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ABSTRACT 

This study investigates wall-like, ellipsoidal, and cylindrical structures of atomic localization using an 

innovative spectrum absorption method including three distinct levels of single atom localization at both the 

upper and lower sections. The phases, detunings, intensities, and orientations of the applied control fields 

govern and alter the probability and location of localized atoms. Modified configurations of atom localization 

are beneficial for Bose-Einstein condensation, atom nanolithography, and laser cooling techniques.  
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1 Introduction  

The precise and reliable assessment of an atom’s location within a wavelength range is known as 

“atom localization”. The concept of atomic localization, also known as atomic microscopy, originates from 

the uncertainty principle as applied through the Heisenberg microscope [1]. The precise position 

measurements of an atom are measured to (λ/2) of the wavelength, by using Heisenberg microscope [2, 3]. 

The atom is localized in one-, two-, and three-dimensional spaces, both experimentally and theoretically. 

After that atom is localized theoretically in one dimension to (
𝛌

𝟐𝟎
). Further the atom is localized in two-

dimensional space to the accuracy of area (
𝛌

𝟏𝟎
 

𝛌

𝟏𝟎
). Recently atom is also localized in the three-dimensional 

space of volume (
𝛌

𝟏𝟎
 

𝛌

𝟏𝟎
 

𝛌

𝟏𝟎
 ). More accurately atom is localized to (

𝛌

𝟏𝟎𝟎𝟎
)  in one-dimension (

𝛌

𝟏𝟎𝟎𝟎
  

𝛌

𝟏𝟎𝟎𝟎
 ) in 

two-dimension and (
𝛌

𝟏𝟎𝟎𝟎
  

𝛌

𝟏𝟎𝟎𝟎
  

𝛌

𝟏𝟎𝟎𝟎
 ) in three-dimension space in the range of one wavelength domain along 

each x, y and z dimensions. The information of atom localized is extracted from absorption and emission 

spectra. 

Given its significant applications in technology, researchers have extensively studied atom 

localization using various techniques and mechanisms. Atomic Probe Analysis possesses widespread 

applications in Bose-Einstein condensation [4], sub-wavelength mapping, microscopy [5], neutral atom 

capturing and laser cooling [6]. The link between lithography and atom localization were  first studied 

experimentally using standing wave field formalism [4].  

Different optical techniques are used for atom localization in one, two, and three dimensions. First, 

one-dimensional (1D) single-atom localization has been studied, and then two dimensional atom microscopy 

has been modified. Recently, three-dimensional atom localization was additionally suggested for accurate 

location measurement [7-10]. Cohen-Tannoudji and his team modified an alternative Heisenberg microscope 

which works on a single atomic beam and single dimensional standing wave in the experimental setup [11]. 

Thomas clarified ultra-high precise location measurements for atoms using the modified forms of 

Heisenberg microscope [12, 13]. Thomas et al. [14, 15] actually demonstrated the exact determination of 

atom location using standing wave optical field. 

Numbers of significant and useful works on atom localization have been published on optical 

techniques and mechanisms [16-21]. Thomas and Zhang [22] discuss useful assessment of these efforts. 

Other methods for examining the localization of atoms have also been established throughout the past 20 

years [23-25].  Further spontaneous emission spectrum is used to explore short wavelength atom localization 

[26]. Sub wavelength localization has additionally been investigated using atomic coherent effects through 

the application of electromagnetically generated transparencies [27], dual darkness resonance [28] and 

coherence concentration trapping [29]. The methods of super-fluorescence [30], dynamically produced 

coherent [31], dual photon spontaneously released detection [32] and Autler-Townes doublet are also used 

for atoms localization. 

A large number of research articles have been published on two and three atom localization using 

different mechanisms and techniques in which some of them are mentioned above. But in my knowledge no 

work is available in the literature to control and modifying topological shapes of atoms by application of 

coherent driving fields. In this work a four-level atomic system driving by a weak probe field and three 

control fields is used to investigate topological shapes of atoms localization in a wavelength domain along 

each axes.  
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2 Numerical analysis 

This section presents the structure and features of a three-level κ-type atomic arrangement, illustrated in 

Figure 1. The setup consists of two bottom states. |1⟩ and |2⟩ and an excited state |3⟩. A probe field having 

Rabi frequency of Ωp and a detuning of ∆p ties the state together |1⟩ and |3⟩. Similarly, the state is |2⟩ coupled 

to |3by a field under control through a Rabi frequency of Ω1 and a detuning of ∆1. The rate at which states 

degrade |3⟩ and |1⟩ is denoted as γ1, and the decay rate between states |3⟩ and |2⟩ is denoted s γ2. 

