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Dynamic generation of maximally entangled photon multiplets by adiabatic passage
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The adiabatic passage scheme for quantum state synthesis, in which atomic Zeeman coherences are mapped
to photon states in an optical cavity, is extended to the general case of two degenerate cavity modes with
orthogonal polarization. Analytical calculations of the dressed-state structure and Monte Carlo wave-function
simulations of the system dynamics show that, for a suitably chosen cavity detuning, it is possible to generate
states of photon multiplets that are maximally entangled in polarization. These states display nonclassical
correlations of the type described by Greenberger, Horne, and ZeiliGd¢Z). An experimental scheme to
realize a GHZ measurement using coincidence detection of the photons escaping from the cavity is proposed.
The correlations are found to originate in the dynamics of the adiabatic passage and persist even if cavity decay
and GHZ state synthesis compete on the same time scale. Beyond entangled field states, it is also possible to
generate entanglement between photons and the atom by using a different atomic transition and initial Zeeman
state.

PACS numbe(s): 42.50.Dv, 03.65.Bz

[. INTRODUCTION also mixed schemes with entanglement between different
types of subsystems, for example, four cavity modes and a
A quantum system consisting of several components isingle aton{15]. While in most proposals the entangled par-
called entangled if its state cannot be expressed as a diretitles originate in a single localized source, GHZ correlations
product of substates for the constituents. Such a system hasay also be produced using particles from separate sources
no classical analog and hence shows distinct quantum m¢16,17). In this way recently photon states were realized that
chanical features. Of particular interest are multiplets of parretrodictively reproduce GHZ statistics of photocoufit§].
ticles in maximally entangled states, in which a measuremenanother system that should be capable of producing en-
of the energy eigenvalue of one particle completely detertanglement are two-level ions in a linear quadrupole trap,
mines the outcome of the same measurement for all the otlsubjected to appropriately timed puldd®]. Some of these
ers. An example in the case of two particles are the EPR oschemes allow the subsystems to be probed in spatially sepa-
Bell stateq 1], which give the largest contradiction with the rated locations, which is important if the issues of nonsepa-
local realism assumption of Einstein, Podolsky, and Rosemability and nonlocality in quantum mechanics are to be in-
[2]. Greenberger, Horne, and Zeilinge},4] and later Mer-  vestigated. In other cases such a separation of the subsystems
min [5] have shown that a much stronger and more direct teds impossible in principle, thus precluding tests of the causal
of local realism may be achieved by using three or moredependence between the measurements. In spite of the many
maximally entangled particles. Violation of local realism cantheoretical proposals, however, to date no experimental real-
then be obtained in a single set of experiments, whereas EPiRation of a GHZ state with three or more particles has been
correlations between two particles show up only statisticallyachieved.
in a series of measurements. Here, we present a novel approach to the generation of
A number of different experimental schemes have beeiGHZ correlations, adapting a method from the field of
proposed to generate a maximally entangled or GHZ statquantum-state synthesis in cavity QER0-22. The par-
involving three or more photons or atorf3. Proposals for ticles we consider are photons in a single longitudinal mode
optical experiments typically use photon pairs generated if an optical resonator. One way to create “arbitrary” non-
parametric down conversion to obtain GHZ correlationsclassical states of the field in such a system is the method of
[6—8] or polarization correlations among photons emitted inadiabatic passad®0,23,24. In this protocol, an atom that is
cascaded atomic decals]. Other schemes suggest utilizing prepared in a coherent superposition of Zeeman ground
the QED interaction of atoms and field modes of a cavity tostates sequentially traverses a resonant quantized cavity
generate entanglement. Three or four two-level Rydberg atnode and a coherent-state laser field with overlapping spatial
oms may be prepared in an entangled state through theprofiles. If the transit is slow enoudladiabatig, the system
interaction with the field in a microwave cavit9—12. Con-  remains in a single quantum state and the coherence of the
versely, three microwave cavities may be entangled due tdeeman sublevels is mapped to the photon distribution of the
the interaction with a Rydberg atofi3]. Yet another sug- cavity mode. Therefore, the number of quantum states of the
gestion uses a single photon in a double Mach-Zehnder irfield that may be synthesized is only limited by the possible
terferometer to create a three-atom GHZ sfa#. There are Zeeman state superpositions of the atom. Previous work
[20,23 shows this scheme to be robust, without the require-
ment for precise control of pulse area or timing.
*Present address: Max-Planck-Institut @uantenoptik, D-85748 In our scheme for the generation of a GHZ state, the
Garching, Germany. Electronic address: wil@mpg.mpg.de cavity photons are entangled in polarization. Since in the
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previous theory of adiabatic passa@9,23 only a single atom A
polarization was considereivhich was taken to ber_, laser
implying an infinitely detunedr , -polarized modg we start
in Sec. Il by extending the method to the case of two degen-
erate orthogonal polarizations for the cavity mode. The
model allows us to find a straightforward procedure for the
synthesis of a GHZ state of polarization entangled photons
and to calculate the efficiency of its generation. Throughout
the paper we utilize parameters already realized in present
day cavity QED experiments. Note that from an experimen- cavity
tal point of view, our results are relevant even for the gen-
eration of Fock states of single polarization, since in real- N . .
istic Fabry-Peot resonators, modes with both transverseYVit';'Sb;ialsghﬁgz;:g;\g%gglfrgitifr;hf?;v?tt;cszﬁﬁ?se@i(:heme'
e 12058 STk  degenrte e o T o b scces
. . ’ sively traverses the cavity waist and thepolarized pump laser
fringence O_f _the mirrors our _mo_del assumes that the_fre_- beam, which is oriented perpendicular to the direction of the atoms
quency splitting of the polarization modes of the cavity iS4 the cavity axis.
negligible (degenerate caseHowever, in Sec. IV we present
numerical calculations for finite mode splittirin the circu- In a realistic experiment, the synthesis of a GHZ state in a
lar polarization basisto derive a quantitative criterion for cavity will certainly be affected by energy dissipation. In
the validity of the degenerate model. These results also showec. VI we incorporate this fact into the model and utilize it
how |arge a mode Sp“t“ng is necessary for a Sing|e transto detect GHZ Correlations by COinCide.nce measurementS.Of
verse mode description of the system to be applicable. f[he photon_s escaping from a leaky cavity. _Somewhat surpris-
In the single polarization cad@0,23, the adiabatic dy- mgly, we find that even When_d_ecay sets in before the_ gen-
namics evolves in a one-dimensional space along the sération of the GHZ state is finishe@e., when the cavity

called dark state a superposition of ground states which is d6c@y and adiabatic passage times are compa/aioleela-

decoupled from excited atomic levels. Each atomic groun(ﬁ:’ns between the photons persist. Obviously, these correla-

state within the manifold of Zeeman substates is correlate 'ons_originate in th_e dynamics_ of the r_:ldiabatic process rather
with one(and only ong photon number of the cavity field, as anin th_e properties of a stationary final state of the system.
' A variation of the method that creates entanglement

any given Zee”ﬁan state is.regched by a unique séquence %ong photons and atoms is presented in Sec. VII. Here, the
photon absorption and emission cycles. Thus a shift of the,iia| “state for the adiabatic passage is a single Zeeman
atomic population is always accompanied by a correspondyround state, which may be easily prepared by optical pump-
ing shift of the photon distribution. By contrast, with both jng with 7-polarized light. GHZ correlations are detected by
count, the system behavior is considerably more compleXhe cavity and information on the atomic state obtained from
Population may be shifted to higher or lower magnetic suba “Stern-Gerlach” device. Our results are summarized in
levels, depending on the polarization of the photons inSec. VIII.

volved. As a consequence there is no intrinsic limit to the

number of photons that may be generated by adiabatic pas- Il. MODEL OF THE ATOM-CAVITY SYSTEM

sage. The resulting final states of the cavity field are no

'O”Q?V expected to be pure Fock states, _but_a complex SUP&He one presented [20] and is depicted in Fig. 1. A moving
position of number states for both polarizations, even wheny;, o, ransition frequency,) first encounters the waist of a
the |n|t|_al atomic state is a .smgle Zeeman substate. This I§uantized cavity field and subsequently a pump-laser field
shown in Sec. lll by analyzing the structure of the reIevantinjected perpendicular to both cavity axis and the atom’s
eigenstates. o ] ) direction of propagation. Cavity and pump fields overlap par-
After characterizing the dynamics of state synthesis byially, so that there is a region where in the rest frame of the
adiabatic passage with two polarizations, we proceed by praatom the pump field increases as the cavity field decreases.
posing a new strategy to arrive at pure Fock states of th&he cavity field is described by two transverse-polarization
cavity field by making use of a suitable detuning of the cav-states of a single longitudinal mode. With the cavity axis as
ity field. The feasibility of the method is demonstrated inthe direction for spatial quantization, the polarizations are
Sec. IV by a quantum Monte Carlo simulation of the systemtaken to besr* ando~ and the resonance frequencies of the
dynamics. An important result is that there is no restrictioncorresponding modes denoted @s. . The ability to acco-
on our method with respect to polarization: the scheme isnodate arbitrary polarization of the cavity field distinguishes
capable of generating number states of either cavity polarizahe model presented here from that of R¢f0,23. It not
tion or even arbitrary superpositions of both. The last factonly allows us to investigate polarization entangled states of
opens the door for the generation of a GHZ state of polarthe cavity field, such as the maximally entangled GHZ states,
ization entangled photons starting from a suitable superposbut also leads to an improved scheme for the generation of
tion of Zeeman ground states. Details of this new protocokingle-polarization Fock states in a realistic experimental
are explained in Sec. V. situation.

