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via quantum-jump-based feedback®

Chen Li(/% T§)®), Wang Hong-Fu(E#t48)?), and Zhang Shou(3k #)»b)f

a) Center for the Condensed-Matter Science and Technology, Department of Physics, Harbin Institute of Technology, Harbin 150001, China

b)Department of Physics, College of Science, Yanbian University, Yanji 133002, China

(Received 25 April 2013; revised manuscript received 16 July 2013; published online 24 January 2014)

A robust and scalable scheme to generate a steady three-dimensional entangled state for a V-type atom and a A-
type atom trapped in a strongly dissipative bimodal cavity is proposed by direct feedback control based on quantum-jump
detection. The robustness of this scheme reflects in the insensitivity to detection inefficiencies and the strong ability against
the parameter fluctuations in the feedback, driving, and coupling strengths. The influence of atomic spontaneous emission
can be suppressed by using the local feedback control. The scalability is ensured that N-dimensional entangled states of

two atoms can be deterministically generated.
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1. Introduction

Quantum entanglement, a striking feature distinguished
from the classical theory, has been widely used to test fun-
damental quantum theories and implement quantum compu-
tation and quantum communication protocols. Therefore,
much effort has been devoted to the preparation of entan-
gled states.!!'"%1 However, among the existing schemes, most
are about two-dimensional entangled states between qubits in
Hilbert spaces. Recently, many studies revealed that high-
dimensional systems have many significant advantages over
two-dimensional systems for some certain tasks. For example,
violations of local realism in qudit systems are stronger than
that in qubit systems!”) and Greenberger-Horne—Zeilinger
paradoxes have also been generalized to d-dimensional (d >
3, i.e., qudit) systems.[S] In addition, for communication
high-dimensional entanglement allows more information to be
transmitted, which is shared by the same number of particles.
Quantum key distribution encoding in qudit systems is more
secure against certain types of eavesdropping attacks.[%10]

The generation of high-dimensional entangled states
attracts much interest owing to their extended possi-
bilities. = Experiments aiming to create photonic high-
dimensional entanglement in orbital angular momentum have
been reported.!!'=131 At present, the production of high-
dimensional entangled states in theory is mainly based on
cavity quantum electrodynamics systems via unitary dy-

n, 1181 adiabatic passage,'>>3] or Zeno

namics evolutio
dynamics.!?*?3] Nevertheless, as we all know, a quantum sys-
tem inevitably exhibits decoherence due to the coupling with

its environment, so it remains a challenge to generate steady
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high-dimensional entangled states.

Quantum feedback control is regarded as a promising
approach to deal with the decoherence problem and prevent
entanglement degradation with the development of experi-
ments and theories about monitoring systems in the real time
and manipulating individual quantum systems.!?6-33] Steady
bipartite and multipartite two-dimensional entanglement has
been prepared via direct feedback under appropriate detec-

34381 Furthermore, the nearly perfect three-

tion strategies.!
atom singlet state was also engineered via quantum-jump-
based feedback.*”! Current research shows that the asymmet-
ric feedback with respect to exchange of particles based on
quantum-jump detection is very useful for engineering steady
highly entangled states.

In this work, we propose a scheme to prepare a steady en-
tangled state of two qutrits by feedback control with the help
of quantum jump. Based on quantum feedback, the present
scheme has the following advantages: (i) It needs neither
atomic state initialization nor strict control of the interaction
time. The system is deterministically driven to the steady tar-
get entangled state. (ii) In our scheme, cavity decay is helpful
for the generation of the steady state. This scheme is insensi-
tive to detection inefficiencies and robust against the parame-
ter fluctuations. (iii) It can be generalized to the preparation of
bipartite multi-dimensional entangled states.

