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Entanglement transfer from dissociated molecules to photons
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We introduce and study the concept of a reversible transfer of the quantum state of two internally-
translationally entangled fragments, formed by molecular dissociation, to a photon pair. The transfer is based
on intracavity stimulated Raman adiabatic passage and it requires a combination of processes whose principles
are well established.

DOI: 10.1103/PhysRevA.67.012318 PACS nuntber03.67.Hk, 03.65.Ud, 33.80.Gj, 42.65.Dr

. INTRODUCTION stable states, labeleth;) or |g,) (even if many internal
states are populated by the dissociation process, we can
The sharing of quantum information by distant partners insingle out the two that satisfy the resonance conditions de-
the form of their entanglement is the basis for quantum teletailed below. For a given dissociation energy, the fragments’
portation [1], cryptography[2], and quantum computation velocities+ v, along thex axis depend on the internal exci-
[3]. The experimental and theoretical progress in entanglemtion state of the system. Therefore we can place two empty
ment generation and swappifig] has been impressive for gptical cavities,L and R, aligned along the axis, at posi-
two-state (spin-; like) systems[5,6] or their translational tions such that only a pair of fragments in their single-
(quadraturgdegrees of freedofiY]. Yet existing schemes for excitation state|g:)a|92)s* |92)a|01)s enters both cavi-
quantum teleportation are not suited to the formidable task ofies, all other outcomes being idle events. This state is
transferring quantum states @dmplex material systenssich  entangled and symmetrized or antisymmetrized, depending
as molecules, to a distant node, where they can be re-createsh the molecular configuration. Under the Raman-resonance
Entanglement of spin or pseudospin states by dissociatiogondition, each fragment, passing through the sequence of
has been studied for some time alred@y: Recently it has  partially overlapping cavityquantizedl and pump(classical
been suggested that dissociation into a translationally erfields, undergoes population transfer to the final stte
tangled pair of fragments, followed by a collision of one yja stimulated Raman adiabatic passé§EIRAP) [12], and
fragment with an atomic wave paCket, can be used to telepogdds to the Corresponding Cavity a Sing|e photon at a fre-
the wave packef9]. _ quencyw’5® uniquely determinedly the initial internal and
Here we put forward and study the concept of transferringyangjational state. Upon leaving their cavities through the

the quantum state of two dissociated fragments sharingatia|ly transparent front mirrors, the two entangled photons
internal-translational entanglement to that of two photons,ncode the dissociative state:

and vice versa. Our proposal combines three schemes whose
principles are well establishe¢g) the dissociation of a mol-
ecule into fragments, whose internal and translational states _ 4 _
are naturally entanglettorrelated [8,10]; (b) the complete (191, = Palg2.P08* |92, = P)al91,Pxe) [0)L [0)r
faithful mapping of the(unknown states of the correlated — f,=palf,pe( o)L |02)rE |w2) |01)R), (1)
fragments onto those of the photons, via intracavity stimu-

lated Raman processgkl,17], performed in parallel in two

cavities;(c) the transmission of the photons, tailored to form vy
time-symmetric pulses, to two counterpart cavities at the dis- il
tant node, where they produce the time reversal of the afore
mentioned mapping, i.e., reproduce the quantum state of th
fragmentq 13].

E
Il. STATE TRANSFER FROM FRAGMENTS TO PHOTONS

The following procedure is envisaged for the task at hand
(Fig. 1). A cold molecule having velocity, is dissociated,
via a single- or two-photon process, to an energy-specific (a)
state of two identical molecular or atomic fragmensand
B. Each fragment can occupy one of the two internal meta- G, 1. (a) Dissociating fragments and B pass through the

partially overlapping cavitiek andR and pump fields, respectively,
generating two correlated photons. The photons then leak from the
*Present address: Institute of Electronic Structure & Lasercavities through the front mirrorgb) Level scheme of dissociating
FORTH, P. O. Box 1527, Heraklion 71110, Crete, Greece. fragments.
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where + p, are the momenta of the fragments in the center- . 7i(1) 19,00+ Qp(V) |, 07)
of-mass frame. IUS)(t)>= i i P 1 @i 4)
Let us now discuss a possible realization of the intracavity Vi) +Q5(1)