The experimental configuration we consider is similar to
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|Fe,me) with weights corresponding to the Clebsch-Gordan

€3 €, €4 €o —
(a) I\]:\‘T P Fe=3 coefficients for dipole coupling with polarizatian, namely
| | X \'-
3 oE—— e— F =3
g
9.4 9

Ag:mEm |Fgmg><Fgmg?1U|Feme)<|:eme|, o=0+1.
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93 9. (1)
As the atom moves across the cavity, it undergoes a time-
dependent interaction with the fields, which is expressed by a
variable coupling constamg(t) for the two quantized cavity
modes and a Rabi frequendy(t) for the classical pump
field. The time scale is determined by the atomic velocity.
Alternative time-dependent coupling schemes for the case of

FIG. 2. Scheme of theR;=3) and Fe=3) hyperfine levels, 5 gtationary atom located in the cavity fidlR,25,2¢ may
showing the transitions relevant for adiabatic passage starting frorBe treated with the same formalism

two different initial preparations of Zeeman subleviéiglicated by With the above definitions, the Hamiltonian for the atom

the solid circleg (a) mg=—3; (b) superposition ofnyg=—3 and . . .
my=+3. The wide arrows symbolize the-polarized (classical and the t\.No f'?'ds n a. frame rotating at the frequengyof
athe classical field(t) is given by

pump transitions. The predominant cavity-induced transition from
given excited state, [larger Clebsch-Gordan coefficient as indi- |, _ t t . t At
cated by the numbers in diagraiy] is drawn as a solid, the weaker Hin(t)=Ad,a 8, +ho_a_a_—irg(t)(a; A —~Asqa.)
emission into the orthogonal polarization mod_e as a dotted arrow. —iﬁg(t)(atA_l—AT_la_H-iﬁQ(t)(Ao—Ag).
Note that at the end of the passage the atom is always found in the

my,=0 level (open circlg, even in the presence of two cavity po- 2
larizations.

93 9.2 g4 9o

Here, 6. = w..~ — w, is the detuning between the cavity fre-

We assume here that the atomic levels involved are th@Uency we. for the o -polarized mode and the classical
Zeeman substates of ground and excited lefigland F, field, which is assumed to be at resonance with the atomic
although more general configurations can also be employeliansition @,= ), throughout the present analysis. _
[22,25,28. In most of the paper we concentrate on the case A basis for the Hilbert space of the atom-cavity system is
Fy=Fe, where the transitionniy=0)— (m,=0) is electric provided by tensor products_ of _the atomic states and the
dipole forbidden, so that a-polarized pump beam does not number state_s for each polarization of the cavity mode. We
couple to atoms in then,=0 state of the lower Zeeman US€ the notation
manifold. Therefore, if by a suitable interaction with pump
field and cavity mode, atomic population is pushed towards

levels with decreasingmg|, the process will terminate once with x=e,g specifying excited and ground statey=

the level ny=0) is reached, independent of the initial "=~ "¢ o humber of the magnetic sublevel amd
atomic distribution. Note that the coupling coefficients . );)’hotor’1 number in the respective cavity mode.
among the various Zeeman states for e~ F. transition In this paper the initial preparation of the system is not
are symmetric under a change of sign of the magnetic quargeqcriped explicitly. We assume that before an atom enters
tum number, which is important for the generation of StateSpe interaction zone both modes of the cavity field are in the

|nv1qlr\]/|ng photons of d|tf)ferer]1t pr:)larlzaUﬁn. o vacuum state and the atom is prepared in an arbitrary coher-
e maximum number of photons that can be generated,,; o, ernosition of Zeeman ground states. This may be

with the scheme is achieved when the atom is prepared in the o\ /eq by radio-frequency pumpifj7] or a series of op-
outer Zeeman ground statesd= = F ) or a coherent super- tical Raman pulsef28].

position of both. As shown below, ideal adiabatic passage in In our initial discussion in the following section, atomic

this case will generat&, (entangled photons distributed  g54ntaneous emission and cavity decay will be neglected.
among both cavity modes. With cesiufnuclear spinl  Thay il be included in Secs. IV and V in a master equation

=7/2F4=3 or 4) as an example, states with three or fourynhr0ach using the quantum Monte Carlo wave-function
entangled photons are therefore possible. Figure 2 shows t'?@chnique.

relevant pump and cavity-induced transitions in the dage
=F.=3 for two possible initial preparations of the Zeeman
sublevels.

In our model, the cavity field is described by annihilation  Fundamental aspects of the system evolution in the two-
and creation operatora, ,a' for the o -polarized mode polarization adiabatic passage scheme may be inferred from
anda_,a' for o_ polarization, while the pump field is the structure of the eigenvalues and eigenvectorsgft)
treated classicallyi.e., as a coherent state in a regime ofduring the transit of a single atom. As a specific example we
weak coupling. The atomic degrees of freedom are de-consider the (6,,,Fy=3)—(6P4;,,F.,=3) transition in
scribed by operatora,, which are composed of a sum over cesium(cf. Fig. 2) at 852.36 nm. For the system parameters
spin-1/2 operators for the Zeeman levgBy,m,) and we have chosen values reached in recent cavity QED experi-

Xm,n4 )= [xmy@[n)eln_), (&)

IIl. DRESSED STATES AND DARK SPACE

063817-3



W. LANGE AND H. J. KIMBLE PHYSICAL REVIEW A 61063817

[20,23. To this end the terms involving ,-operators are
omitted from the Hamiltonian2). Figure 3b) shows the
eigenvalues obtained as a function of transit time for typical
experimental parameters and a cavity detuning=0. There

are seven nondegenerate energy levels that are also referred
to as dressed states since they describe the energy of atom
and the surrounding fields. The dressed state employed for
the adiabatic passage is the one that does not couple to ex-
cited atomic states and hence does not experience an ac-
Stark shift due to either the cavity or pump fiel@dark
state. Its energy eigenvalue iE=0 and the corresponding
eigenvector in the basi®), up to a normalization factor, is

50

25

Pulses

|Eo)=—V150%(1)|g_3,0,0)+ V453%(1) (1) |9 2,0,2)

Energy (in units of I

—\189(1)Q2(1)[g-1,0,2 + Q3(1)[g0,0,3).  (5)

This state has the property that if the system is prepared in
. ) , ) , |g_3,0,0) in a region ofQ~0, then slowly increasing}(t)

5 10 15 20 25 30 35 while reducingg(t) to zero @/Q2~0) will adiabatically
transform the initial state t0g,,0,3), i.e., a state with three
o_ photons in the cavity mode. As is apparent from £,

FIG. 3. (a) Time evolution of the couplingi(t) and Rabi fre-  the creation of each photon is accompanied by an increase in
quency(Q(t) of the pump field, which are assumed to be Gaussiarthe magnetic quantum numbear, of the atom. Since for a
pulses with FWHM 10 ~%; they are centered at=17'"! andt  mr-polarized classical laser field no more pumping can occur
=231, respectively, and have amplitudeg=25" and Q, once the staten,=0 is reached, exactly three photons will
=50I"; (b) energy eigenvalues dfi;, in the single-polarization be found in the cavity mode at the end of the adiabatic pas-
case;(c) energy eigenvalues for two polarizations. Atom, cavity sage. This method has been analyzed as a scheme for the
modes, and pump field are at resonan@g= .. = w.- = w)). generation of Fock states and for more general superposition

states of the field arising from superpositions of initial Zee-
ments with high finesse optical resonatf29—33. In par-  man states in th& , manifold [20,23.
ticular, a peak atom-cavity couplirgy= 25[" on the resona- These conclusions are no longer valid if a second, or-
tor axis was used withI'/2m7=5 MHz being the thogonally polarized cavity mode near resonance is taken
spontaneous emission rate for the cesium D2 (iree, ™' into account, as a calculation of the eigenvaluesigf for
is the population lifetimg Both cavity modes and the pump two cavity polarizations with equal frequencies demon-
beam are assumed to have a Gaussian transverse shape wéfifates. According to Fig.(8), the resulting level structure is
a full width at half maximum(FWHM) w=10I"*, but the  considerably more complex than in the single polarization
pump beam has its center displaced along the atomic beagase, with a large number of levels undergoing crossings and
by an amount of 0\ relative to the cavity modgFig. 3@].  anticrossings. This is due to the fact that in contrast to the
The maximum Rabi frequend, of the pump field is cho-  single-polarization case there is no intrinsic limit to the num-
sen as twice the coupling constag (i.e., Qo="50I" for the  ber of photons that may be deposited in the cavity mode, as
above specified couplingThese values were found to yield will be explained below. The numerical simulatiofSec.
optimum results in the single polarization cgd26€,23 as V) show that not all the levels accessible to the system
well as in the present work. Small variations in the shape andontribute equally to the dynamics. For example, a cutoff of
intensity of the field distributions on the order of a few per-six photons in both cavity modes was found to produce suf-
cent, however, do not lead to substantially different results ficiently accurate results and was used in Fig@).3

With the two cavity modes in the vacuum state and the Another important implication of the second polarization
atom prepared in the lowest Zeeman ground statg=<(  is that the dark state at the ener§y=0 becomes highly

Time t (in units of ')

—3), the initial wave fuction in the notation of E() is degenerate, the degree of degeneracy being limited only by
the cutoff photon number. There is no longer a single dark
|Vin)=19-3,0,0). (4)  state but rather dark spacén which the dynamics evolve in

the adiabatic case. Consequently, no simple final state of the
The subsequent analysis will be restricted to the manifold ohtom-cavity system is expected to be generated by the adia-
states that are coupled t&;,) by the interaction Hamil- batic passage, but rather a complex superposition state in the
tonianHj;. dark subspace.

In order to compare the system behavior for the cases of In the single polarization case only one fundamental pro-

one and two polarizations, we first calculate the eigenvaluesess is involved in the evolution of the dark st&fg, in
of Hix when only theo_ mode interacts with the atom, which a photon from the pump field is scattered into ¢he
corresponding to the single polarization analysis of Refscavity mode, increasing the magnetic quantum number by
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_Em €maq Cmi  Em the following that a finite detuning of the cavity from reso-
(@) (b) nance effectively achieves this end.
T - ) L To analyze the structure of the dark space manifold, it is

_g;_ g_ g_ _g_ convenient to parametrize the vectors spanning Ee0
" m ™ " eigenspace by the number of photons contained. As photons
are transferred to the cavity during adiabatic passage, the

