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Entangled-state preparation via dissipation-assisted adiabatic passages
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The main obstacle for coherent control of open quantum systems is decoherence due to different dissipation
channels and the inability to precisely control experimental parameters. To overcome these problems we
propose to usedissipation-assisted adiabatic passages. These are relatively fast processes where the presence
of spontaneous decay rates corrects for errors due to nonadiabaticity while the system remains in a
decoherence-free state and behaves as predicted for an adiabatic passage. As a concrete example we present a
scheme to entangle atoms by moving them in and out of an optical cavity.
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I. INTRODUCTION

In recent years several schemes to entangle atoms@1–4#
and to implement gates for quantum information process
@5–10# using optical cavities have been proposed. Cold
oms trapped in an optical cavity provide a promising te
nology for quantum computing as well as an ideal model
theoretical studies. The main problems that must be o
come, decoherence due to different dissipation channels
the inability to precisely control experimental paramete
are common with other potential implementations. Dissi
tion results from the fact that the atom-cavity coupling co
stantg is of about the same size as the spontaneous ph
and atom decay ratesk andG. Optical cavities operate in a
parameter regime with

g;k;G. ~1!

Since it takes at least the time 1/g to create a significan
amount of entanglement between the atoms, it seemed
possible to avoid spontaneous emission and the loss of in
mation stored in the system.

Some of the proposed schemes work only with a succ
rate below 50%@1,4#. Others try to solve the dissipatio
problem by avoiding the population of excited states with
help of adiabatic population transfers between ground st
and strongly detuned laser fields@3,6,9,10# or use the exis-
tence of decoherence-free states and an environment-ind
quantum Zeno effect@2,5,7,8#. While many of these scheme
are able to suppress one type of dissipation very well, th
operation time is much longer than the inverse atom-ca
coupling constant. Thus, while for example the probabi
for leakage of photons is made very small, failure of t
proposed scheme becomes inevitable due to spontan
emission from the atoms. As regards dissipation, the qu
tum computing scheme proposed by Pellizzariet al. in 1995
@11# is still one of the most efficient. Demanding a certa
minimum fidelity and success rate, it requires a relativ
small ratio betweeng2 andkG and is nearly comparable t
the schemes proposed in Refs.@8,10#.

In this paper an alternative way to entangle atoms with
help of an optical cavity is proposed~see Fig. 1!. Relatively
short operation times are achieved by usingdissipation-
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assisted adiabatic passages@12#. In the following, the prob-
ability for no photon emission and success rate of the p
posed schemes is for a wide range of parameters above
while the fidelity of the prepared state can be of the order
99%. In addition, the experimental requirements
coherent-state preparation are significantly reduced.
scheme is robust against fluctuations of most system par
eters; it neither requires cooling of the atoms into the Lam
Dicke regime@13#, nor does it demand precise control of th
atom-cavity coupling constants. Moreover, the scheme d
not involve individual laser addressing of the atoms ins
the cavity.

To avoid errors due to leakage of photons through
cavity mirrors, the system should remain during the wh
state preparation in a decoherence-free~DF! state@14–16#
with respect to this dissipation channel. Decoherence-
states are states whose population does not lead to a ph
emission. A system ofN two-level atoms inside an optica
cavity possesses a DF subspace of dimension ((N11)/2

N ) or
(N/2

N ) for odd and even numbers of atoms, respectively@2#.
The central idea of the proposed scheme is to manipu

the system by slowly changing the atom-cavity coupli
constants which define the DF states of the system. Initi
prepared in a DF state, the system remains DF and follo
the parameter change adiabatically@17#. This is a conse-
quence of the adiabatic theorem@18# and relies on the fac
that the DF states of the system are at the same time
eigenstates of the atom-cavity interaction Hamiltonian. H
we consider evolutions where the initial state of the atom
a product state, while the final state is highly entangled, p

FIG. 1. Entangled-state preparation. Two atoms can be prep
in a maximally entangled state by moving them slowly into
optical cavity~a!. More general, entangled states of up toN atoms
are prepared by moving them together or separately in and ou
the resonator~b!.
©2003 The American Physical Society17-1
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MARR, BEIGE, AND REMPE PHYSICAL REVIEW A68, 033817 ~2003!
viding a simple and efficient atom entangling scheme. T
easiest way to vary the atom-cavity coupling constants is
moving the atoms through the cavity as shown in Fig. 1. T
this is feasible with present technology has already b
demonstrated@19,20#. Alternatively, the atoms might be
trapped in an optical lattice above an atom chip and m
through a microcavity installed on the surface of the c
@21#.

In the following it is shown that cavity decay can stabili
the desired time evolution of the system. It increases
fidelity of the prepared state under the condition of no p
ton emission if the scheme is operated relatively fast,
outside the adiabatic regime. This is achieved since pop
tion that accumulates due to nonadiabaticity in unwan
states is damped away during the no-photon time evolut
Under the condition of no emission, the system behave
predicted by the adiabatic theorem and the resulting t
evolution can be called a dissipation-assisted adiabatic
sage. The overall operation time can be reduced by as m
as two orders of magnitude. To a good approximation,
presence of the cavity decay rate has the same effect a
error detection measurement.

