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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 uselissipation-assisted adiabatic passag€kese 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 assisted adiabatic passaggk?]. In the following, the prob-
ability for no photon emission and success rate of the pro-
In recent years several schemes to entangle afém4] posed schemes is for a wide range of parameters above 90%
and to implement gates for quantum information processingvhile the fidelity of the prepared state can be of the order of
[5-10 using optical cavities have been proposed. Cold at99%. In addition, the experimental requirements for
oms trapped in an optical cavity provide a promising tech-coherent-state preparation are significantly reduced. The
nology for quantum computing as well as an ideal model forscheme is robust against fluctuations of most system param-
theoretical studies. The main problems that must be overeters; it neither requires cooling of the atoms into the Lamb-
come, decoherence due to different dissipation channels aricke regime[13], nor does it demand precise control of the
the inability to precisely control experimental parametersatom-cavity coupling constants. Moreover, the scheme does
are common with other potential implementations. Dissipanot involve individual laser addressing of the atoms inside
tion results from the fact that the atom-cavity coupling con-the cavity.
stantg is of about the same size as the spontaneous photon To avoid errors due to leakage of photons through the
and atom decay rates andI'. Optical cavities operate in a cavity mirrors, the system should remain during the whole
parameter regime with state preparation in a decoherence-f(B€) state[14—16
with respect to this dissipation channel. Decoherence-free
g~«k~T. (1) states are states whose population does not lead to a photon
emission. A system oN two-level atoms inside an optical
Since it takes at least the timeglfo create a significant cawty possesses a DF subspace of dlmensegﬂ (12) or
amount of entanglement between the atoms, it seemed '”@N/z) for odd and even numbers of atoms, respectn[éﬂy
possible to avoid spontaneous emission and the loss of infor- The central idea of the proposed scheme is to manipulate
mation stored in the system. the system by slowly changing the atom-cavity coupling
Some of the proposed schemes work only with a successonstants which define the DF states of the system. Initially
rate below 50%][1,4]. Others try to solve the dissipation prepared in a DF state, the system remains DF and follows
problem by avoiding the population of excited states with thethe parameter change adiabaticdly7]. This is a conse-
help of adiabatic population transfers between ground stateguence of the adiabatic theorgr8] and relies on the fact
and strongly detuned laser fiel{f3,6,9,1q or use the exis- that the DF states of the system are at the same time the
tence of decoherence-free states and an environment-induceigjenstates of the atom-cavity interaction Hamiltonian. Here
quantum Zeno effed®,5,7,8. While many of these schemes we consider evolutions where the initial state of the atoms is
are able to suppress one type of dissipation very well, theia product state, while the final state is highly entangled, pro-
operation time is much longer than the inverse atom-cavity
coupling constant. Thus, while for example the probability

for leakage of photons is made very small, failure of the @ - P ® - r
proposed scheme becomes inevitable due to spontaneous M S e
emission from the atoms. As regards dissipation, the quan- ---0-@—p----- 77" Y
tum computing scheme proposed by Pellizzdral. in 1995 atom 2 ol ::::::::::
[11] is still one of the most efficient. Demanding a certain 2531‘:;

minimum fidelity and success rate, it requires a relatively

small ratio betweey® and «I" and is nearly comparable to FIG. 1. Entangled-state preparation. Two atoms can be prepared

the schemes proposed in Reff8,10]. in a maximally entangled state by moving them slowly into an
In this paper an alternative way to entangle atoms with theptical cavity(a). More general, entangled states of up\t@toms

help of an optical cavity is proposddee Fig. 1 Relatively  are prepared by moving them together or separately in and out of

short operation times are achieved by usidigsipation- the resonatotb).
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viding a simple and efficient atom entangling scheme. Thef atomi (i=1,2). Then the Hamiltonian describing the in-
easiest way to vary the atom-cavity coupling constants is byeraction between the atoms and the cavity field is given by
moving the atoms through the cavity as shown in Fig. 1. That
this is feasible with present technology has already been .
demonstrated 19,20. Alternatively, the atoms might be Hi”t_lﬁiz‘z 9ibl2):i(1]+H.c. 3
trapped in an optical lattice above an atom chip and move
through a microcavity installed on the surface of the chipLet us denote a state withphotons and the atoms jij ) in
[21]. the following aglij;n). Since the system is initially prepared
In the following it is shown that cavity decay can stabilize in a state with only one excitation and the excitation in the
the desired time evolution of the system. It increases theystem does not change when it develops in time with
fidelity of the prepared state under the condition of no pho-Hamiltonian(3), the relevant Hilbert space is only three di-
ton emission if the scheme is operated relatively fast, i.e.mensional and contains the statés2;0), |21;0), and
outside the adiabatic regime. This is achieved since populg11;1).
tion that accumulates due to nonadiabaticity in unwanted The evolution of the system remains in this subspace and
states is damped away during the no-photon time evolutiorgoes by
Under the condition of no emission, the system behaves as
predicted by the adiabatic theorem and the resulting time Hin=1%(91|21;0)+g,|12;0))(11;1|+H.c. (4)
evolution can be called a dissipation-assisted adiabatic pas-
sage. The overall operation time can be reduced by as mucHe system possesses one eigenstate with the zero eigen-
as two orders of magnitude. To a good approximation, th&/aluex;=0 given by
presence of the cavity decay rate has the same effect as an 1
error detection measurement. . .
A detailed description of a scheme to prepare two atoms )= R(gl|12’0> 92/21;0)), ®
in a maximally entangled state and its underlying structure
are given in Sec. Il. Section Ill discusses the state preparawith
tion scheme from an experimental point of view and intro- 2 2p
duces variations of the proposed experiment to increase its R=(g1+03)"" (6)
feasibility. Finally, we summarize our results in Sec. IV and ] . ] )
point out potential applications of dissipation-assisted adialt describes a state with no photon in the cavity mode. Pre-

