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We investigate high-precision three-dimensional (3D) atom localization in a coherently-driven, four-
level atomic system via spontaneous emission. Space-dependent atom-field interactions allow atomic
position information to be obtained by measuring spontaneous emission. By properly varying system
parameters, atoms within a certain range can be localized with nearly a probability of 100% and a
maximal resolution of ∼ 0.04λ. This scheme may be useful for the high-precision measurement of the
center-of-mass wave functions of moving atoms and in atom nanolithography.
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1 Introduction

Spontaneous emission is a well-known fundamental pro-
cess that results from the interaction between radiation
and matter. It has been shown that spontaneous emis-
sion can create quantum interference [1], which is usu-
ally referred to as spontaneously generated coherence
(SGC). Moreover, SGC has been predicted to lead to
many interesting phenomena [2–12], such as dark lines
in spontaneous emission spectra, the enhancement, nar-
rowing, suppression, or complete cancellation of sponta-
neous emission, and phase-sensitive spontaneous emis-
sion and absorption spectra. Recently, based on SGC,
many schemes have been proposed for atom localiza-
tion. For instance, Zubairy and colleagues discussed
one-dimensional (1D) atom localization using resonance
fluorescence and phase, with the detection of a spon-
taneously emitted photon possible due to its interac-
tion with a classical standing-wave field and its reser-
voir modes [13–16]. Wan and co-workers suggested two-
dimensional (2D) atom localization based on controlled
spontaneous emission [17, 18]. Ding and colleagues pro-
posed a scheme for 2D atom localization via spontaneous
emission in a coherently driven, five-level, M-type atomic
system [19] and via the controlled spontaneous emission
from a driven cyclic-configuration atomic system [20].
More recently, we have reported two three-dimensional

(3D) atom localization schemes using spontaneous emis-
sion [21–23].

In this article, we demonstrate 3D atom localization in
a four-level atomic system via spontaneous emission. Re-
cently, several 3D atom localization schemes have been
proposed using three mutually perpendicular standing-
wave fields [24–28]. However, the approach outlined here
differs significantly from previous schemes. First, we
show that high-precision and high-resolution 3D atom
localization can be realized by modulating system pa-
rameters that are well-understood from qualitative ex-
planations of the dressed-state picture. Second, we find
that the localization precision and spatial resolution of
an atom can be effectively modulated by the phase shifts
and wave vectors of the standing-wave fields. By prop-
erly adjusting the system parameters, atoms can be lo-
calized in a particular position with a maximal resolu-
tion of ∼ 0.04λ, which is better than previous schemes
[21–28]. Third, with the scheme proposed here, no strin-
gent conditions must be satisfied, making it easy to ob-
serve expected 3D atom localization phenomena related
to atomic SGC with a magneto-optical trap (MOT).

2 Model and dynamic equations

We consider a four-level atomic tripod configuration as
shown in Fig. 1. The configuration has three ground
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Fig. 1 (a) The atomic energy levels in the bare state picture. (b) The atomic energy levels in the dressed-state picture.

states |1⟩, |2⟩ and |e⟩, one excited states |3⟩. A weak
probe field with the Rabi frequency 2Ωp is applied to
the transition |1⟩ ↔ |3⟩, the transition from state |3⟩ to
state |e⟩ is assumed to be coupled by the vacuum modes
in the free space, while the coupling field with position-
dependent Rabi frequency Ωc is applied to couple transi-
tion |2⟩ ↔ |3⟩. In our scheme, Ωc is the superposition of
three orthogonal standing-wave fields and can be defined
as [29, 30]

Ωc = Ωc(x) + Ωc(y) + Ωc(z), (1)

with

Ωc(x) = Ω1[sin(k1x+ θ1) + sin(k2x)], (2a)
Ωc(y) = Ω2[sin(k3y + θ2) + sin(k4y)], (2b)
Ωc(z) = Ω3[sin(k5z + θ3) + sin(k6z)], (2c)

where Ωc(x), Ωc(y) and Ωc(z) are also the superposition
of two orthogonal standing-wave fields aligning along the
x, y, and z directions respectively; ki = 2π/λi (i = 1−6)
is the wave vectors of the corresponding standing-wave
fields, where λi is the wavelength of the standing-wave
fields.