Raman resonance conditioffdg. 1(b)]. A bichromatic pump ) ) o _

|e;) of the fragment. Thus, the fragment, being initially in
state |g;), ends up after the interaction in stat), with a
photon added into the corresponding cavity mege

A standard analysi$14] reveals the following require-
ments for the system to obey the evolution of the dark state
+Kp XX~ (ws— wglz) where Wp, ,= Ve, ,~ Wg, kP1,2 (4).
—wp Ic andfiw; (j=01,92,61,€,,f) are the energies of (i) The condition for adiabatic following should be satis-
the correspondmg atomic states. Thus the mode frequencidied, namely,7{ w, /v, Qowp/v>w/1+|A |wep/v, where

of the two cavities are shifted from each other by the d|1°fer-|Ap |=k piUx-
oSy of(tLh)e pump-field Doppler shifts for the two fragments, ;) There has to be sufficient overlap between the two

w33~ wi=2Ky vy, While the two modes of each cavity pulses:f (1) Q (1) dt> \/W wherey, is the decay
have a frequency difference close to that of the two excrte(iiate of the excited statés;).
I

levels, o8P — 0P =6, —we T (k,. — Kk, )vy=w :
_ _ & e P2 TP/ TxT e, (iii) The fragment-cavity coupling strength should exceed
we,. This chorce ensures the two-photon Raman resonangge total relaxation rate of the combined final stafew;):

between either of the statég,) or |g,) and the final state |n8)|>yf+2;<, where y; is the decay rate of the fragment

aligned along the axis, resonantly couples the two ground
states|g;) and |g,) with the excited statese;) and |e,),
respectively. Each cavity supports two modes with the fre
quencieso{)=w, ,~ Ky, vy~ (01— 0g, ) andw{f=w,,

|f) for both fragments. state |f) and « is the transmission rate of the cavity field
The Hamiltonian of the system is given by through the mirror, which is assumed to be the same for both
cavity modesw, and w,.
H:h; o; 1) +h2i {wala+[ 7t e)(fla (iv) Finally, the mode spacing of the cavity,— 1]

should exceed both the fragment-cavity coupling strength
and the decay rate of the final statei,— w,|>| 7|, (s
+2K). Then, for a given initial state of the fragmetd;),

=1 or 2, the photon will be added only into the resonant
mode of the cavity at frequenay; .

The cavity mode operators obey the Langevin equation of

motion[15]

—Qu(t) [e)(gi| e @n TR0+ Hoe ]}, 2

the upper(lower) sign in the exponent standing for fragment
A (B) and cavityL (R). Here the first term is the free-
fragment Hamiltonian, where the sum is taken over all per-
tinent states, the second term describes the cavity figld,
anda; (i=1,2) being the creation and annihilation operators i
for the corresponding mode, the third term describes the atai:_[H,ai]_Kai_\/ﬂain, (5)
fragment-cavity interaction with the coupling(t) and the h

last term is responsible for the coupling of the fragment with

the classical pump field, which is assumed to have the samin€réai, is & quantum noise operator describing the input

; field. The output field of each cavity is related to the input
Rabi frequency(),(t) on both frequency componen
and o a (V) q y P 8, and internal fields of that cavity byl5]
Py

One of the requirements of STIRAP is the “counterintui- Aou= Ain+ V2k(ay+ay). (6)

: (3a)

tive” order of the fields[14], achieved by shifting, by dis-

tanced, the pump-field maximum from that of the cavity Hence, for a vacuum input to the cavities, the output field is

field. For a fragment traveling with the velocity  determined by the intracavity field, whose evolution is given

