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A scheme is used to explore the behavior of three-dimensional (3D) atom localization in a Y-type hot atomic system.
We can obtain the position information of the atom due to the position-dependent atom–field interaction. We study the
influences of the system parameters and the temperature on the atom localization. More interestingly, the atom can be
localized in a subspace when the temperature is equal to 323 K. Moreover, a method is proposed to tune multiparameter for
localizing the atom in a subspace. The result is helpful to achieve atom nanolithography, photonic crystal and measure the
center-of-mass wave function of moving atoms.
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1. Introduction
New physical effects or natural laws will be found when

the effective number of the measured physical variable in-
creases by an order of magnitude. In other words, modern
physics is developed in the pursuit of high precision. Achiev-
ing high-precision atom localization is an important part of
precise measurement physics. Atom localization has lots of
potential applications in laser cooling and trapping of neutral
atoms,[1,2] quantum information science,[3] coherent pattern-
ing of matter waves,[4] the measurement of the center-of-mass
wave function of moving atoms,[5,6] atom nanolithography,[7]

and Bose–Einstein condensation.[8–10] The diffractive scatter-
ing always occurs when the atom interacts with a periodic
structure of light. Thus, it is difficult to realize the preci-
sion of atom localization that is better than the wavelength of
the applied light beam.[11] However, some approaches have
gone beyond this limit, such as the measurement of the atomic
dipole,[12] the phase shift of the standing-wave field,[13–15]

the atomic resonance frequency,[16–18] and so on. As an
important quantum effect, electromagnetically induced trans-
parency, which makes possible to achieve the high-precision
atom localization, attracts many attention of researchers.[19–23]

During the past few decades, a number of schemes
have come forward for one-dimensional (1D) atom local-
ization by means of quantum interference or atomic coher-
ence effects.[24–34] All these schemes have employed standing-
wave driving fields to encode position information into the
intensity pattern with the position-dependent Rabi frequency.
Afterwards, two-dimensional (2D) atom localization has been
extensively studied through applying two orthogonal standing-
wave laser fields. The measurements of the controlled sponta-

neous emission,[35] the upper-level population,[36] and double-
dark resonances[37] are used to achieve 2D atom localiza-
tion. Several schemes for realizing high-resolution and high-
precision 2D atom localization have been proposed[38–46] in
different atomic systems. Owing to the position-dependent
atom–field interaction, we can obtain the position informa-
tion of the atom by measuring the absorption of the probe
field.[47,48] Recently, Song et al. found that the atom can be
localized in a subspace of the three-dimensional (3D) space
and a maximal resolution of∼ 0.04λ can be achieved by prop-
erly varying the parameters of the system.[49] Zhu et al. have
achieved high-precision 3D atom localization via three-wave
mixing (TWM) in a V-type atomic system.[50] Based on the
absorption measurement of a probe field, a scheme of phase-
sensitive 3D atom localization has been presented in a driven
four-level atomic system with two-fold lower levels and some
charming polyhedron-, wave-, bowling-pin-, and tetrahedron-
like localization structures have emerged.[51] The above stud-
ies remind us of an important question: Is it possible to realize
subwavelength atom localization at room temperature?

Ding et al. proposed a scheme for achieving high-
precision 2D atom localization in a microwave-driven four-
level atomic system.[40] Afterwards, Mao et al. found that the
atom can be localized in a subspace of the 3D space by using
the same atomic system when three orthogonal standing-wave
fields couple one atomic transition.[52] However, all of them
used cold atoms.[40,52] In this paper, we apply a Y-type atomic
system for realizing a high-precision 3D atom localization via
probe absorption at room temperature. Two cases are consid-
ered, one is that three orthogonal standing-wave fields couple
different atomic transitions, the other is that three orthogonal
standing-wave fields couple one atomic transition. The atom
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can be localized in a subspace when the temperature is equal
to 323 K, to the best of our knowledge, which has not been
reported before. We also solve the problem how to tune mul-
tiparameter in atom–field interaction.

The rest of this paper is organized as follows. In Sec-
tion 2, We demonstrate the atomic system and derive the con-
ditional position probability distribution of the atom under the
interaction of the atom with a microwave field, a probe field,
and three orthogonal standing-wave fields. In Section 3, we
give the method applied to tune multiparameter for localizing
the atom. We then show and discuss the numerical results of
3D atom localization. Finally, our conclusions are summa-
rized in Section 4.