The interaction Hamiltonian of the atom-field system
using electric-dipole and rotating-wave approximations
can be defined as

HI =
∑
k

{gk,3e exp(iδkt)bk|3⟩⟨e|}+Ωp exp(i∆pt)|3⟩⟨1|

+Ωc(x, y, z) exp(i∆ct)|3⟩⟨2|+H.c., (3)

where gk is the coupling constant between the kth vac-
uum mode and the transition |3⟩ ↔ |i⟩; bk is the annihi-
lation (creation) operator for the kth vacuum mode; ∆p,
∆c and δk are the detuning of corresponding fields.

The dynamics of this system can be described by using
probability amplitude equations. Then the wave function
of the system at time t can be expressed in terms of the

state vectors as

|Ψ(t)⟩ =
∫

dxdydzf(x, y, z)|x⟩|y⟩|z⟩{[A1(x, y, z; t)|1⟩

+A2(x, y, z; t)|2⟩+A3(x, y, z; t)|3⟩]|{0}⟩
+
∑
k

Ae,k(x, y, z; t)|e⟩|1k⟩}, (4)

where f(x, y, z) is the center-of-mass wave function of the
atom; Ai(x, y, z; t) (i = 1, 2, 3) represents the probability
amplitude to find the atom at time t; |{0}⟩ stand for the
vacuum of the radiation field.

The 3D atom localization in our scheme is based on
the fact that the spontaneously emitted photon carries
information about the position of atom in 3D space as a
result of the spatial position-dependent atom-field inter-
action. When we have detected at time t a spontaneously
emitted photon in the vacuum mode of wave vector k,
the atom is in its internal state |e⟩ and the state vector
of the system, after making appropriate projection over
|Ψ(t)⟩, is reduced to

|Ψe,1k⟩=N⟨e, 1k|Ψ(t)⟩

=

∫
dxdydzf(x, y, z)Ae,k(x, y, z; t)|x⟩|y⟩|z⟩, (5)

where N is a normalization constant. Thus, the condi-
tional position probability distribution, i.e. the proba-
bility of finding the atom in 3D space at time t is

W (x, y, z; t|e, 1k)= |N |2|⟨x|⟨y|⟨z|Ψe,1k⟩||2

= |N |2|f(x, y, z)|2|Ae,1k(x, y, z; t)|2, (6)

here W (x, y, z; t|e, 1k) is the conditional position prob-
ability distribution, which follows from the probability
amplitude Ae,1k(x, y, z; t).

By using the Weisskopf–Wigner theory, the following
dynamical equations for atomic probability amplitudes
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are given by

i∂A1(x, y, z; t)

∂t
= Ω∗

pA3(x, y, z; t), (7a)

i∂A2(x, y, z; t)

∂t
= f1A2(x, y, z; t) + Ω∗

cA3(x, y, z; t), (7b)

i∂A3(x, y, z; t)

∂t
= ΩpA1(x, y, z; t) + ΩcA2(x, y, z; t)

+ f2A3(x, y, z; t), (7c)

i∂Ae,k(x, y, z; t)

∂t
= f3Ae,k(x, y, z; t) + g∗k,3eA3(x, y, z; t),

(7d)

where f1 = ∆p−∆c, f2 = ∆p− iΓ0/2 and f3 = ∆p− δk.
Γ0 = 2π|gk,3e|2D(ωk) is the spontaneous-decay rate from
state |3⟩ to state |e⟩, and D(ωk) is the vacuum-mode
density at frequency ωk in the free space. The decay of
excited state |3⟩ back to the ground states |1⟩ and |2⟩ are
neglected here.

Carrying out the Laplace transformations
Ã(x, y, z; s) =

∫∞
0

A(x, y, z; t)dt (s is the time Laplace
transform variable) for (7a)–(7d), we have the results

iÃ1(x, y, z; s)s = Ω∗
pÃ3(x, y, z; s) + iA1(0), (8a)

iÃ2(x, y, z; s)s = f1Ã2(x, y, z; s)

+ Ω∗
cÃ3(x, y, z; s) + iA2(0), (8b)

iÃ3(x, y, z; s)s = ΩpÃ1(x, y, z; s) + ΩcÃ2(x, y, z; s)

+ f2Ã3(x, y, z; s) + iA3(0), (8c)

iÃe,k(x, y, z; s)s = f3Ãe,k(x, y, z; s) + g∗k,3eÃ3(x, y, z; s),

(8d)

where Ai(0) (i = 1−3) are initial populations distributed
in state |1⟩, |2⟩ and |3⟩, respectively.

