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Entanglement transfer from dissociated molecules to photons

David Petrosyan,* Gershon Kurizki, and Moshe Shapiro
Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 5 August 2002; published 28 January 2003!

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 number~s!: 03.67.Hk, 03.65.Ud, 33.80.Gj, 42.65.Dr
i
le

n
gl
r

r
k

at
tio

e
e

po

in
rin
n
ho

at

d
u

m
di
or
f t

n

ifi

ta

can
de-
ts’
i-
pty

le-

is
ing
nce
e of

fre-

the
ns

e

,
the
I. INTRODUCTION

The sharing of quantum information by distant partners
the form of their entanglement is the basis for quantum te
portation @1#, cryptography@2#, and quantum computatio
@3#. The experimental and theoretical progress in entan
ment generation and swapping@4# has been impressive fo
two-state ~spin-12 like! systems@5,6# or their translational
~quadrature! degrees of freedom@7#. Yet existing schemes fo
quantum teleportation are not suited to the formidable tas
transferring quantum states ofcomplex material systemssuch
as molecules, to a distant node, where they can be re-cre
Entanglement of spin or pseudospin states by dissocia
has been studied for some time already@8#. Recently it has
been suggested that dissociation into a translationally
tangled pair of fragments, followed by a collision of on
fragment with an atomic wave packet, can be used to tele
the wave packet@9#.

Here we put forward and study the concept of transferr
the quantum state of two dissociated fragments sha
internal-translational entanglement to that of two photo
and vice versa. Our proposal combines three schemes w
principles are well established:~a! the dissociation of a mol-
ecule into fragments, whose internal and translational st
are naturally entangled~correlated! @8,10#; ~b! the complete
faithful mapping of the~unknown! states of the correlate
fragments onto those of the photons, via intracavity stim
lated Raman processes@11,12#, performed in parallel in two
cavities;~c! the transmission of the photons, tailored to for
time-symmetric pulses, to two counterpart cavities at the
tant node, where they produce the time reversal of the af
mentioned mapping, i.e., reproduce the quantum state o
fragments@13#.

II. STATE TRANSFER FROM FRAGMENTS TO PHOTONS

The following procedure is envisaged for the task at ha
~Fig. 1!. A cold molecule having velocityvy is dissociated,
via a single- or two-photon process, to an energy-spec
state of two identical molecular or atomic fragments,A and
B. Each fragment can occupy one of the two internal me
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stable states, labeledug1& or ug2& ~even if many internal
states are populated by the dissociation process, we
single out the two that satisfy the resonance conditions
tailed below!. For a given dissociation energy, the fragmen
velocities6vx along thex axis depend on the internal exc
tation state of the system. Therefore we can place two em
optical cavities,L and R, aligned along thez axis, at posi-
tions such that only a pair of fragments in their sing
excitation stateug1&A ug2&B6 ug2&A ug1&B enters both cavi-
ties, all other outcomes being idle events. This state
entangled and symmetrized or antisymmetrized, depend
on the molecular configuration. Under the Raman-resona
condition, each fragment, passing through the sequenc
partially overlapping cavity~quantized! and pump~classical!
fields, undergoes population transfer to the final stateu f &,
via stimulated Raman adiabatic passage~STIRAP! @12#, and
adds to the corresponding cavity a single photon at a
quencyv1,2

(L,R) uniquely determinedby the initial internal and
translational state. Upon leaving their cavities through
partially transparent front mirrors, the two entangled photo
encode the dissociative state:

~ ug1 ,2px&A ug2 ,px&B6 ug2 ,2px&A ug1 ,px&B) u0&L u0&R

→ u f ,2px&A u f ,px&B~ uv1&L uv2&R6 uv2&L uv1&R), ~1!

r,

FIG. 1. ~a! Dissociating fragmentsA and B pass through the
partially overlapping cavitiesL andR and pump fields, respectively
generating two correlated photons. The photons then leak from
cavities through the front mirrors.~b! Level scheme of dissociating
fragments.
©2003 The American Physical Society18-1
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where6px are the momenta of the fragments in the cent
of-mass frame.

