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High-precision two-dimensional atom localization via probe
absorption in an M-scheme atomic system”
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In the present paper, we investigate the behavior of two-dimensional atom localization in a five-level M-scheme atomic
system driven by two orthogonal standing-wave fields. We find that the precision and resolution of the atom localization
depends on the probe field detuning significantly. And because of the effect of the microwave field, an atom can be located
at a particular position via adjusting the system parameters.
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1. Introduction

In recent years, the behavior of atom localization in
the sub-wavelength domain has attracted much attention and
has been extensively researched because of its wide appli-
cations such as laser cooling and trapping neutral atoms,!-]
atomic nanolithography,>#! Bose—Einstein condensation,!>-¢]
etc. It is well known that atomic coherence and quantum in-
terference have brought about many interesting physical phe-
nomena, such as lasing without inversion,”} electromagneti-

8-10

cally induced transparency,®'%! sub- and super-luminal light

propagation,! 1?1 etc. Besides, one-dimensional atom lo-
calization based on atomic coherence and quantum interfer-
ence has been extensively discussed in multi-level atomic sys-

U3] has realized one-

tem. For example, Herkommer et al.
dimensional localization via the Auter—Townes spontaneous
emission spectrum. Qumar et al!'* has proposed a simple
model to obtain one-dimensional atom localization based on
resonance fluorescence. Paspalakis and Knight'!®! and Pas-
palakis er all'® have proposed a three-level A-type atomic
system to realize sub-wavelength atom localization via the
measurement of the upper-state population. Additionally, one-
dimensional atom localization can also be obtained through
the appropriate adjusting of the Raman gain process!!”! and
amplitude and phase control of the absorption spectrum. 817!

The behaviors of the two-dimensional atom localization
in a multi-level atomic system have been studied in detail
And efficient two-

dimensional atom localization can be obtained via measur-
[20

because of their practical applications.
ing the upper-state and ground-state populations,”®! via de-
tecting the probe absorption spectrum,>!~23! or via measur-
ing the spontaneously emitted photon.>*-2%! It is found that
only when two orthogonal standing-wave fields are coupled
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to the same atomic transition in a multi-level system with a
cycle-configuration, can one locate the atom at an expected

[22-25

position. ' When they are coupled to different atomic tran-

sitions, the precise localization of an atom at a particular posi-
tion cannot be realized.[>*-21:26]

According to the above observation, we try to realize two-
dimensional atom localization in an M-scheme atomic system
via the probe absorption. First, we investigate the effect of
the existence of a cycle-configuration in an M-scheme atomic
system on two-dimensional atom localization. We find that
in the case of a cycle-configuration, an atom can be located
at a particular position via adjusting the system parameters;
second, when the atom is localized at a particular position,
the corresponding probe detuning is not unique, but the spatial
resolution of the atom localization is significantly different for
different probe detunings.

2. Model and equations

We consider an M-scheme atom with two upper lev-
els |4), and |5) and three ground levels |1), |2), and |3) as
shown in Fig. 1. A weak probe field with Rabi frequency
Qp is applied to the transition |4) <> |1), while the transition
|5) > |2) is driven by two orthogonal standing-wave fields
with Rabi frequency ., = €[sin(kx) + sin(ky)]. The tran-
sitions |4) <> |2) and |5) < |3) are coupled by two travelling-
wave fields with their Rabi frequency 2; and Q3. And we
add a microwave field with Rabi frequency €2y, to the forbid-
den transition |3) <+ |2) to form a cyclic configuration in the
M-scheme atomic system. In the following equation deriva-
tion process, we will calculate the analytical expression of the
M-scheme model with a cyclic configuration. However, the
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analytical expression of the M-scheme model without the mi-
crowave field can be obtained when we set Q,,, = 0.

Fig. 1. Schematic diagram of M-type atomic system.

We assume that the center-of-mass position distribution
of the atom is approximately in accordance with the direc-
tion of the standing wave, and we ignore the kinetic part
of the atom in Hamiltonian by applying the Raman—Nath
approximation.[””] Under the conditions of the electric dipole
approximation and rotating-wave approximation, the Hamilto-
nian of the system can be written as (4 = 1)

H = &12) (2] +813) (3] + Ap |4) (4] + 5515) (5|
+[Q2p4) (1| + Q1 |4) 2| + 24 |5) (2]
+2315) (3] + Qul3) (2] +hel, )

where 8, = Ap — A1, 05 = 6, + Ap, 83 = 05 — Az, with Ap, Ay,
Aq, and A3 being the detuning of the probe, standing-wave,
and two traveling-wave fields, respectively; Q; = WE;/h is
the Rabi frequency of the corresponding optical field, with
and Ej being the electric dipole matrix element and the slowly
varying amplitude of the corresponding optical field, respec-
tively.

|

Qp[(5:8; — Q2) (8385 — 18315 — Q) — (223 — 5:02,)?]