= \/vxz+ vyz, the time dependences of the cavityacuun) by Eq.(5). Thus, according to Eq6), the entangledcorre-

and pump fields’ Rabi frequencies are then given by lated state of the two intracavity fields is mapped onto the
) state of the outgoing photon pair. One can reconstruct the

()= exg — vt initial entangled statédensity matrix of the two dissociating

K 70 W, fragments by making homodyne measurements of the output

field of the two cavities for many repetitions of the dissocia-

vt—d\? tion process and using the method of quantum state tomog-

(H)=Q9 exr{ ( ) } (3b) raphy[16].

P For numerical analysis of the intracavity process and the
where () and(, are the corresponding peak Rabi frequen-photon transmission we employ the density-matrix formal-
cies andw, andw, are the waists of the cavity and pump IS™M. In this approach, the time evolution of the system is
fields. During the interaction, the combined system, consistgoverned by the master equation
ing of the fragment plus its cavity field, will then, under the )
conditions specified below, adiabatically follow the “dark” _ _
eigenstate of the Hamiltoniai), hp= [H.p1=Lp, @)
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where Lp describes the fragment and cavity field relaxation _
processes. In this equation, several additional states of th%

system, which are decoupled from the Hamiltoniap have & 20
to be taken into account, as they enter through the possibl&
relaxation channels. These até;0), the fragment is in state §'
|f) and the cavity is emptyl,w;) and |I,0), the fragment is 0

in a low-lying state|l) to which the statdf) decays and the 3t

cavity has either one or no photon. If the system successfully
completes the transfer, then, irrespective of its initial state, it
ends up in statgl,0) after a time long compared to all re- 1
laxation times, which corresponds to the absence of memon
in the system about its initial state. The information about the
initial state is transferred to the photons emitted by the cor-
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responding cavities, as per Eq$) and (6). FIG. 2. (a), (b) Time dependence of the Rabi frequencies of the
For numerical simulations of the system’s dynamics wecavity #;(t) and pump((t) fields as seen by fragme#t being
have chosen a well-collimated cold beam of sodium dimersinitially in state |g,) (a) and fragmenB being initially in state|g,)
Such a beam can be produced via stimulated Raman phot¢s), or vice versa(c), (d) Time evolution of the initial-state popu-
association of cold Na atoms, thereby obtaining translationkation pg 4 (c) of pg,q, (d) of the corresponding fragment and emis-
ally cold Na, molecules in the chosen vib-rotational state ofsion rateR®™" of the photon from the cavity. The parameters used
the electronic ground stabé,-lzér [17]. Subsequently, the in- are:ye ,~9.6 MHz andy;=25 MHz calculated for the transitions
verse Raman process dissociates the molecules into pairs iof text, o, /2m=9.073810s™! and w, /27=9.0755
internally-translationally entangled fragments sharing ax10"s™, k, v,/2m~15 MHz, (w,— w,)/2m=168.9 GHz, cor-
single excitatio{18]. The cavities admit fragments with, responding to the mode spacing of a cavity 0.9-mm long. The cor-
=5 m/s andv,=10 m/s. The two frequency components of responding coupling constants for the cavity having the mode waist
the pump field couple the two metastable ground states of the,~10u m are #§"/27=38 MHz and 5{?/2m=54 MHz and the
Na atom |91>: |3sl/2,|::1> and |gz>: |351/2,F:2> with cavity linewidth 2«=10 MHz. Reduction of the fragment-cavity
the excited statege,)= |4P,;,) and |e,)= |4P5,), respec- coupling constants by a factor of 4 lowers the transfer efficiency
tively. The final state is|f)= |4S,,,F=2). The sequences from 99% to 90%.
of fields seen by the fragments in cavities with parameters
similar to those of Ref.12] are plotted in Figs. @) and 2b),  would make our scheme deterministic, rather that probabilis-
while the populations of the initial statdg;) and the corre- tic, as opposed to the spontaneous parametric down-
sponding photon emission rates, defined #&™"  conversion schemdd49].
=2K(Pf,0, 1.0, PlLw 1), are plotted in Figs. @) and The outlined processes are also feasible for molecular dis-