S Zn S initial occupation of the mode@gvhen the pump field)=0
(©) c/ \;‘ and the atom is in the state 3) is used to characterize each
% . eigenstate unambiguously. Only such states with an even ini-
Ot On Ot tial photon number contribute, corresponding to the fact that

nonadiabatic coupling to states with higher photon number
FIG. 4. Fundamental processes of the dynamics within the darlonly occurs by the loop process described ab@wich adds
space(a) Scattering of a pump photon into the -cavity modei(b)  two photons to the systemFor example, for the initial
scattering of a pump photon into tlee, -cavity mode;(c) polariza-  atomic state|g_3), explicit expressions for the eigenstates
tion flip of a cavity photon. corresponding to total initial photon numbers zero, two, and
four are given by
one[Fig. 4@]. The process repeats until the atom reaches
the Zeeman ground state with,=0. As will be analyzed in  [Eo)=No[— V1563(1)|g-5,0,0) + V459%(1) (1) |g_5,0,1)
more detail below, with two polarizations present the final
state of the adiabatic passage still has the atomjr-0. —\/1—8g(t)92(t)|g_1,0,2>+Q3(t)|go,0,3)], (63
However, two additional processes contribute to the dynam-
ics within the dark eigenspace of enerfy=0. In one pro-  |E1)=Ni[v60g%t)|g_3,1,2)— JO0g2(1) A(1)|g-7.1,2)
cess, a linearly polarized photon from the pump field is scat-

tered into theo , -polarized cavity mode, accompanied by a + \/2—4g(t)92(t)|g,1,1,3)—Q3(t)|go,1,4)
decrease in the magnetic quantum number of the gf6m + \/1—8g3(t)|g_1,0,2)— \/S_ng(t)Q(t)|go,0,3)
4(b)]. As a secondary consequence, the system has to go

through an additional cycle of the type shown in Fi¢p)4o + \/ég(t)Qz(t)|g+1,O,4>], (6b)

reach the final atomic ground stamg,=0. Effectively the
system has gone through a loop in the atomic level scheme, |Eo) =Ny — V1500%(1) |9 3,2,2)
creating a pair otr, /o _ photons in the process. Depending

on the system parameters, several of these loops may occur. +1509%(1) Q(1)|g-.2,3)

Clearly, loop processes must be avoided if a pure number ) 3

state is to be generated, as they lead to superposition states of —/30g(t) Q2(1)|g—1,2,4) + Q3(1)|go,2,5)

different (and somewhat uncontrollablghoton numbers in _ 3 2

the cavity, V60g*(t)g-1,1,3) + O0g* (1) Q ()| 9o, 1,4)
The second additional process is the destruction of.a —129(1)Q2(t)|g41,1,5 — V159(1)3|g 1,0,4)

photon followed by the creation of &_ photon(and con-

versely with no pump photons involvefFig. 4(c)]. In this + \/1—Sg(t)2(2(t)|g+2,0,5)], (60

case the photon number in the cavity is not changed, but the

polarization of one photon is flipped. At the same time thewith the symbolsV denoting normalization constants. Note
atom changes its Zeeman substate by two. Due to this prdhat |Eg) is identical to the single polarization dark state of
cess, states beyond the;=0 Zeeman ground state may Eg.(5).

become temporarily occupied, which is impossible in the The evolution of the first two eigenstatg&g) and|E;))
single polarization case. The branching ratio determining thén terms of the basis state componejgg,n, ,n_) is plot-
relative contribution of each of the three processes of Fig. 4ed in Fig. 5. As the adiabatic passage proceeds, each state
(at resonangedepends on three factors: the occupation of theacquires exactly three additional. photons due to the pro-
cavity mode (influencing induced emissignthe Clebsch- cess of Fig. 4a). Moreover, occupation is redistributed by
Gordan coefficients of the relevant transitiofé. Fig. 2, the polarization flips shown in Fig.(d. For a change of
and the temporal structure of the couplings and fields. Byeigenstate to occur, the system must undergo a loop process
preparing the atom in the lowest Zeeman state it is guararinvolving the generation of ar, /o_ photon pair. These
teed that the first transition is of typ@), enhancing the latter events are the reason for the failure of standard adia-
probability for further emissions with the desired polar-  batic passage to produce a pure Fock state in the two-
ization. The Clebsch-Gordan coefficients also favor transipolarization case with degenerate frequencies.

tions towards decreasingng| so that the adiabatic passage  Possible final states of the system may be deduced from
method with two polarizations is still expected to work, al- Egs. (6) by taking the limitg(t)—0. As expected from the
beit with an efficiency degraded by the processes of Figsvanishing coupling of the pump field in the central Zeeman
4(b,0. To obtain pure Fock states of the cavity field for a state, the atom emerges from the adiabatic passage always in
given initial Zeeman substate, a method to suppress theskem=0 ground state as in the single polarization case. This
undesired transitions must be found. We will demonstrate ins an important fact, because it ensures that the atom is not
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1.0 Starting in statdEy) att— —o, we derive the probability
|c4|? for a diabatic transition to statfE;) at t—o to be
08 given by the following expression:
0.6
J
y || e (ElFED
S |c,|?=1 sin —_—
< 02 —» V1=KE4|Eo)]
< | )
> 00
E 10 x @ IE1(n)~Eo(D] iy . (9)
<
% o8
- From Egs.(6) one finds that the matrix elements appear-
06 ing under the integral do not vanish, as the eigenvectors and
their derivatives are not orthogondiecause of the assumed
04r classical field for)(t)]. The size of the relevant scalar prod-
0.2 ucts as a function of time and hence the diabatic transition
probability peak in the middle of the atomic transit. For the
0.0 parameters of Fig. 3, there is a 22% probability for the sys-

5 10 15 20 25 30 35 tem to undergo a Landau-Zener transition during the adia-
batic passage and end up in the statg1,4). The model of
two degenerate dark states thus demonstrates that adiabatic
FIG. 5. Time evolution of the first two eigenvectors with degen- passage as described [i20] is not well suited to generate
erate eigenvaluesE(=0) in terms of the basis state coefficients number states in a cavity if the two polarizations of the cav-
|dm.n, o |2 They are defined by the expansiofE,(t)) ity field are closely spaced in frequency.
:2m,ntd|(1l1(,)n+ . (©|gm,ny ,n_) [cf. Eq.(6)]. (@) Eigenvector with For the discussion of a method to suppress diabatic tran-
no o contribution, corresponding to the dark state of the single-Sitions to states with the wrong polarization, it is important to
polarization case(b) eigenvector with one-,. photon in the cavity; note the dependence of the integral in E®). on the phase
note the additional contributions obtained by polarization flips fromfactor. When|E,) and|E,) are degenerate, this phase factor
o, to o_ (thin lines. is obviously zero. There is, however, a simple way to lift this
degeneracy: a small detunidyof the cavity with respect to
entangled with the field. The cavity modes are found in athe pump field and the atomic transition frequeiagsumed
superposition of the staté8,3), |1,4), [2,5), ..., sothatthe to be equal for both polarization modes, i.6.,=6_= )
general expression for the final state of the system is will split the dark space levels into nondegenerate eigen-
states, according to their total photon number. Therefore,
- these new eigenstates are exactly the states given b{6EQ.
lgoy® >, clk,3+K). (7)  The corresponding dark space eigenvalues form a series of
k=0 energy levels separated by approximatel§, 3ince neigh-
, ) boring levels differ by two photons. Through adiabatic pas-
Here, the notatiorin., ,n_) is used to denote number states g5 each state acquires exactly three photons, so that all
of the two-mode cavity field. _ _ eigenvalues undergo an increase aof 8uring the atom’s
As a consequence of E(7), along with the desired . ansit through the cavity. This is apparent in the central part
Fock state|0,3), there is a finite probability for additional ¢ Fig. 6.
pairs oo, ando_ photons in the cavity field. The size of  \yhen the degeneracy of the dark space is thereby lifted,
those contributions, i.e., the modulus of the coefficient®  he phase factor apppearing in E§) no longer vanishes,
Eq. (7), must be determined from the dynamics generated byt jeads to oscillations of the function under the integral. As
Hin (see Sec. IY. However, an estimate fdcy|* can be 5 consequence, the transition probabilj|? will drop
obtained by restricting the system to the subspace spanngghen s is increased. This simple model is in excellent agree-
by the two lowest eigenvectors of the dark space, W)  ment with the results of a numerical integration of the full
being the state initially occupied anBl;) the first state with  jnteraction Hamiltoniar(2).
a o, -polarization contribution. As the eigenvectors in EQS. it the transition rate strongly suppressed at lafge
(6) are time dependent, diabatic Landau-Zener-type transisystem prepared in tHg_ 3,0,0) state will adiabatically fol-
tions between the associated eigenstates occur. The transitighy, the |E,) dressed state in the dark space and end up in the

probability is obtained by integrating the Sctinger equa- |g0,0,3) state, i.e., a Fock state of the cavity field with pure

tion for a two-level system with time-dependent basis states;.  hojarization. In fact, the structure of the phase factor in

5 Eqg. (9) implies a new adiabaticity condition for the energy
AT} _ splitting of the dark state manifold and the timdor which
(Iﬁ at H'”‘)[CO(t)|EO(t)>+C1(t)|El(t)>] 0. ® e interaction is effective:

Time t (in units of I'")
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bold line represents the single-polarization dark st&tg. While at ~ 1 z .
I A o 1 AE = 3.5x10™T
the center the splitting of the dark space manifold is well separated o + -
from all other levels, the level structure at the edges is rather com- — 0
plex. Note the degeneracy Ht~34. > 1 19.,,0,0) + a1g ,0,1)
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(single-polarization conditions for adiabatic following Time t (in units of 1“'1)
(20,34
FIG. 7. Close-up view of energy eigenvaluesy; at the lead-
s ——T ing edge of the cavity mode for the parameters of Fig. 6. The
QoT>1,  2goVn.+1T>1, 1D enlargement of the first crossing of the lowest dark sfatéh state
le_,,0,1)) shows that the crossing is actually avoided on a very fine

which minimize the probability for diabatic transitions to scale.

ac-shifted(nondark dressed states. Since for typical param-
eters 6<(,g,, the new condition(10) is more stringent A quantitative evaluation of the eigenvalue spectra shows
than the standard adiabatic conditi(ii), so that consider- that the effects of level crossings are different when the atom
ably slower atomgby a factor ofgy/5) are needed in the is mainly exposed to the cavity fielgh the initial phase of
two-polarization case. the atomic transit witlg/1>1) and when the interaction is

In the discussion, so far it was assumed implicitly that theprimarily with the pump field(in the final phase wittg/Q
energies of nondark dressed statas-Stark shifted on the <1). In the former case, it should be noted that only two-
order ofgg and Q)g) and the dark space eigenvalu@m a level crossings occur. The largest level splitting is found at
scale of| ) are well separated, as is the case in the middlehe first crossing, which is the one shown in the lower part of
of the atomic transit. However, this assumption is not validFig. 7. Corresponding to the small coupling at the edge of the
at the leading edge of the cavity mode and the trailing edgeavity mode, it has an energy splitting orders of magnitude
of the pump field, where the ac-Stark shifts of the energysmaller thanl’ (3.5 10 “T" in the example of Fig. 7 In
levels become comparable to the splitting of the dark statesrder to pass this crossing adiabatically, the atom would
(9(t),Q(t)=~|48]). In this regime, a complex structure of the have to have a velocity £aimes lower than that taken for
eigenvalues ensues, as is apparent from the edges of tiéy. 3. Therefore, for realistic atomic velocities the diabatic
dressed-state diagram of Fig. 6. An enlarged view of thecondition is easily fulfilled on entry and the atom will pass
energy levels for the atom entering the cavity m@Bgy. 7)  the crossings as if the levels were not coupled. This result is
shows that the lower dark sta€,), which is initially occu-  confirmed by the numerical calculations of the following
pied, undergoes a large number of crossings with nondarkection.
levels. Most of these crossings are actually avoided, as illus- A different situation occurs at the trailing edge of the
trated in the blow up of the first crossing in Fig. 7. Since thepump field. At a time such that the classical Rabi frequency
synthesis of pure Fock states requires that the system followsas decreased tQ(t)=4|45|, the ac-shifted dressed levels
the lowest dark state, transitions to any intersecting statelsecome degenerate with the series of dark staeglecting
must be avoided, i.e., all crossings must be pasiabati-  coupling to the cavity modeas is apparent from Fig. 6 and
cally. This condition puts ampper bound on the products shown in more detail in Fig. 8 for the lowest dark state. The
appearing in Eqq10), (11), limiting them to a finite range of phenomenon is found in the singlg~ig. 8@)] and the two-
values. polarization casgFig. 8b)] at finite detuning. The degen-
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156 F technique. The results will be employed to describe a strat-

154 egy and calculate the efficiency for the synthesis of pure

! |0,3) or |3,0) states of the cavity field or superpositions of

1821 both.