interaction. Therefore statéb) can also be called aark

state The other two eigenstates are
Il. DISSIPATION-ASSISTED STATE PREPARATION

To illustrate the basic idea underlying the state prepara- INpa)= 1
. ; LS S : 2=
tion schemes discussed in this paper, we give in this section V2R
a detailed analysis of a simple process to transfer two atoms
with ground statg1) and excited stat¢2) into the maxi- and correspond to the eigenvalues,= ¥ %R.

(92/12;0)+94|21;0)+iR[11;1))  (7)

mally entangled state While the atoms move through'the resonator, the atom-
cavity coupling constantg, andg,, and therefore also the

1 eigenstates of the system, change in time. If this happens

la)=—(|12)—|21)). 2 slowly compared to the time scale given by the eigenvalues
V2 N\, 3, the adiabatic theorerfil8] can be used to predict the

time evolution of the system. Atoms that were initially in a
This can be achieved by moving two atoms, initially in adark state remain in a dark state, thereby adiabatically fol-
product state, into the antinode of the mode of an empt}OWing the change of parameters. Note that this is exactly the
optical cavity. The first atom should enter the cavity in its case for the state preparation scheme described at the begin-
ground state, while the second one should be prepared in thgng of this section. When the second atom enters the cavity
excited statd2). Subsequently, the atoms are placed in afield, att=0 one hasg,;=0 and|\;)=[12;0). When the
position where both see the same coupling to the resonat@oms reach the antinode of the quantized standing-wave
field. field mode inside the resonator the coupling constgptsnd
g, become the same and the dark state of the system equals
IN1)=]a;0). In this situation, both atoms are in a maximally
entangled statf22].

The entangling process is first described using a simpli- Let us now analyze this process in more detail with the
fied model which does not take into account dissipation ohelp of an adiabatic elimination. Since we know already that
the atom-cavity system. In the followingandb® denote the the system remains in its dark stdte;) to a very good
creation and annihilation operator for a single photon insideapproximation, it is convenient to decompose its state vector
the cavity andg; is the (rea) atom-cavity coupling constant |¢) as

A. Adiabatic passage

033817-2



ENTANGLED-STATE PREPARATION VIA . .. PHYSICAL REVIEW A68, 033817 (2003

3 through the cavity mirrors withc. Then the probability for
| (1)) = Z ci(D)[Nj(1)). (8) no photon emission equals to a very good approximation,
=1
. o . _— T (9192~ 9201)
Using the Schrdinger equation and HamiltonigB) reveals =) (T):l—Kj dqroi¥2  S281 (15)
that the time evolution of the coefficients is governed by 0 (92+92)°

the differential equations
where T is the time it takes to prepare the atoms in the

3 .
maximally entangled state. Res(l5) shows that the photon

Ck:_%ck}‘k_jzl Ci{NIAg)- ©  emission rate in the scheme is proportional to the cavity
leakage ratec. In case of an emission, the state preparation
Using Egs.(5)—(7), this leads to failed and the experiment has to be repeated. One way to
reduce the failure rate by a factbris to move the atomsl
c, 0 S IS c, times slower through the resonator. This increases the opera-

tion time T by a factorN but decreases the population in the

c|=| =S IR 0 C2 |, (10 cavity mode by a factoNZ.
63 -S 0 -IR (o)
. B. Dissipation-assisted adiabatic passage
with However, long operation times make the proposed scheme
3195— 329 more sensitive to other error sources, like spontaneous emis-
_ 919270201

=——c < - (11)  sion from the atoms. In the following, leakage of photons is

\/§(g§+g§) taken into account. First, we show that the scheme works as
predicted in the preceding section, even if the decay#dse