A detailed description of a scheme to prepare two ato
in a maximally entangled state and its underlying struct
are given in Sec. II. Section III discusses the state prep
tion scheme from an experimental point of view and int
duces variations of the proposed experiment to increas
feasibility. Finally, we summarize our results in Sec. IV a
point out potential applications of dissipation-assisted ad
batic passages for quantum state preparation of more
two atoms and in quantum information processing.

II. DISSIPATION-ASSISTED STATE PREPARATION

To illustrate the basic idea underlying the state prepa
tion schemes discussed in this paper, we give in this sec
a detailed analysis of a simple process to transfer two at
with ground stateu1& and excited stateu2& into the maxi-
mally entangled state

ua&[
1

A2
~ u12&2u21&). ~2!

This can be achieved by moving two atoms, initially in
product state, into the antinode of the mode of an em
optical cavity. The first atom should enter the cavity in
ground state, while the second one should be prepared in
excited stateu2&. Subsequently, the atoms are placed in
position where both see the same coupling to the reson
field.

A. Adiabatic passage

The entangling process is first described using a sim
fied model which does not take into account dissipation
the atom-cavity system. In the following,b andb† denote the
creation and annihilation operator for a single photon ins
the cavity andgi is the ~real! atom-cavity coupling constan
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of atom i ( i 51,2). Then the Hamiltonian describing the in
teraction between the atoms and the cavity field is given

H int5 i\ (
i 51,2

gibu2& i i ^1u1H.c. ~3!

Let us denote a state withn photons and the atoms inu i j & in
the following asu i j ;n&. Since the system is initially prepare
in a state with only one excitation and the excitation in t
system does not change when it develops in time w
Hamiltonian~3!, the relevant Hilbert space is only three d
mensional and contains the statesu12;0&, u21;0&, and
u11;1&.

The evolution of the system remains in this subspace
goes by

H int5 i\~g1u21;0&1g2u12;0&)^11;1u1H.c. ~4!

The system possesses one eigenstate with the zero e
valuel150 given by

ul1&5
1

R
~g1u12;0&2g2u21;0&), ~5!

with

R[~g1
21g2

2!1/2. ~6!

It describes a state with no photon in the cavity mode. P
pared in this state, the atoms cannot transfer their excita
into the resonator due to the effectively vanishing atom-fi
interaction. Therefore state~5! can also be called adark
state. The other two eigenstates are

ul2,3&5
1

A2R
~g2u12;0&1g1u21;0&6 iRu11;1&) ~7!

and correspond to the eigenvaluesl2,357\R.
While the atoms move through the resonator, the ato

cavity coupling constantsg1 and g2, and therefore also the
eigenstates of the system, change in time. If this happ
slowly compared to the time scale given by the eigenval
l2,3, the adiabatic theorem@18# can be used to predict th
time evolution of the system. Atoms that were initially in
dark state remain in a dark state, thereby adiabatically
lowing the change of parameters. Note that this is exactly
case for the state preparation scheme described at the b
ning of this section. When the second atom enters the ca
field, at t50 one hasg150 and ul1&5u12;0&. When the
atoms reach the antinode of the quantized standing-w
field mode inside the resonator the coupling constantsg1 and
g2 become the same and the dark state of the system eq
ul1&5ua;0&. In this situation, both atoms are in a maximal
entangled state@22#.

Let us now analyze this process in more detail with t
help of an adiabatic elimination. Since we know already t
the system remains in its dark stateul1& to a very good
approximation, it is convenient to decompose its state ve
uc& as
7-2
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ENTANGLED-STATE PREPARATION VIA . . . PHYSICAL REVIEW A68, 033817 ~2003!
uc~ t !&5(
j 51

3

cj~ t !ul j~ t !&. ~8!

Using the Schro¨dinger equation and Hamiltonian~3! reveals
that the time evolution of the coefficientsck is governed by
the differential equations

ċk52
i

\
cklk2(

j 51

3

cj^lkul̇ j&. ~9!

Using Eqs.~5!–~7!, this leads to

S c1̇

c2̇

c3̇

D 5S 0 S S

2S iR 0

2S 0 2 iR
D S c1

c2

c3

D , ~10!

with

S[
g1̇g22g2̇g1

A2~g1
21g2

2!
. ~11!

For frequenciesR much larger than the frequencyS, there are
two different time scales in the system and the time evolut
can be solved by eliminating the fast changing coefficie
c2 and c3. To do so it is assumed that they always ad
immediately to the slowly varying coefficientc1 and their
derivatives are set equal to zero, which yields

c252c352
iS

R
c1 . ~12!

Moreover, it can be seen from Eq.~10! that the derivative of
c1 equals zero within this approximation.

