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Abstract A scheme has been proposed for generating the macroscopic superpositions and
the entanglement between the mesoscopic squeezed vacuum states by considering the two-
photon interaction of N two-level atoms in a dissipative cavity with high quality factor as-
sisted by a strong driving field. A number of multiparty entangled states between the atoms
and the squeezed vacuum states, among the atoms, and among the squeezed vacuum states,
can be prepared by virtue of a specific choice of the cavity detuning and the detuning of
applied coherent field under the dissipation condition. The corresponding analytical expres-
sions of the influence can be given. Moreover, we can also give a series of macroscopic
entangled states between the usual coherent states and the squeezed vacuum states using the
combination of the dissipative one-photon interaction Hamiltonian with the dissipative two-
photon interaction Hamiltonian. We also discuss the experimental feasibility. Our scheme
can be realized in the current techniques on the cavity QED.
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1 Introduction

There are generally two kind of fundamental quantum nonclassical states: the coherent state
which is made by applying the displacement operator on the vacuum state and the squeezed
vacuum state which is obtained from the squeezed operator functioned on the vacuum state.
Indeed, Schrodinger discussed the nonexistence of quantum superpositions at the classical
level in his famous “cat paradox” [1-3], and then stated that if the quantum superposition
principles of the quantum dynamics are valid up to the macroscopic level, then the existence
of quantum interference at the microscopic level implies that the same phenomenon should
occur between distinguishing macroscopic states. Therefore, whether there exists macro-
scopic quantum coherence becomes the core of debating quantum mechanics. In fact, for
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macroscopic superpositions, quantum coherence decays much faster than the usual physical
observables of the system, its decay time being given by the energy dissipation time divided
by a dimensionless number measuring the “separation” between the two parts. Naturally,
the decoherence process is also at the focus of the quantum measurement. Two types of
evolution in quantum mechanics are introduced by Von. Neumann in his collapse postulate
[4]: the deterministic and unitary evolution associated with the Schrodinger equation, which
establishes the correlation between states of microscopic system being measured and distin-
guishing classical states of the macroscopic measurement apparatus; and the probabilistic
and irreversible process associated with measurement, which transforms the correlated state
into a statistical mixture.

In general, a fundamental issue in quantum measurement theory is the transition between
the microscopic and macroscopic worlds, which leads to the extensive studies of mesoscopic
quantum states [5—12]. The coherent states have extensively been investigated [5—12], and
then the corresponding superpositions and entangled states have been prepared in cavity
QED [5-10] and in trapped ions system [11, 12]. While only a little attention has been paid
on the study of the squeezed vacuum state, which is another important mesoscopic quantum
state. For example, a scheme [13] for squeezed vacuum measurements without homodyn-
ing has been proposed by Wenger et al., following the theoretical proposal presented by
Fiurdsck and Cerf [14]. The scheme can be utilized to measure the squeezing and purity of
single mode squeezed vacuum state, providing a powerful tool for the study on the squeezed
vacuum state. Recently, Chen et al. have proposed a novel scheme for the generation of
superposition and entanglement of mesoscopic squeezed vacuum states in cavity QED by
considering the two-photon interaction of N two-level atoms in a cavity with high quality
factor, assisted by a strong driving field [15]. In this scheme, the macroscopic squeezed
vacuum “Schrodinger cats” and a number of multiparty mesoscopic entangled states can
be prepared by virtue of the detuned cavity and the applied coherent field. However, the
influence from dissipation on the preparation of them is not considered.

In this paper, we propose a scheme for generation of the macroscopic superpositions
and the entanglement between the mesoscopic squeezed vacuum states by considering the
two-photon interaction of N two-level atoms in a dissipative cavity with high quality factor
assisted by a strong driving field, obtain a number of multiparty entangled states between
the atoms and the squeezed vacuum states, among the atoms, and among the squeezed vac-
uum states, by virtue of a specific choice of the cavity detuning and the detuning of applied
coherent field under the dissipation condition, and give the corresponding analytical expres-
sions of the influence of the cavity mode decay on the fidelity F. Moreover, we can also give
a series of macroscopic entangled states between the generalized coherent states and the
generalized squeezed vacuum states using the combination of the dissipative one-photon in-
teraction Hamiltonian with the dissipative two-photon interaction Hamiltonian. Our scheme
can be realized in the current techniques on the cavity QED.