For frequencie® much larger than the frequen&ythere are  about the same size as the maximum atom-cavity coupling

two different time scales in the system and the time evolutiortonstanig, as long as the system is operated in the adiabatic

can be solved by eliminating the fast changing coefficientsegime. But the system can also be operated outside the adia-

c, andcz. To do so it is assumed that they always adaptatic regime. Under the condition of no photon emission, the

immediately to the slowly varying coefficient; and their  presence of the cavity decay ratelamps away errors due to

derivatives are set equal to zero, which yields nonadiabaticity. Let us assume that photons leaking through
) the cavity mirrors can be detected with an efficiency close to

Com — Came — Ec (12 one. If an emission takes place, the experiment failed and has

2 3 RV to be repeated. Otherwise and for a wide range of experimen-

tal parameters, the presence of the cavity decay rate has an
Moreover, it can be seen from E.0) that the derivative of effect similar to error detection measurements.
¢, equals zero within this approximation. To describe the time evolution of the system in the pres-
Provided that the system is initially perfectly prepared inence of dissipation we use in the following the quantum
the product stat¢12;0), one hasc,(0)=1 and the state of jump approach23-25. It provides a conditional Hamil-
the system equals in first order 8iR, tonian H,,q which describes the time evolution of the sys-
tem under the condition afo photon emission. For the sys-

1 tem under consideration, it equals in the interaction picture
4= H(gl|12’o>_92|21’0>+ V2s11), (19 with respect to the interaction-free Hamiltonian

during the state preparation process. From this the total L
population in the dark state can be estimated for all times, Hcong™Hin Zth b. (16
F=1-2S%R?, and differs from one only in second order in

S/R. Once the atoms stop moving, the derivatives of theThis operator can be written as

coupling constantg; and g, and thus also the rat8 be-

comes zero, which yields Heond=i7(91]21;0)+9,/12;0))(11; 1] + H.c.

F(T)=1, (14 - iEﬁK|11;1><11;1| (17)

as expected for an adiabatic process. The fidelity of the fi-

nally obtained state does not differ from one and the proin the relevant Hilbert space with one excitation in the sys-

posed scheme is very precise. tem. Note that the conditional Hamiltonian is non-Hermitian
As can be seen from Ed13), during the whole state and the norm of a state vector developing with the corre-

preparation, nearly no population accumulates in the cavitgponding Schidinger equation decreases in general in time.

mode. Therefore, the scheme also works with a high successiven the initial statd¢), the state of the system equals

rate if cavity decay is taken into account. Let us denote the

rate with which a single photon inside the resonator leaks out [4%(T))=Ucond T,0) | 0)/| - | (18
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at timeT. For convenienceil .,,qhas been defined such that

Po(T)=[Ucond T.0)| )2 (19

equals the probability for no photon ih

Calculating the eigenvalues and eigenstates of the condt
tional Hamiltonian(17), one finds that the system still pos-
sesses a zero eigenvalng=0 in the presence of a finite

cavity decay ratec. The dark statg\,) of the system is the
same as foik=0 and is given in Eq(5). Only the eigenval-
ues\, 3 and the eigenstatds, ;) change and are given by

1/2

2 (20

i . , o 1
)\2‘3: - ZﬁK+ﬁ gl+ 95— 1_6K

As long as the atoms move such that the parametgiend

PHYSICAL REVIEW A68, 033817 (2003

xS \J2s

———Cq, Cq=— —
\/ERZ 1 3 R

Again it can be shown that only a small population propor-
ional to S? accumulates outside the dark stéig)=|\;)
during the adiabatic population transfer. When the atoms
stop at the end of the state preparation, the S8abecomes
zero and it isc, (T)=0. From this one sees immediately
that the fidelity of the finally obtainethormalized state is
again one,

Co=— Cp. (25)

F(T)=1, (26)

in case of adiabaticity. Under the condition of no emission,
the system moves int\(T)).
Different from the case withk=0, the derivative of the

g, change slowly on the time scale given by the real parts ofimplitudec, is now no longer negligible and it can be shown
the eigenvalues\, 3, the no-photon time evolution of the that

atoms inside the cavity can again be predicted by the adia-
batic theorem. As expected, the system remains in the dark

state|\,) to a very good approximation.