Let us now discuss a possible realization of the intraca
Raman resonance conditions@Fig. 1~b!#. A bichromatic pump
field, containing the frequency componentsvp1

andvp2
and

aligned along thex axis, resonantly couples the two groun
states ug1& and ug2& with the excited statesue1& and ue2&,
respectively. Each cavity supports two modes with the f
quenciesv1,2

(L)5vp1,2
2kp1,2

vx2(v f2vg1,2
) and v1,2

(R)5vp1,2

1kp1,2
vx2(v f2vg1,2

), where vp1,2
5ve1,2

2vg1,2
, kp1,2

5vp1,2
/c and \v j ( j 5g1 ,g2 ,e1 ,e2 , f ) are the energies o

the corresponding atomic states. Thus the mode frequen
of the two cavities are shifted from each other by the diff
ence of the pump-field Doppler shifts for the two fragmen
v1,2

(R)2v1,2
(L)52kp1,2

vx , while the two modes of each cavit
have a frequency difference close to that of the two exc
levels, v2

(L,R)2v1
(L,R)5ve2

2ve1
7(kp2

2kp1
)vx.ve2

2ve1
. This choice ensures the two-photon Raman resona

between either of the statesug1& or ug2& and the final state
u f & for both fragments.

The Hamiltonian of the system is given by

H5\(
j

v j u j &^ j u 1\(
i

$v iai
†ai1@h i~ t ! uei&^ f u ai

2Vp~ t ! uei&^gi u e2 i (vpi
7kpi

vx)t1H.c.#%, ~2!

the upper~lower! sign in the exponent standing for fragme
A ~B! and cavity L (R). Here the first term is the free
fragment Hamiltonian, where the sum is taken over all p
tinent states, the second term describes the cavity fieldai

†

andai ( i 51,2) being the creation and annihilation operato
for the corresponding mode, the third term describes
fragment-cavity interaction with the couplingh i(t) and the
last term is responsible for the coupling of the fragment w
the classical pump field, which is assumed to have the s
Rabi frequencyVp(t) on both frequency componentsvp1

andvp2
.

One of the requirements of STIRAP is the ‘‘counterintu
tive’’ order of the fields@14#, achieved by shifting, by dis
tanced, the pump-field maximum from that of the cavit
field. For a fragment traveling with the velocityv
5Avx

21vy
2, the time dependences of the cavity~vacuum!

and pump fields’ Rabi frequencies are then given by

h i~ t !5h0
( i ) expF2S vt

wc
D 2G , ~3a!

Vp~ t !5V0 expF2S vt2d

wp
D 2G , ~3b!

whereh0
( i ) andV0 are the corresponding peak Rabi freque

cies andwc and wp are the waists of the cavity and pum
fields. During the interaction, the combined system, cons
ing of the fragment plus its cavity field, will then, under th
conditions specified below, adiabatically follow the ‘‘dark
eigenstate of the Hamiltonian~2!,
01231
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( i )~ t !&5

h i~ t ! ugi ,0&1Vp~ t ! u f ,v i&

Ah i
2~ t !1Vp

2~ t !
, ~4!

which does not contain a contribution from the excited st
uei& of the fragment. Thus, the fragment, being initially
state ugi&, ends up after the interaction in stateu f &, with a
photon added into the corresponding cavity modev i .

A standard analysis@14# reveals the following require-
ments for the system to obey the evolution of the dark s
~4!.

~i! The condition for adiabatic following should be sati
fied, namely,h0

( i )wc /v,V0wp /v@A11uDpi
uwc,p /v, where

uDpi
u5kpi

vx .
~ii ! There has to be sufficient overlap between the t

pulses:*h i(t)Vp(t)dt@Agei

2 1Dpi

2 , wheregei
is the decay

rate of the excited stateuei&.
~iii ! The fragment-cavity coupling strength should exce

the total relaxation rate of the combined final stateu f ,v i&:
uh0

( i )u@g f12k, whereg f is the decay rate of the fragmen
state u f & and k is the transmission rate of the cavity fie
through the mirror, which is assumed to be the same for b
cavity modesv1 andv2.