1.50

1481 IV. QUANTUM MONTE CARLO SIMULATIONS
= 146 . . . .
5 - In the previous analysis only the coherent interaction of
o 4 the atom and the two cavity modes was considered. A real-
g istic model of the system also has to take into account dissi-
c 156 pation that enters due to spontaneous decay of the atom and
= 15l damping of the cavity mode. The dissipative atom-cavity
% sl system is described by the following master equation for the
A 1:50. density operatop(t) of the system:

148 ap i ; .

146 5t~ 7 Hempl+2x(a;pa; +a-pa-)

1.44 I . . .

335 336 337 338 339 340 +T E AaPA;- (12)

Timet (in units of T”') o=0=1

FIG. 8. Dressed level structure at the trailing edge of the pumgHere,H; is @ non-Hermitian effective Hamiltonian includ-
pulse whereQ)(t)~4|5|. A degeneracy of the atom-pump interac- ing decay terms given by
tion leads to a multilevel avoided crossin@ Single-polarization

case;(b) two-polarization case. The parameters are the same as in r

Fig. 6. Her=Hin—ix(ala. +ala )—i- ATA,.
o=0,+1

eracy is lifted due to the interaction with the cavity mesle (13

so that a multiple-level avoided crossing is created. For posi-
tive detuningd and a single polarization, the multiplicity is Solutions of the master equation may be obtained by inte-
given by the number of dressed states with positive ac-Starfirating Eq.(12) numerically. However, the size of the Hil-
shift [three levels crossing the dark state in the example obert space accessible to the system in the two-polarization
Fig. 8@)]. In order to emerge from the crossing in the darkcase is rather large, even if its basis is truncated at moderate
state, the system would have to undergo diabatic jumpghoton numbers. For example, for atomic levels wij
across three levels with a substantial energy splittorgthe =~ =F.=3 and a cutoff photon number of seven in both cavity
order of 0.0Z for 5=0.5" in the example of Fig. 8 Con- modes, the dimensioN of the Hilbert space is &(2Xx3
sequently, there is a finite probability for transitions to statest 1)X8X8=896. The computational expense involved in
outside the dark state manifold. These partly adiabatic trandensity matrix calculations, which scales$ makes inte-
sitions at the trailing edge of the pump field limit the detun-grating the master equation impractical. A more suitable ap-
ing & that may be applied to achieve adiabatic conditions aproach is to simulate the master equation by using Monte
the center of the interaction region. They also set an uppe¢arlo wave functiong35-37. Here, only the Schidinger
limit on the transit timeT and hence on the products of Egs. equation with the non-Hermitian Hamiltonia#e¢ has to be
(10) and(11), as pointed out earlier. integrated and the problem size scaledN&s Dissipation is

For two polarizations, an additional degeneracy occurgaken into account byjuantum jumpswhich occur at ran-
due to contributions from states with higher photon numberdom times with a probability determined by the decay rate of
In this case dressed states with negative and positive Statke wave-function norm. The jumps are implemented by ap-
shift are involved in the crossinfFig. 8(b)]. Note that a  plying so-calledcollapse operatorso the system wave func-
similar multiple-level crossing does not occur when the atontion and normalizing the result. Between subsequent jumps,
enters the cavity, as the dressed energies of the quantizélde system evolves according to the Sclinger equation
cavity mode are nondegenerate due to their dependence @vith the non-Hermitian effective HamiltoniaH . In this
the photon number. Hence the restrictions for detuning antvay, one obtains a wave function conditioned on a particular
time of flight are more stringent during interaction with the decay history. The system density matrix and operator ex-
classical field in the final phase of the atomic transit. pectation values are obtained by repeating the calculation

In the following sections, the preceding conclusionsmany times and averaging over the resulting trajectories. De-
drawn from the eigenvalue spectrum of the Hamiltonian intails of the procedure are found in Ref85-39.
Eg. (2) and a simple two-level model will be put on a quan-  In addition to the potential for more efficient use of com-
titative basis by integrating the master equation of the sysputational resources, the method offers the benefit that for
tem, including dissipative processes in the treatment. A suiteach of the simulated trajectories a record of the quantum
able method is the quantum Monte Carlo wave-functionumps that have occurred during the system evolution is ob-
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FIG. 9. System evolution of an atom and two degenerate polar- F|G. 10. System evolution of atom and two polarization modes,
ization modes, obtained from a Monte Carlo wave-function simula-at a finite cavity detuningg=0.6", showing nearly ideal adiabatic
tion including atomic spontaneous emission. Shown is the occupgassage. The amplitudes and timing of the applied pulses are the
tion probability of the basis states of the system. The amplitudes o§ame as in Fig. 9.
the Gaussian pulses agg=25" (att=17""1) and Q,=50I" (at
t=230"1), with 2 FWHM of 10""". The cavity is at resonance tirely adiabatic. Approximately halfway through the transit,
with the pump field 6. = wc- —=0). however, contributions from levellyy,1,4) and |go,2,5)

start to appear. These are due to the diabatic transitions to
tained. In the case of E4L2), there are five possible collapse states with higher photon number predicted from the two-

operators and hence five types of jumps given by level model analyzed in Sec. IlI. At the end of the transit, the
atom is found in statég,) and the cavity is in a superposi-
V2ka., TA,, o=0*1, (14)  tion of the state$0,3), |1,4), and|2,5), etc., instead of the

desired pure Fock stat@,3), confirming the earlier result of

corresponding to decay of the two orthogonally polarizedEq. (7).
cavity modes and spontaneous emission of a photon with In the two-level model of Eq48), (9) in Sec. llI, a finite
polarizationo, respectively. Decay of the cavity modes may cavity detuningé was shown to lift the degeneracy of the
be associated with photodetection events in an individuatlark space and lead to a strong suppression of diabatic tran-
experimental run. Note that, when the polarization of thesitions. What remains to be investigated is the question of
photons leaking from the cavity is analyzed in a basis differ-whether this mechanism is still effective, if the full system
ent from that of the intracavity fieldas set by the spatial dynamics including atomic decay and level crossings in the
guantization of the atoim linear combinations of the field entrance and exit phase of the interaction are taken into ac-
decay operatora.. must be employed39], which will be  count. In Fig. 10, a Monte Carlo calculation of the system
used in Sec. VI to analyze GHZ correlations between cavityevolution for a cavity detunings.=0.6" is shown. The
photons. pump field is still assumed to be on resonance with the

In a first set of simulations, only atomic decay is included,atomic frequency ¢, = w,). As can be seen from the result-
while cavity decay is still neglected. Ideally, as long as theing final state, the finite cavity detuning leads to the desired
evolution of the system is restricted to the dark space, thetrong suppression of states with photons and an ampli-
influence of spontaneous emission on the dynamics shouldide for theo_ Fock state, which is close to unity (99%).
be weak, since the upper atomic levels are not excitedThe atom remains in the lowest branch of the dark state
Hence, the conclusions of Sec. Ill should apply to the numanifold and is adiabatically transferred frdign_3,0,0) to
merical results in this regime. |00,0,3). Therefore, passage through a detuned cavity is

We start by studying the system evolution for g=3 adiabatic and well suited to generate a Fock state of one
—F¢=3 transition in the case of atom, cavity, and laserpolarization of the cavity field, even for a cavity supporting
fields on resonancedE0), i.e., the case of a degenerate two degenerate polarization modes. By choosing other initial
dark space. The initial state is agaig_3,0,0). Figure 9 states [g_,0,0),m=1,2), states with photon numben
shows the system evolution during the passage of an atortFy may be obtained as well. Coherent superpositions of
through the time-dependent cavity coupligff) and the la- Zeeman ground states with<im<F, are also possible,
ser field Q(t) in terms of the basis state occupation. Theleading to superpositions of photon number states. Thus an
probability maximum is shifted in turn from the initial state operationally simple modification of the work of R¢R0]
to |g_»,,0,1) to |g_41,0,2), before finally reachindgy,0,3).  suffices to make a workable scheme for the generation of
These are exactly the levels comprised by the lowest dresse@rbitrary” field states for a single polarization mode.
state |Eg) in the dark space manifold of Ed6), which To study systematically the effect of cavity detuniag
should be the only ones occupied if the interaction was enfassumed to be equal for both polarizations, i®&.=65_
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FIG. 11. Final state probabilities as a function of cavity detuning ~ FIG. 12. Probability for a final statfg,,0,3) as a function of
8,=6_=245, showing the transition to an adiabatic regime #r cavity detuningé for three coupling constants in the case of two-
>0.5". The parameters correspond to those of Fig. 9. polarization adiabatic passa¢solid lines. The single-polarization