2. Basic model and effective dynamics for atoms

We consider a system consisting of a V-type atom A and a
A-type atom B which couple resonantly to a damped bimodal
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cavity and are simultaneously driven by two classical fields.
Atom A has two degenerate excited states labeled as |1) and
|2) and a ground state labeled as |0). On the contrary, atom
B has an excited state |0) and two degenerate ground states
|1) and |2). The transition between the levels [1); <+ |0);
(|12)j < |10); (j = A,B)) is coupled to the left (right) circular
polarized mode a; (ay) of the cavity with the coupling constant

1 (g2), driven by a classical field with the Rabi frequency
Q) (£,), as shown in Fig. 1. The detection apparatus D is
used to detect the photons leaking from one of the cavity mir-
rors. When the detector clicks, one immediately imposes a
finite amount of evolution on the atoms by using control lasers
or microwaves. The feedback operators could be designed,
in theory, as any unitary transformation. Nonetheless, experi-
mentally a reasonable example is a microwave pulse applied to
one or more atoms because of the limitation of the technique.
Specific feedback operators are shown below.

atom A atom B

7%

1 12)

Uy,
—

Fig. 1. Schematic view of the model. A V-type atom and a A-type
atom are trapped in a double-mode cavity. When a photon from the
leaky cavity is detected by a detection apparatus, a feedback pulse
is triggered.

The complete master equation governing the dissipative
dynamics of the whole system reads

p = —i (U] +J7).p] — i[5 +75).p]
—igi[(Jf a1 +Jya)),p) —iga[(J5ar +J5 ab),p]
+ Ko, DUy a1]p + Ko, D[Unn2a2] p

+Y Y ¥pldlp, ()

i=1,2 j=A.B

where a;(;) and a}L( are the annihilation and creation op-

erators of the cavity2 )mode ay(z) with the spontaneous pho-
ton leakage rate K 2 respectively. The y/ is the rate of
spontaneous emission from the excited state to the ground
state of the jth atom. The effect of decoherence superop-
erator D is Dlc]p = cpc’ — (cfep + pefe)/2. The collec-
tive amplitude damping operators are J 1’<2) = Gf(z) + 013(2) and
Ji =) with of = [0)4(1], 05 = 0)4 (2], o =|1)5(0]. and
o8 =2)5(0|. The cavity modes are not interesting as their be-
havior is slaved to driving for the high levels of damping. Let
us now try to come back to the system of two atoms. Since
the amplitudes of cavity modes are small, the density matrix

p only needs to be partially expanded in terms of the small

photon number states of cavity modes a; and a,. In the limit
where the cavity decay rates are very large, i.e., K, 2 > 81(2)>
the cavity modes can be adiabatically eliminated by neglecting
the terms greater than second order.*84% Then, we can obtain
the following master equation only prompting the atomic evo-
lution:

p = —i[() +J7),p]—i[(J3 +J7).p]
+ L D[UmiJy |p + DU, |p
+ ) L ¥Dldlp, )
i=1,2 j=AB

where Ij(5) = 4g%(2) / Kay o) describes the effective collective
damping strength of the two atoms and the cavity mode a; ).
Furthermore, we assume that the collective decay rate I; is
much larger than the atomic spontaneous emission rate 71] .
Here, the effect of the spontaneous emission is temporarily
ignored. The final effective master equation of the system can
be written as

p = —iQi[(J] +J7).p]l —i2[(JF +75),p]
+ID[Up1J; |p +1D[UpnJ; |p- 3)

This master equation describes the evolution of an open
two-atom system with two collective decay channels, simul-
Before a feedback
control is introduced, equation (3) does not have a unique

taneously driven by two classical fields.

steady solution.[?>#!1 Nonetheless, the steady-state solutions
of Eq. (3) include the desired target state

1
= —(|00) —|11) —|22)), 4
1Y) = (100} — 1)~ 22)) @
which is a three-dimensional maximally entangled

state. 1319211 We need to choose an effective feedback control
to make the three-dimensional entangled state a unique steady
state. The feedback operators can involve one atom or both
atoms of the system, as long as the feedback controls break the
symmetry with respect to the exchange of atoms. We choose
the relatively simple and easily scalable feedback operators
Up = exp[—iki (o8 + GIBT)] and Upy, = exp[—idz (0f + Géﬁ)]
with the control strength /'Ll(z), which are two local feedback
controls. By solving Eq. (3) numerically, it can be proved
that the three-dimensional entangled state |y3) is the unique

steady-state solution for the above local feedback controls.