Provided that the system is initially perfectly prepared
the product stateu12;0&, one hasc1(0)51 and the state o
the system equals in first order inS/R,

uc&5
1

i•i~g1u12;0&2g2u21;0&1A2Su11;1&), ~13!

during the state preparation process. From this the t
population in the dark state can be estimated for all tim
F5122S2/R2, and differs from one only in second order
S/R. Once the atoms stop moving, the derivatives of
coupling constantsg1 and g2 and thus also the rateS be-
comes zero, which yields

F~T!51, ~14!

as expected for an adiabatic process. The fidelity of the
nally obtained state does not differ from one and the p
posed scheme is very precise.

As can be seen from Eq.~13!, during the whole state
preparation, nearly no population accumulates in the ca
mode. Therefore, the scheme also works with a high suc
rate if cavity decay is taken into account. Let us denote
rate with which a single photon inside the resonator leaks
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through the cavity mirrors withk. Then the probability for
no photon emission equals to a very good approximation

P0~T!512kE
0

T

dt
~ ġ1g22ġ2g1!2

~g1
21g2

2!3
, ~15!

where T is the time it takes to prepare the atoms in t
maximally entangled state. Result~15! shows that the photon
emission rate in the scheme is proportional to the cav
leakage ratek. In case of an emission, the state preparat
failed and the experiment has to be repeated. One wa
reduce the failure rate by a factorN is to move the atomsN
times slower through the resonator. This increases the op
tion timeT by a factorN but decreases the population in th
cavity mode by a factorN2.

B. Dissipation-assisted adiabatic passage

However, long operation times make the proposed sche
more sensitive to other error sources, like spontaneous e
sion from the atoms. In the following, leakage of photons
taken into account. First, we show that the scheme work
predicted in the preceding section, even if the decay ratek is
about the same size as the maximum atom-cavity coup
constantg, as long as the system is operated in the adiab
regime. But the system can also be operated outside the a
batic regime. Under the condition of no photon emission,
presence of the cavity decay ratek damps away errors due t
nonadiabaticity. Let us assume that photons leaking thro
the cavity mirrors can be detected with an efficiency close
one. If an emission takes place, the experiment failed and
to be repeated. Otherwise and for a wide range of experim
tal parameters, the presence of the cavity decay rate ha
effect similar to error detection measurements.

To describe the time evolution of the system in the pr
ence of dissipation we use in the following the quantu
jump approach@23–25#. It provides a conditional Hamil-
tonian Hcond which describes the time evolution of the sy
tem under the condition ofno photon emission. For the sys
tem under consideration, it equals in the interaction pict
with respect to the interaction-free Hamiltonian

Hcond5H int2
i

2
\kb†b. ~16!

This operator can be written as

Hcond5 i\~g1u21;0&1g2u12;0&)^11;1u1H.c.

2
i

2
\ku11;1&^11;1u ~17!

in the relevant Hilbert space with one excitation in the s
tem. Note that the conditional Hamiltonian is non-Hermiti
and the norm of a state vector developing with the cor
sponding Schro¨dinger equation decreases in general in tim
Given the initial stateuc&, the state of the system equals

uc0~T!&5Ucond~T,0!uc&/i•i ~18!
7-3
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MARR, BEIGE, AND REMPE PHYSICAL REVIEW A68, 033817 ~2003!
at timeT. For convenience,Hcond has been defined such th

P0~T!5iUcond~T,0!uc&i2 ~19!

equals the probability for no photon inT.
Calculating the eigenvalues and eigenstates of the co

tional Hamiltonian~17!, one finds that the system still pos
sesses a zero eigenvaluel150 in the presence of a finite
cavity decay ratek. The dark stateul1& of the system is the
same as fork50 and is given in Eq.~5!. Only the eigenval-
uesl2,3 and the eigenstatesul2,3& change and are given by

l2,352
i

4
\k7\S g1

21g2
22

1

16
k2D 1/2

. ~20!

As long as the atoms move such that the parametersg1 and
g2 change slowly on the time scale given by the real parts
the eigenvaluesl2,3, the no-photon time evolution of th
atoms inside the cavity can again be predicted by the a
batic theorem. As expected, the system remains in the
stateul1& to a very good approximation.

To calculate the probability and fidelity of the prepar
state we proceed as in the preceding section and adiabati
eliminate the fast varying amplitudes of the state vector. D
to the non-Hermiticity of the conditional Hamiltonian, th
eigenstatesul2,3& are no longer orthogonal to each other; f
certain parameters ofgi and k, they can even become de
generate. It is therefore more convenient to consider the b
vectors

uh1&[
1

R
~g1u12;0&2g2u21;0&)5ul1&,

uh2&[
1

R
~g2u12;0&1g1u21;0&), uh3&[u11;1&, ~21!

and to define

uc~ t !&5(
j 51

3

cj~ t !uh j~ t !&. ~22!

Proceeding as in the preceding section leads to

ċk52(
j 51

3

cj S i

\
^hkuHconduh j&1^hkuḣ j& D , ~23!

which gives the differential equations

S ċ1

ċ2

ċ3

D 5S 0 A2S 0

2A2S 0 R

0 2R 2
1

2
k
D S c1

c2

c3

D . ~24!