~iv! Finally, the mode spacing of the cavityuv22v1u
should exceed both the fragment-cavity coupling stren
and the decay rate of the final state:uv22v1u@uh0

( i )u,(g f

12k). Then, for a given initial state of the fragmentugi&,
i 51 or 2, the photon will be added only into the resona
mode of the cavity at frequencyv i .

The cavity mode operators obey the Langevin equation
motion @15#

] tai5
i

\
@H,ai #2kai2A2kain , ~5!

whereain is a quantum noise operator describing the inp
field. The output field of each cavity is related to the inp
and internal fields of that cavity by@15#

aout5ain1A2k~a11a2!. ~6!

Hence, for a vacuum input to the cavities, the output field
determined by the intracavity field, whose evolution is giv
by Eq. ~5!. Thus, according to Eq.~6!, the entangled~corre-
lated! state of the two intracavity fields is mapped onto t
state of the outgoing photon pair. One can reconstruct
initial entangled state~density matrix! of the two dissociating
fragments by making homodyne measurements of the ou
field of the two cavities for many repetitions of the dissoc
tion process and using the method of quantum state tom
raphy @16#.

For numerical analysis of the intracavity process and
photon transmission we employ the density-matrix form
ism. In this approach, the time evolution of the system
governed by the master equation

] tr52
i

\
@H,r#2Lr, ~7!
8-2
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whereLr describes the fragment and cavity field relaxati
processes. In this equation, several additional states of
system, which are decoupled from the Hamiltonian~2!, have
to be taken into account, as they enter through the poss
relaxation channels. These are:u f ,0&, the fragment is in state
u f & and the cavity is empty;u l ,v i& and u l ,0&, the fragment is
in a low-lying stateu l & to which the stateu f & decays and the
cavity has either one or no photon. If the system successf
completes the transfer, then, irrespective of its initial state
ends up in stateu l ,0& after a time long compared to all re
laxation times, which corresponds to the absence of mem
in the system about its initial state. The information about
initial state is transferred to the photons emitted by the c
responding cavities, as per Eqs.~1! and ~6!.

For numerical simulations of the system’s dynamics
have chosen a well-collimated cold beam of sodium dime
Such a beam can be produced via stimulated Raman ph
association of cold Na atoms, thereby obtaining translati
ally cold Na2 molecules in the chosen vib-rotational state
the electronic ground stateX1Sg

1 @17#. Subsequently, the in
verse Raman process dissociates the molecules into pa
internally-translationally entangled fragments sharing
single excitation@18#. The cavities admit fragments withvx
.5 m/s andvy.10 m/s. The two frequency components
the pump field couple the two metastable ground states o
Na atom ug1&5 u3S1/2,F51& and ug2&5 u3S1/2,F52& with
the excited statesue1&5 u4P1/2& and ue2&5 u4P3/2&, respec-
tively. The final state isu f &5 u4S1/2,F52&. The sequences
of fields seen by the fragments in cavities with parame
similar to those of Ref.@12# are plotted in Figs. 2~a! and 2~b!,
while the populations of the initial statesugi& and the corre-
sponding photon emission rates, defined asRi

emit

52k(r f ,v i ; f ,v i
1r l ,v i ; l ,v i

), are plotted in Figs. 2~c! and
2~d!. For both cavities, the total photon emission probabi
Pi5*Ri

emitdt>0.99, indicating extremely high efficiency~fi-
delity! of entanglement transfer between the fragments
the photons, as per Eq.~1!. It is noteworthy that this effi-
ciency ~or fidelity! remains very high even for considerab
lower fragment-cavity coupling strengths~Fig. 2 caption!.