2. The model and dynamic equations
In Fig. 1, we show the schematic of a four-level Y-type

atom with a ground level |0〉, one intermediate level |1〉, and
two excited levels |2〉, |3〉. To measure the probe absorption,
a probe laser field Ep with a Rabi frequency 2Ωp and a carrier
frequency ωp is used to tune the transition |0〉 ↔ |1〉. Two co-
herent laser fields with Rabi frequencies Ω1 and Ω2 are simul-
taneously applied to drive the transitions from level |1〉 to the
excited levels |2〉 and |3〉, respectively. The two hyperfine lev-
els |2〉 and |3〉 are resonantly coupled by an extra microwave-
driven field with a Larmor frequency 2Ωmw. We will analyze
two cases. The first one is that both G1(x,y,z) and G2(x,y,z)
are the standing-wave fields. The G1(x,y,z) is combined
by two orthogonal standing-wave fields with the same fre-
quency coupled to the transition |1〉 ↔ |2〉, but the G2(x,y,z)
is the standing-wave field coupled to the transition |1〉 ↔ |3〉
in the z direction, i.e., G1(x,y,z) = Ω1[sin(k1x) + sin(k1y)]
and G2(x,y,z) = Ω2 sin(k2z), where k1 and k2 are the wave
vectors of the standing-wave fields. The other case is that
the G1(x,y,z) is combined by three orthogonal standing-wave
fields, but the G2(x,y,z) corresponds to a traveling-wave field,
namely, G2(x,y,z) = Ω2, respectively. It is worth mention-
ing that an atom moves through in the z direction. Therefore,
the atom will interact with the three orthogonal standing-wave
fields. Here we assume that the center-of-mass position of the
atom along the direction of the standing-wave fields is nearly
constant and we can neglect the kinetic part of the atom in the
Hamiltonian by applying the Raman–Nath approximation.[53]

Under the rotation-wave approximation (RWA) and the elec-
tric dipole approximation (EDA), the interaction Hamiltonian
of the atomic system can be written as

H/}=−∆p|1〉〈1|− (∆p +∆1)|2〉〈2|− (∆p +∆2)|3〉〈3|
+[Ωp|0〉〈1|+G1(x,y,z)|1〉〈2|+G2(x,y,z)|1〉〈3|
+Ωmw|2〉〈3|+H·c·], (1)

where the symbol H·c· stands for the Hermitian conjugate.
The quantities ∆1, ∆2, and ∆p are the relevant frequency de-

tunings of the standing-wave field and the probe field away
from the corresponding atomic resonance transition frequen-
cies, respectively. In addition, Ωmw and Ωp represent the
one-half Larmor and Rabi frequencies of relevant transitions,
i.e., Ωmw ≡ µ32Bmw/(2h̄) and Ωp ≡ µ10E p/(2h̄), with µ jk =

𝜇 jk · 𝑒L ( j,k = 0–3; 𝑒L is the unit polarization vector of the
corresponding laser field) being the dipole moment of the tran-
sition | j〉↔ |k〉. The dynamics of this system can be described
by the corresponding density matrix approach as

·
ρ =− i

h̄
[H,ρ]− 1

2
{Γ ,ρ}, (2)

where {Γ ,ρ} = Γ ρ +ρΓ . A relaxation matrix Γ defined by
〈n|Γ |m〉= γnδnm gives the decay rate. Substituting the interac-
tion Hamiltonian (1) into Eq. (2), we can derive the equations
of density-matrix elements.

(a) (b)

Ωmw

Ωmw Ωp

Ωp

∆

∆

∆p

G↼x↪y↪z↽ G↼y↽G↼z↽

G↼x↪y↪z↽

G↼x↽

x y

z
>

>

>

>

Fig. 1. (a) Schematic diagram of a four-level Y-type atomic system, which
consists of a ground level |0〉, an intermediate level |1〉, and two excited lev-
els |2〉 and |3〉. In the diagram given above, G1(x,y,z) is a standing-wave
field, and G2(x,y,z) is a standing-wave or traveling-wave field. 2Ωmw is the
Larmor frequency for the transition between levels |2〉 and |3〉. ωp is the
one-half Rabi frequency of a probe laser field applied to couple levels |0〉
and |1〉, while ∆p is the frequency detuning of the probe laser field. ∆1 and
∆2 stand for the frequency detunings of the standing wave or traveling wave
fields. All parameters are in units of γ . (b) Three orthogonal standing wave
fields G(x), G(y), and G(z) corresponding to the x, y, and z directions form a
3D space, while the probe field Ωp and the microwave field Ωmw propagate
along the z direction.