If S is much smaller thanR, this differential equation can b
solved by setting the derivatives of the fast varying coe
cientsc2 andc3 equal to zero. This leads to
03381
i-

f

a-
rk

lly
e

sis

-

c252
kS

A2R2
c1 , c352

A2S

R
c1 . ~25!

Again it can be shown that only a small population prop
tional to S2 accumulates outside the dark stateuh1&5ul1&
during the adiabatic population transfer. When the ato
stop at the end of the state preparation, the rateS becomes
zero and it isc2,3(T)50. From this one sees immediate
that the fidelity of the finally obtained~normalized! state is
again one,

F~T!51, ~26!

in case of adiabaticity. Under the condition of no emissio
the system moves intoul1(T)&.

Different from the case withk50, the derivative of the
amplitudec1 is now no longer negligible and it can be show
that

ċ152
kS2

R2 c1 . ~27!

Solving this differential equation for the initial conditio
c1(0)51 leads to

c1~T!5expS 2kE
0

T

dt
S2

R2D . ~28!

This is the amplitude of the dark state with respect to
un-normalized state of the system at timet and under the
condition of no photon emission. The success rate of
state preparation can be obtained from Eq.~19! and equals
uc1(T)u2 since all population is in the stateul1&. Using Eq.
~28! leads to

P0~T!5expS 2kE
0

T

dt
~ ġ1g22ġ2g1!2

~g1
21g2

2!3 D , ~29!

which agrees with the result given in Eq.~15! up to first
order ink/R. As long as the atoms move slowly enough in
the cavity and the scheme is operated in theadiabatic re-
gime, the system behaves as predicted in the preceding
tion.

However, the presence of a finite decay ratek can have a
dramatic effect on the time evolution if the system is op
atedoutsidethe adiabatic regime. We show in the followin
that the state preparation timeT can be shortened by as muc
as two orders of magnitude by moving the atoms with hig
velocities into the resonator. Under the condition of no ph
ton emission, the system behaves as predicted by the a
batic theorem even if the adiabaticity conditionS!R is no
longer fulfilled. The price one has to pay for the speed-up
the scheme is that now photon emission might occur dur
the state preparation. However, the success rate of the
posed scheme is about 90% for a wide range of parame
If photons are detected with a high efficiency, the experim
can be repeated if necessary.

The main effect of the finite cavity decay ratek on the
no-photon time evolution of the system is that the eigenv
7-4
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ENTANGLED-STATE PREPARATION VIA . . . PHYSICAL REVIEW A68, 033817 ~2003!
uesl2,3 accumulate an imaginary part proportional tok @see
Eq. ~20!#. These imaginary parts result from the no
Hermitian terms in the conditional Hamiltonian and dam
away the excitation in unwanted states~namely, in the eigen-
statesul2,3&) as a consequence of no-photon measureme
This leads to a decrease of the norm of the state vector o
system and to a finite success rate of the state preparatio
also increases the fidelity of the finally prepared state. T
very good approximation, dissipation has the same effec
error detection measurements of whether the system beh
as predicted for the adiabatic regime or not. The time evo
tion of the system becomes a dissipation-assisted adia
passage.

The basic ingredient for dissipation-assisted adiabatic p
sages is the existence of DF states. In the example con
ered here the only DF state of the system with respec
cavity decay and with one quantum of excitation is the d
stateul1&. Populating this state cannot lead to a photon em
sion. Which states of a system are DF depends on the sy
parameters. If these parameters change in time, a time
lution can be induced during which the system remains
It adiabatically follows the changing parameters. The id
underlying the proposed state preparation scheme can e
be carried over to other setups@12#.

To investigate the influence of the cavity decay ratek in
the nonadiabatic regime numerically, we consider in the
lowing an optical resonator with a Gaussian mode profile
denote the cavity waist byw0. As an example, it is assume
that atom 1 is initially placed about four waist lengths aw
from the cavity center,x1(0)524w0, while the second is
placed atx2(0)526w0. As a function of the atom position
the atom-cavity coupling constant equals

gi~xi !5g exp@2~xi /w0!2#, ~30!

whereg is the maximum coupling rate assumed only at
antinode of the field mode inside the resonator. In the
lowing, we consider the case where both atoms move w
the same velocity and as shown in Fig. 1~a!. To asssure tha
the atoms stop at the position where both see the same
pling constant, i.e.,x1(T)5w0 andx2(T)52w0, we choose

v15v25vmaxsin2@p~x114w0!/5w0#. ~31!

Becausev1(T)5v2(T)50, deviations of the fidelity of the
finally prepared state from one are only expected in cas
relatively high velocitiesvmax due to the nonadiabaticity o
the time evolution.