(o) results are included as welliotted line$. The timing of the
— 5) on the efficiency of our scheme, we have calculated th@UISes is the same as in Fig. 9 afid=2g,. Note that, for this
final state as a function af, with the result displayed in Fig figure, the full master equation was simulated in order to obtain an
l " 0,
11. Asé is increased from zero, the probability for contribu- accuracy well below 1%.
tions from basis states with the “wrong” cavity polarization _ ' _ o _
(o) drops to zero, while the pure_ state becomes occu- Purity of the final state is only limited by the atom-cavity

pied with 99% efficiency around~0.6I". coupling g that may be achieved experimentally, if the in-
In contrast to the results of the two-level model, the prob-teraction time is held constant. _
ability for a pureo_ Fock state drops again slightly when In the calculations presented so far, the detunings of the

is increased to values larger than I0.6The reason is the two polarization modes of the cavity were always assumed to
dynamics in the initial and the final phase of the atomicbe equal §,=4_). In order to probe the sensitivity of the
transit(for example, at the multilevel crossing shown in Fig. System to a finite mode splitting, which may occur due to
8), which becomes partly adiabatic &is chosen too large. cavity imperfections, we have varied the detunig of the

As a consequence, population is transferred to levels outside& -polarized mode while keeping the_-polarized mode at
the dark state manifold, leading not only to a finite probabil-resonance with the aton®( =0). Again, for the initial state

ity for a decreased photon number in the cavity, but also tdg-3.,0,0), Fig. 13 shows the probability to reach a final state
entanglement between the atom and the cavity field. This i90,0,3) as a function ofs, . It exhibits a gradual transition
illustrated in Fig. 11 by the rise of contributions from levels from the diabatic losses in the degenerate two-polarization
|91,0,2) (k=—3,...,0) asd is increased beyond @6Note ~ case to the perfect adiabatic passage obtained for a single
that this limitation of adiabatic passage also occurs in the

single-polarization case and is not connected to the structurc . ¢ - . - - ] T ]
of the dark space. & P

A blown-up plot of the probability for reaching the final < single mode
state |go,0,3) vs detuningé is presented in Fig. 12. The & 09F case 7
results for three different values of the coupling constant :% . 8 >T
show that the efficiency of the method approaches unity% 090 I d;;:ngrate i
when the coupling is increasg®9.6% atg,=50"). The &£ modes
optimum detuning is5~0.6" and depends on the coupling $
only weakly. For comparison, the single-polarization prob- 2 °®[ T
ability for a three-photon Fock state is also included in Fig. § 5.=0
12. The large deviation between the two sets of curves for® oso| ' .
values belows=0.6I" clearly shows the inadequacy of the *
single-polarization model. For large detunings, on the other
hand, the results coincide, demonstrating that in this regime ors L L ' ' L ]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

the two-polarization dynamics is well described by the adia-
batic following of a single dark state. The common
asymptotic behavior of the curves is another hint to the po- F|G. 13. Probability for a final stat@,,0,3) as a function of the
larization independent mechanism populating nondark Stathetuning S, of the o, -polarized cavity mode. The_ mode is
at the multilevel avoided crossing occurring for lag€Fig. assumed to be on resonance and a cougifg 25" was used for
8). Figure 12 suggests that, for an optimum valuespthe  both modes. The timing of the pulses is the same as in Fig. 9.

Detuning &_ (in units of )
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(0-) polarization, asy, is increased from zero. The single the o, mode anch photons in ther_ mode. With the nota-
mode description applies when the, mode is far enough tion previously introduced for a two-mode cavity field, these
detuned from resonance for its influence on the system dystates may be written as

namics to be neglected, which is the case for detunihgs

=TI". Figure 13 suggests that, for the model of degenerate

modes to be valid, the splitting should be small compared

with the natural linewidtH". As long ass, <0.1I", the final W)=
state probability deviates from the degenerate case by less V2
than a percent. Note that for realistic cavities a well-defined

splitting in theo .. basis may be difficult to achieve, because

of a lack of control over the polarization basis in which bi- For the statdW,), there is a close correspondence with the
refringence of the mirrors occurs. correlated two-particle states used to test Bell's inequalities

At fixed couplinggy, the efficiency of the state synthesis [1,40] obtained from local hidden-variable theories. Numer-
scheme may be increased by extending the tima@uring  ous experiments have shown these inequalities to be violated
which the atom interacts with the cavity mode and the pumg@41]. Yet even more interesting properties emerge from the
field, i.e., using slower atoms for the adiabatic passage. lentangled stat¢¥ ;) of three particles, corresponding to a
Sec. Il it was found that adiabatic transitions to nondarkso-called GHZ state as was introduced by Greenberger,
states place an upper limit oh There is, however, another Horne, and Zeilingef3]. Its significance is based on the fact
restriction for the interaction time, which is set by the decaythat, to test theories of local realism against quantum me-
time of the cavity modes. This will be demonstrated in thechanics, a single set of observations of this state is sufficient
following section by including cavity decay in the master (“all or nothing”). This is in contrast to the statistical nature
equation. of the violation of Bell's inequalitiegfor n=2).

There is a notable difference between the stafesOy
+]0,n)) considered here and the original Bell-type states of
the form (+1,+,, ... .+ ) +|—=1,—2, ... ,—n)). While in
the former case all photons of a given polarization occupy a

Adiabatic passage with a detuned cavity and an atom presingle mode, in the latter case they are distributed aver
pared in thdg_3) level was shown in Sec. IV to synthesize distinct (i.e., distinguishablemodes (1,2. .. ,n). However,
Fock states ofr_ polarization and effectively suppress ex- as will be discussed below, we restrict our attention to the
citation of the o -polarized cavity mode. An important subensemble of photoelectric detection events that produce
property of the proposed scheme is that it is entirely symone and only one detection evdfitlick” ) at each o sets
metric under a change of sign in the magnetic quantum numef detectors. Hence, from the perspective of a post diction,
ber and a simultaneous exchangerof ando . polarization,  the state|W ) for the subensemble of distinct “temporal”
as is apparent from the master HE42) and the relevant modes generates correlations identical to those of the Bell-
Clebsch-Gordan coefficients. If, for example, the system idype states. More generally, by tailoring the interaction pro-
prepared in the statlg 3,0,0), a Fock state with three,  files g(t) and Q(t) of cavity and pump field, an improved
photons in the cavity|8,0)) will be generated. Another no- timing of cavity decay events may be achieved, so that in
table feature of the two polarization adiabatic passage for affict successive quanta 1,2.,n would emerge from the
F—F transition is that at the end of the interaction the atomcavity in well defined intervals and would be routed in a
is always in theny=0 Zeeman ground statégp)), indepen-  predefined fashion to respective detectors, making the re-
dent of the initially occupied Zeeman substates. Thereforeguirement of separate detection events even less restrictive.
the atomic part of the wave function is always disentangled In the following, we give a detailed description of how
from the state of the cavity field and can be disregardedhe two-polarization adiabatic passage scheme may be ex-
without introducing projection noise to the measurement ofended to generate a GHZ-type stdi¥;) (denoted as
the cavity field. The method is not restricted to single Zee{GHZ)) with high efficiency. Towards this end the;=3
man levels as initial atomic states. The atom may be pre—F¢=3 transition used for the generation of the single-
pared in a coherent superposition of Zeeman ground stategplarization Fock state will be employed again. Note that
leading to superposition states of the cavity field as describestates|¥,) with n>3 may be synthesized as well, if an
for the single-polarization model in Ref0,23. A particu-  atomic transition with a high enough angular momentum
larly intriguing possibility in the two-polarization case is to were to be used. For tHe;=4—F.=4 hyperfine transition
use coherent superpositions of Zeeman sublevels with diffein cesium, for example, the staf#,) may be generated in
ent sign of the magnetic quantum numbar In this case, exactly the same way 4% 3).
guantum superpositions of photon states with different polar- The starting point for the generation of a GHZ-type state
ization are synthesized, i.e., the adiabatic passage maps tlseto create a coherent superposition of the two outer Zeeman
Zeeman coherence of the atomic state to polarization erground statesrfy= *3). This task may be achieved by us-
tanglement of the two cavity modes. ing suitably timed microwavg27] or Raman pulse$28].

An important example of such field states are the numbeldeal adiabatic passage of an atom through the cavity modes
states ofn photons maximally entangled in polarization, with couplingg(t) and the pump field)(t), either by physi-
which are obtained for a superposition statengfhotons in  cal motion or by suitable modulation of the coupling for a

1
—=(n,0)+[0n)). (15

V. PREPARATION OF A GREENBERGER-HORNE-
ZEILINGER STATE
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FIG. 15. Monte Carlo simulation of adiabatic passage for the
same parameters as in Fig. 14, but with a cavity decay xate

FIG. 14. Monte Carlo simulation of the preparation of a GHZ- ™" . . .
type state in the absence of cavity decay. The amplitudes of the_o'zr' (@) Occupation of the cavity modegb) atomic ground-

cavity and pump field argo=25[" (att=17""1) andQ,=50I" (at state populations.

t=23"") with a FWHM of 10""*, the cavity detuning iS5 jth the discussion of Sec. Ill, contributions of higher terms
=0.6', and the initial preparation of the atom is a coherent superin the dark space manifold, which are again of the form
position of mgfs .and mg=.—3.. (a) Occupation of the cavity (|k,3+ k)+|3+k,k)), k=1,2,..., arestrongly suppressed.
modes(the distributions are identical for the, and theo_ mode; As mentioned above, the efficiency could be further in-

(b) atomic ground-state populatiorghe curves for+mgy and d b . .
L ) ) using an even stronger couplgygor slower
—myq coincidg. The final state is a 99% pure std@HZ). ;g;sse y 9 9 P

stationary atom in the cavity, would then generate the fol- Beyond these encouraging results, a realistic simulation of

. X . ur experiment has to take into account dissipation of the
lowing mapping of ground-state Zeeman coherences to thgavity field, which has been neglected so far. In recent ex-

cavity field: periments cavity decay rates2# ranging from 0.6 to 35
(19-3)+]942))®]0,0=|go)®(|0,3 +|3,0) MHz have been achieve[®?9,31-33. As a point of refer-
ence, here we take initiallik/2mr=1 MHz, resulting in

~|go)®|GHZ) (16) x/T"=0.2, although we will subsequently investigate the de-

pendence of the state generationsarThe cavity decay time

and would thus leave the cavity in a maximally entangledl/x is then comparable to the adiabatic passage time scale of
state of the GHZ-type. The transitions relevant for this syn-maximum efficiency for state generatifef. Fig. a) for the
thesis scheme are the ones shown in Fi).2 time dependence af(t) and()(t)], so that cavity decay will