3. Results and error analysis

As is well known, fidelity is a good assessment of the
attainable precision of the state preparation scheme, so the
definition of state fidelity F = /(y|p|y)*?! is adopted to
estimate our feedback scheme. On the basis of the effective
master equations (2) and (3), the target state fidelity for dif-
ferent feedback and driving strengths is shown in Fig. 2 when
atoms A and B are initially in the ground state |01)45. For

the sake of simplicity, we set I] =1, =1,02; = , = Q,
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AM=A =4, and yl’ = v. It is seen that the target state fidelity
is not significantly affected by the fluctuations of the feedback
and driving strengths. From Fig. 2(a), we can evidently ob-
serve that a steady three-dimensional entangled state | y3) with
F =1 can be generated for a wide range of parameters where
the effect of the atomic spontaneous emission is not taken
into account. Even if there is atomic spontaneous emission
Y = 0.01I", the maximum value of the fidelity can still reach
0.96, as shown in Fig. 2(b). In comparison to Fig. 2(a), the
fidelity of the steady state slightly reduces with atomic spon-
taneous emissions. In fact, our scheme does not require the
identical feedback strengths for two collective decay channels
in the feedback procedure. The fidelity for different feedback
strengths corresponding to two decay channels is plotted in
Fig. 3 based on Eqs. (2) and (3). Figure 3 shows that the feed-
back strength range corresponding to the target state with high
fidelities is very wide. In the absence of spontaneous emis-
sion, even 12(1) = 0, the perfect target state is also achievable.
That is to say, the three-dimensional entangled state can still
be obtained via feedback control for one of decay channels.
If the spontaneous emission y = 0.011", the fidelity of the tar-
get state is higher than 0.9 for many different values of A; and
Az. Thus, the scheme is robust against the imperfections in the

feedback Hamiltonian.

Fidelity
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Fig. 2. (color online) Target state fidelity as a function of feed-
back and driving strengths for the local feedback control (a) with-
out atomic spontaneous emission and (b) with y=0.01T".

(a)

Fidelity

Fidelity

Fig. 3. (color online) Fidelity of the steady target state for dif-

ferent feedback strengths corresponding to two decay channels

(a) without atomic spontaneous emission and (b) with y = 0.01I".

Li=hL=I,Q0==T

Aside from the errors in the feedback strengths, the atom—
cavity coupling constant and classical field driving strength
asymmetry for two atoms may affect the target steady-state
generation in the experimental operation. In cavity quantum
electrodynamics systems, longitudinal confinement prevents
fluctuation of the atomic positions along the cavity axis. ]
Nevertheless, it is possible that there is a static difference in
the couplings of the two atoms. Thus, it is necessary to dis-
cuss the errors in coupling strengths corresponding to both
atoms in the cavity. At the same time, the classical field driv-

ing strength difference is also taken into account. Suppose
there are some deviations, i.e., gl( 2 = = (14 61(2))81(2) and
Q 12) = (1—|—63 Wltth _gl and 91(2) _QI(Z)-

The correspondmg effectwe master equatlon becomes

p = —i[@} (ol +o")+ QP (P + 7). p]

— iLQ‘z“(Gf +05") + Qf (6% + 67", p]
+-—D[Umi(giof +gior)]p

a]

+ o PlUna(elod +bod)]p. )
It is undoubted that the target state fidelity would decrease due
to the existence of & (k= 1,2,3,4). However, a high fidelity
can still be obtained in a certain range of errors, as shown in
Fig. 4. Surprisingly, the target state fidelity is greater than
0.99 under the condition &y, &, € [—0.1,0.1], and & = 84 =0,
while the fidelity is above 0.97 when 83, 64 € [—0.05,0.05] and

61 =6=0.
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Fig. 4. (color online) Fidelity of the three-dimensional entan-
gled state versus (a) atom—cavity coupling error and (b) driving
strength error, respectively, with I =I> =1, 2] =€, =TI, and
ll = 2.2 =T / 2.