After the fragments have interacted with the correspo
ing cavity and pump fields and the generated photons h
propagated away from the cavities, the system is reset t
initial state. We can then repeat the process, generatin
second pair of photons, and so on. The time interval betw
two subsequent photon-pair transmissions must exceeT
.max@(wc1wp)/v,(2k)21#, which limits their maximum rep-
etition rate. Since on average half of the dissociation eve
are idle, yielding a pair of fragments that are both in eith
F51 or F52 states, the actual repetition rate is given
W<(2T)21. With the parameters of Fig. 2, the maxim
repetition rate isW.200 kHz. Since the fragments’ veloc
ties 6vx along thex axis depend on the internal excitatio
state of the system, one can resort to post selection, by
tecting only those pairs of fragments that have successf
crossed the cavities and generated an entangled photon
thereby discarding all other idle events. Such post select
together with the fact that the fidelity of entanglement tra
fer between the fragments and the photons is close t
01231
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would make our scheme deterministic, rather that probab
tic, as opposed to the spontaneous parametric do
conversion schemes@19#.

The outlined processes are also feasible for molecular
sociation into two molecular fragments in the electron
ground state. As an example consider the photoly
of cyanogen by a 193-nm laser via the reacti
channel C2N2(X1Sg

1)1\vdiss→CN(X2S1,v150,N1<45)
1CN(X2S1,v251,N2<31), wherev1,2 and N1,2 stand for
vibrational and rotational states, respectively, of the el
tronic ground stateX2S1 of CN @20#. By adjusting the po-
sitions of the two cavities and the frequencies of the cav
and pump fields, the two ground statesug1,2& and the final
state u f & can be selected from this vib-rotational ground-st
manifold, while the excited statesue1,2& can be selected from
among the excited electronic state manifoldB2S1.

A possible conceptual counterargument for the use of
scheme may be that, depending on the initial stateug1& or
ug2&, the fragment recoil due to the pump-photon absorpt
will be \kp1

or \kp2
, respectively. A subsequent measur

ment of the fragment’s translational state will, in principl
disclose its initial internal state. Consequently, the final m
tional states of the two fragments will be entangled with t
states of the two generated photons, without achievin
complete state mapping from the fragments onto the ca
photons. However, one can easily check that, since the m
ecule is dissociated in a region having the sizeDx<wc.10
mm, in order to have each dissociating fragment p
through the corresponding cavity waist, the uncertainty

FIG. 2. ~a!, ~b! Time dependence of the Rabi frequencies of t
cavity h i(t) and pumpVp(t) fields as seen by fragmentA being
initially in state ug1& ~a! and fragmentB being initially in stateug2&
~b!, or vice versa.~c!, ~d! Time evolution of the initial-state popu
lationrg1g1

~c! or rg2g2
~d! of the corresponding fragment and emi

sion rateRi
emit of the photon from the cavity. The parameters us

are:ge1,2
.9.6 MHz andg f.25 MHz calculated for the transition

in text, vp1
/2p.9.073831014 s21 and vp2

/2p.9.0755
31014 s21, kp1,2

vx/2p;15 MHz, (v22v1)/2p.168.9 GHz, cor-
responding to the mode spacing of a cavity 0.9-mm long. The c
responding coupling constants for the cavity having the mode w
wc;10m m areh0

(1)/2p.38 MHz andh0
(2)/2p.54 MHz and the

cavity linewidth 2k.10 MHz. Reduction of the fragment-cavit
coupling constants by a factor of 4 lowers the transfer efficien
from 99% to 90%.
8-3
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the momentum distribution of the fragment must sati
Dpx*\/Dx , which is 30 times larger than the photon-rec
difference\(kp2

2kp1
). Therefore, even in principle one wi

not be able to resolve that difference and deduce the in
state from the fragments’ momenta.

We note that a fragment crossing a standing wave ca
at a node, where the electric-field amplitude vanishes,
not interact with the cavity mode and the STIRAP proce
will not take place. One possibility to overcome this dif
culty is to allow the fragment to cross the cavity axis at
angle slightly different from 90°, which can be achieved
tilting the cavity. Another possibility would be to use
running-wave cavity.