. kS?
C]_: - ETC:L

(27)

To calculate the probability and fidelity of the prepared

state we proceed as in the preceding section and adiabatica

@)Iving this differential equation for the initial condition

eliminate the fast varying amplitudes of the state vector. Du&1(0)=1 leads to

to the non-Hermiticity of the conditional Hamiltonian, the
eigenstate$\ , 3 are no longer orthogonal to each other; for
certain parameters af; and «, they can even become de-
generate. It is therefore more convenient to consider the ba

vectors

1
|71)= §(91|12§0>_92|21?0>): IN1),

1
| 72)= §(92| 12;0)+904|121;0)), [73)=[11;1), (21

and to define

3
|w<t>>=j§1 ci(t)] (1))

(22)
Proceeding as in the preceding section leads to
3 .
. | .
Ck= _le Cj g( 7 Heond 75) + (i 75) | (23
which gives the differential equations
: 0 V25 ©
Cl Cl
. -J2s 0 R
Cr | = 1 Co|. (24)

T
cl(T)=ex;;< — Kf dt—z). (28

o R
SJIs‘his is the amplitude of the dark state with respect to the
un-normalized state of the system at timand under the
condition of no photon emission. The success rate of the
state preparation can be obtained from Ekp) and equals
|c1(T)|? since all population is in the stat&,). Using Eq.
(28) leads to

_ (T (9192~ 09291)°
PO(T)—exp< KJodt—(g§+g§)3 ) (29

which agrees with the result given in EQL5) up to first
order ink/R. As long as the atoms move slowly enough into
the cavity and the scheme is operated in #ukabatic re-
gime the system behaves as predicted in the preceding sec-
tion.

However, the presence of a finite decay ratean have a
dramatic effect on the time evolution if the system is oper-
atedoutsidethe adiabatic regime. We show in the following
that the state preparation tiriecan be shortened by as much
as two orders of magnitude by moving the atoms with higher
velocities into the resonator. Under the condition of no pho-
ton emission, the system behaves as predicted by the adia-
batic theorem even if the adiabaticity conditi8&R is no
longer fulfilled. The price one has to pay for the speed-up of
the scheme is that now photon emission might occur during
the state preparation. However, the success rate of the pro-
posed scheme is about 90% for a wide range of parameters.
If photons are detected with a high efficiency, the experiment

If Sis much smaller tha, this differential equation can be can be repeated if necessary.

solved by setting the derivatives of the fast varying coeffi-

cientsc, andc; equal to zero. This leads to

The main effect of the finite cavity decay rakeon the
no-photon time evolution of the system is that the eigenval-
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ues\, zaccumulate an imaginary part proportionaldgsee ' ' ' (a
Eqg. (20)]. These imaginary parts result from the non- i (
Hermitian terms in the conditional Hamiltonian and damp 0.15
away the excitation in unwanted statesmely, in the eigen-
states|\, 3)) as a consequence of no-photon measurements
This leads to a decrease of the norm of the state vector of th¢ 0
system and to a finite success rate of the state preparation bi
also increases the fidelity of the finally prepared state. To a
very good approximation, dissipation has the same effect a®-% [
error detection measurements of whether the system behave
as predicted for the adiabatic regime or not. The time evolu-
tion of the system becomes a dissipation-assisted adiabati
passage. uT

The basic ingredient for dissipation-assisted adiabatic pas:
sages is the existence of DF states. In the example consid (a)
ered here the only DF state of the system with respect to )
cavity decay and with one quantum of excitation is the dark%1° [
state|\ ;). Populating this state cannot lead to a photon emis-
sion. Which states of a system are DF depends on the syster o1 L
parameters. If these parameters change in time, a time evc
lution can be induced during which the system remains DF.
It adiabatically follows the changing parameters. The ideag o5 |
underlying the proposed state preparation scheme can easil
be carried over to other setufis2].

To investigate the influence of the cavity decay rata 0
the nonadiabatic regime numerically, we consider in the fol- 0 0.2 0.4 T 06 08 1
lowing an optical resonator with a Gaussian mode profile and
denote the cavity waist byy. As an example, it is assumed  FIG. 2. Population in the stateg4|12;0)+g,|21;0))/R [curve
that atom 1 is initially placed about four waist lengths away(a)] and|11;1) [curve (b)] as a function of the timeé and for
from the cavity centerx,(0)= —4w,, while the second is =0 (see upper graphand x=0.2y (see lower graphand for
placed atx,(0)= —6w,. As a function of the atom position, v max=5Weg.
the atom-cavity coupling constant equals

AT 1 1 1

The fidelity of the finally prepared state as a function of
gi(x)=gexd — (x;/wg)?], (300  the atom velocity 5 is shown in Fig. 3. As expected, the
fidelity decreases the faster the atoms move into the cavity.

whereg is the maximum coupling rate assumed only at anThe presence of a higher cavity decay rate improves the fi-
antinode of the field mode inside the resonator. In the foldelity while the gate failure rate due to photon emission in-
IOWing, we consider the case where both atoms move Wiﬂ@reases by about the same amount. For decay rassut
the same velocity and as shown in Figa)l To asssure that one order of magnitude smaller than the atom-cavity cou-
the atoms stop at the position where both see the same copling constang, the possibility of a photon emission has the
pling constant, i.ex;(T) =Wy andx,(T) = —wp, we choose same effect as an error detection measurement.