The Hamiltonian interaction of connection yields as; 

 

 𝐻𝐼 = −
ℏ

2
[Ω𝑝𝑒−𝑖Δ𝑝𝑡|1⟩⟨3| + Ω1𝑒−𝑖Δ1𝑡|2⟩⟨3| +  𝐻. 𝐶     (1) 

 

 
Figure 1. Three-level atomic system 

 

A coherence in electrical susceptibility  for optical response is changed using Lindblad’s density matrices 

formula. 

�̇� = −
𝑖

ℏ
[𝜌, 𝐻𝐼] −

1

2
∑𝛾𝑖𝑗(𝛼†𝛼𝜌 + 𝜌𝛼†𝛼 − 2𝛼𝜌𝛼†),   (2) 

 Here, α and α† are the lowering and rising operators respectively, γij represent decay rate and H.C. is the 

Hermiation conjugation factor. 

The detuning ∆p and ∆1 i s  g i ve n as ;  

     ∆p = ω13 − ωp, ∆1 = ω23 – ω3, 

The following are the couple rate equations obtained for the probe field of rabi frequency: 

     �̇̃�13 = M�̃�13 +
𝑖

2
Ω𝑝�̃�33 −

𝑖

2
Ω𝑝�̃�11 −

𝑖

2
Ω1�̃�33                (3) 

�̇̃�12 = N�̃�12 +
𝑖

2
Ω𝑝�̃�32 −

𝑖

2
Ω𝑝�̃�11 −

𝑖

2
 Ω1

∗ �̃�13           (4) 

Where M and N are constants. 

M = 𝑖∆𝑃 −
1

2
𝛾1        (5) 

       N = 𝑖∆𝑃 − 𝑖∆1 −
1

2
(𝛾1 + 𝛾2)      (6) 

Using equation (3) and equation (4), we get 
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𝜌13 = −
2𝑖𝑀Ω𝑝

4𝑀𝑁+Ω1
2 

        (7) 

The optical susceptibility is directly linked to the transition element ρ13 as is well established for 

position-dependent optical susceptibility. 

 χ𝑒 =
2Nσ13

2 ρ13

𝜖0ħΩ𝑝
            

(8) 

The Rabi frequency is given as; 

           Ω1 = R1(Sin[η1kx] + Sin[η1ky + ϕ1y] + Sin[η1kz + ϕ1z])             (9) 

3 Result and Discussion 

The outcomes of three-dimensional atomic localization within a three-level atomic medium are shown 

in this section. The imagined element of electrical susceptibility is graphed against the geographic 

coordinates’ kx, ky, and kz to accomplish this. It contains data on the locations and presence of atoms –π < 

kx, ky, kz < π and using atomic units variables γ = 1GHz, n = 1, c = 137, λ = 
2𝜋𝑐

𝜔
, k = 

2𝜋

𝜆
  and γ is employed in 

scaling all other parameters η.  

In Figure 2, the specified parameters are used to detect single-atom localization. Δ1= - 0.3γ,  Δp= 0.9γ, 

γ1=0.02γ, γ2=0.09γ, Ω2a=1γ, Ω20=6γ, ϕ,21,22,23 = π,  The observed atom is localized at the top of the first 

quadrant by applying the applied fields directives  η1,2,3 = 1, as shown in Fig 2.a. Through changing the 

instructions to η1= -1, η2, 3=1. The localized atom moves to the top of the boxes of second quadrant, as shown 

in Fig 2.b. Shifting the fields' positions to η1,2 = -1, η3 = 1 the localized atom's location changes to the upper 

third quadrant, as shown in Fig. 2.c. The location of the atom is examined using the field directions in the 

fourth quadrant of the box η1, 3 = 1, η2 = -1 as shown in Fig 2.d. 