Figure 2 results from a numerical solution of the tim
evolution of the system with Hamiltonian~16!. If the veloc-
ity vmax in Eq. ~31! becomes too large andk50, the fidelity
of the prepared state no longer equals one. Population
accumulates during the state preparation process in non
states performs Rabi oscillations between the atoms and
cavity mode and returns no longer into the dark stateul1&
when the atoms come to rest andS becomes zero~see upper
graph in Fig. 2!. The presence of a cavity leakage ratek
helps achieving fidelities close to one in the nonadiab
regime by damping away the population in nondark sta
~see lower graph in Fig. 2!.
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The fidelity of the finally prepared state as a function
the atom velocityvmax is shown in Fig. 3. As expected, th
fidelity decreases the faster the atoms move into the ca
The presence of a higher cavity decay rate improves the
delity while the gate failure rate due to photon emission
creases by about the same amount. For decay ratesk about
one order of magnitude smaller than the atom-cavity c
pling constantg, the possibility of a photon emission has th
same effect as an error detection measurement.

Depending on the atom velocityvmax one can allow rela-
tively large cavity leakage ratesk in the scheme. Ifk is
larger than in the case where its presence has the same e
as a perfect error detection measurement, the success ra
the state preparation decreases below the fidelity of
scheme in case ofk50 ~see Fig. 4!. In the parameter regime
~1!, considered in this section, the fidelity of the finally o
tained state does not differ from one.

C. State preparation using the inverse quantum Zeno effect

For a wide parameter regime, the proposed state prep
tion scheme can alternatively be understood as a conc
realization of the inverse quantum Zeno effect. Similar to
original quantum Zeno effect@26,27#, the inverse Zeno effec
@28# predicts the time evolution of a system on which rapid
repeated measurements are performed, though these
surements vary in time and it is measured whether the t
evolution of a system follows a certain assumed trajectory

FIG. 2. Population in the states (g2u12;0&1g1u21;0&)/R @curve
~a!# and u11;1& @curve ~b!# as a function of the timet and for k
50 ~see upper graph! and k50.2g ~see lower graph! and for
vmax55w0g.
7-5
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MARR, BEIGE, AND REMPE PHYSICAL REVIEW A68, 033817 ~2003!
the time between subsequent measurements tends to zer
state vector of the system follows the assumed trajec
even if there is no interaction inducing a time evolution
the system. In this section we shortly comment on this po
of view.

Given fixed values forg1 and g2, the interaction of the
atom-cavity system with its environment over a timeDt can
be shown to have the same effect as an ideal measure
whether the system is prepared in the dark stateul1& or not,
if Dt exceeds a certain minimum length. One possibility
show this is to proceed as in Ref.@2# and to calculate the
no-photon time evolution of the system overDt using
Hamiltonian ~17!. In this way it can be shown tha
Ucond(Dt,0) equals the projector onto the dark state of
system,ul1&^l1u. The dark stateul1& is a decoherence-fre
state with respect to spontaneous emission through the c
mirrors and seeing no photon over a timeDt assures that the
system is in a decoherence-free state.

To be able to use the inverse quantum Zeno effec
predict the time evolution of the system, the atom-cav
coupling constantsg1 andg2 should change very slowly s
that they can be considered as constant over a timeDt. From
one time interval to the other, the measurement performe
the system changes and the system gets projected ont
dark stateul1& defined by the actual values ofg1 andg2. The
inverse quantum Zeno effect implies that the probability
find the system always in the dark~or decoherence-free! state
is closer to one the slower the atoms move inside the ca
This is in good agreement with the analytical results~26! and
~29! obtained from an adiabatic elimination of the fast va
ing amplitudes of the state vector.

FIG. 3. Fidelity and success rate of the prepared state as a f
tion of the atom velocityvmax and for the cavity decay ratesk50
~a!, k50.01g ~b!, k50.05g ~c!, andk50.1g ~d!.
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The alternative interpretation of the time evolution of t
system in the presence of dissipation given in this sec
might help to understand intuitively why success rate a
fidelity of the proposed state preparation scheme are so c
to one even ifk is about the same size as the maximu
atom-cavity coupling constantg. Schemes based on quantu
Zeno effects or adiabatic passages are in general very
cient to suppress one source of dissipation in a system an
create very simple schemes for the preparation of entan
states or the realization of quantum gates. Nevertheless,
are very slow. To increase the robustness of a scheme
respect to different sources of dissipation, such as ca
leakage and spontaneous emission from the atoms, o
should use dissipation-assisted adiabatic passages and
ate the system outside the adiabatic regime.

III. EXPERIMENTAL REALIZATION OF MAXIMALLY
ENTANGLED TWO-ATOM STATES

In this section we discuss the limitations of entangl
state preparation via dissipation-assisted adiabatic pass
with respect to dissipation, including spontaneous emiss
from the atoms. While cavity decay can even be used
remedy errors, spontaneous decay of excited atomic le
remains the main obstacle in the proposed state prepara
scheme. To assure that the finally obtained state is stable
respect to spontaneous emission from the atoms, the s
u1& and u2& should be obtained from two different groun
states of the atom. To couple these two levels, an additio
atomic level 3 and a coupling laser focused on the region
the cavity can be used, as shown in Fig. 5.

c-
FIG. 4. Fidelity and success rate as a function of the cav

decay ratek for vmax50.5w0g ~a!, vmax5w0g ~b!, vmax51.5w0g ~c!,
andvmax52w0g ~d!.
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ENTANGLED-STATE PREPARATION VIA . . . PHYSICAL REVIEW A68, 033817 ~2003!
In the following,V i denotes the Rabi frequency andD the
detuning with which the coupling laser excites the 2-3 tra
sition in atomi. Note that the scheme does not require in
vidual addressing of the atoms inside the cavity. The indei
accounts for the possible dependency of the Rabi freque
on the atomic position. We now solve the no-photon tim
evolution of the system numerically and assume as a c
crete example that

V i~xi !5g exp$2@xi /~5w0!#2%. ~32!