Up to now, all of the results are obtained based on the
perfect detection. Because the feedback control for the system
relies on the measurement results, evaluating the influence of
detection inefficiencies is very important. To take this factor
into account, the corresponding master equation (3) should be
modified as

p = —i[(J; +J7),p] —i[(Jy +J5),p]
+mI DUt |p + MDD [Unnl, |p
+(1=n)LiDJy |p+ (1 —m)2D[J; |p
+ Y ¥ %Dlo/lp, (©)

i=12j=AB

where 1(3) represents the detector efficiency. Equation (6)
shows two situations: (i) the term with the factor 1y(y) de-
scribes that we can obtain information from the detector and
implement the feedback transformation Up,(); (ii) the term
with the factor (1 — 1)) denotes that the information flows
to the environment and there is no feedback control. Figure 5
illustrates that the effect of detection efficiencies on the fidelity
of the three-dimensional entangled state when both atoms are
initially in the ground state |01)45. The steady state of the
system is always the target state |y3) in the absence of spon-
taneous atomic emission. The imperfect detection only delays
the time at which the steady state is achieved in comparison to
the perfect case. In the presence of spontaneous emission, the
target state fidelity decreases as detection efficiency decreases.
This is reasonable as less efficient detection will weaken the
effective control. The balance between decay and feedback
dynamics is broken. Nonetheless, in the case of y = 0.011",

the decline of the fidelity is small and it is still higher than 0.9
evenifn =0.5.
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Fig. 5. (color online) Effect of different detection efficiencies on
the fidelity of the three-dimensional entangled state with and with-
out spontaneous atomic emission for 1) =1, 22y = I', and
11(2) =T / 2.

In addition, the correctness of the adiabatic approxima-
tion for the cavity modes can be checked by the master equa-
tion (1) without any approximation. In the adiabatic regime,
the fidelity of the target state is about 0.95 by solving Eq. (1)
with the corresponding parameters Ky, (4,) = 16007, g1(2) =
2007, 2(2) = 100y, and A;(y) = 7/2. This result is close to
that from the effective model, and thus shows the reliability of
the adiabatic approximation.

Let us briefly analyze the experimental implementation
of the scheme. The atomic V-type and A-type level configu-
rations involved in our scheme can both be implemented with
87Rb hyperfine levels, whose relevant atomic levels are shown
in Fig. 6. The states [0)4(p), |1)a(5) and |2)4(g) correspond
to |F =1,mp = 0) of 5%S;, (5°Pyp), |[F = 1,mp = —1)
of 5?Py /5 (5%S)2), and |F = 1,mp = 1) of 52P; ), (5%S;2).
respectively. Each atom couples resonantly to two classical
fields £, > and two circularly polarized photon modes a;» of
the cavity corresponding to left and right circular polariza-
tions, respectively. In recent experiments, for an optical cavity
approaching the bad-cavity limit, where the atom-cavity co-
operativity parameter is C = g2/xy ~ 19144 with (x,g,7) ~
27 x (255.05,70,1) MHz,[*! the fidelity of the target state is
about 90% based on Eq. (1) in the case of €2 = g/2 and
My == /2. The value is relatively high for the generation of
stable entangled states. A better bad-cavity regime is expected
in future cavity quantum electrodynamics experiments.

