http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Dynamical properties of ultracold Bose atomic gasesin one-dimensional optical lattices created

by two schemes

Jiang Zhu(41T), Cheng-Ling Bian(iZ %), Hong-Chen Wang(T41./2)
Citation:Chin. Phys. B . 2019, 28(9): 093701 . doi: 10.1088/1674-1056/28/9/093701
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Comparison of single-neutral-atom qubit between in bright trap and in dark trap

Ya-Li Tian(HE#), Zhi-Hui Wang(EE#), Peng-Fei Yang(#5 &), Peng-Fei Zhang(5k#§ %), Gang Li(Z=Hl), Tian-Cai
Zhang(ik K 7)
Chin. Phys. B . 2019, 28(2): 023701 . doi: 10.1088/1674-1056/28/2/023701

Strontium optical lattice clock at the National Time Service Center

Ye-Bing Wang(E " ft), Mo-Juan Yin(FE4), Jie Ren({f:i%), Qin-Fang Xu(#:%:7%), Ben-Quan Lu(/“44x), Jian-Xin

Chin. Phys. B . 2018, 27(2): 023701 . doi: 10.1088/1674-1056/27/2/023701

Off-site trimer superfluid on a one-dimensional optical lattice

Er-Nv Fan(i — %), Tony C Scott, Wan-Zhou Zhang(ik /5 )
Chin. Phys. B . 2017, 26(4): 043701 . doi: 10.1088/1674-1056/26/4/043701

Experiments on trapping ytterbium atoms in optical lattices

Zhou Min, Chen Ning, Zhang Xiao-Hang, Huang Liang-Yu, Yao Mao-Fei, Tian Jie, Gao Qi, Jiang Hai-Ling, Tang Hai-Yao,
Xu Xin-Ye
Chin. Phys. B . 2013, 22(10): 103701 . doi: 10.1088/1674-1056/22/10/103701

Controllable optical bistability of Bose—Einstein condensate in an optical cavity with Kerr
medium

Zheng Qiang, Li Sheng-Chang, Zhang Xiao-Ping, You Tai-Jie, Fu Li-Bin
Chin. Phys. B . 2012, 21(9): 093702 . d0i: 10.1088/1674-1056/21/9/093702


http://cpb.iphy.ac.cn/EN/abstract/abstract74545.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74545.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract73508.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71632.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69639.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract55855.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract49881.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract49881.shtml

Chin. Phys. B Vol. 28, No. 9 (2019) 093701

Dynamical properties of ultracold Bose atomic gases
in one-dimensional optical lattices created by two schemes*
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An optical lattice could be produced either by splitting an input light (splitting scheme) or by reflecting the input
light by a mirror (retro-reflected scheme). We study quantum dynamical properties of an atomic Bose—Einstein condensate
(BEC) in the two schemes. Adopting a mean field theory and neglecting collision interactions between atoms, we find
that the momentum and spatial distributions of BEC are always symmetric in the splitting scheme which, however, are
asymmetric in the retro-reflected scheme. The reason for this difference is due to the local field effect. Furthermore, we

propose an effective method to avoid asymmetric diffraction.
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1. Introduction

Optical lattices are interference fringes of counter-
propagating coherent laser beams which have been used as
a versatile tool in the fields of laser cooling,!'=3! molecular
synthesis, ! precision spectroscopy,®’! atomic clocks, 8191
and quantum simulation of condensed matter physics.[!!=13]
Moving optical lattices can be used to generate matter-wave
bright solitons!'*) and to test the Galilean invariance in the
spin-orbit-coupled systems. ! Tilted optical lattices are used

6] and the fine structure

(18,19

for precision measurement of gravity
constant,[”] observing quantum tunneling, I and explor-
ing topological phase transitions.?’! Periodically driven opti-
cal lattices can generate artificial gauge fields>"-??! and can
also be a powerful tool for discovering novel quantum phases
of many-body systems.!?>** Moreover, bichromatic optical
lattices can lead to the formation of localized states in quan-

(25261 and can also simulate relativistic wave equa-

271

tum gases
tion predictions. !