The density matrix equations will be calculated by using
the weak field approximation since the probe field intensity
is weak enough. Then the density-matrix equations can be
solved by applying the perturbation approach

ρ jk = ρ
(0)
jk +λρ

(1)
jk +λ

2
ρ
(2)
jk + · · · , ( j,k = 0,1,2,3). (3)

Here λ can be continuously evaluated between 0 and 1, while
ρ
(0)
jk , ρ

(1)
jk , ρ

(2)
jk are the terms of the zeroth order in Ωp, the first

order in Ωp, the second order in Ωp, etc. It is obvious that
the atom is mostly populated in the initial ground state |0〉 in
the weak-field approximation. Under this condition, we derive
ρ
(0)
00 ≈ 1 and ρ

(0)
jk ≈ 0 ( j 6= 0,k 6= 0). The driving fields are

strong fields but the probe field is very weak. Therefore, the
first-order term is extremely important. Keep all of the orders
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of the drive fields and the first-order terms of the probe field,
the density matrix equations are obtained as

i
.
ρ
(1)
00 = i(γ1 +Γt)ρ

(1)
11 , (4a)

i
.
ρ
(1)
11 =−i(γ1 +Γt)ρ

(1)
11 + i(γ2 +Γt)ρ

(1)
22

+ i(γ3 +Γt)ρ
(1)
33 +G1(x,y,z)(ρ

(1)
21 −ρ

(1)
12 )

+G2(x,y,z)(ρ
(1)
31 −ρ

(1)
13 ), (4b)

i
.
ρ
(1)
22 =−i(γ2 +Γt)ρ

(1)
22 +G1(x,y,z)(ρ

(1)
12 −ρ

(1)
21 )

+Ωmwρ
(1)
32 −Ω

∗
mwρ

(1)
23 , (4c)

i
.
ρ
(1)
33 =−i(γ3 +Γt)ρ

(1)
33 +G2(x,y,z)(ρ

(1)
13 −ρ

(1)
31 )

+Ω
∗
mwρ

(1)
23 −Ωmwρ

(1)
32 , (4d)

i
·
ρ
(1)
10 =−

(
∆p + i

γ1

2

)
ρ
(1)
10 +G1(x,y,z)ρ

(1)
20

+G2(x,y,z)ρ
(1)
30 +Ωp, (4e)

i
·
ρ
(1)
20 =−

(
∆p+∆1+ i

γ2 +Γ23

2

)
ρ
(1)
20 +G1(x,y,z)ρ

(1)
10

+Ωmwρ
(1)
30 , (4f)

i
·
ρ
(1)
30 =−

(
∆p +∆2 + i

γ3 +Γ32

2

)
ρ
(1)
30 +G2(x,y,z)ρ

(1)
10

+Ω
∗
mwρ

(1)
20 , (4g)

i
.
ρ
(1)
21 =−

(
∆1 + i

γ2 + γ1 +Γ23

2

)
ρ
(1)
21 −G2(x,y,z)ρ

(1)
23

+G1(x,y,z)(ρ
(1)
11 −ρ

(1)
22 )+Ωmwρ

(1)
31 , (4h)

i
.
ρ
(1)
31 =−

(
∆2 + i

γ3 + γ1 +Γ32

2

)
ρ
(1)
31 −G1(x,y,z)ρ

(1)
32

+G2(x,y,z)(ρ
(1)
11 −ρ

(1)
33 )+Ω

∗
mwρ

(1)
21 , (4i)

i
.
ρ
(1)
32 =

(
∆1−∆2− i

γ3 + γ2 +Γ32 +Γ23

2

)
ρ
(1)
32

−G1(x,y,z)ρ
(1)
31 +G2(x,y,z)ρ

(1)
12

+Ω
∗
mw(ρ

(1)
22 −ρ

(1)
33 ), (4j)

where γ1, γ2, γ3, Γ23, and Γ32 denote the decay rates from the
state |1〉 to |0〉, from the state |2〉 to |1〉, from the state |3〉
to |1〉, from the state |2〉 to |3〉, and from the state |3〉 to |2〉,
respectively.[40] Γt = 2u/(