Finally, the conditional probability of finding the atom
in level |e⟩ with a spontaneously emitted photon of fre-
quency ωk in the vacuum mode k is then given by

W (x, y, z; t → ∞|e, 1k) = |N |2|f(x, y, z)|2|gk|2 ×
∣∣∣∣Ωp(f3 − f1)A1(0) + Ωcf3A2(0) + f3(f3 − f1)A3(0)

if3(f2 − f3)(f3 − f1) + i|Ωp|2(f3 − f1) + i|Ωc|2f3

∣∣∣∣2 . (9)

Due to the center-of-mass wave function of the atom f(x, y, z) is assumed to be nearly constant over many
wavelengths of the standing-wave fields, the conditional position probability distribution W (x, y, z; t → ∞|e, 1k) is
determined by the filter function defined as

F (x, y, z) =

∣∣∣∣Ωp(f3 − f1)A1(0) + Ωcf3A2(0) + f3(f3 − f1)A3(0)

if3(f2 − f3)(f3 − f1) + i|Ωp|2(f3 − f1) + i|Ωc|2f3

∣∣∣∣ . (10)

3 Results and discussion

In this section, we investigate the 3D localization behav-
ior of atom by analyzing F (x, y, z) as the filter function
which directly reflects the conditional position probabil-
ity distribution, and then address how the system pa-
rameters can be used to achieve 3D atom localization by
measuring the spontaneously emitted photon in mode k.
It is evident from Eq. (10) that F (x, y, z) depends on the
initial populations distributed Ai(0) and other parame-
ters of corresponding fields. In the following, we select Γ0

as the spontaneous decay rate from state |3⟩ to state |e⟩.
All the parameters used in numerical calculations are in
the unit of Γ0.

We can see from formula (10) that there is a strong cor-
relation between the detuning of spontaneously emitted
photon δk and the filter function F (x, y, z). The isosur-
faces for the filter function F (x, y, z) = 0.1 versus posi-
tions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤ kz/π ≤ 1)
for different values of the detuning of spontaneously
emitted photon is plotted in Fig. 2. In the case of the

Fig. 2 Isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤
kz/π ≤ 1) for different values of δk. (a) δk = 26Γ0; (b) δk =
29Γ0; (c) δk = 30Γ0; (d) δk = 31Γ0. The other parameters
are A1(0) = A2(0) = 1/

√
2, A3(0) = 0, Ωp = 0.5Γ0, ∆p =

∆c = 0, Ω1 = Ω2 = Ω3 = 5Γ0, k1 = k2 = k3 = k4 = k5 =
k6 = k, and θ1 = θ2 = θ3 = 0.
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detuning δk = 26Γ0 [see Fig. 2(a)], it can be seen that the
isosurfaces of the filter function exhibits two big spheres
of the same size in the subspaces (−1 ≤ kx/π ≤ 0,
−1 ≤ ky/π ≤ 0, −1 ≤ kz/π ≤ 0) and (0 ≤ kx/π ≤ 1,
0 ≤ ky/π ≤ 1, 0 ≤ kz/π ≤ 1), respectively. When the
detuning δk increases to 29Γ0, the filter function is also
situated in two subspaces, but the size of the sphere in
each subspace becomes small [see Fig. 2(b)]. Moreover,
when the detuning δk = 30Γ0, the size of the sphere
in each subspace becomes smaller, as shown in Fig. 2(c).
Furthermore, when the detuning is detected at an appro-
priate value (i.e., δk = 31Γ0 in Fig. 2(d)), the size of the
sphere in each subspace becomes smaller compared to
Fig. 2(c). In such a case, we can achieve high-precision
and high-resolution 3D atom localization by adjusting
the detuning of the spontaneously emitted photon.

In order to further understand the physical mecha-
nisms of the above results in Fig. 2, here we show an
alternative explanation for the preceding interesting phe-
nomena of spontaneous emission. By using the dressed-
state picture, the bare-state levels |2⟩ and |3⟩ can be

replaced by two new states |−⟩ and |+⟩ [see Fig. 1(b)].
The energy eigenstates are written as

|+⟩ = cos(θ)|3⟩+ sin(θ)|2⟩, (11a)

|−⟩ = sin(θ)|3⟩ − cos(θ)|2⟩, (11b)

with tan(θ) = ω+/Ωc and ω± = (−∆c ±
√

∆2
c + 4Ω2

c)/2
representing frequencies of |+⟩ and |−⟩ relative to level
|0⟩.

