 and 2 simul-

| Weo =ales | o +b]ghs | o (11) on the e ectl.ve amilton in cavities 1 an simu
taneously. First, we also assume {2 (0) < g¢. Then
are shared by three distant parties, where a and b are ~ we slowly increase 2(t) and thus the system under-
unknown normalization coefficients with ‘a2’ + ‘bzl = goes the adiabatic evolution given by Eq.(2). At the
1. As shown in Fig.2, atoms A’ and B’, cavities 1’  time T’, we assume that 2 (T’) > g. Thus, the two

and 2" and detectors D', are possessed by Alice, while  atom—cavity systems evolve into the states
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[ (T))arc = (—al gl | D +b]e)er [ 0)1) [ g)ar, (12)
and
¥ (T))pp = (=alg)p | D +ble)p |0)2) ] g)p, (13)

During the waiting stage, the total atom—cavity system is in the state

1
| 1/} (t; < ti))>total =

jal* =2 + Jp*

(ae™ | g)er | v +b ] ehor [ 0)1)

x| g)ar ® (—ae™ | ghpr [ 1)z +b | €} |0)2) | 9)r, (14)

where t;- is the waiting-for-detection time and ¢[, is the time for only one photon being detected. If D', clicks

at the time ¢}, the atom—cavity system will collapse onto the state

| 1/)(t/[)):‘:>total

_ a0 | g)er | g)p (| 0w [ ok [ 1)1 | 0)2) —ab(lg)er [ )£ | e)er | g)pr) | O | 0)2

\/2 (|a|4e

(15)

2t 4 [ab])

Next we wait for another time ¢, . If there is no photon decaying from two cavities during the waiting stage,

the total system will evolve into the state

| w/(tb + t;v)i>total

_ a?e ) | g | g)pr (| 0)w | ok | 11 | 0)2) —ab (| 9)or | e)prt | e)er | g)pr) | O)r | O)

\/2 (|a|4 o~ 26(th+tl) 4 |ab|2)

In the case that ¢, is sufficiently long and thus
et +ty) < 1, the atoms C’' and D’ approximate
the maximally entangled state

[ ol + )

= ZllaelapEldolap). 07
leaving cavities 1’ and 2’ in vacuum states. The dis-
cussion of fidelity and success probability for the con-
centration scheme is not analysed here, as it is similar
to the case of the first scheme for generation of maxi-
mally entangled state. We note that accurate control
of atom-field interaction time is not needed in the two

. (16)

present schemes as long as the adiabatic condition is
satisfied.

In summary, by taking the adiabatic passage, we
have proposed two probabilistic but simple schemes:
(1) one for generating two-atom maximally entangled
states for atoms trapped in two separated cavities; (2)
the other for concentrating unknown entangled atomic
states. In both schemes, the atoms have no probabil-
ity of being excited and thus the atomic spontaneous
emission is suppressed. Furthermore, the accurate ad-
justment of atom and classical field interaction time
is not required due to the adiabatic evolution.
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