√
πd) is the transit time decay rate

with the most probable speed of atoms (u =
√

2kBT/m, kB, T ,
and m are the Boltzmann constant, the absolute temperature,
and the mass of the atom, respectively and the laser beam di-
ameter d = 2 mm).[54] From Ref. [55], Γ23 = (Γtg2)/(g2 +g3)

and Γ32 = (Γtg3)/(g2 + g3), where gi is the degeneracy of
the i-th level. In our model, g2 = 9 and g3 = 7. More re-
markably, due to the transition from states |3〉 and |2〉 to
|0〉 are nondipole, thus, the decay rates of these transitions
are 0. In order to solve Eqs. (4a)–(4j), we set Ωp, Ω1, and
Ω2 as real, while Ωmw is given as a complex parameter, i.e,
Ωmw = |Ωmw|e iφ , φ named the relative phase is the phase of
the microwave-driven field. Two transition ways from ground

state |0〉 to excited state |3〉 can be seen in Fig. 1. The first way

is |0〉
Ωp→ |1〉 Ω2→ |3〉 and the second one is |0〉

Ωp→ |1〉 Ω1→ |2〉 Ωmw→
|3〉. So, the relative phase φ can be explained as quantum in-
terference resulted from these two excitation channels in the
above-mentioned closed-loop structure. The atomic structure
mentioned above can be realized by considering the transitions
5S1/2 ↔ 5P3/2 ↔ 5D5/2,3/2 in 87Rb atom.[56] The designated
levels can be selected as follows: |0〉 = |5S1/2,F = 2〉, |1〉 =
|5P3/2,F = 3〉, |2〉 = |5D5/2,F = 4〉, |3〉 = |5D3/2,F = 3〉, as
indicated in Fig. 2. The position-dependent probe absorption
can be obtained via the heterodyne measurement of fluores-
cence or a standard spectroscopic method, which may be real-
ized by the experiment proposed in Refs. [30,57]. Hence, our
proposed atomic system is feasible in the practical experiment.

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

F/

5S1/2

5D3/2

5P3/2

5D5/2

5P1/2

Fig. 2. Plot of possible experimental scheme with a 87Rb atomic system by
using the transitions 5S1/2↔ 5P3/2↔ 5D5/2,3/2.

Based on Eqs. (4a)–(4j) and the conservation of prob-
ability tr(ρ) = 1, i.e., ρ

(00)
00 + ρ

(1)
00 + ρ

(1)
11 + ρ

(1)
22 + ρ

(1)
33 = 1,

the steady-state solutions of the first-order density matrix el-
ements can be solved. By replacing γ2 and γ3 of Eq. (6)
in Ref. [40] with γ2 +Γ23 and γ3 +Γ32, respectively, the off-
diagonal density-matrix element ρ

(1)
10 is obtained.

The linear susceptibility of the medium can be given by

χ
(1) =

Nµ10

ε0Ep
ρ
(1)
10 =

K
Ωp

ρ
(1)
10 , (5)

where K = N|µ10|2/(2h̄ε0), in which N represents the atom
number density in the medium and ε0 is the permittivity in
free space. So, the probe absorption can be straightforwardly
written as

χ
′′(1)(x,y,z) = Im

[
χ(1)(x,y,z)

K

]
. (6)

Owing to the fact that the cold atom experiment setup is
not only complicated but also expensive, we would like to use
hot atom in our work. For this reason, we have to consider
how the temperature affects the 3D atom localization.[58] In
the following discussion, we assume that the atom moves in
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the z direction. The fields propagating along z are important to
include the effect of Doppler shift. For case (i), the probe field
and the standing-wave field Ez need to be considered for the
effect of Doppler shift, however, the standing-wave Ez is com-
prised by two counter-propagating beams. As a result, there
is no frequency shift in the standing-wave Ez. We only con-
sider the Doppler shift of the probe field. We can replace
the probe field detuning ∆p with ∆p + kpv in Eq. (5), where
v is the velocity of the atom and kp is the wave-vector of
the probe field. For case (ii), we assume that the traveling-
wave field G2 propagates along the z direction, thus, the probe
field detuning ∆p and the traveling-wave field detuning ∆2 in
Eq. (5) should be replaced with ∆p + kpv and ∆2 + k2v, re-
spectively. What is more, velocity dependent ρ