The waist of the laser field is five times the cavity waistw0
defined in Eq.~30!.

Again we denote the atom-cavity coupling constant
atom i, now with respect to the 1-3 transition, bygi and
assume a Gaussian mode profile as in Eq.~30!. The detuning
of the cavity mode should be the same as the detuningD of
the coupling laser. AssumingN atoms in the cavity, the con
ditional Hamiltonian equals

Hcond5\(
i 51

N
1

2
V i u2& i i ^3u1 igibu3& i i ^1u1H.c.

1\S D2
i

2
G D(

i 51

N

u3& i i ^3u2
i

2
\kb†b ~33!

in the interaction picture with respect to the interaction-fr
Hamiltonian minus( i 51

N \Du3& i i ^3u and taking both types o
dissipation into account.

To assure that the atoms behave like two-level atoms
detuningD should be at least ten times larger than the sys
parametersgi , V i , and G. This allows for an adiabatic
elimination of level 3 resulting in the effective condition
Hamiltonian

Hcond5 i\(
i 51

N

g̃ibu2& i i ^1u1H.c.2
i

2
\G̃ i(

i 51

N

u2& i i ^2u

2
i

2
\k̃b†b. ~34!

The atom-cavity coupling constant of the reduced le
scheme equals

g̃i5
V i

2D
gi ~35!

FIG. 5. Level configuration of atomi. The Rabi frequency of the
laser field addressing the 2-3 transition of atomi is denoted byV i

andgi is the atom-cavity coupling constant with respect to the
transition. Both transitions should have the same detuningD while
G is the spontaneous decay rate of level 3.
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in first order in 1/D. Within this approximation, spontaneou
decay from the atoms is negligible. However, since the
eration time of the scheme is larger than the inverse at
cavity coupling constants, higher-order corrections have
be taken into account. Doing so leads to the effective sp
taneous decay rate

G̃ i5S V i

2D D 2

G ~36!

assigned to level 2 in Eq.~34!. While changing the atom-
cavity coupling and the atom decay rate, the detuning has
effect on the cavity leakage rate and it is

k̃5k. ~37!

Note that when the ratesg, G, andk are about the same size
as in Eq.~1!, the effective rates follow the orderingk̃@g̃i

@G̃ i .
Since the presence of the detuning increases the rela

cavity decay ratek̃/g̃ ~with g̃[maxg̃i) significantly, the sys-
tem is now no longer operated in a parameter regime wh
the atom-cavity coupling constant is effectively of simil
size as the decay rates, even ifg;k;G. Therefore, request
ing a certain minimum fidelity and success rate in the pr
ence of Raman transitions, one can only allow a relativ
small amount of dissipation in the system~for comparison,
see Refs.@7,9#!. Concrete numerical results are presented
the following two sections.

A. A two-atom scheme

Apart from the finally prepared state being stable, anot
advantage of usingL systems is that this allows for a sim
plification of the state preparation scheme discussed in S
II. By turning off the laser field, the coupling of the atoms
the field mode can be interrupted whenever the atoms rea
position where they should no longer interact with the cav
field. Instead of having to move the atoms exactly into
certain position, they can move with constant veloc
through the resonator. When both see the same atom-ca
coupling constant, the laser field is turned off and the stat
the atoms changes no longer in time. Afterwards, the ato
can be moved out of the resonator without destroying
maximally entangled state.

Again the system should initially be prepared in the st
u12;0& with the atoms outside the cavity. Figure 6 shows t
fidelity under the condition of no photon emission and t
success rate of the state preparation after the atoms lef
resonator as a function of the atom decay rateG. Increasing
G leads to a decrease of the no-photon emission probab
As in the preceding section, it is assumed that photons ca
detected with a high efficiency and the experiment is
peated whenever necessary. If the detuningD is much larger
than g, then most photons result from leakage through
cavity mirrors and not from the atoms sincek̃@G̃ i .