2(d). For both cavities, the total photon emission probabilitySociation into two molecular fragments in the electronic
P,= [R®™'dt=0.99, indicating extremely high efficiend- ground state. As an example conS|dgr the photonS|s
delity) of entanglement transfer between the fragments andf Cyanogen E’y . a 193-nm Iaszer v the  reaction
the photons, as per EqL). It is noteworthy that this effi- channel GNp(X2y) + 7% wgiss—CN(X"Z™,v,=0N;<45)
ciency (or fidelity) remains very high even for considerably fCN(XZEJraUz: 1N,=31), wherev,, and N, , stand for
lower fragment-cavity coupling strengtkig. 2 caption. V|br:_:1t|onal and rotational states, respectlyely_, of the elec-
After the fragments have interacted with the correspondtronic ground stat&®> * of CN [20]. By adjusting the po-
ing Cavity and pump f|e|ds and the generated photons ha\@nons of the two cavities and the fl‘equenCIeS of the CaV|ty
propagated away from the cavities, the system is reset to i@nd pump fields, the two ground statfg ,) and the final
initial state. We can then repeat the process, generating %a.te“) can be selected from this vib-rotational grOUnd'State
second pair of photons, and so on. The time interval betweefanifold, while the excited statge; ,) can be selected from
two subsequent photon-pair transmissions must exdeed among the excited electronic state manifeits. *.
zma>{(wc+wp)/v,(2:<)‘1], which limits their maximum rep- A possible conceptual counterargument for the use of our
etition rate. Since on average half of the dissociation event§cheme may be that, depending on the initial statg or
are idle, yielding a pair of fragments that are both in either|d2), the fragment recoil due to the pump-photon absorption
F=1 or F=2 states, the actual repetition rate is given byWill be %k, or 7k, , respectively. A subsequent measure-
W=(2T) 1. With the parameters of Fig. 2, the maximal ment of the fragment’s translational state will, in principle,
repetition rate isN=200 kHz. Since the fragments’ veloci- disclose its initial internal state. Consequently, the final mo-
ties v, along thex axis depend on the internal excitation tional states of the two fragments will be entangled with the
state of the system, one can resort to post selection, by dstates of the two generated photons, without achieving a
tecting only those pairs of fragments that have successfullgomplete state mapping from the fragments onto the cavity
crossed the cavities and generated an entangled photon pghotons. However, one can easily check that, since the mol-
thereby discarding all other idle events. Such post selectiorecule is dissociated in a region having the dizg<sw. =10
together with the fact that the fidelity of entanglement trans-um, in order to have each dissociating fragment pass
fer between the fragments and the photons is close to through the corresponding cavity waist, the uncertainty of
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@ le> _ in the same stateThus, both fragments will end up in state
% |g1). The fragment-cavity Hamiltonian takes the form
i 8 H=h> o |j)j| +hwmata+a] — Ot
\ (RL - w]|]><]| woa’ a [77( )|e><gl|a p( )|e>
@ Ky | 05" ]

X(g,| e 1 @pTkevity H ). (8)

lg,> 17 )
I e — =

. - . Here we assume that ttheomentum uncertaintyf the frag-
time (s) ment is large and exceeds the photon momentutp,
>fhik,. We, therefore, neglect the recoil of the fragment due