III. STATE TRANSFER BETWEEN DISTANT NODES

So far we have only considered the state transfer from
pair of dissociating fragments to photons. Utilizing the tran
mission protocol of Ref.@13#, one may use the generate
entangled photon pair to induce theinverse process at a dis
tant node, so as to convert the dissociating stateu f ,
2px&A8 u f ,px&B8 of another pair of fragments,A8 and B8,
into the initial state of fragmentsA andB. This procedure is
applicable to molecular fragments in the electronic grou
state, but not to atomic fragments whose final state lifeti
g f

21 is shorter than their time of flight between the dissoc
tion region and the corresponding cavity. Let us theref
consider an alternativesimplified scheme. Each cavity in Fig.
1~a! now supports only one mode at frequencyv2

(L,R)5ve

2vg1
7kpvx , respectively. Together with a monochroma

pump field having a frequencyvp5ve2vg2
, this provides

the two-photon Raman resonance for each fragment betw
the statesug2& and ug1& @Fig. 3~a!#. Upon passing through
the cavity and pump fields, only a fragment initially in sta
ug2& will undergo the intracavity STIRAP to stateug1& and
add a photon to the corresponding cavity. Due to the la
two-photon Raman detuningvg2

2vg1
@h0 ,V0, a fragment

occupying initially stateug1& will exit the interaction region

FIG. 3. ~a! Level scheme of dissociating fragment interacti
with a single mode of the corresponding cavity at frequencyv2

(L,R) .
~b! Time dependence of the Rabi frequencies of the cavityh(t) and
pumpVp(t) fields at the two nodes.~c! Transfer of the population
of state ug2& between fragmentsA ~B! and A8 (B8) via a single
photon. The parameters used are:vp /2p.5.08331014 s21,
kpvx/2p;8.5 MHz, h0/2p.22 MHz, and ge.6.28 MHz. All
other parameters are the same as in Fig. 2.
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in the same state. Thus, both fragments will end up in sta
ug1&. The fragment-cavity Hamiltonian takes the form

H5\(
j

v j u j &^ j u 1\v2a†a1\@h~ t ! ue&^g1u a2Vp~ t ! ue&

3^g2u e2 i (vp7kpvx)t1H.c.#. ~8!

Here we assume that themomentum uncertaintyof the frag-
ment is large and exceeds the photon momentum,Dpx
.\kp . We, therefore, neglect the recoil of the fragment d
to the absorption of the pump photon, obtaining

~ ug1 ,2px&A ug2 ,px&B6 ug2 ,2px&A ug1 ,px&B) u0&L u0&R

→ ug1 ,2px&A ug1 ,px&B~ u0&L uv2&R6 uv2&L u0&R). ~9!

The generated photon leaks out of the corresponding ca
at the rate 2k. Let the output of the cavitiesL and R be
directed through, say, an optical fiber into two similar ca
tiesL8 andR8 constituting the receiving node of the system
At that node, a molecule having the same velocityvy is
dissociated to produce two fragmentsA8 andB8 in the state
ug1&A8 ug1&B8 . The dissociation energy of theA82B8 mol-
ecule is reduced relative to that of theA2B molecule, by an
amount equal to the energy separation between the
ground statesug1& and ug2&, so that the dissociating frag
mentsA8 andB8 have the same velocities7vx as fragments
A andB. The two pulsed dissociation processes are appro
ately synchronized, so that the fragmentsA8 and B8 pass
through the cavitiesL8 andR8 when they receive the outpu
of the cavitiesL andR. Time reversal is achieved by allow
ing the fragmentsA8 andB8 to interact first with the pump
field and then with the cavity field. Provided the inversio
process is successful, the fragmentsA8 andB8 will end up in
the same initial internal-translational stateas fragmentsA
andB ~before the interaction with their cavities!.