According to the above dressed states (11a)–(11b), the
probability amplitudes of the bare states are associated
with the probability amplitudes of the dressed states by
the following relations:

A2(x, y, z; t)=sin(θ)A+(x, y, z; t)− cos(θ)A−(x, y, z; t),
(12a)

A3(x, y, z; t)=cos(θ)A+(x, y, z; t) + sin(θ)A−(x, y, z; t),
(12b)

Then, Eqs. (7a)–(7d) can be rewritten as

i∂A1(x, y, z; t)

∂t
= Ω∗

p+A+(x, y, z; t)+Ω∗
p−A−(x, y, z; t), (13a)

i∂A−(x, y, z; t)

∂t
=

(
∆− − iΓ−

2

)
A−(x, y, z; t) + Ωp−A1(x, y, z; t)− iΓ+−

2
A+(x, y, z; t), (13b)

i∂A+(x, y, z; t)

∂t
=

(
∆+ − iΓ+

2

)
A+(x, y, z; t) + Ωp+A1(x, y, z; t)− iΓ+−

2
A−(x, y, z; t), (13c)

i∂Ae,k(x, y, z; t)

∂t
= (∆p − δk)Ae,k(x, y, z; t) + g∗k+A+(x, y, z; t) + g∗k−A−(x, y, z; t), (13d)

with ∆+ = ∆p + ω+, ∆− = ∆p + ω−, Γ+ = Γ0 cos2 θ,
Γ− = Γ0 sin2 θ, Γ+− = Γ0 cos θ sin θ, Ωp+ = Ωp cos θ,
Ωp− = Ωp sin θ, gk+ = gk0 cos θ, gk− = gk0 sin θ.

From Eqs. (13a)–(13d), it is straightforward to show
that there exists quantum interference between the two
spontaneous-decay channels |+⟩ → |e⟩ and |−⟩ → |e⟩
because level |+⟩ interacts with level |−⟩ by spontaneous
emission [(∂A+/∂t) = · · ·−(Γ+−/2)A− and (∂A−/∂t) =
· · ·−(Γ+−/2)A+]. This means that this four-level atom is
equivalent to an atom composed of two close-lying upper
levels and two well-spaced lower levels [see Fig. 1(b)], and
the quantum interference denoted by Γ+− in Eq. (13d)
has the same physical meaning as SGC.

In Fig. 3, we study the influence of detuning ∆c on the
3D atom localization. When the detuning ∆c = 2Γ0, the
filter function is situated in 3D space with two spheres
of same size [see to Fig. 3(a)]. Therefore, the probabil-
ity of finding the atom is 0.5 in one period of standing
waves. Interestingly, when the detuning ∆c = −2.15Γ0

[see Fig. 3(b)], the filter function shows a small-size
sphere in the subspace (0 ≤ kx/π ≤ 1, 0 ≤ ky/π ≤ 1,

0 ≤ kz/π ≤ 1), the spatial resolution is about 0.04λ.
That is, the application of a coherent coupling field re-
sults in a 1 detecting probability of an atom at a partic-
ular position within one period of standing-wave fields.
Obviously, the precision of 3D atom localization can be
enhanced via the detuning ∆c.

In Fig. 4, we investigate the influence of the intensity
of the coherent controlling field Ωp on the 3D atom lo-

Fig. 3 Isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤
kz/π ≤ 1) for different detunings of the coupling field. (a)
∆c = 2Γ0; (b) ∆c = −2.15Γ0. The other parameters are the
same as Fig. 2(c).
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Fig. 4 Isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤
kz/π ≤ 1) for different values of the control field. (a) Ωp =
5Γ0; (b) Ωp = 10Γ0; (c) Ωp = 18Γ0; (d) Ωp = 20Γ0. The
other parameters are the same as Fig. 2(c).