Generally, a one-dimensional optical lattice can be cre-
ated by splitting one optical field with a beam splitter
(BS)[28-32] (see Fig. 1(a), named a splitting scheme) or by
reflecting an incident optical field with a mirror®*=38] (see
Fig. 1(b), named a retro-reflected scheme). The latter is the
most common way in the experiments of atomic beam diffrac-
tion. So far, the atomic dynamics between these two schemes
are considered to be no difference. Because in the above re-
search, the optical lattice is regarded as a perfect periodic
potential, in other words, the two counter-propagating laser
beams far detuned from the atomic resonance will not be af-
fected by atomic gases. However, recent studies have shown
that the atomic motion will produce a back influence on the

DOI: 10.1088/1674-1056/ab3448

light propagation through the local modulation of the density-
dependent refractive index even in large detuned conditions.
This process is called the local field effect (LFE) which re-
sults in asymmetric diffraction of Bose—Einstein condensates
(BEC) in standing wave optical fields,3°! polaritonic solitons
of BEC in optical lattices,**! self-structuring in optomechan-

[41]

ical systems, photon bubbles in ultracold matter, (421 and

spontaneous crystallization of ultracold atoms coupling with
two incoherent counter-propagating lights. 4!

In this paper, our theoretical results show that when the
LFE is significant, atomic dynamics in an optical lattice of
the two schemes are different. Especially, when the lattice
is formed by the retro-reflected scheme, asymmetric momen-
tum distribution of BEC could be induced. This asymmetric
diffraction phenomenon, which appeared in an experiment two
decades ago,!**! will reduce the accuracy of precision mea-
surement by BEC diffraction. We propose a simple and effec-
tive method to avoid the asymmetric diffraction induced by the
LFE.

Ein
\Ll\l Ein E
N} Eref
(a) (b)

Fig. 1. Two schemes for the formation of optical lattices in BEC diffrac-
tion experiments. (a) Splitting scheme. (b) Retro-reflected scheme.

2. Theoretical method

Both the splitting and retro-reflected schemes can be de-
scribed by the theoretical model below, as shown in Fig. 2. An
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elongated two-level atomic BEC is irradiated by two far off-
resonant counter-propagating coherent optical fields, E| and
E5. Outside the condensate, E3 and E4 are scattered optical
fields. The BEC is treated within the mean-field approxima-
tion, and the condensate wave function ¥ (1) satisfies

0
]hgl}l(r,t)
V2 |d € (r.0) 2
= |-5 -+ +g|¥ (r,0)|"| ¥ (r,1), (1)

where W (r,f) is subjected to the normalization condition
[T2dr|¥(r,t)]* = 1, R is the reduced Planck constant,
& (r,t) describes the total optical field within the condensate,
d is the dipole matrix element between the ground and excited
states, A = @, — @, is the detuning of the laser frequency wr,
from the atomic resonance frequency @,, and g is the effective
s-wave atom—atom interaction strength.

y
Ey
B, —
0

Fig. 2. Light fields incident (E; and E,) and scattered (E3 and E4) from
the two sides of the BEC. On the boundary, the total optical field and its
first derivative are continuous.

The propagation of the optical field which can be written
as & (r,t) = E (r,t) e 1 will be influenced by the refractive
index of the condensate!*’]

1/2

dZN
w0l )

&hA

n(r,t)=|1-—

where N is the atom number. Obviously, the refractive index
is modified by dynamical evolution of the wave function.

As the light transit time through the condensate is negli-
gible compared to the time scale of the atomic center-of-mass
motion, we can assume that the envelope of the optical field
adiabatically follows the matter wave and is governed by the

Helmholtz equation!*?!

V2E (r,t) +kin® (r,t) E (r,t) =0, 3)

where ki, is the wave number of the incident optical field.

We consider a wide transverse width of the laser beams
and the matter wave, such that the radial distribution can be
considered uniform. Therefore, equations (1)—(3) could be
simplified to one dimension directly. We assume that a lin-
early polarized light, E (r,7) = E (x,t) é,, propagates along
the x-axis and a Gaussian atomic wave function distributes in

the axial direction initially, which can be written as

;ex <_xz> (4)
NV RYE P 2wy )’

where w | characterizes the radial width. Furthermore, we as-

¥ (x,0) =

sume the axial width parameter w, of the atomic gas is much
less than the length L of the considered spatial region. Thus,
on the boundary, the wavefunction vanishes, i.e., ¥ (0,1) =
Y (L,t) = 0. The incident and scattered optical fields can
be written as £y = Ajexp (ikpx), Ex = Apexp(—ikpx), E3 =
Aszexp (—ikpx), Es = Agexp (ikpx), and satisfy the continuous
boundary conditions

Ei(07,t)+E3(07,1) =E(0",1),

Ey (L*t) +E4(L",1) =E (L™ ,1), Q)
and
d _ ) _ d
aE1 (07,1) +$E3 (07,1) = EE (0*,1),
iE2 (L*1)+ iE4 (LT1) = I (L71), (6
ox ’ ox ’ ox R

where the superscript + (—) denotes the right (left) limit.