 

Figure 2: Plots representing the imaginary component of electric susceptibility for kx, ky, and kz, 

showing atom localization under varying field directions η1, η2, η3 (a) η1,2,3=1 (b) η1=−1,η2,3=1 (c) 

η1,2=−1,η3=1 (d) η1,3=1,η2=−1. Parameters: Δ1=−0.3γ, Δp=0.9γ, γ1=0.02γ, γ2=0.09γ, Ω2a=1γ, Ω20=6γ, 

ϕ21, 22, 23=π 
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In Figure 3, Plotting of the imaginary component of electric susceptibility is carried out for kx, ky, and kz 

locations.  Observing a single localized atom requires taking the Δ1= - 0.3γ, Δp= 0.9γ, γ1=0.02γ, γ2=0.09γ, 

Ω2a=1γ, Ω20=6γ, ϕ21, 22, 23 = π. Using the directions of applied fields, the localized atom investigates at the 

bottom of the first quadrant η1, 2 = -1, η3 = -1 as demonstrated in Fig 3.a. By varying the direction to η1, 3 

= -1, η2 = 1, at the bottom of the box, in the second quadrant, the localized atom moved, as shown in Fig 

3.b. As we shift the directions of the applied fields to η1, 2, 3 = -1, the atom shifts to the lower third 

quadrant of its location, as shown in Fig 3.c. Applying the directions of the applied fields, the atom’s location  

is seen at the bottom of the box in the fourth quadrant η1 = 1, η2, 3 = -1 as shown in Fig 3.d. 

 
Figure 3: Plotting of the Imaginary component of electric susceptibility for kx, ky and kz, showing 

atom localization at the box's bottom under field directions: (a) η1,2=−1, η3=−1 (b) η1,3=−1,η2=1 (c) 

η1,2,3=−1 (d) η1=1,η2,3=−1. Parameters: Δ1=−0.3γ, Δp=0.9γ, γ1=0.02γ, γ2=0.09γ, Ω2a=1γ, Ω20=6γ, ϕ21, 22, 

23=π 

In Figure 4, for the positions kx, ky, and kz, the imaginary component of electric susceptibility is shown. 

Walk like atoms localization is investigated. Along the diagonal, three wall-like localizations are seen 

while using the parameters Δ1= - 0.361γ, Δp= 2γ, γ1, 2=0.02γ, Ω2a=1γ, Ω20=6γ, ϕ21 =
𝜋

3
, ϕ22 = 

𝜋

2
, ϕ23= 

2𝜋

2
, and 

directions of applied fields η1 = - 0.01, η2,3 = 0 as demonstrated in Fig  4 . a. By adjusting the parameters 

Δ1= - 0.3γ, Δp = 9γ, γ1=0.02γ, γ2=0.09γ, Ω2a=0.01γ, Ω20=6γ, ϕ21, 22, 23 = π, & directions of applied fields η1 = 

0.1, η2, 3 = 0.01 the localization moves to other diagonal as shown in Fig 4 . b. Six wall like localization is 

examine in other diagonal by distinct variables Δ1= - 0.3γ, Δp= 0.9γ, γ1=0.02γ, γ2=0.09γ, Ω2a=0.01γ, Ω20=6γ, 

ϕ21, 22, 23 = π, and directions of applied fields η1 = -1, η2, 3 = -0.01 as shown in Fig 4.c. 



Journal of Mathematical Techniques in Modeling                                                 Vol.1 Issue.2 2024 

 

 44 

 
Figure 4: Plotting of the imaginary component of electric susceptibility is carried out for the kx, ky, and 

kz locations. Where distinct variables are (a) Δ1= - 0.361γ, Δp= 2γ, γ1,2=0.02γ, Ω2a = 1γ, Ω20 = 6γ, ϕ21 = 
𝜋

3
,  

ϕ22 = 
𝜋

2
, ϕ23 = 

2𝜋

2
, η1 = - 0.01, η2,3 = 0 (b) Δ1= - 0.3γ, Δp= 9γ, γ1=0.02γ, γ2=0.09γ, Ω2a=0.01γ, Ω20=6γ, ϕ21,22,23 

= π, η1 = 0.1, η2,3 = 0.01 (c) Δ1= - 0.3γ, Δp= 0.9γ, γ1=0.02γ, γ2=0.09γ, Ω2a=0.01γ, Ω20=6γ, ϕ21,22,23 = π, η1 = 

-1, η2,3 = -0.01.   