calization. In the case of Ωp = 5Γ0, the isosurfaces of the
filter function F (x, y, z) are distributed in the subspaces
(−1 ≤ kx/π ≤ 0, −1 ≤ ky/π ≤ 0, −1 ≤ kz/π ≤ 0)
and (0 ≤ kx/π ≤ 1, 0 ≤ ky/π ≤ 1, 0 ≤ kz/π ≤ 1)
with different localization precisions, in which the filter
function in the two subspaces shows two small-diameter
sphere-like patterns of the same size with a high preci-
sion, which leads to the localization of the atom at the
two spheres [see Fig. 4(a)]. Moreover, under the condition
of Ωp = 10Γ0, as shown in Fig. 4(b), one can see that the
volume of sphere in each subspace becomes bigger. Most
interestingly, as we further increase the coupling field
Ωp to 18Γ0 [see Fig. 4(c)], the sphere (−1 ≤ kx/π ≤ 0,
−1 ≤ ky/π ≤ 0, −1 ≤ kz/π ≤ 0) is completely disap-
peared, and the maxima of the filter function only sit-
uated in the subspace (0 ≤ kx/π ≤ 1, 0 ≤ ky/π ≤ 1,
0 ≤ kz/π ≤ 1) with a sphere pattern. In such a condi-
tion, the probability of finding the atom in one period of
the standing-wave fields is increased to 1, that is to say,
the atom can be localized at a particular position and
the 3D atom localization is indeed achieved efficiently. Of
course, on the condition of Ωp = 20Γ0, the sphere in the
subspace (0 ≤ kx/π ≤ 1, 0 ≤ ky/π ≤ 1, 0 ≤ kz/π ≤ 1)
becomes bigger [see Fig. 4(d)], which implies that the
increasing controlling field will bring a destructive ef-
fect to the precision of 3D atom localization when large
detuning of spontaneously emitted photon is considered.
Therefore, we obtain the 3D-localization precision is dra-
matically changed by adjusting the intensity of Ωp.

To obtain a better understanding of how the initial
populations Ai(0) adjust 3D atom localization precision,
we plot isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1,
−1 ≤ kz/π ≤ 1) for four different values of the initial

population, as shown in Fig. 5. When the atom is initially
prepared in state |3⟩, i.e., A3(0) = 1, the isosurfaces of
the filter function F (x, y, z) in figure 5(a) exhibit two
spheres of the same size in two different subspaces (−1 ≤
kx/π ≤ 0, −1 ≤ ky/π ≤ 0, −1 ≤ kz/π ≤ 0) and (0 ≤
kx/π ≤ 1, 0 ≤ ky/π ≤ 1, 0 ≤ kz/π ≤ 1). When the atom
is initially prepared in a superposition state of |1⟩, |2⟩ and
|3⟩, i.e., A1(0) = A2(0) = 0.3, A3 = 0.907, as can be seen
from figure 5(b), the isosurfaces for the filter function
F (x, y, z) shows a small-size sphere in the subspace (0 ≤
kx/π ≤ 1, 0 ≤ ky/π ≤ 1, 0 ≤ kz/π ≤ 1) and a large-size
sphere in the subspace (−1 ≤ kx/π ≤ 0, −1 ≤ ky/π ≤ 0,
−1 ≤ kz/π ≤ 0). Interestingly, under the condition of
A1(0) = 0, A2(0) = A3(0) = 1/

√
2 [see Fig. 5(c)], or

A1(0) = 0.907, A2(0) = A3(0) = 0.3 [see Fig. 5(d)],
the isosurfaces for the filter function show a sphere in
the subspace (−1 ≤ kx/π ≤ 0, −1 ≤ ky/π ≤ 0, −1 ≤
kz/π ≤ 0). Therefore, the probability of finding the atom
at such a position is 1, which is increased by a factor
of 4 or 8 compared with the previous schemes [23, 25].
From the above observation, we can understand the role
of the initial population Ai(0) on precision in position
measurement of the single atom in the 3D space.

A new way for realizing the efficient 3D atom local-
ization is shown in Fig. 6, we investigate the influence
of the wave vector ki (i = 1, 3, 5) on the 3D atom lo-
calization. On the condition of k1 = k3 = k5 = 1.2k, it
can be found from figure 6(a) that two same-size spheres
in each subspace (−1 ≤ kx/π ≤ 0, −1 ≤ ky/π ≤ 0,
−1 ≤ kz/π ≤ 0) and (0 ≤ kx/π ≤ 1, 0 ≤ ky/π ≤ 1,
0 ≤ kz/π ≤ 1). When the wave vectors ki (i = 1, 3, 5)
increase to 1.3k [see Fig. 6(b)], the size of spheres in

Fig. 5 Isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤
kz/π ≤ 1) for different values of initial populations. (a)
A3(0) = 1, A1(0) = A2(0) = 0; (b) A3(0) = 0.907, A1(0) =
A2(0) = 0.3; (c) A1(0) = 0, A2(0) = A3(0) = 1/

√
2; (d)

A1(0) = 0.907, A2(0) = A3(0) = 0.3. The other parameters
are the same as Fig. 2(c).
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Fig. 6 Isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤
kz/π ≤ 1) for different values of wave vectors. (a) k1 = k3 =
k5 = 1.2k; (b) k1 = k3 = k5 = 1.3k; (c) k1 = k3 = k5 =
1.36k; (d) k1 = k3 = k5 = 1.41k. The other parameters are
the same as Fig. 2(c).