In the numerical simulation, the atom species are Rb®’
with the ground state 5%S, /2 and the excited state 52P, /2. We
set wy =50 um, w; = 10 um, A = —2 GHz, and the incident
light field is continuous wave. In the splitting scheme, A| = A»
for the 50:50 BS, whereas in the retro-reflected scheme, E4
turns into E, after reflected by the mirror, then we have A, =
VRexp (10) A4, where R is the reflectivity of the mirror and 6
is the phase shift. In order to simplify the calculation, we sup-
pose both the loss and the phase shift of the laser are zero after
reflected by the mirror, i.e., R=1, 8 =0, and A, = A4. More-
over, we neglect collisions between atoms (g = 0) to highlight
the LFE, which can be realized by the Feshbach resonance

[46] We use the modified coupled-wave theory!*7!

technique.
to further analyze the optical field and use the transfer matrix
method to solve the propagation of the light fields numerically,

as we have applied in a previous work. 3]

3. Numerical results

First, we show the momentum distribution of the conden-
sate @ (p,t) = [T (x,t)exp (ipt/h)dx//2x in Fig. 3, the
potential depth of the optical lattice V is 8Er, where ER is
the recoil kinetic energy. Figure 3 illustrates that atomic dy-
namics depends on how the lattice is formed. In the splitting
scheme, the momentum distribution is always symmetric (red
solid lines). In contrast, in the retro-reflected scheme, the mo-
mentum distribution is asymmetric (black bars). When the in-
tensity of the incident optical field increases, more momentum
components arise, and the difference of the momentum distri-
butions between the two schemes is also obvious, as shown in
Fig. 4, where Vjy = 40ER.
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Fig. 3. The momentum distributions of BEC in the splitting scheme
(red solid lines) and the retro-reflected scheme (black bars). The poten-
tial depth of the optical lattice is 8ER.
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Fig. 4. The momentum distributions of BEC in the splitting scheme
(red solid lines) and the retro-reflected scheme (black bars). The poten-
tial depth of the optical lattice is 40ER.

In the previous work,) we have proved that two
counter-propagating coherent optical fields with different in-
tensities will give rise to asymmetric momentum distribution
of BEC because of the LFE. Therefore, we infer that the inten-
sities I, and I¢ of the light fields E and E, are imbalanced in
the retro-reflected scheme. We plot the ratio Lr/L, over time
in Fig. 5 for shallow and deep optical lattices.

Iref/Iin
o
©
©
=]

Vp=40FR, A= —2 GHz

100 200 300 400
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Fig. 5. Ratio of the reflected light intensity to the incident light in-

tensity in the retro-reflected scheme. When the incident light is weak

(Vo = 8ER), a beat-like signal appears in the reflected light. When the

incident light is strong (Vy = 40ER), the reflected light signal becomes

irregular.

Figure 5 shows that the reflected light can be weaker or
stronger than the incident light over time. Therefore, in the
retro-reflected scheme, the BEC is asymmetrically irradiated
by the light fields, which leads to an asymmetric momentum
distribution. This phenomenon could be explained with the
LFE as follows. Due to the interference of the momentum
components in the BEC, the refractive index of the condensate
has almost a periodic spatial structure. This photonic struc-
ture could store optical energy, thus the transmitted light in-
tensity is lowered. However, the evolution of the momentum
components changes the interference pattern and the refrac-
tive index of the condensate, so the stored energy could be re-
leased, thus the transmitted light intensity could be higher than
the incident optical intensity. Furthermore, interference infor-
mation of the condensate could be carried by the transmitted
light signal, i.e., I,ef, due to the LFE. When the number of the
momentum components is small, the corresponding interfer-
ence pattern is simple, so that the transmitted light signal has a
beat-like shape. However, when the number of the momentum
components of BEC increases significantly, the correspond-
ing interference pattern becomes very complicated, so that the
transmitted light signal becomes irregular.