FIG. 3. (a) Level scheme of dissociating fragment interactin - .
@ g frag g to the absorption of the pump photon, obtaining

with a single mode of the corresponding cavity at frequan&yR) .
(b) Time dependence of the Rabi frequencies of the cayfty and
pump((t) fields at the two nodesc) Transfer of the population (191, Pal92.P8= |92, —Pal91.Px)8) [0)L [0)r
of state |g,) between fragmenté (B) and A’ (B’) via a single

photon. The parameters used arer,/2m=5.083<10"s 2, — 191, =Palg1, P [0)L [@2)r* |@2)L [0)R). (9)
Kpvy/2m~8.5 MHz, n¢/2m=22 MHz, and y.=6.28 MHz. All
other parameters are the same as in Fig. 2. The generated photon leaks out of the corresponding cavity

at the rate 2. Let the output of the cavitiek and R be

the momentum distribution of the fragment must satisfydirected through, say, an optical fiber into two similar cavi-
Ap,=#/D,, which is 30 times larger than the photon-recoil itSL’ andR’ constituting the receiving node of the system.
differencefi (k,, — kp, ). Therefore, even in principle one will At that node, a molecule having the same veloaity is
not be able to resolve that difference and deduce the initiaT'Ssoc'ated to produpe two fragmemé andB ,m th,e state
state from the fragments’ momenta. gl>A’.|gl>B' - The dissociation energy of th&’—B" mol-

We note that a fragment crossing a standing wave cavit?CUIe s reduced relative to that of th&B molecule, by an
at a node, where the electric-field amplitude vanishes, wilpmount equal to the energy separat|on' betvyegn the two
not interact with the cavity mode and the STIRAP processground ,Stateﬁgﬁ and |g,), so that t_h_e_d|ssomat|ng frag-
will not take place. One possibility to overcome this diffi- mentsA’ andB’ have the same ngOC|t|eSUX as fragments .
culty is to allow the fragment to cross the cavity axis at an™ andB. The two pulsed dissociation processes arfe appropri-
angle slightly different from 90°, which can be achieved by&t€!y synchronized, so that the fragme( and B’ pass

tilting the cavity. Another possibility would be to use a through th.e. cavities” af!dR' when th?y regeive the output
running-wave cavity. of the cavitiesL andR. Time reversal is achieved by allow-

ing the fragment®\’ andB’ to interact first with the pump
field and then with the cavity field. Provided the inversion
Ill. STATE TRANSFER BETWEEN DISTANT NODES process is successful, the fragmefitsandB’ will end up in
) the same initial internal-translational statas fragmentsA
So far we have only considered the state transfer from a,,4g (before the interaction with their cavities
pair of dissociating fragments to photons. Utilizing the trans-  \ye have studied the dynamics of the system composed of

mission protocol of Ref[13], one may use the generated e o distant nodes using the density operator formalism
entangled photon pair to induce thverse process at a dis- developed in Ref[21]. The master equation now reads
tant node so as to convert the dissociating stafé,

—pyar |f,pyxer Of another pair of fragmentsd’ and B, R ) 't ‘L,

into the initial state of fragmenta andB. This procedure is ~ %P=—iA [H+H",p]—Lp—2«([a ;ap]+[pa’,a’]),

applicable to molecular fragments in the electronic ground (10

state, but not to atomic fragments whose final state lifetime _ o

y; Lis shorter than their time of flight between the dissocia-Where the primed operators stand for the receiving ndge,

tion region and the corresponding cavity. Let us thereforedescribes the fragment and cavity field relaxation processes

1(a) now supports only one mode at frequemg.ﬂ):we coupllng between 'the two nodes,_ in which the outpu_t of the

_ wglikpvx, respectively. Together with a monochromatic cavity at the sendlng_ node constitutes the retarded_lnput for
' . . . the cavity at the receiving node. As expecfé8], our simu-

pump field having a frequenay, = we— wq,, this provides ;.0 show that, provided the photon wave padR&tt is

the two-photon Raman resonance for each fragment betwegympletely time symmetric, the processes at the two nodes

the states|g,) and [g;) [Fig. 3@]. Upon passing through gare the time reversals of each other.