In Figure 5, for positions kx, ky, and kz, the plots are sketched for the imaginary component of electric 

susceptibility. Using the parameters, the localization of cylindrical-like atoms is investigated Δ1= 0.9γ, Δp= 

2γ, γ1= 0.02γ, γ2= 0.09, Ω2a=1γ, Ω20=6γ. In the first quadrant, a single cylindrical localization is seen using 

the phase ϕ21, 22, 23 = π, & the directions of applied fields η1 =0.01, & η2, 3 = -1, as seen in Fig 5.a. By changing 

the directions to η1 = 1, η2 = -0.01, & η3 = -1. The second quadrant of the box is where one of the cylindrical 

localization shifts, as seen in Fig 5.b. varying the phase ϕ21, 23 = π, ϕ22= π, & position of fields to η1=-0.01, η2, 

3= -1. The cylindrical localization moves into the third quadrant, as seen in Fig 5.c. The cylindrical 

localization moves into the fourth quadrant of the box using the phase ϕ21, 22, 23 = π & the position of fields η1, 

3 = - 1, η2 = -0.01 as seen in Fig 5.d. 
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Figure 5: Plotting of the imaginary component of electric susceptibility is carried out for the kx, ky, and 

kz locations. Where distinct variables are Δ1= 0.9γ, Δp= 2γ, γ1= 0.02γ,γ2= 0.09,  Ω2a=1γ, Ω20=6γ.(a) ϕ21,22,23 

= π, η1 =0.01, and η2,3 = -1 (b) ϕ21,22,23 = π, η1 = 1, η2 = -0.01, and η3 =  -1 (c) ϕ21,23 = π, ϕ22= π, η1=-0.01, 

η2,3= -1 (d) ϕ21,22,23 = π, η1,3 = - 1, η2 = -0.01. 

In Figure 6, for positions kx, ky and kz, the plots are sketched for the imaginary component of electric 

susceptibility. The localization of a single half-ellipsoidal-like atom is investigated using the parameters, Δ1= 

0.9γ, Δp = 2γ, γ1= 0.02γ, γ2= 0.09, Ω2a=1γ, Ω20= 6γ, ϕ21, 22, 23 = π. One ellipsoid localization is observe in the 

first quadrant Using the applied fields directions η1, 3 = -1, η2 = 0.09, as shown in Fig 6.a. By changing the 

directions to η2, 3 = -1, and η1 = 0.09, as seen in Fig. 6.b, one of the localizations shifts by applied field 

directions to η1 = -1, η2 = 0.09, and η3 = 1, as shown in Fig. 6.c. the localization location varies to different 

places. The position uses the directions of fields to explore microscopy in various directions and locations 

η1= -0.09, & η2, 3 = 1, as shown in Fig 6.d. 
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Figure 6: Plotting of the imaginary component of electric susceptibility is carried out for the kx, ky, 

and kz locations. Where distinct variables are Δ1= 0.9γ, Δp= 2γ, γ1= 0.02γ, γ2= 0.09, Ω2a=1γ, Ω20= 6γ, 

ϕ21, 22, 23 = π (a) η1, 3 = -1, η2 = 0.09 (b) η2, 3 = -1, η1 = 0.09 (c) η1 = -1, η2= 0.09, η3 = 1 (d) η1= -0.09, 

η2, 3 = 1. 

4  Conclusion  

In summary, the absorption spectrum method was used to investigate three-dimensional atom 

localization. Single spherical at top and single spherical at bottom localizations are investigated. Cylindrical, 

ellipsoid and walls like with atom localization forms that vary in orientations, phases, detuning, and rabi 

frequencies of control fields have also been described. The location of atoms that have different distinct 

shapes is altered by changes in phases and directions. Innovative atom localization methods are beneficial 

for Bose-Einstein condensation, nanolithography, and laser cooling technologies. 
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