Vo=8Fr, A= —2 GHz

t=0.1 m t=0.3 m
4.0
L 20 L
L) L)
~ ~
= ; } } } —~0 =
5: t=1.0 ms 5:
5 140 5

04 —04 0 0.4
z/(A/2)
Fig. 6. The spatial distributions of the BEC in a shallow lattice potential

well (Vy = 8ER) within the splitting scheme (black solid line) and the
retro-reflected scheme (red dashed line).

—0.4 0
z/(A/2)

In order to fully understand the asymmetric momentum
distribution, we further investigate the spatial distributions of
the atomic density in Figs. 6 and 7. It is clear that the spatial
density distributions of the condensate in the optical lattices
created by a BS (black solid lines) and by a mirror (red dashed
lines) are different. The central peak of the BEC wave packet
is always at the origin in the splitting scheme, which is shifted
in the retro-reflected scheme. Comparing the results obtained
when the incident light is weak (Fig. 6) and strong (Fig. 7), we
find that there is no significant change in the shift of the cen-
tral peak of the wave packet. This phenomenon indicates the
LFE, which is an intrinsic property of the light—atom system,
is not affected by the intensity of the incident light. However,
the evolution of the BEC wave packet is directly affected by
the incident light intensity. The spatial distribution of BEC is

093701-3
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the result of interference of its momentum components. When
the incident light is strong, the evolution of the condensate
is more intense (Fig. 7), correspondingly, there are more mo-
mentum components (Fig. 4). This result is consistent with
the previous conclusion of the transmitted light signals in the
retro-reflected scheme (Fig. 5).

Vo=40FER, A= —2 GHz

8.0F t=0.1 ms t=0.3 ms 18.0

[#(,t)|?/1073
|¥(,t)[?/1072

z/(A/2)

z/(A/2)

Fig. 7. The spatial distributions of the BEC in a deep lattice potential
well (Vp = 40ER) within the splitting scheme (black solid line) and the
retro-reflected scheme (red dashed line).
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Fig. 8. The momentum distributions of BEC in the splitting scheme (red
solid lines) and the retro-reflected scheme (black bars) for the detuning
A = —2 THz. The potential depth of the optical lattice is 40ER.

In experiments, it is easier to produce an optical lattice
by adding a mirror, rather than using a BS. However, asym-
metric diffraction in the retro-reflected scheme caused by the
LFE may reduce the accuracy of some precision measurement
experiments, e.g., degradation of the contrast of atomic inter-
ferometers. In this case, ways should be made to weaken the
LFE. The LFE originates from the coupling of light and atoms,
which can be quantified by the dimensionless constant § de-
fined as[**!

2
d Wy

&= T eohA AL

(7

where n is the atomic number density of BEC, Ar is the wave-
length of the incoming laser beams. In our numerical simu-
lation above, § ~ 10~*. Therefore, in ultracold atomic gases,
LFE should be taken into account when { > 10~* and matter—
wave diffraction fringes are formed. As can be seen from

Eq. (7), the LFE can be weakened by reducing the number
of atoms. However, too few atoms will make the experimen-
tal observations unsatisfactory. Therefore, the LFE can be
avoided by increasing the detuning. Using an ultra-far off-
resonant laser field (Fig. 8, A = —2 THz, { ~ 10_7), we find
that the momentum distributions of the two schemes for creat-
ing optical lattices have no difference and are always symmet-
ric.

4. Conclusion

We have studied the dynamics of BEC in optical lattices
created by two different schemes. In the splitting scheme, the
diffraction of BEC is always symmetric. Whereas in the retro-
reflected scheme, the diffraction of BEC is asymmetric. The
reason for this difference is that the LFE results in imbalanced
intensities of the incident and the reflected optical fields in the
retro-reflected scheme. We propose that increasing the detun-
ing between light and atoms is an effective way to avoid the
LFE.

