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We aim to present a new scheme for high-dimensional atomic microscopy via double electromagnetically induced
transparency in a four-level tripod system. For atom—field interaction, we construct a spatially dependent field by superim-
posing three standing-wave fields (SWFs) in 3D-atom localization. We achieve a high precision and high spatial resolution
of an atom localization by appropriately adjusting the system variables such as field intensities and phase shifts. We also see
the impact of Doppler shift and show that it dramatically deteriorates the precision of spatial information on 3D-atom lo-
calization. We believe that our suggested scheme opens up a fascinating way to improve the atom localization that supplies
some practical applications in atom nanolithography, and Bose—Einstein condensation.

Keywords: electromagnetically induced transparency, transparency windows
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1. Introduction

Electromagnetically induced transparency (EIT) is a non-
linear process in which a non-transparent medium is rendered
transparent through electromagnetic fields.'!?! The EIT is usu-
When an additional
week electromagnetic field is added in a four-level EIT sys-

ally observed in a three-level system.

tem, two simultaneous transparency windows are created, 30!
so-called double EIT (DEIT). DEIT enables two simultane-
ous signal fields to be propagated with negligible loss and
increases the interaction duration between the pulses due to
lower group velocities. These characteristics render DEIT as
good choice for various applications!”*! in the field of quan-
tum optics and quantum communication.

A variety of schemes have been proposed to achieve
DEIT, e.g., MacRae et al. proposed an experimental scheme!“!
for DEIT using a tripod system in rubidium vapor. They have
shown that DEIT could be used to control the group veloc-
ities of two signal fields. Alotaibi and Sanders!!%! have de-
veloped a similar four-level tripod scheme for double-double
EIT and demonstrate that nonlinear optical susceptibility can
be improved to the order of 1000. Likewise, Wang and his
colleagues!!! proved experimentally that light can be im-
proved by DEIT coherence.

In past few decades, the progress of quantum tech-
nologies has play a major role in localization of moving
atoms!'>14 through standing-wave fields (SWFs), which is
a wide area of research with applications in various fields,
i.e., Bose-Einstein condensation, !l laser cooling and neu-

[16]

tral atom trapping, atom nano-lithography.!!”! Similarly,

an optical-mask technique is used to study the atomic density

DOI: 10.1088/1674-1056/abfOfd

distributions in optical lattices!'8! and sub-Doppler cooling in
reduced-period optical lattice geometries.['°]

Multiple pioneering studies on atom localization have
been proposed by laser manipulation, where the position of
moving atoms through SWFs can be determined by Ramsey
interferometry, > performing a phase measurement on a prob

24.25] 1 jkewise,

field>'->3) and all other optical approaches.!
the atom localization has been introduced using the Autler—
Townes microscopy technology,?®! spontaneous emission of
photons and monitoring the phase and amplitude of absorp-
tion spectra. [27-2]

In the current decade, the interest in high-dimensional
atom localization has been increased due to its unique as-

pects and enormous applications. Many schemes have

n,[30-32

been proposed based on probe absorptio I spontaneous

13334 and squeezed vacuum.*>! Ivanov et al.3%! pro-

emission
posed a four-level tripod system and used the population of the
excited states to localized an atom in two dimensions. They
applied two orthogonal SWFs (OSWFs) to obtain localization
by adjusting parametric conditions properly. Further, atom
localization has been studied in the case of four-level closed
loop®” and N-type[®®] systems by monitoring probe absorp-
tion and Raman gain process, respectively.

Furthermore, three mutually OSWFs have been studied
to achieve 3D atom localization via probe absorption in a cas-
cade four-level atomic system.[**! Atom localization in 3D
has also been investigated via excited-level population,*%! via
three-wave mixing in V-type three-level atoms,*!! closed loop
KRS level system,[#?] double two-level scheme,!*?! via Kerr
nonlinearity**! and in surface plasmon polaritons.*>) Based
on these findings, it is known that the spatial resolution of the
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atomic position can be enhanced and that maximum probabil-
ity of detecting an atom position could be achieved by consid-
ering a high dimensional scenario.

Nonetheless, none of them**#4 suggested DEIT process
for atom localization. Motivated by this, we show a new ap-
proach of 3D-atom localization using DEIT. In our objective
research, a four-level tripod atomic system is controlled via a
probe field, signal field and position dependent control field.
By properly controlling system parameters, we notice the sin-
gle atom’s position information in a 3D volume space. Fur-
thermore we also incorporate the effect of Doppler shift on
3D atom localization. Our proposed scheme not only offers a
new way to achieve a high-precision atomic position, but also
provide many potential applications.

Our research work is organized as follows. In Section 2,
we present our model and mathematics. Using density-matrix
approach we find the optical susceptibility of the system. In
Section 3 we use optical susceptibility and show our results
for high dimensional (3D) atom localization. In Section 4 we
see the influence of Doppler broadening on 3D atom localiza-
tion. In Section 5 we provide the possible experimental real-
ization scheme for our four-level 3’Rb atomic system. Finally,
In Section 6 we provide our conclusions.

VAT ATTAL

(a) (b)

Fig. 1. (a) Schematic of the four-level tripod atomic system. Transitions
are controlled by probe field Rabi frequency (£2), control field at Rabi
frequency (£2.) and signal field at Rabi frequency (£2) between levels
[2) <> [1), |3) <> |1), and |4) <> |1), respectively, where Ap, Ac and A,
are the detunings of the given applied fields; ¥;, 73 and 74 are the decay
rate of level |1), |3) and |4). (b) Movement of an atom along the z-axis
and interacting with three OSWFs in 3D space.