We have tested the efficiency of such a GHZ-state prepaplay an important role in the present scheme and must be
ration procedure numerically by simulating the relevant maseonsidered in the simulation.
ter equation using Monte Carlo wave functions, again ne- We have repeated the Monto Carlo wave-function simu-
glecting cavity decay in the first instance but with atomiclation of the GHZ-state generation of Fig. 14 using the full
decay included. The same parameters as in Secs. Il and IWaster equationi12), including the cavity decay terms with
are used with a detuning=0.6l" to achieve optimum purity «=0.2I". In Fig. 15, the resulting average time evolution of
of the final state. The resulting averaged time evolution ighe cavity mode occupations and the atomic ground-state
shown in Fig. 14. In Fig. 14) the occupation of the cavity populations is displayed. As expected, cavity decay strongly
mode states is plotted, while Fig. (b4 shows the corre- affects the dynamics of the field modes. During the adiabatic
sponding atomic ground-state populations. As expected dusassage, the probability for the excitation of photon states
to the symmetry of the system, the time-dependent photowith n>0 is substantially reduced compared to the case
distribution of the two cavity modes is identical. The same iswithout cavity decay. The probability for one photon in a
true for the occupation of Zeeman ground-state levels witltavity mode never exceeds 25%. When the atom leaves the
the same modulugny|. At the end of the adiabatic passage, cavity, both modes of the cavity field have already decayed
there is almost perfect polarization entanglement with a 99%o then=0 ground state at the rate * [Fig. 15a)]. Obvi-
probability for the cavity to be found in the GHZ state ously, there is no time when the cavity modes approach a
(10,3y+13,0) and the atom in statag,). In correspondence pure GHZ-type state. This result is in correspondence with
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previous studies of the generation of quantum superpositionis easy to verify that the following operators satisfy the spin
in a lossy single-polarization cavif0,23. commutation relations

Perhaps surprisingly, Fig. 15 shows a completely dif-
ferent behavior for the atomic population. The occupation of L —a'a L =a'a L=
the Zeeman states is almost unaffected by the presence of ~* “+%—° -t Te
cavity decay. The evolution proceeds essentially undisturbed a7
in close correspondence to the perfect cavity case shown in o
Fig. 14(b). The fact that cavity dissipation does not affect the The operators... perform a change of polarization on a cav-
atomic dynamics during the adiabatic passage was also oy photon, which is analogous to a spin flip. The observable
served in the single-polarization calculations of Hef]. It ~ corresponding to the particle analyzer in the setup proposed
implies that atomic coherence is transferred without “dam-Py GHZ is then given by the superposition bf. andL -
age” as the cavity field undergoes a quantum jump to avith a variable relative phase shift, namely,
lower dark state manifoldi42]. The preservation of atomic - _
coherence during the adiabatic passage even for a lossy cav- L(¢)=ePL, +e '72L_, (18)
ity is an essential requirement for the detection of GHZ cor-,

! ; ; with the required eigenvalues1. To arrive at a measure-
re_Iat|ons bet_vveen_ the photon_s Ieaklr_lg from the cavity, aFnent procedure fo () in the case of photons emitted from
will be explained in the following section.

the cavity, we first rewrite

(ata,-a'a.).

N| =

V1. DETECTION OF GHZ CORRELATIONS L(p)=al(d)a($)—al(¢)ay(¢). (19

In principle, there are two different approaches to detectThe operators,(¢) anday(¢) are annihilation operators of
ing nonclassical states of the cavity field. First, the field in-linearly polarized photons in theandy directions of a co-
side the resonator may be probed directly. This may berdinate system rotated by an anglét. They are related to
achieved, for example, by sending a second atom through tHbe cavity mode operators by
cavity and reversing the adiabatic passage scheme to map the
photon number distribution of the cavity field to coherences 1
in the Zeeman substructuf20,23,43. Measurements of the ()= E
atomic substates would then provide information on the state
of both field modegin principle the “complete” stat¢43]). |
The required timing of the pump and probe atoms would | (a—idlh, _ idla
certainly be difficult to achieve for an atomic beamith 3(4) \/E(e a—era). 20
Poissonian fluctuationsHowever, in the optical domain, the
most severe obstacle to this approach is cavity decay, sinc&herefore, according to E¢L9), L(¢) can be determined by
as shown above, dissipation of the cavity field prevents theneasuring the difference in the occupation number of two
modes from ever reaching a pure GHZ state, so that angrthogonal linear polarization modes in a rotated frame.
attempt to observe a signature of that state would fail. To be consistent with the GHZ gedanken experiment, we

This state of affairs suggests observing the photons leaknust make the additional assumption that each of the three
ing from the cavity mirrors during decay of the field as the photons from the statésHZ) is delivered to a separate ana-
method of choice for detecting GHZ correlations, especiallylyzer. In this case there are only two possible outcomes of a
since it affords the opportunity for tests of local realism with measurement of_ (¢): a value of +1 is obtained if an
the “flying” photons that emerge from the cavity. Correla- x-polarized photon is detected, a value efl for a
tions between these emitted photons could readily be mea~polarized photon.
sured by coincidence detection, with these measurements Figure 16 shows an idealized experimental setup for the
performed in spatially separated regions as required by thdetection of GHZ correlations. We assume well-defined gen-
locality assumption. eration times for each of the three photons, as might be

Before presenting a more detailed proposal for an experiachieved in principle by a succession of suitable shifts ap-
mental setup to probe the decay photons, we will first discusplied to the atomic levels in concert with a somewhat revised
the expected correlations between photons emerging from time history forg(t) and{)(t) during the adiabatic passage.
lossy cavity. For simplicity we start by assuming that the twoEach photon emitted from the cavity is then directed to one
cavity modes already are in the sta@®HZ) given by Eq. of three analyzers. In front of each analyzke(1,2,3) there
(15) for n=3. Afterwards we will examine how the correla- is a half-wave plate rotating the respective linear polarization
tions are affected if dissipation is present during the statdasis by anglep,/4. The polarizatiod x(¢y) or y(¢y)] is
synthesis. measured with a linear polarizing beamsplitt®BS and

Greenberger, Horne, and Zeilinger have developed theiphoton counters at the two output ports. The analyzers are
argument for three arbitrary particles in a maximally en-assumed to be positioned far from the cavity and from each
tangled state. Therefore, their analysis can also be applied tather, so that the individual measurements may be regarded
three photons in the stat8,3) +|3,0). To obtain an operator as causally separated.
with two eigenvaluest 1, as considered by GHZ, we define  To arrive at the correlations discussed by Greenberger,
an observable equivalent to the spin of an atomic system. Korne, and Zeilinger, the product of the three detector results

(e—i ¢/4a+ + ei ¢/4a_),
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atoms A\ (GHZ|L1(1)Lo(hp)L3(b3)|GHZ)
=A1(d1)A(PD2)As(d3). (23

Multiplying the four left-hand sides of the set of Eq22), a
product expression is obtained in which every fadQf¢)

laser

- 22 PBS (k=1...3;¢=0,7/2) appears exactly twice. Therefore, us-
ing AZ=1, a result of 1 is expected for the overall left-hand
$/4 D, side product, if local realism holds. On the other hand, the

Ds, right-hand sides of Eq$22), which were obtained quantum

mechanically, multiply to give-1, clearly contradicting lo-
FIG. 16. Idealized experimental setup for the detection of GHzcal realism.
correlations between photons leaking from the output port of the We now return to the situation encountered in our experi-
cavity. Each of the three decay photons is sent by router R to anent for realistic parameters of coupling, transit time, and
particular analyzer, consisting of a half-wave plate, a polarizingcavity decay time. It has been shown in Sec. V that, even for
beamsplitter PBS, and a pair of detectfrg counting photons of the best Fabry-Ret cavities availablg44] (excluding for
linear polarizatior¢ (§=x,y) in the basis determined by the wave the moment the whispering gallery modes of quartz micro-
plate. sphere$45-47), decay may occur well before the adiabatic
passage is terminated so that the intracavity field never
is considered. It is straightforward to calculate its expectatioteaches the statésHZ). Further, since there is not a well-
value if the photons are in the GHZ state defined time history for the times of the photon emissions,
the operator expectation val2l) is not necessarily a rel-
(GHZ|L1(¢1)Lo(p2)L3(¢3)|GHZ)=cog b1 + o+ h3), evant quantity. However, correlations between the photons
(21) emitted during adiabatic passage may still be probed. The

h in th bscript identifies th | important question then becomes whether or not they show a
where again the subscript identilies the analyzer. similar behavior as that described by E1).

The most interesting situation occurs when the detector . \1onte Carlo wave-function method offers a conve-

angles are set such thap{+ ¢, + #3) is an integer multiple nient way to evaluate correlations between photons emitted

of . In Fh's. case_the average value is e|_th_+ef1 or _1’. from the cavity. For each simulated trajectory a classical
which coincides with the maximum and minimum possible .o;q - of the quantum jumps, which have occured during the
value, resp.ecu.vely, since any m@wdugl product of d(.ate.Ctoradiabatic passage, is kept that contains information on the
outcomes s either-1 or e This |mp_I|es th‘_"‘t each indi- |- ri7ation of the decay photon corresponding to the jump.
vidual measurement of triple correlations yields the sam

; . veraging over many runs, photon-counting distributions
result. In this case the photon triplets show perfect correla ging y P g

i . that k g th its of wo detect and correlation functions for the detectors involved are
lons in a sense that knowing the results of two detec Or?eadily calculated. To distinguish between the six possible
allows one to predict the outcome of the third measuremenfi.iaction channeléwo for each of the three analyzgrshe
with certainty.