The paper is organized as follows. In Sect. 2, the dissipative Jaynes-Cummings model
based on two-photon interaction is investigated and the corresponding effective Hamiltonian
is given. In Sect. 3, the entanglement between two mesoscopic squeezed vacuum states
under dissipation is discussed. The “Schrodinger cat” state consisting of the generalized
squeezed vacuum states is described in Sect. 4. In Sect. 5, entanglement between the gener-
alized coherent states and generalized squeezed vacuum states under dissipation is studied.
Finally, some discussion and conclusion are given in Sect. 6.
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2 Dissipative Jaynes-Cummings Model Based on Two-Photon Interaction

The Jaynes-Cummings model [16] based on the one-photon interaction can describe the
interaction of a two-level atom with a single mode of the electromagnetic field, which is
the simplest and most fundamental quantum model. Here, we consider a spatially narrow
bunch of N identical two-level atoms in a dissipative two-photon interaction with M modes
in a cavity of high quality factor, driven additionally by an external classical field. The
Hamiltonian under the cavity mode decay can be expressed as (assuming h = 1)

N
Hy=wy) S ]+Zwua a,+ZZg,j(a“S +a;S})
j=1

j=1i=1

N M
+QY (@S] S —i5 ) aa (1

j=1 i=1

where wy, w.;, and wy are the frequencies of the resonant transition between |e) and |g),
the cavity modes, and the classical laser field, respectively. ¥ denotes the decay rate of the
cavity modes. S, ; = 2(Ie)(el lg){gl), S+ le)(gl, and S = |g){el, a; *and g; are the
creation and annihilation operators for the cav1ty mode, respectlvely, and g and Q2 are the
coupling constants of each atom to the cavity modes and to the driving field, respectively. In
the rotating frame with respect to the driving field frequency w,, the Hamiltonian is given
by

N M N
H =Y AS.;j+) 8aa+Q) (ST+5))
j=1 i=1 j=1
N M P M
+) 0 giia?S; +ai2S;“)—i§Zai+a,-, ®))
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where A = wy— wy, and §; = w.; — wr /2. Assume that A = 0 is satisfied, in the interaction
picture we have

iH, —iH,
H = e r()tH”,e tHyot

N M
1 )
EZZ GiillH) jj (] = [=) i (=1 + € [+) (]
_€7i291| > <+|]a2 —i268;t 71(!
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EZZ gijll4) jj (1 = 1=) g (=1 4 e 72 =) (+
+ _elAZQI‘|_'_)J_j(_|]ai-|—2ei2§[tel([7 (3)
where H, = H.c + H,;,
M N M
Ho=) dafa+Q) (S7+5) ~iz) afa. )
i=1 j=1 i=1
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and
N M
Hy=Y "> g;@™S; +a}S}). )
j=1i=1

and where |£); = (|g); = |e),~)/«/§ and S;|£); = (S;r + ij)|:|:)j = £|£);. In the strong
driving regime 2 > §;, g;;, k, a rotating-wave approximation can be utilized and then the
effective Hamiltonian is obtained as follows

g (1) i (+] = [=) i (=D (@fe 2 e™" 4 a2/l kT

T%Q
M=

Hieﬁ‘ =

1 1
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3 Entanglement between the Two Mesoscopic Squeezed Vacuum States under
Dissipation

In this section, we will use (6) to generate the entangled state between the two mesoscopic
squeezed vacuum states under the considering of the cavity mode decay. We consider the
case that N = 1, M = 2, being two quasiresonant modes in the cavity, and the atom-field is
initially in |g)|0);|0),. After the small interaction ¢, the total state evolves into

) = e~ 1£)]0)110)2

; 1
= el () + =D 10K 102

1
= —=[H) S [8:1(1), E1(=D)]Se[E2(1), &2(=1)]