The dynamics of the system can be demonstrated by us-
ing the density matrix

i 1
p=—2lH.p]-5{Ip} 2

Substituting Eq. (1) into Eq. (2), the relevant off-diagonal
density-matrix element equations can be obtained as follows:

ip21 = 82021 + QP31 + 2141 — Lpp2a + LuyPsi,

P31 = 8331 + Qmp21 — QpP3a + 23Ps1,

ipa1 = (Ap —iI4)pa1 — Qp(paa — p11) + L21p21,

ips1 = (05 —iI5)ps1 + Ly p21 + 23p31 — Qppss,  (3)
where I and I5 represent the total decay rates from the upper
levels |4) and |5) to the ground levels. Now, we can solve the
long-time solution of the equation set (3). When the probe
field is sufficiently weak, the perturbation approach can be

used to solve the density-matrix equation set, and the popu-
lation will be in the ground level |1), so we have

pu=1, pi;=0 (i#1, j#1). 4)

To derive the off-diagonal matrix element p4; relating to
the polarization of the probe field, we just need to solve the
following equation set:

0221 + Lmp31 + 21 pa1 + Lyps1 =0,

03p31 + Lmp21 + 23051 =0,

(Ap —iI3)pa1 + 2pp11 + 21p21 =0,

(85 —iI3)ps1 + Qxyp21 + 23p31 =0. (5)

Through some simple algebraic operations, we can obtain

P (p i) (22 — 532, )7 — (885 — 22 (805 — 1515 — 2] + 5 27(5:85 — i[5 — 22)

The polarization relating to the probe field is!'?!

Nugips K
=————=—p4. 7
X 0O O Pai @)
Here, N represents the atomic density of the medium. From
Eq. (7), the normalized absorption of the probe field can be

obtained directly as

i [Pa
)(—Klm | ®)

The result of Eq. (8) reflects the atomic position probabil-
ity distribution under some conditions, which is the main task

of our present work.

(6)

|
3. Results and discussion

In this section, we will analyze the results about two-
dimensional atom localization according to Eq. (8) and ob-
serve the effect caused by the cyclic configuration in the M-
scheme atomic system on the precise atomic localization. For
simplicity, we take A} = Ay = A3 =0, Q] =20, 2, = Q3 =10,
Li=Is=1

First, we study the case without microwave field (no
cyclic configuration in M-type atomic system). In Fig. 2, we
depict the normalized probe absorption }’ versus the positions
(kx,ky) for the different probe detunings. It can be seen from
the figure that the conditional position probability distribution
strongly depends on the probe detuning. When Ap = 6.8, the
probe absorption exhibits a spike-like pattern and the atom
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is mainly localized in the first and the third quadrant [see
Fig. 2(a)]. When we set Ap = 20, it is shown that the atom
mainly distributes in the second and the fourth quadrants [see
Fig. 2(b)]. To increase the detuning Ap = 29.2, the atomic dis-
tribution comes back to the first and third quadrants of the x—y
plane, and at this time the peak values of the probe absorption
are sharper than those in Fig. 2(a).

From Fig. 2, we can find that the probe absorption distri-
butions are symmetrical along two diagonals of the square in
the x—y plane. In dynamic numerical simulation process, when
0 < Ap < 40, the position distributions of the probe absorption
along two diagonals are symmetrical. It means that we can
locate the atom in two of the four quadrants by choosing ap-

propriate parameters.

Fig. 2. (color online) Curves of probe absorption ' versus positions (kx,ky) for different frequency detunings of probe field Ap = 6.8

(a), 20 (b), and 29.2 (c).

In the following, we will study the case with the mi-
crowave field existing, and we set 2, = 10. Figure 3
shows the normalized probe absorption )’ versus the positions
(kx,ky) for different probe detunings. When Ap = 4.5, the
probe absorption is mainly distributed in the third quadrant
[see Fig. 3(a)]. When Ap = 22.3, the absorption peaks of the

probe field are distributed in four different quadrants, but the

amount in the third quadrant is least [see Fig. 3(b)]. With the
further increase of Ap [Ap = 33, see Fig. 3(c)], the absorption
spectrum is located only in the third quadrant of the x—y plane,
and absorption peak turns sharper than the absorption peak in
Fig. 3(a). Based on the above analysis, the difference between
Figs. 3 and 2 is obvious. In Fig. 3, the figures are symmetrical
along one of the two diagonals of the square in the x—y plane.

Fig. 3. (color online) Curves of probe absorption ' versus positions (kx,ky) for different frequency detunings of probe field Ap = 4.5

(a), 22.3 (b), and 33 (c).

From the above analysis, we can localize an atom at a par-
ticular position in an M-scheme atomic system with a cyclic-
configuration. Comparing Fig. 3 with Fig. 2, the probability
of finding the atom at a particular position increases from 1/2
to 1.

4. Conclusions

Two-dimensional atom localization behavior in an M-
scheme atomic system is investigated via measuring the probe
absorption spectrum, and the effect of the microwave field on
precise atom localization is discussed. It is found that the atom

can be located in two of the four quadrants in the model with-

out cyclic-configuration via adjusting the system parameters;
and the atom can be located in one of the four quadrants in
the model with a cyclic-configuration with appropriate param-
eters. Additionally, we can improve the two-dimensional atom
localization resolution via choosing appropriate probe detun-
ing.