Numerical simulations show that the presence of a de
rate k of the order of the effective atom-cavity couplin
constantg̃ can indeed increase the fidelity of the finally pr

3
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MARR, BEIGE, AND REMPE PHYSICAL REVIEW A68, 033817 ~2003!
pared state compared to the case wherek50. For larger
values ofk, such ask52g̃, the fidelity decreases again. T
obtain fidelities close to one in this case, the atoms hav
move slowly through the resonator and the system has t
operated closer to quantum Zeno effect regime. The co
sponding long state preparation time then leads to a decr
of the spontaneous decay rateG that can be allowed in the
system. No photon probabilities and success rates aro
80% can be achieved forg2;100kG @see Fig. 6~d!# while
P0.85% requiresg2;200kG @see Fig. 6~b!#. With respect
to dissipation, the proposed state preparation scheme is c
parable with other atom-cavity schemes@4,8,10,11# while the
process itself is much simpler.

Note that it is always possible to obtain fidelities equal
one. This is achieved if the atoms rest for a short time in
position where they both see the same atom-cavity coup
before the laser field with Rabi frequencyV is turned off.
Then the population still left in unwanted states at the end
the operation can be damped away, so resulting in the pr
ration of the antisymmetric stateua& as described in Ref.@1#.

B. A three-atom scheme

A further improvement of the feasibility of the propose
experiment can be obtained from a straightforward gene
zation of the state preparation scheme to the three-atom c
The main advantage of using three atoms is that the sch

FIG. 6. Fidelity and success rate of a state preparation sch
where two atoms move with constant speed through the resonat
a function of the atom decay rateG for v50.002w0g, D520g, and

k5g̃50.025g ~a!, v50.002w0g, D520g, andk52g̃50.05g ~b!,

v50.005w0g, D510g, and k5g̃50.05g ~c!, and v50.005w0g,

D510g andk52g̃50.1g ~d!. The distance of the atoms equals o
cavity waistw0.
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no longer requires to turn off the laser field when the ato
reach a certain position in the cavity. Systems with th
atoms in the cavity possess a three-dimensional DF subs
spanned by the ground stateu111;0& and two states with one
excitation in the atomic stateu2&. Proceeding as in Ref.@2#,
the two other states can be found by orthogonalizing
states

uh12&[
1

i•i~g1u121;0&2g2u211;0&),

uh13&[
1

i•i~g1u112;0&2g3u211;0&),

uh23&[
1

i•i~g2u112;0&2g3u121;0&), ~38!

which can easily be identified as DF states. For more t
two atoms there are in general several states with the s
amount of excitation in the atoms, and it is more difficult
predict the outcome of the state preparation scheme tha
the two-atom case, where one can easily deduce the
state from the fact that the amount of excitation in the syst
does not change.

As an example, let us consider a simple scheme us
three atoms and aiming at the preparation of the maxim
entangled symmetric state

us&[
1

A2
~ u12&1u21&) ~39!

of two atoms. This can be achieved by moving the ato
with constant speedv through the cavity using a setup sim
lar to the one shown in Fig. 1~b!. Atoms 1 and 2 should ente
the cavity in the ground stateu1& and see all the time the
same cavity coupling constant. This can be achieved by m
ing the atoms parallel through an antinode of the cav
alternatively a ring cavity could be used. The third ato
should initially be prepared inu2& and enters the cavity a bi
later but in a way that all three atoms interact at some po
simultaneously with the cavity mode.

Initially prepared in the stateu112&, the atoms enter the
cavity in a DF state. The stateu112;0& of the system is a
superposition of the statesuh13& anduh23& and can be written
as

1

A2
~ uh13&1uh23&)5

1

@~g1
21g2

2!12g3
2#1/2

@~g11g2!u112;0&

2A2g3us1;0&], ~40!

with g350. When atoms 1 and 2 leave the cavity, the th
atom is in the ground state since this is the only DF st
with only one particle in the resonator. After all atoms pass
through the cavity, the first two atoms are in the maxima
entangled symmetric stateus&. They now equally share the

e
as
7-8
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ENTANGLED-STATE PREPARATION VIA . . . PHYSICAL REVIEW A68, 033817 ~2003!
excitation initially in atom 3. In the setup considered he
the system remains continuously in the superposition~40!
and the final state of the atoms is reached wheng15g250
@29#.

Figure 7 shows the population in the statesu112;0& and
us1;0& as a function of the position of atoms 1 and 2 in t
cavity mode and results from a numerical integration of
Schrödinger equation given by Eq.~33!. Choosing the ex-
perimental parameters similar to the parameters in Fig.
is found that atoms 1 and 2 leave the cavity indeed in
maximally entangled state.

IV. CONCLUSIONS

In this paper we discussed state preparation schemes
ing at the creation of a maximally entangled state of t
two-level atoms. This can be achieved by moving either t
or three atoms, initially prepared in a nonentangled st
with constant speed through an optical cavity. In the tw
atom case, the first atom enters the resonator in its gro
state while the second atom is initially prepared in the
cited state. When both atoms reach a position where both
the same cavity coupling, the interaction with the resona
mode is turned off. This is possible when the atom-cav
interaction is established indirectly via an auxiliary level a
with the help of a laser field. Individual laser addressing
atoms inside the cavity is not required.