V2
+ =) S, [=81(1), =81(=1)]Se[=6:2(1), =52(=1)110)10)2
1
= E(|+)|§l)g|52>g+|_>|_51>g|_SZ)g)v )

where the generalized squeezed operator is introduced and defined by S,[£& (), & (—#)] =
edlE0ai+a(—na 2], different from the standard squeezed operator S [El’ ] =
e%[él/(t)a[z—gl/*(t)a[*z]’ £() = — fof igle—izal-z’e—m' dt' = g[26; +ix1le~<'e~2" — 11/[462 + k2],
(I =1,2) and |&), is the generalized squeezed vacuum states of the cavity modes, which is
different from |§,/ )s = S5 [él’(t)]|0). Equation (7) describes a generalized three-party entan-
gled state between one microscopic and two mesoscopic systems. If the cavity mode decay
rate k =0, (7) will return to the ideal case |Y/);4.q1, Which is expressed as

L
2

Therefore, we can give the fidelity of generation of the three-party entangled state in (8):

¥ Yideat = —= (IHR)IEDs1E2)s + 1)) — &5 ] — E3)). )
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Fi = ligea (Y1191
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X 9
= 22m+n+k+D (2m)1(2n) 1 (2k)1(21)!
where
E (1) =gi(e™ —1)/(487 +«), (i =1,2),
(1) =gi(28; + ik)(e ™ e B — 1) /(487 +k*) (i=1,2),
’ gi sin(§;1)
& @] = ‘57 ,
&) = ﬁ{[zsie—“ §in 28, — (e cos 281 — DT (10)
+ [28;(e " cos28;t — 1) — ke ¥ sin 28,1]2}% ,
6, (1) = —arctan(tan~! §;1),
28;(e ¥ cos28;t — 1) — ke ¥ sin26;t
6;(t) = arctan - .
28;e~*'sin28;t — k(e " cos28;t — 1)
If E{ = Sé and &, = &,, through complex derivation, we can obtain
’ 2
, 0 Li(m+n)(01+6)) tanh / tanh (m+n)
Fi = (cosh [&]| cosh 1) x |3 £ (tanh |5, tanh [§,]) (11)

22(m+n+k+0) (2m) 1 (2n)!

m,n

According to Ref. [15], (7) can also be written as

1
V) = 5l (E0el&2)e 1= E1)el — &2))
+le)(§1)gl2)g — | = &1)gl — &2)o)- (12)

Then the atom is detected in the basis {|g), |e)}, we can obtain the macroscopic entangled
squeezed vacuum states

1
|w>i=ﬁ[|§1>g|§2>gi|_§1>g|_g2>g]» 13)

respectively. If the atom pass continuously through the n same cavities as above before
the measurement, we can acquire more macroscopic entangled squeezed states after the
detection of the atom

1 2n 2n
¥)s = ﬁ[l"[@j)g + (—1>"1"[|—sj>g}. (14)

j=1 j=1
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It is noted that this is a more macroscopic entangled squeezed state involving in 2n
mesoscopic systems, called as generalized macroscopic GHZ state in which the cavity
mode decay has been considered. The corresponding fidelity is (F7)" when &; = &| and

E&i=&,j=1,...,2n.

4 “Schrodinger Cat” State Consisting of the Generalized Squeezed Vacuum States

We turn to study the case of an atom interacting with a single mode, in order to generate the
“Schrodinger cat” state consisting of the generalized squeezed vacuum states. Given that the
atom-field state is initially |g);|0);, after the interaction 7, the system evolves to

_ L
e

where £/ (t) = ig[28, + ix][e e 21" — 1]/[48% + k2], E1(—1) = ig[28) + ik][e et —
11/[48? + «*] and the state is the microscopic-mesoscopic entangled state between the
atomic internal states and the generalized squeezed states, usually called the “Schrodinger
cat” state, different from those made from the displaced coherent states [4, 5, 15]. If « =0,
we have

V) (11180 + 1=l = &1)e)s 15)

B
2

With the same method as above, the fidelity can be given

[V )ideat = —= (1 1EDs + =01l — &) (16)