References

[1] Metcalf H and Van der Straten P 1994 Phys. Rep. 243 203

[2] Phillips W D 1998 Rev. Mod. Phys. 70 721

[3] Johnson K S, Thywissen J H, Dekker N H, Berggren K K, Chu A P,
Younkin R and Prentiss M 1998 Science 280 1583

[4] Boto A N, Kok P, Abrams D S, Braunstein S L, Williams C P and
Dowling J P 2000 Phys. Rev. Lett. 85 2733

044203-3


http://dx.doi.org/10.1016/0370-1573(94)90035-3
http://dx.doi.org/10.1103/RevModPhys.70.721
http://dx.doi.org/10.1126/science.280.5369.1583
http://dx.doi.org/10.1103/PhysRevLett.85.2733

Chin. Phys. B Vol. 22, No. 4 (2013) 044203

(3]
(6]
(7]
(8]
[9]
[10]

[11]
[12]
[13]

[14]
[15]
[16]
[17]

Collins G P 1996 Phys. Today 49 18

Wu Y and Coté R 2002 Phys. Rev. A 65 053603

Scully M O 1992 Phys. Rep. 219 191

Harris S E, Field J E and Imamoglu A 1990 Phys. Rev. Lett. 64 1107
Harris S E 1997 Phys. Today 50 36

Scully M O and Zubairy M S 1997 Quantum Optics (Cambridge: Cam-
bridge University Press)

Hau L V, Harris S E, Dutton Z and Behroozi C H 1999 Nature 397 594
Wang L J, Kuzmich A and Dogariu A 2000 Nature 406 277
Herkommer A M, Schleich W P and Zubairy M S 1997 J. Mod. Opt.
44 2507

Qamar S, Zhu S'Y and Zubairy M S 2000 Phys. Rev. A 61 063806
Paspalakis E and Knight P L 2001 Phys. Rev. A 63 065802

Paspalakis E, Terzis A F and Knight P L 2005 J. Mod. Opt. 52 1685
Qamar S, Mehmood A and Qamar S 2009 Phys. Rev. A 79 033848

(18]

[19]
[20]
[21]

(22]

(23]
[24]
[25]
[26]
(271

044203-4

Sahrai M, Tajalli H, Kapale K T and Zubairy M S 2005 Phys. Rev. A
72 013820

Kapale K T and Zubairy M S 2006 Phys. Rev. A 73 023813
Ivanov V and Rozhdestvensky Y 2010 Phys. Rev. A 81 033809

Wan R G, Kou J, Jiang L, Jiang Y and Gao J Y 2011 Opt. Commun.
284 985

Ding C, Li J, Yang X, Zhang D and Xiong H 2011 Phys. Rev. A 84
043840

LiJ, YuR, Liu M, Ding C and Yang X 2011 Phys. Letr. A 375 3978
Wan R G and Zhang T Y 2011 Opt. Express 19 25823

Ding C, LiJ, Yu R, Hao X and Wu Y 2012 Opt. Express 20 7870
Ding C, Li J, Zhan Z and Yang X 2011 Phys. Rev. A 83 063834

Meystre P and Sargent M 1999 Elements of Quantum Optics (Berlin:
Springer-Verlag)


http://dx.doi.org/10.1063/1.2807533
http://dx.doi.org/10.1103/PhysRevA.65.053603
http://dx.doi.org/10.1016/0370-1573(92)90136-N
http://dx.doi.org/10.1103/PhysRevLett.64.1107
http://dx.doi.org/10.1063/1.881806
http://dx.doi.org/10.1038/17561
http://dx.doi.org/10.1038/35018520
http://dx.doi.org/10.1080/09500349708231897
http://dx.doi.org/10.1080/09500349708231897
http://dx.doi.org/10.1103/PhysRevA.61.063806
http://dx.doi.org/10.1103/PhysRevA.63.065802
http://dx.doi.org/10.1080/09500340500072489
http://dx.doi.org/10.1103/PhysRevA.79.033848
http://dx.doi.org/10.1103/PhysRevA.72.013820
http://dx.doi.org/10.1103/PhysRevA.72.013820
http://dx.doi.org/10.1103/PhysRevA.73.023813
http://dx.doi.org/10.1103/PhysRevA.81.033809
http://dx.doi.org/10.1016/j.optcom.2010.10.066
http://dx.doi.org/10.1016/j.optcom.2010.10.066
http://dx.doi.org/10.1103/PhysRevA.84.043840
http://dx.doi.org/10.1103/PhysRevA.84.043840
http://dx.doi.org/10.1016/j.physleta.2011.09.027
http://dx.doi.org/10.1364/OE.19.025823
http://dx.doi.org/10.1364/OE.20.007870
http://dx.doi.org/10.1103/PhysRevA.83.063834

	1. Introduction
	2. Model and equations
	3. Results and discussion
	4. Conclusions
	References