(1)
10 (∆p + kpv)

and ρ
(1)
10 (∆p + kpv,∆2 + k2v) are supposed to be integrated by

considering a Maxwell–Boltzmann distribution. In a Doppler-
broadened medium, we can rewrite ρ

(1)
10 in Eq. (5) for different

cases as

ρ
(1)′
10 =

(
m

2πkBT

) 1
2 ∫ ∞

−∞

ρ
(1)
10 (∆ ′p)e

−mv2
2kBT dv, (7a)

ρ
(1)′′
10 =

(
m

2πkBT

) 1
2 ∫ ∞

−∞

ρ
(1)
10 (∆ ′p,∆

′
2)e

−mv2
2kBT dv, (7b)

where ∆ ′p = ∆p + kpv and ∆ ′2 = ∆2 + k2v. The wave-vectors
kp and k2 are 2π× 12816.55 cm−1 and 2π× 12883.28 cm−1,
respectively.[59]

It is obvious that the probe absorption is dependent on
the parameters of the system, such as the field intensity, the
field detuning, and the temperature of the atom. The probe ab-
sorption is related to the position-dependent Rabi frequencies
G1(x,y,z) and G2(x,y,z). In addition, the probe absorption re-
flects the conditional position probability distribution of the
atom. So, we can obtain the information of atom localization
when it moves through the standing-wave fields by measuring
the probe absorption. The atom can be precisely localized by
adjusting the tunable parameters of the system.

3. Numerical results and discussion
In this section, we will investigate the conditional po-

sition probability distribution of the atom in 3D space by
doing numerical calculations based on Eq. (7) and discuss
these numerical results. In order to achieve high-precision
3D atom localization, we study the effects of the system
parameters on the atom localization via considering two
cases. For case (i), both G1(x,y,z) and G2(x,y,z) are the
standing-wave fields, i.e., G1(x,y,z) = Ω1[sin(k1x)+ sin(k1y)]
and G2(x,y,z) = Ω2 sin(k2z); for case (ii), G1(x,y,z) is a
standing-wave field composed by three orthogonal standing-
wave fields, but G2(x,y,z) is assumed as a traveling-wave
field, i.e., G1(x,y,z) = Ω1[sin(k1x)+ sin(k1y)+ sin(k1z)] and

G2(x,y,z) = Ω2. In both cases, G1(x,y,z) and G2(x,y,z) are
used to couple the transitions |1〉 ↔ |2〉 and |1〉 ↔ |3〉, respec-
tively. We emphasize that all the parameters applied in this
paper are in units of γ , which is supposed to be on the order
of 2π × 3 MHz for 87Rb, besides, γ1 = 2γ,γ2 = γ3 = 0.32γ ,
kp = 0.427γ , and k2 = 0.429γ .[40,59]

However, there are many controllable parameters in this
model. The issue can be solved via the following steps. First
of all, we assume that there is no detuning in the model. Sec-
ondly, considering that the microwave field intensity is equal
to, less than, and greater than the standing-wave field inten-
sity, we then conclude which condition is beneficial for lo-
calizing the atom; Thirdly, the intensities of the fields are
finely tuned for achieving high-precision atom localization.
Fourthly, after setting the standing-wave field intensity and the
microwave field intensity to the above values, we consider that
the probe field detuning is equal to, less than, and greater than
the standing-wave field detuning, and then conclude which
case is beneficial to local the atom. Finally, the detunings of
the fields are finely tuned for achieving high-precision atom
localization. In the following study, the system parameters are
set by the above steps.

3.1. Case (i)

The first case is that both G1(x,y,z) and G2(x,y,z) are
standing-wave fields. In the following, we give the numerical
results about the probe absorption with different parameters.