521:,1/2 Fe2 —2 —1 0 +1 +2
1 ;1 0 +}ﬂ
\ a Ao /
\ /
\ /
528, F=2 -2 1 . 0 A\ _+2
/Ql\ /Qr_,\
F=1 ) NV
—1 0 +1

Fig. 6. V-type and A-type level schemes of the atoms by means of
87Rb hyperfine levels.

030301-4



Chin. Phys. B Vol. 23, No. 3 (2014) 030301

4. Generalization of the model

It is worth noting that the current scheme can be extended
to prepare N-dimensional entangled states of two particles.
The potential level configurations for atoms A and B are shown
in Fig. 7. Suppose that there is a multimode optical cavity with
(N — 1) discrete modes. The master equation describing this
system can be written as

N—1

p =Y iU +7;).p ~igillJ ai+J; af).p]
i=1
+K, DUmiailp+ Y, v/Dlo]lp, (7
j=AB

where @; (i =1,2,...,N —1) is the annihilation operator of
the ith cavity mode with the coupling constant g; and decay
rate K. In the scheme, we need (N — 1) lasers for the case of
N-dimensional entanglement. €2; denotes the Rabi frequency
of the ith classical field. The specific transitions between the
atomic levels are shown in Fig. 7. The collective amplitude
damping operators are J; = 0/ + 6 with 6! = |0)4(i| and
of = |i)5(0].

atom A atom B
12 N 0)
g 2, 91// 92 25
91 \J? 2, ngN—l
|0) 1) 12) |IN—1)

Fig. 7. Potential level configurations of atoms A and B for N-
dimensional entangled states.

Similar to the adiabatical approximation process in Sec-
tion 2, by neglecting the highly excited modes in the limit
Ka; > 8i > 7’/ , the effective master equation can be obtained
as

N-1
p=) -1 +7).pl+ DUnil; Ip,  (8)
i=1
with the effective collective decay rate I; = 4g;> /Kq;,. Here
the feedback operation still only acts on atom B. When
the corresponding feedback operator is chosen as Up,; =
exp|—ii(cf + 6P")], we can obtain a perfect N-dimensional
entangled state
1
W/N > - \/N

Take a four-dimensional entangled state for example, the
target state with the fidelity F = 1 can be achieved without
spontaneous atomic emission, while the fidelity of the target
sate still arrives at 93.7% with the spontaneous atomic emis-
sion yl’ =7y=0.01I", where we have set other common param-
etersas I; =I", Q; = 3I', and A; = &r/2 for simplicity.

(100) ~ [11) ~[22) =~ N~ LN~ 1)). (9)

5. Conclusion

In this paper, we have put forward a scheme to dissipa-
tively prepare steady high-dimensional entangled states by us-
ing local feedback control based on quantum-jump detection.

This engineered evolution dynamically controls the system to-
wards the unique target steady state, so the scheme needs nei-
ther the atomic state initialization nor strict control of the in-
teraction time. The possible factors affecting the scheme are
discussed in detail. The scheme performs well even in the
presence of detection inefficiencies and parameter imperfec-
tions. This feedback procedure can reduce the impact of spon-
taneous emissions. More interestingly, the present scheme can
be generalized to the case of N-dimensional bipartite entan-
gled states in theory.