We have studied the dynamics of the system compose
the two distant nodes using the density operator formal
developed in Ref.@21#. The master equation now reads

] tr52 i\21@H1H8,r#2Lr22k~@a8†,ar#1@ra†,a8# !,

~10!

where the primed operators stand for the receiving node,Lr
describes the fragment and cavity field relaxation proces
at both nodes, and the last term provides the unidirectio
coupling between the two nodes, in which the output of
cavity at the sending node constitutes the retarded input
the cavity at the receiving node. As expected@13#, our simu-
lations show that, provided the photon wave packetRemit is
completely time symmetric, the processes at the two no
are the time reversals of each other.

To achieve such time-symmetric photon wave packets,
choose the peak Rabi frequencies and waists of the ca
and driving fields to be equal@Fig. 3~b!#. Since at each cavity
site the system adiabatically follows its dark state,uu0(t)&
5cosu ug2,0&1sinu ug1,v2&, where the mixing angleu(t) is
8-4
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ENTANGLEMENT TRANSFER FROM DISSOCIATED . . . PHYSICAL REVIEW A67, 012318 ~2003!
defined as tanu5Vp /h, the rate of introducing a photo
into the cavity mode is given by] t sinu. Then the equation
of motion for the probability amplitude of the stateug1 ,v2&
reads] tcg1 ,v2

52kcg1 ,v2
1] t sinu. Imposing the condition

kcg1 ,v2
(t5d/2v).] t sinuut5d/2v , we obtain that the photon

emission rateRemit52kucg1 ,v2
u2 has an extremum at th

point of the maximal overlap between the two fieldst
5d/2v, which is a necessary condition for the pulse-sha
symmetry. To obtain an analytic expression for the cav
linewidth k, we approximate the envelopes of the cavity a
driving fields at the sending node by the cosine and s
functions, respectively, and assume thatd.wc,p . From the
above condition we then obtain thatk.pv/(2d). On the
other hand, the pulse dissociation at the two nodes shoul
synchronized~via, e.g., a classical communication chann!
to within dt!k21, in order to ensure the time reversal of th
process and avoid the symmetry breaking at the receiv
node.

Figure 3~c! illustrates the results of our numerical calc
lations. The parameters used again correspond to a dis
ating sodium dimer and the excited stateue& corresponds to
the stateu3P1/2,F52& of the Na atom. The probability o
transferring the population of stateug2& from fragmentA ~B!
to fragmentA8 (B8) and thereby achieving the reversal
Eq. ~9! is calculated to be 97%. It is the decay of the excit
atomic stateue& that reduces the fidelity of the process fro
100% to 97%. Other sources of decoherence, such as ph
absorption in the mirror and during propagation, can be
counted for by introducing an additional relaxation chan
with a loss ratek8 @13#. A simple analysis shows that th
fidelity of the process is proportional tok/(k1k8), which is
also confirmed by our numerical simulations.
.
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IV. CONCLUSIONS

In this paper we have proposed the hitherto unexplo
possibility of probing and exploiting the quantum inform
tion associated with internal-translational entanglement
molecular dissociation. Our scheme allows, in princip
high-fidelity state transfer from the entangled dissocia
fragments to light, thereby producing a highly correlat
photon pair. This process can be followed by its reversal
distant node of a quantum network resulting in the
creation of the original two-fragment entangled state. T
proposed process may have advantageous application
quantum teleportation and cryptography. Thus, the quan
information encoded in the entangled dissociative state
be shared by two distant partners who will each possess
of a crypto key. This key will evidently be sensitive to tam
pering by eavesdropping owing to the high fidelity of i
preparation. We would like to stress that the propos
scheme requires a combination of processes whose princ
are well established: preparation of translationally co
dimers in a chosen vib-rotational level of the electron
ground state@17#, one- or two-photon dissociation@10# of the
dimer via an energy-specific potential surface whereby
identical fragments with selected velocities are in an
tangled state as per Eq.~1!, and intracavity STIRAP for each
fragment@12,14#.
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