. . . collapse operators for the two cavity modes, which appear in
In Ref. [3] it was shown that the triple correlations of b P y bp

. ) i ) Eq. (12), tb laced b t of ihilati d
particles prepared in a GHZ state violate theories based d. (12), must be replaced by a new set of annihilation an

th i flocal realism i ther striki Th_o&eation operators. As each decay of the cavity field can be
€ assumption orlocal realism In a rather striking way. 1NIS,qqqciated with a click in a certain detector, six new collapse

may b.e demqnstrated by considering the correlations for thSperators are needed. They involve the operators defined in
following choice of detector angles: Eq. (20) in the rotated linear polarization bases:

(GHZL, 2) Lz(g) Ly(0)|GHD=~1, (224 V2ra (4= Vi(are Wi a e,
V2ra () =iVk(a e 9a—a e, k=123
Z (24)

ar
(GHZ|L1( 2) LZ(O)Lg(E) |IGHZ)=-1, (22b
The new master equation to simulate is

(GHZ|L,(0)L (Z)L (z)lGHZ)=—1 (220 op__ ] 2K S T
nT 2] 2 * st " plHenplt 5 3 [addpa s

(GHZ|L1(0)L»(0)L3(0)|GHZ)=+1. (220 +ay(d’k)Pa;(¢k)]+Flr_;+l AUPAI,- (25
If the result of each detector was independent of the ’

angles¢, of the other detector&@s required by the locality In the original GHZ proposal, three apertures are used to

assumption for widely separated detectpthe expectation select the subset of particles emitted in the direction of the

values of Egs(22) would factor into the product of three three analyzers. In our case all fields are emitted into the

functionsAy(¢y) that can take values 1: same spatial mode, so that one has to rely on beamsplitters to
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FIG. 17. Average triple correlations of photons decaying from
the cavity, obtained from the quantum jump record of a Monte FIG. 18. Distribution of the number of photons escaping during
Carlo wave-function simulation. The adiabatic passage parametes single atomic transit for different cavity decay rates. Otherwise,
are chosen as in Fig. 14, but with a finite cavity decay rate the parameters are the same as in Fig. 14. For faster cavity decay,
=0.1I". All three analyzers are set at the same anglg<¢,  the probability for higher photon counts grows due to diabatic tran-
= ¢3), but equivalent results are obtained for different orientationssitions within the dark state manifold.
The solid line represents the correlations expected for an ideal GHZ
state of the cavity field in the absence of decay. are not affected by decay of the cavity fielsee the time

evolution of the atomic level population in Fig. 15 in Sec.

produce three outgoing beams. In such a scheme one canng}. The fact that entanglement of the “flying” photons is
guarantee that photons are actually registered by separagenerated by the system dynamics distinguishes our method
analyzers, as required by the GHZ argument. This was takeflom most other proposals for the generation of GHZ-
into account in the simulations by discarding trajectoriescorrelated particles. Another notable feature of our scheme is
with a single detector being “hit” more than once. This way that cavity dissipation does not lead to a loss of coherence,
we could also discriminate against trajectories, in whichbut rather is utilized for the birth of these flying “fields”
more than three photons were detectdde to occasional with GHZ correlations into the external environment.
diabatic transitions within the dark space manijold An important question is the dependence of the triple cor-

A comparison between the triple correlation functionrelations on the cavity decay time. Simulating the adiabtic
(L1(¢p)Lo(d)L3()), obtained by evaluating the quantum passage for differenk, we found that the appearance of
jump record of Monte Carlo simulatior(svith a decay rate perfect correlations persisted evensfwas increased to a
x=0.1I"), and the result calculated for an ideal GHZ statevalue of 1@, as long as only trajectories with exactly three
[Eq. (21)], which would have been generated in the absencéecay photons were considered. However, the number of tra-
of cavity decay, is shown in Fig. 17. Equal angléswere jectories with five, seven, or more photons generated by di-
chosen for all three detectors. Within the accuracy of theabatic transitions during the atom’s passage was found to
Monte Carlo simulation results, the quantum jump correla-grow with «. This is illustrated in Fig. 18, showing the dis-
tions precisely follow the cosine function predicted analyti-tribution of the number of escaped photons for four different
cally for a stationary GHZ state. In particular, perfect corre-cavity decay rates. Obviously, with more than three photons
lations are found forZ ¢=0 and = ¢ =m. The Monte generated in the cavity, no triple correlations can be ex-
Carlo wave-function simulations were repeated for differentpected. While it is no problem to discard these trajectories in
detector orientations. Whenever the sum over the angles wale numerical simulations, in an actual experiment these pro-
an integer multiple ofr, every trajectory with exactly three cesses may lead to wrong results due to finite detection effi-
photons detected showed the correlations expected from @ency. If, for example, two out of five emitted photons are
GHZ state, even when the field started leaking from the cavnot detected, the remaining photons are mistakenly regis-
ity well before the last photon was deposited to the cavitytered as a three-photon event but would show no definite
modes by the atom. correlations. The probability for these events must therefore

It is remarkable that GHZ-type correlations are presenbe minimized, which can be achieved by using a suitable
between the decay photons even when the average occup#etuning and strength of the atom-cavity coupling to sup-
tion of the cavity mode is far below one. The observed corpress diabatic transitions during the passage of the &sm
relations must be attributed to the dynamics of the adiabatidescribed in Secs. Ill and IVand by chosing a small cavity
passage and cannot be the property of a certain quantum statecay rate. Since excited atomic states are occupied with an
of the cavity field[such as the case in E@.5)]. Preservation acceptably small probability only, the system is not compro-
of coherence between subsequent photon decays is clearyised by atomic spontaneous emission, which otherwise
required and is provided by the Zeeman ground states, whicould also result in the generation of excess photons.
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atom A

laser
A, ¢4 B, o,
A Q D g. g.
X cavity B, z !
PBS 22 PBS FIG. 20. Level scheme of theJ{=2)—(J.=1) transition,
showing the transitions relevant for an atom prepared inntige
=0 Zeeman sublevelsolid circle. The wide arrows indicate the

m-polarized pump transitions. The predominant cavity-induced
FIG. 19. Simplified setup for a realistic experiment to probe transitions are shown as solid arrows, the undesired transitions are
GHZ correlations of photons emitted from a cavity with two output dotted. After the adiabatic passage, the atom is found in a superpo-
ports. The pair of detecto’s analyzes the photon polarization in a sition of themg=—2 and themy=+2 level (open circley while
rotated linear basi¢given by the orientation of the wave plate the cavity contains two photons in a superpositionoof and o
while detectorsB use a fixed linear basis. The GHZ argument may polarization.
be tested by observing the result of analyBdf both detectorsA,
andA, have registered a photon. state synthesis procedure would be greatly simplified if it
were possible to generate entangled states starting from a
In an actual experiment, one may take advantage of som&ngle Zeeman sublevel, which is easily prepared by optical
simplifictions. For the experimental verification of the GHZ pumping. In this final section we will show that, by using a
argumen{cf. Eq.(22)], two of the three analyzers should be different Zeeman scheme, it is indeed possible to generate a
set at the same variable anglé,(= ¢,= ¢), while the other ~GHZ-type state with an atom initially pumped to the,
is always set at an anglg;=0. Therefore, it is sufficient to =0 ground state. However, in this case one of the entangled
use a pair of analyzers, with a half-wave plate only in frontparticles is the atom itself, which must be detected in order
of one of them. Instead of using beamsplitters to route théo observe GHZ correlations.
decay photons, a cavity with two semitransparent output mir- The atomic detection should be efficient, have a good
rors may be used with an analyzer placed on either side. Thiime resolution, and a low background. These requirements
proposed setup is shown in Fig. 19. To avoid problems duare met by using metastable atoms, which can be readily
to detector dead time, events should only be considered if aletected with secondary electron multipli¢48,49. A suit-
the photons from the passage of a single atom are registeredble transition is & (J=2)—2pq, (J=1) in argon, start-
by different photon counters. If the probability for the gen-ing from the metastable statesgl with a transition wave-
eration of more than three photons is negligibldich is the  length of 912.30 nm and a decay rafé27=3.0 MHz.
case, for example, for a detunidg=0.61" and a small cavity Figure 20 shows the corresponding=2—J=1 level
decay ratex~0.1I", cf. Figs. 12 and 18 this last condition scheme. The adiabatic passage procedure again uses a
may be fulfilled by discarding runs with less than three dis-7r-polarized pump field. The atom in this case must be pre-
tinct counters clicking. pared in them=0 level, e.g., by pumping on thesi (J
In this scheme, GHZ correlations could be detected by=2)—2pg (J=2) transition, and the cavity modes are as-
examining the result of thB counters when botA counters  sumed to be empty. The lowest state of the dark space mani-
detect a photon. According to E(1), the expectation value fold that connects to this initial state is
for the outcome of th& measurement is then cos(2p), as
the product of theA results is always negative. Perfect cor- |Eo)=— V120%(1)[90,0,0) + 29(1) Q(1)(|g-1,1,0)
relations result fokh= /2, when only theB, counter should 2
receive the third photon and fe¥=0, when the third photon +191.01) = Q%(1)(l9-2,2.0)+1920.2). (20

should always be registered I8 . To maximize the prob- e tg the symmetry of the interaction Hamiltonian of Eq.
ability for two photons being emlt_ted through .the mirror on (2) with respect too, /o and positive/negative magnetic
the A side, and one through thi&mirror, the A mirror trans- quantum numbens, the adiabatic passage proceeds from the

missionT should be twice that of thB mirror. In this case, jhitia| state to superposition states of positive Zeeman levels
the measurement record would show three separate photgz, photons and negative Zeeman levels with pho-

electric events in the required combination of analyzers ingng |n contrast to the case considered in Sec. V, the adia-
44.4% of the atomic transits. batic passage leaves the atom in a state entangled with the
cavity field:

_ _ 90)©10,0=9-2.2,0)+192.0.2). (27)
The method proposed in Sec. V for the synthesis of
polarization-entangled states of the cavity field requires the As in Sec. IV, diabatic transitions may be suppressed and
initial generation of coherent superpositions of Zeemarthe system dynamics restricted to adiabatic changes of state
ground-state sublevels. While certainly feasible, this requiref26) by using a finite cavity detuning. This is demonstrated
ment adds the need for additional microwave or laser pulsby the results of a Monte Carlo wave-function simulation of
manipulation of the atom before the adiabatic passage. Thihe system using the parameters for the above specified tran-

VIl. ATOM-PHOTON GHZ CORRELATIONS
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o4 10,01, 19.41.0) FIG. 22. Experimental setup for the detection of GHZ correla-

tions between two cavity decay photons and the atomic state. The

02} ] photons are detected as illustrated in Fig. 19. After the adiabatic
] passage, the atoms traverse a Stern-Gerlach detector with a mag-
L netic field rotated by an angi&/4. A grating then selects either the
0.0

30

odd or the even orders of the Zeeman-split atomic states, which are

20 40 then detected by a secondary electron multiplREM).