the cavity and pump fields, only a fragment initially in state T achieve such time-symmetric photon wave packets, we

|g2) will undergo the intracavity STIRAP to statg;) and  choose the peak Rabi frequencies and waists of the cavity

add a photon to the corresponding cavity. Due to the larg@nd driving fields to be equfiFig. 3(b)]. Since at each cavity

two-photon Raman detuningg, — wq > 70,{0, & fragment  sjte the system adiabatically follows its dark stateg(t))

occupying initially state|g,) will exit the interaction region = cos#|g,,0) +sin#|g;,w,), where the mixing anglé(t) is
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defined as taf=(,/7, the rate of introducing a photon IV. CONCLUSIONS
into the cavity mode is given by, sinf. Then the equation
of motion for the probability amplitude of the statg;,w,)

readsatcglvwzz —KCq, 0w, T sin§. Imposing the condition

In this paper we have proposed the hitherto unexplored
possibility of probing and exploiting the quantum informa-
i : tion associated with internal-translational entanglement in
KCq, 0, (t=0/20) =3, Sin fli—q;, , We obtain that the photon molecular dissociation. Our scheme allows, in principle,
emission rateRemn:2K|cgl,w2|2 has an extremum at the high-fidelity state transfer from the entangled dissociated

point of the maximal overlap between the two fiells fragments to light, thereby producing a highly correlated
=d/2v, which is a necessary condition for the pulse-shapéhoton pair. This process can be followed by its reversal at a
symmetry. To obtain an analytic expression for the cavitydistant node of a quantum network resulting in the re-
linewidth «, we approximate the envelopes of the cavity andcreation of the original two-fragment entangled state. The
driving fields at the sending node by the cosine and sindfoposed process may have advantageous applications in
functions, respectively, and assume thatw, ,. From the ~guantum teleportation and cryptography. Thus, the quantum
above condition we then obtain that=7v/(2d). On the information encode_d in the entangled d|§SOC|at|ve state can
other hand, the pulse dissociation at the two nodes should B shared by two distant partners who will each possess half
synchronizedvia, e.g., a classical communication channel Of @ crypto key. This key will evidently be sensitive to tam-
to within st< 1, in order to ensure the time reversal of the P€ring by eavesdropping owing to the high fidelity of its

process and avoid the symmetry breaking at the receivingréparation. We would like to stress that the proposed
node. scheme requires a combination of processes whose principles

Figure 30) illustrates the results of our numerical calcu- @€ Well established: preparation of translationally cold
lations. The parameters used again correspond to a dissoéimers in a chosen vib-rotational level of the electronic
ating sodium dimer and the excited std@ corresponds to 9round stat¢17], one- or two-photon dissociatiga0] of the
the state|3P,,,F=2) of the Na atom. The probability of _dlme_r via an energy-s_pecmc potential sgrface wh_ereby the
transferring the population of state,) from fragmenta (B) identical fragments with seIe_cted veI.ocmes are in an en-
to fragmentA’ (B') and thereby achieving the reversal of tangled state as per E@), and intracavity STIRAP for each
Eq. (9) is calculated to be 97%. It is the decay of the excitedfa@gment[12,14.
atomic state|e) that reduces the fidelity of the process from
100% tc_) 97_%. Other sources of (_decoherence', such as photon ACKNOWLEDGMENTS
absorption in the mirror and during propagation, can be ac-
counted for by introducing an additional relaxation channel We acknowledge the support of the EU QUACS RTN
with a loss ratex’ [13]. A simple analysis shows that the (G.K.), the Feinberg SchodD.P), and the EU COCOMO
fidelity of the process is proportional t/(x+ '), whichis ~ RTN (M.S.). One of us(D.P) would like to thank Alexander

also confirmed by our numerical simulations. Artemiev for useful discussions.
[1] C.H. Benneet al, Phys. Rev. Lett70, 1895(1993; L. Vaid- see, e.g., G.G. Balint-Kurti and M. Shapiro, Adv. Chem. Phys.
man, Phys. Rev. A9, 1473(1994; S.L. Braunstein and H.J. 60, 403(1985, and references therein.