The probe absorption versus the positions (kx,ky,kz) for
different intensities of the fields (Ω1, Ω2, and Ωmw) are plotted
in Fig. 3. Figures 3(a) and 3(b) present that the probe absorp-
tion spreads across all subspaces, thus, the location informa-
tion of the atom is ambiguous. The probe absorption is dis-
tributed in four subspaces with a small diameter of sphere-like
structure, as shown in Fig. 3(c). From Figs. 3(a) and 3(b), one
can find the precision of atom localization is not changed when
the microwave field intensity decreases. Direct comparison of
Figs. 3(a) and 3(c) indicates that the precision of atom loca-
tion will increase as the intensity of the standing-wave field
decreases. It is noteworthy that the variation of the precision
of atom localization with the standing-wave field intensity is
different with that of the microwave field.

Figure 4 illustrates the effect of the standing-wave field
detuning (∆1, ∆2), the probe field detuning (∆p), and the tem-
perature of the atom on the 3D atom localization. It is obvious
that the probe absorption distribution in Fig. 4(b) is similar to
that in Fig. 4(a). From Fig. 4(c), the atom position information
cannot be obtained because the probe absorption is distributed
in four subspaces. Comparing Fig. 4(a) with Figs. 4(b) and
4(c) respectively, one can conclude that the precision of atom
localization is improved when the probe field detuning in-
creases. It is clear that the system parameters used in Fig. 4(c)
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are the best choice for high-precision atom localization when
the temperature of the atom is closed to the room temperature.
As a consequence, the system parameters used in Fig. 4(d) are
the same as those in Fig. 4(c) when we research the effect of
the temperature of the atom, except that the temperature of the
atom is equal to 323 K. The results in Figs. 4(c) and 4(d) show
that the precision of atom localization is improved with the
increase of the absolute temperature.

Table 1. The system parameters for high-precision atom localization in both
cases.

Ω1,2 Ωmw ∆1,2 ∆p

Without detuning 5γ 20γ 0 0
With detuning 5γ 20γ 5γ 30γ
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Fig. 3. Isosurface plots for the probe absorption χ ′′(1) versus positions
(kx,ky,kz) for different values of the driving field Ω1, Ω2, and Ωmw.
(a) Ω1 = Ω2 = 20γ , Ωmw = 20γ; (b) Ω1 = Ω2 = 20γ , Ωmw = 5γ; (c) Ω1 =
Ω2 = 5γ , Ωmw = 20γ . The other parameters used are φ = 0, γ =1, γ1 = 2γ ,
γ2 = γ3 = 0.32γ , ∆1 = ∆2 = 0, ∆p = 0, kp = 0.427γ , and T = 298 K.
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Fig. 4. Isosurface plots for the probe absorption χ ′′(1) versus positions
(kx,ky,kz) for different values of the detuning ∆1, ∆2, and ∆p. (a) ∆1 =
∆2 = 5γ , ∆p = 5γ,T = 298 K; (b) ∆1 = ∆2 = 30γ , ∆p = 5γ,T = 298 K;
(c) ∆1 = ∆2 = 5γ , ∆p = 30γ,T = 298 K; (d) ∆1 = ∆2 = 5γ , ∆p = 30γ,T =
323 K. The other parameters used are φ = 0, γ = 1, γ1 = 2γ , γ2 = γ3 = 0.32γ ,
Ω1 = Ω2 = 5γ , Ωmw = 20γ , kp = 0.427γ , and k2 = 0.429γ .

3.2. Case (ii)

The second case is that G1(x,y,z) is a standing-wave field
in the x, y, and z direction, while G2(x,y,z) is a traveling-
wave field with the intensity Ω2 independent of the position.
The following illustrations display the numerical results of 3D
atom localization with different values of the system parame-
ters.