P = |5{& 161

, e ei(”l*'”)(g]*'el’)(tanh|$/|tanh|§1|)(m+”)
= (cosh |£,| cosh |&, ) x mz 22(m+n)(2m1)!(2n)! (17)
‘We obtain also from (15)
1
lY) = §[|g>l(|‘§l>g +1 =& +le)1(§1)e — 1 = 1))l (18)

showing that the detection of the atomic state will create the even or odd squeezed vacuum
states in the dissipative cavity field, relying on whether |g); or |e); was found, respectively.
The states can also be expressed as follows

R
V2

If we consider that the two-atom-field state is initially in |g);|g)2]|0);, in the interaction
picture, after a time 7, the evolved state will be

[V)1e0c = —=(161)g £ —&1)g)- (19)

1
[¥)a = E(H‘)l [+)21281) ¢ + ()11 =)2 + [=)11+)2) 001 + =) 1=l — 2&1),)

1
= 5 {ghlg)all28)e + 2100 + 1 = 281) 1+ Ighle)al|281)e — | — 281),]
+le)118)2l1281) g — | = 281) g1 + [e)1le)2[1281)g — 2|0)1 4| — 281) ). (20)
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Detecting the two atom in the states |g)1]g)2, |g)1le)2(le)11g)2), and |e);|e), will generate
the field states, respectively

1
—=(1281)¢ +2|0)1 + | = 281) ),

V)25t = 7

1
[V)2s3 = ﬁ(|251>g — =28, 2
[V)as = —(|2$1 dg =200 +1—281)¢)

5

2n+1
Naturally, supposing that the (2n + 1)-atom-field is initially in [] |g);|0), through the

same derivation as above, we can obtain the evolved state

2n+1 2n+12n+1
V) ans1i = —= [HHK%Hm+§HP+FM%4m
ki i=1
2n+12n+1
ot YT 1=kl = @n = DED,
i#k k=1,
2n+1
+ [T 10l = @n+ Déi)g | (22)
k=1,
If the measurement of the atoms is in the ]_szlrl |g)i, we have
Y)onprs = Z Cori|2j + DED,, (23)
j=—(n+1)

which is a superposition state compositing of 2(n + 1)-mesoscopic fields without an Fock

2n
state |0). In fact, if the initial state [ |g);|0) is considered, we can acquire

i

M—Zc T12j&1), (24)

j=-n

which is (2n + 1)-mesoscopic field superposition state involving the Fock state |0). W
usually call the states in (23) and (24) as the generalized bigger macroscopic “Schrodinger
cat” states [1-3].

5 Entanglement between the Generalized Coherent States and Generalized Squeezed
Vacuum States under Dissipation

We now turn to prepare the entangled states between the generalized coherent states and
the generalized squeezed vacuum states in the case of cavity mode dissipation. Assume
that a spatially narrow bunch of N identical two-level atoms of one-photon-interaction with
M modes in a cavity of high quality factor and with cavity mode decay rate «, is driven
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additionally by an external classical field. The Hamiltonian can be expressed as (assuming

h=1)

—wOZS“—f-ZwC,a a,—}-ZZg,/(a S +a,S+)

j=1i=l1

N M
+@ 3 (e st 4 et sT) - ,g > afa, (25)

j=1 i=1

where wy, w;, and w/ are the frequencies of the resonant transition between |e) and |g), the
cavity mode, and the classical laser field, respectively. S, ; = %(|e) (el —1g){gl), Sj+ =le){gl,
and S; =|g){(el, a and q; are the creation and annihilation operators for the cavity mode,
respectlvely, and g and 2 are the coupling constants of the interaction of easc atom with the
cavity modes and with the driving field, respectively. In the rotating frame with respect to
the driving field frequency o)} , the Hamiltonian is given by

H =

H'Mz

Z,+Zaa a,+QZ(s++S )

1 i=1 j=1

M M
+o- + _ K +
E_ 8ij(a; Sj +aisj)_l§ E a’a;, (26)

i=1

IIMZ

where A’ = wy— ) and 8! = w; — w) . Assume that A’ = 0 is satisfied, in interaction
picture we have