Kimble, Phys. Rev. Lett80, 869 (1998; D. Bouwmeester, [11] K.M. Gheri, C. Saavedra, P. Tma, J.I. Cirac, and P. Zoller,

J.-W. Pan, K. Mattle, M. Eibl, H. Weinfurter, and A. Zeilinger, Phys. Rev. A58, R2627(1998.

Nature(London 390, 575(1997. [12] M. Hennrich, T. Legero, A. Kuhn, and G. Rempe, Phys. Rev.
[2] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Rev. Mod. Lett. 85, 4872(2000.

Phys.74, 145(2002. [13] J.I. Cirac, P. Zoller, H.J. Kimble, and H. Mabuchi, Phys. Rev.
[3] A. Steane, Rep. Prog. Phy&l, 117 (1998. Lett. 78, 3221(1997); A.S. Parkins and H.J. Kimble, J. Opt. B:
[4] M. Zukowski, A. Zeilinger, M.A. Horne, and A.K. Ekert, Phys. Quantum Semiclassical O, 496 (1999.

Rev. Lett.71, 4287(1993. [14] K. Bergmann, H. Theuer, and B.W. Shore, Rev. Mod. Pii@s.
[5] S. Lloyd, M.S. Shahriar, J.H. Shapiro, and P.R. Hemmer, Phys.  1003(1998.

Rev. Lett.87, 167903(2001. [15] C.W. Gardiner, Quantum Noise(Springer-Verlag, Berlin,

[6] D. Boschi, S. Branca, F. De Martini, L. Hardy, and S. Popescu, 1991).
Phys. Rev. Lett80, 1121(1998; E. Lombardi, F. Sciarrino, S. [16] U. LeonhardtMeasuring the Quantum State of Ligl@xford

Popescu, and F. De Martinbid. 88, 070402(2002. University Press, Oxford, England, 1997

[7] L.-M. Duan, J.I. Cirac, P. Zoller, and E.S. Polzik, Phys. Rev.[17] A. Vardi, D. Abrashkevich, E. Frishman, and M. Shapiro, J.
Lett. 85, 5643 (2000; B. Julsgaard, A. Kozhekin, and E.S. Chem. Phys107, 6166(1997); R. Wynar, R.S. Freeland, D.L.
Polzik, Nature(London 413 400 (2000. Han, C. Ryu, and D.J. Heinzen, Scien287, 1016 (2000;

[8] E.S. Fry, T. Walther, and S. Li, Phys. Rev5®, 4381(1995; J.M. Gerton, D. Strekalov, I. Prodan, and R.G. Hulet, Nature
G. Kurizki and A. Ben-Reuveribid. 32, 2560(1985. (London 408 692 (2000.

[9] T. Opatrny and G. Kurizki, Phys. Rev. Le&6, 3180(2001). [18] A. Vardi, M. Shapiro, and K. Bergmann, Opt. Expregs91l
[10] For the theory and experiments on molecular photodissociation ~ (1998.

012318-5



DAVID PETROSYAN, GERSHON KURIZKI, AND MOSHE SHAPIRO PHYSICAL REVIEW A&7, 012318 (2003

[19] D.C. Burnham and D.L. Weinberg, Phys. Rev. L&t 84 (1982; D. Eres, M. Gurnick, and J.D. McDonald, J. Chem.
(1970; D.N. Klyshko,Photons and Nonlinear Optid§&sordon Phys.81, 5552(1984).
and Breach, New York, 1988 [21] C.W. Gardiner, Phys. Rev. Let?0, 2269 (1993; H.J. Car-
[20] J.B. Halpern and W.M. Jackson, J. Phys. Chegfi, 973 michael,ibid. 70, 2273(1993.

012318-6