To further improve the feasibility of the state preparatio
it has been proposed to use three atoms. Again the at
move with constant speed through the resonator. The
two atoms enter the cavity in the ground state such that t
always see the same coupling to the resonator mode. If
third atom is initially prepared in the excited state and ent
the cavity region shortly after the others, then atoms 1 an
leave the resonator in the maximally entangled symme
state. Different from the two-atom case, the three-at

FIG. 7. Population in the entangled stateus1;0& ~a! and in the
initial stateu112;0& ~b! and the atom-cavity coupling constantsg1

5g2 ~c! andg3 ~d! as a function of the positionx1 of atoms 1 and
2. The distance of the first two atoms from the third equals o
cavity waistw0. They move through the cavity with constant spe
v50.002w0g while D520g, k50.02g, andG50.05g. If no pho-
ton is emitted, the maximally entangled state~39! of atoms 1 and 2
is prepared with a fidelity ofF599.7% and a success rate
87.6%.
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scheme no longer depends on the accuracy with which
coupling laser can be turned off at the right moment. It
sufficient to focus the laser on the region of the cavity a
the scheme does not require precise control of the exp
mental parameters.

The basic mechanism underlying the proposed s
preparation schemes is that the atoms enter the cavity in
eigenstate of the atom-cavity interaction Hamiltonian. Wh
the atoms move through the cavity, the atom-cavity coupl
and eigenstates of the system change and a time evolutio
induced. The system follows the changing parameters a
batically and remains in an eigenstate.

Other advantages of the scheme result from the fact
the only populated eigenstates in the scheme are the
eigenstates of the atom-cavity interaction Hamiltonian a
therefore the decoherence-free states of the system with
spect to cavity decay. Because of this, the scheme can
implemented in the presence of relatively high decay ratesk.
Intuition suggests that dissipation is always damaging. C
trary to this, the presence of a cavity leakage rate allows h
to operate the system faster than in the adiabatic regi
Dissipation acts like an error detection measurement and
bilizes the desired time evolution by damping away popu
tion in unwanted states. Since the time evolution of the s
tem is as expected for an adiabatic process, it can be call
dissipation-assisted adiabatic passage.

Like in other stimulated Raman adiabatic passa
~STIRAP! processes@39,40#, the fidelity of the finally pre-
pared state depends only on the experimental paramete
the end of the preparation process and the proposed sch
is relatively robust against parameter fluctuations. For
ample, in the two-atom case the fidelity of the atomic st
depends only on the size of the atom-cavity coupling c
stantsg1 andg2 at the time when the laser field is turned o
and the atom-cavity interaction is interrupted~see Sec. III!.
However, the parameters at the end of the operation hav
be controlled well. Ifg1 andg2 are not the same, the atom
are prepared in the state (g1u12&2g2u21&)/i•i , which over-
laps with the maximally entangled state with the fidelityF
5 1

2 1g1g2 /(g1
21g2

2).
A disadvantage of schemes based on dissipation-ass

adiabatic passages is that, when they are operated outsid
adiabatic regime, the success rate of the scheme decre
Photons might be emitted resulting in a failure of the st
preparation. If the loss of photons is mainly caused by le
age of photons through the resonator mirrors, this can
detected with a high efficiency and the experiment can
repeated if necessary. The fidelity of the finally prepar
state under the condition of no photon emission is well ab
95% for a wide range of experimental parameters. Beca
the state preparation time of the scheme can be relati
short, success rates above 80% can be achieved fog2

5100kG @see Fig. 6~d!# while P0.85% requires g2

;200kG @see Fig. 6~b!#. With respect to the dissipation
problem, the scheme is comparable to other atom-ca
schemes@4,8,10,11#.

A straightforward generalization of the state preparat
scheme discussed here is the preparation ofN atoms in a
so-calledW state@30#. Main characteristics ofW states is that
all atoms share one excitation. Like Bell states, they

e
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MARR, BEIGE, AND REMPE PHYSICAL REVIEW A68, 033817 ~2003!
highly entangled but their entanglement is more robust
state measurement on one of the atoms leads only to a
tively small decrease of the entanglement in the syst
HenceW states are a crucial ingredient for optimal cloni
protocols@31–34#. To prepare aW state, the atoms shoul
initially be prepared in a state with only one of them excite
The first atom has to enter the cavity in the ground sta
Beside that, there are no conditions on the state in which
other atoms enter the cavity. For other schemes aiming a
preparation ofW states in atom-cavity systems, see Re
@3,35–37#.

In addition, the proposed scheme can also be genera
to higher excited states. The atoms can be moved all toge
into the cavity field, some of them could be trapped at fix
positions between the mirrors, as shown in Fig. 1~b!, but they
can also be moved repeatedly in and out of the reson
field. To avoid photon emission it is crucial that the atom
enter the resonator field in a decoherence-free~or dark! state.
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One application ofN-atom state preparation schemes is ad
batic quantum computation@38#.

More general, dissipation-assisted adiabatic time evo
tions can be used in many setups to induce a time evolu
inside a decoherence-free subspace by simply changing
experimental parameters that define its states. This idea l
to time evolutions that are widely independent from the ex
values of experimental parameters and relatively robust w
respect to dissipation.
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