H,‘, _ elHr()/H/ —iHpot

N M

ZZ gijll4)j (+] = =) i (=1 + >4+ (—|
_ e—i29t|_)jj <+|]aie—i5[e—m‘/2

1 N M
EZZ giill+) i+ = 1=) ¢~

N =
~

+e—i2§2[|_>jj(+| _ei29[|+> __<_|]a+ ist K[/2 (27)

where

M N P M
H,= 8a‘a;, +QY (ST+S)—i= Faj, 28
" gala—f— JZ:I:(]-F_,) lzga,a (28)
and
N M

=Y gija"S; +a;SH. (29)

j=1 i=1
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and where |£); = (|g); = |e)j)/\/§ and S;|£); = (S;r +5)I%1);, =%££);. In the strong
driving regime €2 >> §;, g;;, a rotating-wave approximation can be realized and then the
effective Hamiltonian is obtained as follows

gii(I+) i+ = =) ji (=D aie e ™ 4 aif ' /%)

=
&
Il
N | —
M=

~,
Il
-
Il

i=1

ijglj (aie—iﬁite—l(t/z + a?eiﬁiteKt/Z). (30)

I
M-
M=

i=1

.
I

Apparently, we can use (31) to generate the even or odd coherent states of dissipation, the
“Schrodinger cat” states of the generalized coherent states, and the entangled states between
the generalized coherent states [8], similar to those in (14-17), (19), (20), respectively. Sup-
posing that one atom passes sequentially through cavity 1 for interaction time ¢, and cavity 2
for interaction time #,, the interactions between the atom and the cavity 1 and the cavity 2
are controlled by (31) and (6), respectively. If the system is initially in |g}|0)|0),, after the
interaction time ¢, + #,, we can obtain in the interaction picture

, 1

Ilﬁ)—\/§

(IHhlar)gléa)g + 1= —an)gl —&2)), 3

where o (t;) = (2g1181 — igiik) (e ™/2 — 1) /(487 + k), a1 (—11) = (281181 — ig11k)
(e P12 — 1) /(487 + 1), |ar)g = Dyl (11), ay (—1)]]0); = eleraireaa-maljg) jn
which Dg[ar;(t1), o1 (—11)] is the like-displacement operator first introduced by us in Ref.
[9, 10], and &,(t,) is showed as above. This is a generalized tri-party GHZ state, which
includes a microscopic state (the atomic electronic state) and two different mesoscopic states
(i.e., the generalized coherent state and the generalized squeezed vacuum state). Its fidelity
can be obtained

Fy = |s{ay o) g P15 (62 1162) 2
gf 2

=exp{ ———————— [ 26(e "/ cos St — 1

P{ (48124—/(2)2”: 1(e 1 )

48%4—/{2

ke 2 gingr — LT
! 26,

2
(cosdt — 1)}

487 + k2 ?
+ [281e_’”/2 sind t — k(e "% cosdit — 1) — 147‘*"‘ sinélt} ”
1

o0

. / ’
Z et(rn+n)(91+9,>(tanh |§2| tanh |£, |)(m+n)

x (cosh |&,| cosh |&,|) x 2 2y 1 (2)]

. (3

m,n
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where

oy (1) = g1 (™" —1)/25,,
oy () = g1(28) —ik) (e /e — 1)/(48|2 + «?2),

/ sin(§>t)
g0l = | E= ),
2
82 —Kt —Kt 2
| =—"—{28 sin 268t — cos28t — 1
162(2)] 48%4—/{2{[ X4 2t — k(e 2 )] (33)
+ [28,(e " cos 28, — 1) — ke ™! sin252t]2}%,
9; t)=— arctan(tan‘1 5‘%),
281e 2 sin 81t — k(e '/* cos 81t — 1)
6, (t) = arctan - .
281(e~*/2¢cos 81t — 1) + ke */2sin &t
We can also have from (31)
, 1
) = §[|g>(|al>g|$2)g + | —ai)gl —&)y)
+leY(ar)gléa)y — | —ar)gl —&2) )] (34