Depending on the atom velocity;,,, 0ne can allow rela-
tively large cavity leakage rates in the scheme. Ifx is
Becausey 4(T) =v,(T)=0, deviations of the fidelity of the larger than in the case where its presence has the same effect

finally prepared state from one are only expected in case Q[ SeaS?Ztr;eCtrgrrg:a?igfcélggr(;esissurbe(;?oevct't:;e f?ggﬁtess()]fa;[ﬁeOf
relatively high velocitiew o, due to the nonadiabaticity of prep y

el (S2e . & e perameter g
Figure 2 results from a numerical solution of the time ™/’ consiaere S section, the fidelily ot the Tinally o

evolution of the system with Hamiltoniaid 6). If the veloc- tained state does not differ from one.

ity vmax in EQ. (31) becomes too large ane=0, the fidelity ) . _

of the prepared state no longer equals one. Population thatC: State preparation using the inverse quantum Zeno effect
accumulates during the state preparation process in nondark For a wide parameter regime, the proposed state prepara-
states performs Rabi oscillations between the atoms and thion scheme can alternatively be understood as a concrete
cavity mode and returns no longer into the dark statg realization of the inverse quantum Zeno effect. Similar to the
when the atoms come to rest aBdbecomes zergsee upper original quantum Zeno effe¢f6,27,, the inverse Zeno effect
graph in Fig. 2. The presence of a cavity leakage rate [28] predicts the time evolution of a system on which rapidly
helps achieving fidelities close to one in the nonadiabaticepeated measurements are performed, though these mea-
regime by damping away the population in nondark statesurements vary in time and it is measured whether the time
(see lower graph in Fig.)2 evolution of a system follows a certain assumed trajectory. If

U1=02=0 maxSIN[ (X1 + 4Wq)/5Wo]. (31)
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FIG. 3. Fidelity and success rate of the prepared state as a fun%-eCZG;af' fFur:iehty fg%ﬂ'lsuczzae)ss ratia as (f‘))f”"c“f'i gL the )cawty
tion of the atom velocityw ,c and for the cavity decay rates=0 q y _e;wo lz(_[j'sa"_ W0 (3, max=Wod (b), U max=1.5wo9 (C),
(@), k=0.01g (b), k=0.05 (c), andx=0.1g (d). aNndumax=<Wog (d)-

the time between subsequent measurements tends to zero, theThe alternative interpretation of the time evolution of the
state vector of the system follows the assumed trajectoryystem in the presence of dissipation given in this section

even if there is no inte_raction inducing a time evquFion i.n might help to understand intuitively why success rate and
the system. In this section we shortly comment on this poinfigelity of the proposed state preparation scheme are so close
of view. , , to one even ifx is about the same size as the maximum
Given fixed values fog, andg,, the interaction of the  5¢om_cavity coupling constagt Schemes based on quantum
atom-cavity system with its environment over a tiliecan  zeng effects or adiabatic passages are in general very effi-
be shown to have the same effect as an ideal measuremefibn; 1o suppress one source of dissipation in a system and to
whether the system is prepared in the dark sfagg or not,  create very simple schemes for the preparation of entangled
if At exceeds a certain minimum length. One possibility t0gtates or the realization of quantum gates. Nevertheless, they
show this is to proceed as in R¢2] and to calculate the gre very slow. To increase the robustness of a scheme with
no-photon time evolution of the system ovért using  regpect to different sources of dissipation, such as cavity
Hamiltonian (17). In this way it can be shown that |eakageand spontaneous emission from the atoms, one
Ucond At,0) equals the projector onto the dark state of theshoyid use dissipation-assisted adiabatic passages and oper-

system,|A1)(\4|. The dark staté\,) is a decoherence-free gate the system outside the adiabatic regime.
state with respect to spontaneous emission through the cavity

mirrors and seeing no photon over a tilhe assures that the
system is in a decoherence-free state.

To be able to use the inverse quantum Zeno effect to
predict the time evolution of the system, the atom-cavity In this section we discuss the limitations of entangled
coupling constantg; andg, should change very slowly so state preparation via dissipation-assisted adiabatic passages
that they can be considered as constant over asAimdé=rom  with respect to dissipation, including spontaneous emission
one time interval to the other, the measurement performed ofiom the atoms. While cavity decay can even be used to
the system changes and the system gets projected onto ttemedy errors, spontaneous decay of excited atomic levels
dark statg\ ) defined by the actual values gf andg,. The ~ remains the main obstacle in the proposed state preparation
inverse quantum Zeno effect implies that the probability toscheme. To assure that the finally obtained state is stable with
find the system always in the daftr decoherence-fr¢state  respect to spontaneous emission from the atoms, the states
is closer to one the slower the atoms move inside the cavityl) and|2) should be obtained from two different ground
This is in good agreement with the analytical res(®8) and  states of the atom. To couple these two levels, an additional
(29 obtained from an adiabatic elimination of the fast vary-atomic level 3 and a coupling laser focused on the region of
ing amplitudes of the state vector. the cavity can be used, as shown in Fig. 5.