References

[1] Plenio M B, Huelga S F, Beige A and Knight P L 1999 Phys. Rev. A 59
2468
[2] Zheng S B and Guo G C 2000 Phys. Rev. Lett. 85 2392
[3] Nelson R J, Cory D G and Lloyd S 2000 Phys. Rev. A 61 022106
[4] Leibfried D, Knill E, Seidelin S, Britton J, Blakestad R B, Chiaverini
J, Hume D B, Itano W M, Jost J D, Langer C, Ozeri R, Reichle R and
Wineland D J 2005 Nature 438 639
[5] Zhong Z R 2010 Chin. Phys. Lett. 27 100305
[6] XuY, Fan W, Chen B and Li Z X 2011 Acta Phys. Sin. 60 060305 (in
Chinese)
[7]1 Kaszlikowski D, Gnacinski P, Zukowski M, Miklaszewski W and
Zeilinger A 2000 Phys. Rev. Lett. 85 4418
[8] Cerf N J, Massar S and Pironio S 2002 Phys. Rev. Lett. 89 080402
[9] Bourennane M, Karlsson A and Bjork G 2001 Phys. Rev. A 64 012306
[10] BruB D and Macchiavello C 2002 Phys. Rev. Lett. 88 127901
[11] Mair A, Vaziri A, Weihs G and Zeilinger A 2001 Nature 412 313
[12] Vaziri A, Weihs G and Zeilinger A 2002 Phys. Rev. Lett. 89 240401
[13] Dada A C, Leach J, Buller G S, Padgett M J and Andersson E 2011
Nat. Phys. 7 677
[14] Zou X B, Pahlke K and Mathis W 2003 Phys. Rev. A 67 044301
[15] Zheng S B 2003 Phys. Rev. A 68 035801
[16] Lii XY, LiuJ B, Ding CL and Li J H 2008 Phys. Rev. A 78 032305
[17] Lin X M, Zhou Z W, Wu Y C, Wang C Z and Guo G C 2005 Chin.
Phys. Lett. 22 1318
[18] Zheng S B 2005 Chin. Phys. Lett. 22 3064
[19] Chen L B, Shi P, Zheng C H and Gu Y J 2012 Opt. Express 20 14547
[20] Ye S'Y, Zhong Z R and Zheng S B 2008 Phys. Rev. A 77 014303
[21] Wu X, ChenZH, Ye M Y, Chen Y H and Lin X M 2013 Chin. Phys. B
22 040309
[22] MaS S, Chen M F and Jiang X P 2011 Chin. Phys. B 20 120308
[23] LuM, Xia Y, Song J and Song H S 2013 J. Phys. B 46 015502
[24] Li W A and Huang G Y 2011 Phys. Rev. A 83 022322
[25] Shen L T, Wu H Z and Chen R X 2011 J. Phys. B 44 205503
[26] Geremia J M, Stockton J K and Mabuchi H 2004 Science 304 270
[27] Reiner J E, Smith W P, Orozco L A, Wiseman H M and Gambetta J
2004 Phys. Rev. A 70 023819
[28] Morrow NV, Dutta S K and Raithel G 2002 Phys. Rev. Lett. 88 093003
[29] Bushev P, Rotter D, Wilson A, Dubin F, Becher C, Eschner J, Blatt R,
Steixner V, Rabl P and Zoller P 2006 Phys. Rev. Lett. 96 043003
[30] Belavkin V P 1999 Rep. Math. Phys. 43 A405
[31] Wiseman H M and Milburn G J 1993 Phys. Rev. Lett. 70 548
[32] Wiseman HM 1994 Phys. Rev. A 49 2133
[33] Doherty A C and Jacobs K 1999 Phys. Rev. A 60 2700
[34] Carvalho A R R and Hope J J 2007 Phys. Rev. A 76 010301
[35] SongJ, Xia'Y, Sun X D and Song H S 2012 Phys. Rev. A 86 034303
[36] Stevenson R N, Hope J J and Carvalho A R R 2011 Phys. Rev. A 84
022332
[37] Carvalho AR R, Reid A J S and Hope J J 2008 Phys. Rev. A 78 012334
[38] Wang J, Wiseman H M and Milburn G J 2005 Phys. Rev. A 71 042309
[39] Shao X Q, Zheng T'Y and Zhang S 2012 Phys. Rev. A 85 042308
[40] Wiseman H M and Milburn G J 1993 Phys. Rev. A 47 642
[41] Schirmer S G and Wang X 2010 Phys. Rev. A 81 062306
[42] Nielsen M A and Chuang I L 2000 Quantum Computation and Quan-
tum Information (Cambridge: Cambridge University Press)
[43] Kubanek A, Koch M, Sames C, Ourjoumtsev A, Pinkse P W H, Murr
K and Rempe G 2009 Nature 462 898
[44] Metz J and Beige A 2007 Phys. Rev. A 76 022331
[45] Dayan B, Parkins A S, Aoki T, Ostby E P, Vahala K J and Kimble H J
2008 Science 319 1062