References

[1] Lan Z, Zhao Y, Barker P F and Lu W 2010 Phys. Rev. A 81 013419
[2] Millen J, Fonseca P Z G, Mavrogordatos T, Monteiro T S and Barker P
F 2015 Phys. Rev. Lett. 114 123602
[3] Wei C H and Yan S H 2017 Chin. Phys. B 26 080701
[4] Reichsollner L, Schindewolf A, Takekoshi T, Grimm R and Nigerl H
2017 Phys. Rev. Lert. 118 073201
[5] McDonald M, McGuyer B H, Apfelbeck F, Lee C H, Majewska I,
Moszynski R and Zelevinsky T 2016 Nature 535 122
[6] Notermans R P M J W, Rengelink R J and Vassen W 2016 Phys. Rev.
Lert. 117 213001
[71 McGuyer B H, McDonald M, Iwata G Z, Tarallo M G, Grier A T,
Apfelbeck F and Zelevinsky T 2015 New J. Phys. 17 055004
[8] Nicholson T L, Campbell S L, Hutson R B, Marti G E, Bloom B J, Mc-
Nally R L, Zhang W, Barrett M D, Safronova M S, Strouse G F, Tew
W L and Ye J 2015 Nat. Commun. 6 6896
[9] Wang Y B, Yin M J, RenJ, Xu Q F, Lu B Q, Han J X, Guo Y and
Chang H 2018 Chin. Phys. B 27 023701
[10] Chen N, Zhou M, Chen H Q, Fang S, Huang L Y, Zhang X H, Gao Q,
Jiang Y Y,BiZY,MaL S and Xu X Y 2013 Chin. Phys. B 22 090601
[11] Morsch O and Oberthaler M 2006 Rev. Mod. Phys. 78 179
[12] Bloch I, Dalibard J and Zwerger W 2008 Rev. Mod. Phys. 80 885
[13] Georgescu I M, Ashhab S and Nori F 2014 Rev. Mod. Phys. 86 153
[14] Eiermann B, Anker T, Albiez M, Taglieber M, Treutlein P, Marzlin K
P and Oberthaler M K 2004 Phys. Rev. Lett. 92 230401
[15] Hamner C, Zhang Y P, Khamehchi M A, Davis M J and Engels P 2015
Phys. Rev. Lett. 114 070401
[16] Abend S, Gebbe M, Gersemann M, Ahlers H, Miintinga H, Giese E,
Gaaloul N, Schubert C, Limmerzahl C, Ertmer W, Schleich W P and
Rasel E M 2016 Phys. Rev. Lett. 117 203003
[17] Cladé P, Mirandes E, Cadoret M, Guellati-Khélifa S, Schwob C, Nez F,
Julien L and Biraben F 2006 Phys. Rev. Lett. 96 033001
[18] Jiirgensen O, Meinert F, Mark M J, Négerl H and Liihmann D 2014
Phys. Rev. Lett. 113 193003
[19] Tie L and Xue J K 2011 Chin. Phys. B 20 120311
[20] Kolovsky A R 2018 Phys. Rev. A 98 013603
[21] Kolovsky A R 2011 Europhys. Lett. 93 20003
[22] Roscilde T 2014 Phys. Rev. Lett. 112 110403
[23] Parker C V, Ha L C and Chin C 2013 Nature Phys. 9 769
[24] Zheng W, Liu B, Miao J, Chin C and Zhai H 2014 Phys. Rev. Lett. 113
155303
[25] Liischen H P, Scherg S, Kohlert T, Schreiber M, Bordia P, Li X, Sarma
S D and Bloch 12018 Phys. Rev. Lett. 120 160404
[26] Adhikari S K and Salasnich L 2009 Phys. Rev. A 80 023606

093701-4


https://journals.aps.org/pra/abstract/10.1103/PhysRevA.81.013419
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.123602
http://cpb.iphy.ac.cn/EN/abstract/abstract70356.shtml
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.073201
https://www.nature.com/articles/nature18314
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.213001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.213001
http://iopscience.iop.org/article/10.1088/1367-2630/17/5/055004?pageTitle=IOPscience
https://www.nature.com/articles/ncomms7896
http://cpb.iphy.ac.cn/EN/abstract/abstract71632.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract55248.shtml
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.78.179
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.80.885
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.86.153
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.92.230401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.070401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.070401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.203003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.033001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.193003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.193003
http://cpb.iphy.ac.cn/EN/abstract/abstract25765.shtml
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.98.013603
http://iopscience.iop.org/article/10.1209/0295-5075/93/20003/meta
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.110403
https://www.nature.com/articles/nphys2789
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.155303
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.155303
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.160404
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.80.023606