IIl. EXPERIMENTAL REALIZATION OF MAXIMALLY
ENTANGLED TWO-ATOM STATES
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in first order in 1A. Within this approximation, spontaneous

_.P2A decay from the atoms is negligible. However, since the op-

eration time of the scheme is larger than the inverse atom-
g T Q cavity coupling constants, higher-order corrections have to
14

4 be taken into account. Doing so leads to the effective spon-
taneous decay rate

FIG. 5. Level configuration of atorin The Rabi frequency of the 7= (&) ZF (36)
laser field addressing the 2-3 transition of atbia denoted by, tl2A
andg; is the atom-cavity coupling constant with respect to the 1-3
transition. Both transitions should have the same detuninghile ~ assigned to level 2 in Eq34). While changing the atom-
I is the spontaneous decay rate of level 3. cavity coupling and the atom decay rate, the detuning has no
effect on the cavity leakage rate and it is
In the following,(}; denotes the Rabi frequency aadhe ~
detuning with which the coupling laser excites the 2-3 tran- K=K. (37
sition in atomi. Note that the scheme does not require indi- _
vidual addressing of the atoms inside the cavity. The iridex Note that when the rates I', and« are about the same size,
accounts for the possible dependency of the Rabi frequenags in Eq.(1), the effective rates follow the ordering>g;
on the atomic position. We now solve the no-photon times-T', .
evolution of the system numerically and assume as a con- Since the presence of the detuning increases the relative
crete example that cavity decay ratec/g (with g=masxg;) significantly, the sys-
— 2 tem is now no longer operated in a parameter regime where
() =g expl ~[xi/(Swo) I'}- (32 the atom-cavity cguplinpg constant ig effectively %f similar
The waist of the laser field is five times the cavity waigt ~ SiZ€ as the decay rates, evegit «~I'. Therefore, request-
defined in Eq(30). ing a certain minimum fidelity and success rate in the pres-
Again we denote the atom-cavity coupling constant ofénce of Raman transitions, one can only allow a relatively
atom i, now with respect to the 1-3 transition, lgy and  Small amount of dissipation in the systefifor comparison,
assume a Gaussian mode profile as in@@). The detuning  S€€ Refs[.7,9]). Concrete numerical results are presented in
of the cavity mode should be the same as the detuting ~ the following two sections.
the coupling laser. Assuminyg atoms in the cavity, the con-

ditional Hamiltonian equals A. A two-atom scheme
N Apart from the finally prepared state being stable, another
Ho =2 Z0.12)-(3|+ia.bl3) (1| + H.c. adyant_age of using. systems is that this aIIqws for a sim-
cond ™ igl 2 1123 (3l +igibI3)ii(1] plification of the state preparation scheme discussed in Sec.

II. By turning off the laser field, the coupling of the atoms to
the field mode can be interrupted whenever the atoms reach a
position where they should no longer interact with the cavity
field. Instead of having to move the atoms exactly into a
in the interaction picture with respect to the interaction-freecertain position, they can move with constant velocity
Hamiltonian minu§P=1ﬁA|3>“<3| and taking both types of through the resonator. When both see the same atom-cavity
dissipation into account. coupling constant, the laser field is turned off and the state of

To assure that the atoms behave like two-level atoms théhe atoms changes no longer in time. Afterwards, the atoms
detuningA should be at least ten times larger than the syster§an be moved out of the resonator without destroying the
parametersg;, Q;, and I'. This allows for an adiabatic Maximally entangled state.

elimination of level 3 resulting in the effective conditional ~ Agdain the system should initially be prepared in the state
Hamiltonian |12;0) with the atoms outside the cavity. Figure 6 shows the

fidelity under the condition of no photon emission and the
N i N success rate of the state preparation after the atoms left the
Heong=1% >, 9ib|2)ii(1]+H.c.— Eﬁriz 12)ii(2] resonator as a function of the atom decay fatdncreasing
=t =t I' leads to a decrease of the no-photon emission probability.

N

+# A—%F)E |3>ii<3|—i§thTb (33
i=1

i As in the preceding section, it is assumed that photons can be
—EthTb. (34)  detected with a high efficiency and the experiment is re-
peated whenever necessary. If the deturdinig much larger