Fig. 7 Isosurfaces for the filter function F (x, y, z) = 0.1
versus positions (−1 ≤ kx/π ≤ 1, −1 ≤ ky/π ≤ 1, −1 ≤
kz/π ≤ 1) for different values of phase shifts. (a) θ1 = θ2 =
θ3 = 0; (b) θ1 = π/5.9, θ2 = θ3 = 0; (c) θ1 = θ2 = π/5.9,
θ3 = 0; (d) θ1 = θ2 = θ3 = π/5.9. The other parameters are
the same as Fig. 2(c).

two subspaces is further reduced. As we further increase
the wave vectors ki (i = 1, 3, 5) to 1.36k, two spheres
in the subspaces become very small [see to Fig. 6(c)].
More interestingly, as we further increase the wave vec-
tors ki (i = 1, 3, 5) to 1.41k, the sphere (−1 ≤ kx/π ≤ 0,
−1 ≤ ky/π ≤ 0, −1 ≤ kz/π ≤ 0) is completely dis-
appeared and the isosurfaces of the filter function only
situated in the subspace (0 ≤ kx/π ≤ 1, 0 ≤ ky/π ≤ 1,
0 ≤ kz/π ≤ 1) with a sphere pattern [see Fig. 6(d)].
In such a case, the probability of finding the atom at
this position is 1, that is, the atom can be localized at
a particular position and 3D atom localization is indeed
achieved efficiently. In fact, from Eqs. (2) and (10), it is
straightforward to show that there is a strong correlation

between the wave vectors ki (i = 1, 3, 5) and the filter
function, the varying wave vector influences the spatial
distribution of the filter function of F (x, y, z). So we can
control the atom localization precision and conditional
position probability in 3D space.

Finally, the phase shifts of the relevant fields θi (i =
1 − 3) play an important role in the control of the pre-
cision of atom localization, as shown in Fig. 7. When
θ1 = θ2 = θ3 = 0, the isosurfaces for the filter func-
tion show two spheres of the same size are situated in
two subspaces, respectively [see Fig. 7(a)]. In the case
of θ1 = π/5.9, θ2 = θ3 = 0, the localization patterns
of the atoms in Fig. 7(b) are still sphere, and the size
of the spheres in each subspace becomes smaller. More-
over, when θ1 = θ2 = π/5.9 [see Fig. 7(c)], the size of the
sphere in each subspace becomes very small. That is to
say, the corresponding atom localization precision is fur-
ther improved compared to Fig. 7(b). Interestingly, when
the phase shifts are to changed to θ1 = θ2 = θ3 = π/5.9,
the atom will be localized in subspace (0 ≤ kx/π ≤ 1,
0 ≤ ky/π ≤ 1, 0 ≤ kz/π ≤ 1) [see Fig. 7(d)]. In such
case, the probability of finding the atom in one period
of the standing-wave fields is increased to 1. Thus, it is
reasonable to achieve the high-precision 3D atom local-
ization in Fig. 7(d).

4 Conclusions

In summary, we investigated 3D atomic localization via
spontaneous emission in a coherently-driven, four-level
atomic system. Due to spatial-position-dependent atom-
field interactions, 3D atom localization can be achieved
by measuring spontaneously emitted photons. The pre-
cision of 3D atom localization is extremely sensitive to
the detuning parameters δk and ∆c, the intensity of the
coherent controlling field Ωp, and the wave vector and
phase-shifts of the corresponding standing-wave fields
with slightly different wavelengths. More importantly,
the maximal probability of finding an atom within a
sub-half-wavelength domain of the standing waves can
approach 1. As a result, our scheme may be helpful for
realizing a spatially selective single-qubit phase gate, en-
tangling gates between cold atoms, and determining the
error budget for a single-qubit phase gate in three di-
mensions.
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