Chin. Phys. B Vol. 28, No. 9 (2019) 093701

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]
[35]

[36]

Salger T, Grossert C, Kling S and Weitz M 2011 Phys. Rev. Lett. 107
240401

Li T C, Kelkar H, Medellin D and Raizen M G 2008 Opt. Express 16
5465

Fallani L, Fort C, Lye J E and Inguscio M 2005 Opt. Express 13 4303

Wilkinson S R, Bharucha C F, Fischer M C, Madison K W, Morrow P
R, Niu Q, Sundaram B and Raizen M G 1997 Nature 387 575
Wilkinson S R, Bharucha C F, Madison K W, Niu Q and Raizen M G
1996 Phys. Rev. Lett. 76 4512

Verkerk P, Meacher D R, Coates A B, Courtois J Y, Guibal S, Lounis
B, Salomon C and Grynberg G 1994 Europhys. Lett. 26 171

Haller E, Hudson J, Kelly A, Cotta D A, Peaudecerf B, Bruce G D and
Kuhr S 2015 Nature Phys. 11 738

Wirth G, Olschliger M and Hemmerich A 2011 Nature Phys. 7 171
Straatsma C J E, Ivory M K, Duggan J, Ramirez-Serrano J, Anderson
D Z and Salim E A 2015 Opt. Lett. 40 3368

Poli N, Tarallo M G, Schioppo M, Oates C W and Tino G M 2009 Appl.
Phys. B97 27

(371
[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]

[47]

093701-5

Dahan M B, Peik E, Reichel J, Castin Y and Salomon C 1996 Phys.
Rev. Lett. 76 4508

Martin P J, Oldaker B G, Miklich A H and Pritchard D E 1988 Phys.
Rev. Lett. 60 515

Zhu J, Dong G J, Shneider M N and Zhang W P 2011 Phys. Rev. Lett.
106 210403

Dong G J, Zhu J, Zhang W P and Malomed B A 2013 Phys. Rev. Lett.
110 250401

Robb G R M, Tesio E, Oppo G L, Firth W J, Ackemann T and Bonifa-
cio R 2015 Phys. Rev. Lett. 114 173903

Mendonga J T and Kaiser R 2012 Phys. Rev. Lett. 108 033001
Ostermann S, Piazza F and Ritsch H 2016 Phys. Rev. X 6 021026

Ovchinnikov Y B, Miiller J H, Doery M R, Vredenbregt E J D, Helmer-
son K, Rolston S L and Phillips W D 1999 Phys. Rev. Lett. 83 284

Morice O, Castin Y and Dalibard J 1995 Phys. Rev. A 51 3896
Chin C, Grimm R, Julienne P and Tiesinga E 2010 Rev. Mod. Phys. 82
1225

Karpov S and Stolyarov S 1993 Phys.-Usp. 36 1


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.240401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.240401
https://www.osapublishing.org/search.cfm?q=&j=oe&v=16&i=&p=5465
https://www.osapublishing.org/search.cfm?q=&j=oe&v=16&i=&p=5465
https://www.osapublishing.org/search.cfm?q=&meta=1&j=optics-express&v=13&p=4303&cj=1&cc=0
https://www.nature.com/articles/42418
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.4512
http://iopscience.iop.org/article/10.1209/0295-5075/26/3/003
https://www.nature.com/articles/nphys3403
https://www.nature.com/articles/nphys1857
https://www.osapublishing.org/search.cfm?q=&j=ol&v=40&i=&p=3368
https://link.springer.com/article/10.1007/s00340-009-3488-x
https://link.springer.com/article/10.1007/s00340-009-3488-x
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.4508
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.4508
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.60.515
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.60.515
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.210403
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.210403
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.250401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.250401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.173903
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.033001
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.021026
https://journalsaps.org/prl/abstract/10.1103/PhysRevLett.83.284
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.51.3896
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.82.1225?tdsourcetag=s_pcqq_aiomsg
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.82.1225?tdsourcetag=s_pcqq_aiomsg
https://doi.org/10.1070/PU1993v036n01ABEH002061

	1. Introduction
	2. Theoretical method
	3. Numerical results
	4. Conclusion
	References