Time t (in units of T™)

[m;(#)==1]. This operator may be expressed as the differ-
ence of the projectors onto even and odd eigenstaté&®f

(0) = Pever{ 0) - Podc( 0)
=€'’lg_2)(gal +€'"g_1)(91l +|do)(gol + &' "g;)
X(g_1|+e " g2)(g-4|. (29

Note that the structure d¥l () is entirely equivalent to that
of L(¢) defined in Eq(18), with the polarization-flip opera-
tors L. replaced by operatoig ,){gm changing the sign
of a Zeeman substate. From E49), the expectation value
for triple correlations of the two cavity photorfssing the
results of Sec. VJland the atom may be calculated, assuming
the system is in statlGHZ')=(]g_,.2,0)+|9,0,2))/2,

(GHZ'|L1(#1)Lo(p2)M(6)|GHZ')=cog 1+ o+ agéo)

FIG. 21. Monte Carlo wave-function simulation of two-
polarization adiabatic passage in the case dt=22—J=1 transi-
tion. Atomic spontaneous emission is included, but cavity decay i
neglected. The system evolution is given in terms of the occupatio
probability of the relevant basis states. Note that due to symmetry,
the curves for the levelly,,,0m) and|g_,,m,0) fall exactly on
top of each other. The amplitudes of the Gaussian pulses for meta-
stable argon were chosen ag=30 (at t=17""1) and Q,
=50" (att=23""1), with FWHM 10" ~1. The cavity detuning is
5=0.6r.

sition in argon. In Fig. 21, the occupation that is initially in
level |go,0,0) is transferred with equal probability to the lev-
els|g1,1,0),|g_1,0,1) to end finally in a superposition of the
stategd,,2,0),|g_,,0,2), where for these calculations cavity
decay has been neglected.

The final state in Eq(27) should also display the corre-
lations discussed by Greenberger, Horne, and Zeilinger,

Whi(.:h are independent of the type of part_icle considere_d. Therhus, apart from the different origin of the third angle, Eq.
cavity decay photons are detected by using analyzers in froratm) is exactly analogous to E@21). Therefore, the conclu-

of the.two cavity outpqt ports as depigted in Fig. 19. Thesions of Sec. VI apply, in particular the discussion of perfect
detection of the state-information carried by the atom re-

. . . : correlations, which occur whew,+ ¢,+ 6 is an integer
quires a different strategy. By analogy with the optical casemultipl e of bt b2 g
;should |tn\;olve tge Illnterf;erence (_)fb||305|tr|]ve anﬁ_ﬁn%g?tlve Results for the actual experimental situation, with photons
betehman states ztan Aa ow (')tr)la variable p talse N II' t'e wee caying from the cavity field before the adiabatic passage is

oth -components. possibie experimental realization 0c:omplete, must again be obtained by a Monte Carlo wave-
such a detector is a Stern-Gerlach analyzer with the magnet

field oriented dicular to th ” o hich finction simulation of the full master equation. In addition to
lield oriented perpendicular fo the cavity a>_<rsa(X|s), which, .detecting the quantum jumps of the cavity field, the atomic
is the spatial quantization axis. The required phase shift

i : o o IEjround state is probed at the end of each trajectory. An out-
then obtained by rotating the magnetic field axis in the come for the measurement is chosen randomly, weighted

with probabilities obtained from the final wave function, and
e result is added to the classical record. Averaged triple
correlations obtained as a function of the orientation of the

plane by an angl&/4. A sketch of the proposed setup is

shown in Fig. 22. The energy eigenstates in the analyzer ang

obtained from the following operator involving angular mo-

mentaJ.. acting on the ground state magnetic field vector in the Stern-Gerlach detector are shown

in Fig. 23. The cosine function of Eq30) is well repro-
duced, showing that the dynamic generation of GHZ corre-
lations is also effective if the atomic degrees of freedom are
entangled with the photons.

with eigenvaluesn;(#)=0,£1,=2. To establish GHZ cor- From an experimental point of view, GHZ correlations
relations between the atom and the photons emitted from thisetween an atom and two photons may be easier to detect
cavity, one considers the operator with an eigenvalue of 1 ithan their three-photon counterpart. With only two photons
the outcome of the Stern-Gerlach measurement is eveescaping from the cavity, the fraction of usable detector re-
[my(0)=0,+£2] and an eigenvalue of-1 if it is odd sponses would increase to 50%. In addition, detection of the

1 _
J(0)=E(e*"9’4J++e“9’4J_), (29
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1.0 s ' T T T T T The system under study offers intriguing possibilities be-
[ ] yond the generation of number states and their superposition
= O Monte Carlo - : :
= for a single mode. An important property of the atomic tran-
S o5 Ideal GHZ-state . .
= 05 8 sition scheme we employ is its symmetry under a change of
5 sign of (circulan polarization and magnetic quantum num-
e ber. Taking advantage of this feature allows one to create
f:'/ 00 ] polarization entangled states of the cavity field. As a particu-
2 larly relevant example we presented a proposal for the syn-
3] . A
° thesis of a so-called GHZ state consisting of three photons
8§ 05T 7 maximally entangled in polarization. It can be used to test
EPR correlations without having to resort to Bell-type in-
I ] equalities.
1.0 b, ! : ! . . . . X D To probe correlations between the photons generated by
0 0.2z 0.4x 0.6z 0.8z 7 our scheme, we make use of the inevitable presence of cavity
Stern-Gerlach detector angle 8 (rad) dissipation. The decay photons emitted from the cavity are

_ _ sent to linear polarization analyzers of variable orientation.
_ FIG. 23. Monte Carlo wave-function calculation of averaged For certain combinations of detector orientations, perfect
triple correlations between two cavity decay photons and the atomigrelations between the photons may be observed. Most re-
state after the adiabatic passage. The parameters are as in Fig. rkably, these correlations persist even if cavity decay and
and the cavity decay rate is=0.1I". The two photon analyzers are state synihesis occur on the same time scale

set at an angleb; = ¢,=0 and only the angle of the magnetic field . .
6 in the Stern-Gerlach detector is varied. The solid line represents. One should note a difference between the states synthe

the correlations obtained in the stationary statg §,2,0) Sized in the cavity and the states d.lscuss.ed' by G8{ZIn .
+192,0,2)/12. f[he latter case, each particle occupies a distinct mo_de, yvhlle
in our cavity the photons are, in principle, not distinguish-
) ] ) .. .able. Nonetheless, as demonstrated in Figs. 17 and 23, the
atom provides a trigger signal that can be used to discrimigpserved correlations for a particular subensemble would be
nate against background noise in the photon countergyecisely as for the “ideal” GHZ state. Qualitatively, this
Clearly, another advantage is that there is no need for thg,respondence is due to the temporal evolution of the adia-
preparation of a superposition of Zeeman ground states priqfatic passage and the stochastic nature of cavity decay, with
to the adiabatic passage. photons usually emerging from the resonator “one by one.”
This effect could be enhanced through manipulation of the
adiabatic passage process: combining suitable shifts of the
atomic states with multipeaked interaction profitgs) and

We have considered a model of adiabatic passage in 8(t), the adiabatic passage would proceed in well-separated
strongly coupled atom-cavity system exposed to a classicatages with exactly one photon emitted per stage. With the
pump field. With such a setup one may synthesize nonclaghotons arriving at the detectors at distilfptedetermined
sical photon states by mapping Zeeman ground-state coheimes, the observed correlations generated by the adiabatic
ences onto the cavity mode. The original proposal presentepassage should correspond exactly to those predicted by
in Refs.[20,23 included only a single cavity mode. We have GHZ without the need for postselection of a particular sub-
extended that scheme to include two degenerate cavitgnsemble.
modes with orthogonal polarization, the case relevant to A practical concern for the current scheme is the limited
Fabry-Peot resonators used in the laboratory. By analyticaltime resolution of the detectors, which may not be sufficient
calculations as well as quantum Monte Carlo simulations weo separate the decay events. In this case one might simply
have shown that atomic passage through the system does register only events in which each of the three photons is
lead to pure number states of the two-mode cavity field, asctually detected by a separate detector. Note that, in the
long as atom, cavity, and external pump field are resonarthree particle interferometer orginally proposed by GHZ,
with each other. We could identify diabatic transitions tothe correct direction and energy of the particles must also be
degenerate dressed levels with higher photon number as tlemforced by apertures around the source and filters in front of
source of this effect. the detectors.

A central result of the paper is that the adiabatic passage We did not discuss the influence of finite detection effi-
scheme can be modified to work even in the two-polarizatiorciency on the correlations observed. However, as long as the
case by introducing a finite cavity detuning. This way diaba-number of photons generated does not exceed fl@@®n-
tic transitions are suppressed and states with a definite phdition that, as we have demonstrated, may be fulfilled by
ton number of the cavity field may be efficiently generated.chosing a sufficiently large cavity detuning or coherent cou-
Several applications of the method were discussed. As a firgling go), missing a photon decaying from the cavity would
test of our scheme, we calculated the synthesis of a threenly lower the coincidence rate observed, but would not lead
photon Fock state of a single polarization of the cavity fieldto modified three photon correlations. The reason is that
and obtained an efficiency above 99% based on parameteesents with less than three detected photons can easily be
actually achieved in cavity-QED experiments. discarded in a coincidence measurement. This argument is

VIIl. CONCLUSIONS
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sometimes called thfair sampling assumptiof40]. detection of the atom would provide a gate for the photon
The proposed method for the synthesis of entangled stateketectors, increasing the signal to noise ratio.
is not restricted to the specific cases discussed in the paper. In this paper we have restricted our attention to the case
More complicated entangled states of the cavity field may bef a dilute atomic beam passing through a cavity. In view of
generated as well. Examples include superposition statescperimental progress in the figl8i2,33, one may also con-
with different photon number in the two polarization modessjgder atoms moving through the cavity at a low enough speed
(e.g.,[3,00+[0,2)) or entangled states with polarization dis- to pe considered stationary on the timescale set by the coher-
tributed in a more general wag.g.,[4,2+|1,3), as would  ent interaction, or even trapped atoms or ions in a cavity. The
be useful in quantum information networks with error cor- method presented here could also be applied to the case of
rection[26]. stationary atoms in a cavity, if the dynamics that in ordinary
Maximally entangled states with more than three par-adiabatic passage is induced by the atom’s motion, is gener-
ticles, as discussed by Mernli&0], are of particular interest, ated instead by suitably timed pulses. The interaction with
since they provide an exponentially stronger test of locathe two cavity modes may be controlled by coupling the
realism. These states may be generated with our schemgomic levels with a Raman transition using the cavity field
without any modification, if an atomic transition with the and an auxiliary classical field. As suggested in Refs.
corresponding angular momentum quantum number is usegb2 25 24, the Raman coupling strength may then be ad-

In cesium, a four particle generalization of the GHZ Stateiusted by Changing the intensity of the auxi|iary field.
may be synthesized with thfe;=4—F.=4 hyperfine com-

ponent of the D2 line. However, with increasing number of
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