The effects of the intensities of the fields (Ω1, Ω2, and
Ωmw) on the spatial distribution of the atom are plotted in
Fig. 5. Clearly, the information of atom position is ambigu-
ous in Figs. 5(a) and 5(b), which is attributed to the fact that
the probe absorption is distributed in different subspaces. In
Fig. 5(c), the atom is localized in the subspace (kx,ky,kz) and
(−kx,−ky,−kz), consequently, the probability of the atom in
such case is λ/2 within one period of standing-wave fields.
There is no doubt that decreasing the microwave field intensity
is not helpful to 3D atom localization by comparing Fig. 5(a)
with Fig. 5(b), which is in accord with the result of the cold
atom when the probe detuning is not tuned to zero.[52] Com-
paring Fig. 5(a) with Fig. 5(c), one can conclude that the
standing-wave field intensity should be tuned as small as pos-
sible for improving the precision of atom localization when
Ωmw = 20γ .
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Fig. 5. Isosurface plots for the probe absorption χ ′′(1) versus positions
(kx,ky,kz) for different values of the driving field Ω1, Ω2, and Ωmw.
(a) Ω1 = Ω2 = 20γ , Ωmw = 20γ; (b) Ω1 = Ω2 = 20γ , Ωmw = 5γ; (c) Ω1 =
Ω2 = 5γ , Ωmw = 20γ . The system parameters used are the same as those in
Fig. 3.

Figure 6 shows the influence of the standing-wave field
detuning (∆1, ∆2), the probe field detuning (∆p), and the tem-
perature on the 3D atom localization. Figure 6(d) shows
clearly that the atom can be localized with a high preci-
sion, because the probe absorption just appears in a subspace
(kx,ky,kz). As indicated in Figs. 6(a) and 6(b), the probe ab-
sorption spreads across two subspaces. Accordingly, the lo-
cation information of the atom is ambiguous in Figs. 6(a) and
6(b). Comparing Fig. 6(a) with Figs. 6(b) and 6(c), respec-
tively, one can find that increasing the detuning of the probe
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field will be beneficial to localizing atom with a high preci-
sion, which is in accord with the results of the cold atom when
the microwave intensity is set to zero or not.[52] The same as
the result of Fig. 4(d), the precision of atom localization is
changed obviously when the temperature of the atom is equal
to 323 K.
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Fig. 6. Isosurface plots for the probe absorption χ ′′(1) versus positions
(kx,ky,kz) for different values of the detuning ∆1, ∆2, and ∆p. (a) ∆1 =
∆2 = 5γ , ∆p = 5γ , T = 298 K; (b) ∆1 = ∆2 = 30γ , ∆p = 5γ , T = 298 K;
(c) ∆1 = ∆2 = 5γ , ∆p = 30γ , T = 298 K; (d) ∆1 = ∆2 = 5γ , ∆p = 30γ ,
T = 323 K. The system parameters used are the same as those in Fig. 4.

In both cases, the intensities of the standing-wave field
and the microwave field should be set as Ω1 = Ω2 = 5γ and
Ωmw = 20γ , respectively, for high-precision atom localization
when the standing-wave detuning and the probe detuning are
tuned to zeros. However, if the standing-wave detuning and
the probe detuning are not tuned to zeros, the standing-wave
and the probe detuning should be set as ∆1 = ∆2 = 5γ and
∆p = 30γ in both cases. Table 1 lists the values of the above
parameters for localizing the atom with a high precision at
room condition in both cases. There is an obvious precision
change when the temperature of the atom is adjusted from
298 K to 323 K in both cases, so, high-precision atom local-
ization can be got via increasing the temperature of the atom in
our model. It is worth noting that the temperature should not
be too high as the collision effects cannot be negligible even at
T = 333 K.[55]

4. Conclusions
In this paper, we show how to solve the problem that there

are many controllable parameters in a model. And we have in-
vestigated the influences of the system parameters, such as the
intensity of the laser fields, the detuning of the fields, and the
temperature on 3D atom localization by probe absorption in a
hot atomic system. We find that the atom can be localized in a
subspace when the temperature is equal to 323 K by setting the
system parameters at the appropriate values, which has been
achieved in cold atom. However, the experiment for the cold

atom localization is complicated. Besides, we conclude that
the atom cannot be localized in a subspace when G1(x,y,z)
and G2(x,y,z) corresponding to the standing-wave fields for
the probe absorption shows a symmetrical distribution. The
best precision is close to 0.1λ as shown in Fig. 6(d). Tailoring
the luminescence spectrum, which can be achieved by control-
ling the position of the atom, has an important application in
the photonic crystal and single molecule spectroscopy.[60] As a
consequence, our study not only simplify the experiment con-
figuration but also is useful for atom lithography, tailoring lu-
minescence spectrum,[61] and the high-precision measurement
of the center-of-mass wave function of moving atoms.[62]
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