030301-5


http://dx.doi.org/10.1103/PhysRevA.59.2468
http://dx.doi.org/10.1103/PhysRevA.59.2468
http://dx.doi.org/10.1103/PhysRevLett.85.2392
http://dx.doi.org/10.1103/PhysRevA.61.022106
http://dx.doi.org/10.1038/nature04251
http://dx.doi.org/10.1088/0256-307X/27/10/100305
http://dx.doi.org/10.7498/aps.60.060305
http://dx.doi.org/10.7498/aps.60.060305
http://dx.doi.org/10.1103/PhysRevLett.85.4418
http://dx.doi.org/10.1103/PhysRevLett.89.080402
http://dx.doi.org/10.1103/PhysRevA.64.012306
http://dx.doi.org/10.1103/PhysRevLett.88.127901
http://dx.doi.org/10.1038/35085529
http://dx.doi.org/10.1103/PhysRevLett.89.240401
http://dx.doi.org/10.1038/nphys1996
http://dx.doi.org/10.1038/nphys1996
http://dx.doi.org/10.1103/PhysRevA.67.044301
http://dx.doi.org/10.1103/PhysRevA.68.035801
http://dx.doi.org/10.1103/PhysRevA.78.032305
http://dx.doi.org/10.1088/0256-307X/22/6/006
http://dx.doi.org/10.1088/0256-307X/22/6/006
http://dx.doi.org/10.1088/0256-307X/22/12/022
http://dx.doi.org/10.1364/OE.20.014547
http://dx.doi.org/10.1103/PhysRevA.77.014303
http://dx.doi.org/10.1088/1674-1056/22/4/040309
http://dx.doi.org/10.1088/1674-1056/22/4/040309
http://dx.doi.org/10.1088/1674-1056/20/12/120308
http://dx.doi.org/10.1088/0953-4075/46/1/015502
http://dx.doi.org/10.1103/PhysRevA.83.022322
http://dx.doi.org/10.1088/0953-4075/44/20/205503
http://dx.doi.org/10.1126/science.1095374
http://dx.doi.org/10.1103/PhysRevA.70.023819
http://dx.doi.org/10.1103/PhysRevLett.88.093003
http://dx.doi.org/10.1103/PhysRevLett.96.043003
http://dx.doi.org/10.1016/S0034-4877(00)86386-7
http://dx.doi.org/10.1103/PhysRevLett.70.548
http://dx.doi.org/10.1103/PhysRevA.49.2133
http://dx.doi.org/10.1103/PhysRevA.60.2700
http://dx.doi.org/10.1103/PhysRevA.76.010301
http://dx.doi.org/10.1103/PhysRevA.86.034303
http://dx.doi.org/10.1103/PhysRevA.84.022332
http://dx.doi.org/10.1103/PhysRevA.84.022332
http://dx.doi.org/10.1103/PhysRevA.78.012334
http://dx.doi.org/10.1103/PhysRevA.71.042309
http://dx.doi.org/10.1103/PhysRevA.85.042308
http://dx.doi.org/10.1103/PhysRevA.47.642
http://dx.doi.org/10.1103/PhysRevA.81.062306
http://dx.doi.org/10.1038/nature08563
http://dx.doi.org/10.1103/PhysRevA.76.022331
http://dx.doi.org/10.1126/science.1152261

	1. Introduction
	2. Basic model and effective dynamics for atoms
	3. Results and error analysis
	4. Generalization of the model
	5. Conclusion
	References