When the measurement of the atom is performed in {|g), |e) }, the generalized macroscopic
entangled state between the coherent state and the squeezed state can be produced

1
[V ) mpenn = E(|al>g|€2>gi|_al>g| —&2)g)- (35)

This state is also called as the generalized macroscopic Bell states composed of two types
different mesoscopic quantum states, which may be of extensive applications in the quantum
information processing. We can generalize the method above to acquire the generalized
macroscopic GHZ states

1 n n
Ve = = (E laj1)elé2)e £ [ [1 = e2jor)el - sz,->g>, (36)

j=1

where the interactions of the atom with cavities 2j — 1 and 2 are determined by the Hamil-
tonians in (31) and (6), respectively. Indeed, the macroscopic entangled states of arbitrary
coherent states and arbitrary squeezed vacuum states can be generated using this method,
which can be utilized to test the quantum nonlocality of quantum mechanics. Moreover, we
can implement the entangled states between the bigger Schrodinger cat states made from the
generalized coherent states and the generalized squeezed vacuum states.

It is worthwhile mentioned that when § = 22 and |8 > g;, in the dressed basis |£);,
(3) will turn into

N M
1 . )
Hiie=5 D gill)jj=lafe e 4 =) (+la e e D), (37)
j=1i=1
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and

N M
1 i28:t K —i28;t ,—k
Hipge = ) ZZB’UH"‘)J’J‘<_|ai+2‘3125ﬂ€ "+ |—)jj(+|a,~2€ Wit gkt ], (38)

j=1i=1

where Hj; and Hy,,. represent effective realization of a dissipative two-photon Jaynes-
Cummings and a dissipative two-photon anti-Jaynes-Cummings interactions with multi-
modes in the cavity, the applications of which will be discussed otherwhere.

6 Discussion of the Experiment Feasibility and Conclusion

Our proposal is experimentally feasible with current available cavity QED techniques. Both
microwave and optical regimes may be utilized for implementation of our scheme in the
cases of both open and closed cavities [19, 20]. For example, in the microwave regime,
we assume that §/2m = 1 MHz, Q/2m =1 GHz, and g;;/2m = 0.05 MHz [19, 20]. The
lifetime of the circular Rydberg atom state with principle quantum 51 is about 30 ms, much
longer than the cavity decay time 7,,(0.85 ms) in the case of multiphoton inside [21]. If we
assume that the cavity size is L = 27.5 mm and the atomic velocity is 500 m/s [22, 23], the
interaction time of the atoms with the cavity mode is 7; = 5.5 x 10~2 ms, which is much
shorter than T, and then T,,,/T; = 15.45, meaning that if the detection time 7} is equal to
the interaction time 7;, we can sequentially manipulate about five—six atoms to realize our
scheme in a single cavity. Furthermore, if the distance between neighbor cavities is half of
the cavity size, we can implement the multi-cavity part of our scheme with about six—seven
cavities involved by detection on a single atom.

In conclusion, we have been proposed a feasible scheme for realizing the generalized
superpositions and entanglement of the mesoscopic squeezed vacuum states. In our scheme,
we have utilized the interactions between many atoms and two cavity modes in a cavity or
many cavity modes in many cavities of dissipations, which are based on the dissipative two-
photon Jayness-Cumming model assisted by strongly-assisted driving classical field. We can
also give a series of macroscopic entangled states between the generalized coherent states
and the generalized squeezed vacuum states using the combination of the dissipative one-
photon interaction Hamiltonian with the dissipative two-photon interaction Hamiltonian.
The analytical expressions of the fidelities for generation of superpositions and entangle-
ment of generalized squeezed vacuum states and generalized coherent states of the cavity
fields of dissipation have been shown. Alternatively, we have introduced the concepts of
the generalized squeezed operator, the generalized displaced operator, generalized squeezed
state and generalized coherent state, which is useful for investigating the situation of dissipa-
tion. All obtained results are suitable for realization in the microscopic and optical regimes
in cavity QED experiments, with atoms flying through the cavities or conveniently trapped
inside them [8]. We argue that our schemes can be realized by current techniques in cavity
QED [16-20].
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