The atom-cavity coupling constant of the reduced levefh@ng, then most photons result from leakage through the

scheme equals cavity mirrors and not from the atoms singe-T; .
Numerical simulations show that the presence of a decay
~ 3 rate k of the order of the effective atom-cavity coupling
9i= 2A Gi (35 constanig can indeed increase the fidelity of the finally pre-
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no longer requires to turn off the laser field when the atoms
reach a certain position in the cavity. Systems with three
atoms in the cavity possess a three-dimensional DF subspace
spanned by the ground stdfel1;0) and two states with one
excitation in the atomic stat®). Proceeding as in Ref2],

the two other states can be found by orthogonalizing the
states

0.98 - ]

| 712)= 771(91/121;0) — 9| 211;0)),

| 713) H(gﬂ 112;00—g3/211;0)),

1
|7723>EH(92|112;0>_93|121;0>), (38
which can easily be identified as DF states. For more than
two atoms there are in general several states with the same
amount of excitation in the atoms, and it is more difficult to
predict the outcome of the state preparation scheme than in

Ig ' the two-atom case, where one can easily deduce the final

state from the fact that the amount of excitation in the system
FIG. 6. Fidelity and success rate of a state preparation schemgoes not change.

where two atoms move with constant speed through the resonator as As an example, let us consider a simple scheme using
a function of the atom decay ratefor v=0.002vog, A=20g, and  three atoms and aiming at the preparation of the maximally
x=g=0.029 (a), v=0.002v0g, A=20g, andx=2g=0.05 (b),  entangled symmetric state

v=0.005v,g, A=10g, and k=g=0.05 (c), and v =0.005,g,

A=10g andx=2g=0.1g (d). The distance of the atoms equals one 1
cavity waistwy. |S> = E( | 12)+ |21>) (39

pared state compared to the case whereO. For larger

values of«, such asc=2g, the fidelity decreases again. To Of two atoms. This can be achieved by moving the atoms

obtain fidelities close to one in this case, the atoms have t¥ith constant speed through the cavity using a setup simi-

move slowly through the resonator and the system has to H&" to the one shown in Fig.(). Atoms 1 and 2 should enter

operated closer to quantum Zeno effect regime. The corréhe cavity in the ground statd) and see all the time the

sponding long state preparation time then leads to a decrea§@Me cavity coupling constant. This can be achieved by mov-

of the spontaneous decay rdfethat can be allowed in the INg the atoms parallel through an antinode of the cavity;

system. No photon probabilities and success rates arourfitérnatively a ring cavity could be used. The third atom

80% can be achieved faj?~100«I" [see Fig. 6d)] while should |n]t|ally be prepared if2) and en'ters the cavity a blt.

Po>85% requiresy?~200«T" [see Fig. @)]. With respect Ia_1ter but in a way that all thr_ee atoms interact at some point

to dissipation, the proposed state preparation scheme is corfimultaneously with the cavity mode.

parable with other atom-cavity schenjés8,10,1] while the Initially prepared in the statgl12), the atoms enter the

process itself is much simpler. cavity in a DF state. The staig12;0) of the system is a
Note that it is always possible to obtain fidelities equal toSUPerposition of the stat¢g,3) and| 7,3) and can be written

one. This is achieved if the atoms rest for a short time in thetS

position where they both see the same atom-cavity coupling

before the laser field with Rabi frequen€y is turned off. 1 1

Then the population still left in unwanted states at the end of —=(| 719 + [ 729)) = ——— 575l (91102)[112;0)

the operation can be damped away, so resulting in the prepa-\/— [(91+92)+293]

ration of the antisymmetric stata) as described in Ref1].

—/2g5/s1;0)], (40)

with g;=0. When atoms 1 and 2 leave the cavity, the third
A further improvement of the feasibility of the proposed atom is in the ground state since this is the only DF state
experiment can be obtained from a straightforward generaliwith only one particle in the resonator. After all atoms passed
zation of the state preparation scheme to the three-atom cagbrough the cavity, the first two atoms are in the maximally
The main advantage of using three atoms is that the schensntangled symmetric stats). They now equally share the

B. A three-atom scheme
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1

scheme no longer depends on the accuracy with which the
coupling laser can be turned off at the right moment. It is

sufficient to focus the laser on the region of the cavity and

the scheme does not require precise control of the experi-
mental parameters.

The basic mechanism underlying the proposed state
preparation schemes is that the atoms enter the cavity in an
eigenstate of the atom-cavity interaction Hamiltonian. When
the atoms move through the cavity, the atom-cavity coupling
and eigenstates of the system change and a time evolution is
induced. The system follows the changing parameters adia-

batically and remains in an eigenstate.
2 -1 o . /i 1 2 3 Other advantages of the scheme result from the fact that
Lo the only populated eigenstates in the scheme are the zero

FIG. 7. Population in the entangled stasd;0) (a) and in the ~ €igenstates of the atom-cavity interaction Hamiltonian and
initial state|112;0) (b) and the atom-cavity coupling constagg ~ therefore the decoherence-free states of the system with re-
=g, (¢) andgs (d) as a function of the positior, of atoms 1 and ~ SPECt to cavity decay. Because of this, the scheme can be
2. The distance of the first two atoms from the third equals ondMPlemented in the presence of relatively high decay rates
cavity waistw,. They move through the cavity with constant speed INtuition suggests that dissipation is always damaging. Con-
v=0.002n,g while A=20g, x=0.023, and'=0.05. If no pho-  trary to this, the presence of a cavity leakage rate allows here
ton is emitted, the maximally entangled sté36) of atoms 1 and 2 t0 operate the system faster than in the adiabatic regime.
is prepared with a fidelity ofF=99.7% and a success rate of DiSSipation acts like an error detection measurement and sta-
87.6%. bilizes the desired time evolution by damping away popula-

tion in unwanted states. Since the time evolution of the sys-
excitation initially in atom 3. In the setup considered here,tem is as expected for an adiabatic process, it can be called a
the system remains continuously in the superpositi¢®)  dissipation-assisted adiabatic passage.
and the final state of the atoms is reached ng!ﬁ 92:0 Like in other stimulated Raman adiabatic passage
[29]. (STIRAP) processe$39,40, the fidelity of the finally pre-

Figure 7 shows the population in the staf¢42;0) and  pared state depends or_1ly on the experimental parameters at
|s1;0) as a function of the position of atoms 1 and 2 in thethe end of the preparation process and the proposed scheme
cavity mode and results from a numerical integration of theiS relatively robust against parameter fluctuations. For ex-
Schralinger equation given by Eq33). Choosing the ex- ample, in the two-atom case the fidelity of the atomic state
perimental parameters similar to the parameters in Fig. 6, #lepends only on the size of the atom-cavity coupling con-
is found that atoms 1 and 2 leave the cavity indeed in #tantsg; andg, at the time when the laser field is turned off
maximally entangled state. and the atom-cavity interaction is interruptégte Sec. I\
However, the parameters at the end of the operation have to
be controlled well. Ifg; andg, are not the same, the atoms
are prepared in the statg4(12) —g,|21))/|-||, which over-

In this paper we discussed state preparation schemes ai@ps with the maximally entangled state with the fidelty
ing at the creation of a maximally entangled state of tvvo=%+glgzl(gf+ g%).
two-level atoms. This can be achieved by moving either two A disadvantage of schemes based on dissipation-assisted
or three atoms, initially prepared in a nonentangled stateadiabatic passages is that, when they are operated outside the
with constant speed through an optical cavity. In the two-adiabatic regime, the success rate of the scheme decreases.
atom case, the first atom enters the resonator in its groun@hotons might be emitted resulting in a failure of the state
state while the second atom is initially prepared in the expreparation. If the loss of photons is mainly caused by leak-
cited state. When both atoms reach a position where both sege of photons through the resonator mirrors, this can be
the same cavity coupling, the interaction with the resonatodetected with a high efficiency and the experiment can be
mode is turned off. This is possible when the atom-cavityrepeated if necessary. The fidelity of the finally prepared
interaction is established indirectly via an auxiliary level andstate under the condition of no photon emission is well above
with the help of a laser field. Individual laser addressing 0f95% for a wide range of experimental parameters. Because
atoms inside the cavity is not required. the state preparation time of the scheme can be relatively

To further improve the feasibility of the state preparation,short, success rates above 80% can be achievedyFor
it has been proposed to use three atoms. Again the atoms100«I" [see Fig. 6d)] while P,>85% requires g2
move with constant speed through the resonator. The first 200«I" [see Fig. @b)]. With respect to the dissipation
two atoms enter the cavity in the ground state such that thegroblem, the scheme is comparable to other atom-cavity
always see the same coupling to the resonator mode. If thechemeg$4,8,10,11.
third atom is initially prepared in the excited state and enters A straightforward generalization of the state preparation
the cavity region shortly after the others, then atoms 1 and 2cheme discussed here is the preparatiomN aitoms in a
leave the resonator in the maximally entangled symmetrigo-calledw state[30]. Main characteristics dfV states is that
state. Different from the two-atom case, the three-atormall atoms share one excitation. Like Bell states, they are

0.8
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0.4
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highly entangled but their entanglement is more robust. AOne application oN-atom state preparation schemes is adia-
state measurement on one of the atoms leads only to a relbatic quantum computatigi38].

tively small decrease of the entanglement in the system. More general, dissipation-assisted adiabatic time evolu-
HenceW states are a crucial ingredient for optimal cloning tions can be used in many setups to induce a time evolution
protocols[31-34. To prepare aV state, the atoms should inside a decoherence-free subspace by simply changing the
initially be prepared in a state with only one of them excited.experimental parameters that define its states. This idea leads
The first atom has to enter the cavity in the ground statetg time evolutions that are widely independent from the exact

Beside that, there are no conditions on the state in which thgajyes of experimental parameters and relatively robust with
other atoms enter the cavity. For other schemes aiming at th@spect to dissipation.

preparation ofW states in atom-cavity systems, see Refs.
[3,35-31.
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