2. Model and theoretical approach

In this section we describe our model and theoretical ap-
proach. We assume a four-level tripod system with one upper
and three lower levels, as shown in Fig. 1. The upper level |1)
is attached with lower levels |2), |3) and |4). The signal field
(Es) with Rabi frequency € is applied between the transition
levels [4) < [1), probe field (Ep,) having Rabi frequency £,
is applied between the transition levels |2) > |1), whereas the
control field (E;) with Rabi frequency €. is applied between
the transition |3) < [1). Here A, Ap and A are the detunings
of the respective fields.

In our objective model, the detunings of the probe and
signal fields are equal, but vary from the detuning of the con-
trol field. A new transparency window emerges on both probe

and signal absorption profiles to enhance optical properties in
either linear or nonlinear dimensions. The existence of a trans-
parency windows in the absorption profile of both fields en-
ables as an alternate point of action, which could proceed to
a more efficient response of the atom and could be helpful for
localization of an atom. Now the control field Rabi frequency
€. in our tripod system is the superposition of three OSWFs

and can be described as[4¢+7]
Qe = Qc(x) + Qc(y) + Qc(2) (D
with
Qc(x) = Q [sin (kyx+ 8) + sin (k)] , (2a)
Qc(y) = Q2 [sin (kzy +n) +sin (kay)] , (2b)
Q. (z) = Q3 [sin (ksz+ &) + sin (kez)] (2¢)

where as Q¢ (x), Q.(y) and £.(z) are also the superposition of
two OSWFs aligning along the x, y, and z directions respec-
tively; where k; (i = 1-6) show the wave vectors related with
wavelength (4,) as k; = 27 /A,; 6, 11 and & represent the phase
shifts of SWFs corresponding to the wave vectors k;, k3 and
ks, respectively.

Now using rotating-wave approximations the time-
independent Hamiltonian of the system is written as

H = Apel3) (3 |+4ps| 4) (4]+25[ 1) (1]
1 (@l1) 1) B+ 1) (4] +he). B)

where h.c. shows the Hermitian conjugate. With A, =
Ayx — Ay. The system parameters corresponding to the density

matrix read
L i I i
p = —E[FH ]+27(Gijpﬁji—ﬁij—P0jj)
i<j

Vo)
2

™

+ (0jjpOjj—0jjp —PpTjj), “)

1

J

where decay rates are depicted in Fig. 1 as y; =
Yi<; (Vii+7s;). Now by putting Eq. (3) into Eq. (4) we get
the Bloch equations as follows:

. 1 .

pa(t) = <—273+1Apc> p3(t)

i

2
1 )
pult) = <—ZY4+1APS> pu(t)

i

2
pa(t) = <—;71+1Ap> p21(2)

(= QP21 (1) + 2pp31(1)] (5a)
[~ pa1 () + Qopra(t)] (5b)

+% { QP23+ Qupas+ 2, [22(1) — p11 (1))}, (5¢)

P3a(t) = (-;1713 —iAsc) p34(t)
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— 5 [2p1ar) = 2P 1) (5d)

P3i(t) = (_;H3+iAc> p31(t)

_ %{ — Qupn(t) + Qe [pn1 () — (1))
—Qip3(1)}, (>¢)

pa(t) = (_;FM_iAs) pia(t)

+ %{ — Q2 p3a(t) + Q5 [pr1 (1) — paa(t)]

—Q5pau(t)}, (5H)
P22(1) = v32p33(t) + Va2P44(t) + Yi2P11 (t)

—% [Qpp12(1) — 2521 ()], (52)
P33(t) = —132P33(1) + Ya3Paa(t) + Yi3p11 (1)

— 5 [ 22pai (1) + epia )], (sh)
Paa(t) = —Ya2Paa(t) — Y23P14(t) + Y14P11 (1)

=3 [ 20pu (1) + upus(1)], (5i)
pu(t) = —Ylpll(l)—%[Qcpsl(f)—Q§P13(f)+9sp41(f)

— Q7 p1a(t) + Qpp21 (1) — 25 p1a2(1)]. (5))

The equations of motion for population are expressed by the
Eqgs. (5g)—(5j). Our aim is to find atomic position information
using the optical susceptibility of the medium. To do this, we
find the solution for off-diagonal density matrices (p»1) and

. Q.)*
(P22 —p11) (Fl4 +2iA, + 1"43‘+2)1Asc

2
Q
) + (P2 —p11) JJTPJAPS + (P11 — Paa) Vi—2idp,

(pa1) for probe and signal fields. However, it is impossible to
find a steady-state solution of (p;;) and (p4;) without mak-
ing any assumptions. Therefore, we assume constant popula-
tions such as Py ~ ps4 ~ 0.5 in our proposed system. This
presumption renders the equations resolvable analytically, as
equations of motion of the population Eq. (5b) effectively de-
coupled from the motion equations for coherence Eq. (5a).
Also, we assume that

1> 2,7, 1 6)

is always valid for all selected values of €2, €2,,, and €. This
assumption allows the p3; coherence to be decoupled from
other coherence, which is perfored by eliminating the £2,p3;
and Q;p31 terms from P34 and p,3 in Eq. (5a) and Eq. (5d), re-
spectively, because their impact is weak in comparison to other
terms. As a result, the off-diagonal density-matrix element in
the probe field p2; can be calculated by

. Q
i(pn—pn)+ ToaiAs P14

P21 =€ 2 2 N
. 19| 15|
N =208+ 355t aia,
with
. Qr
—i(Paa—pP11) + 355 P
p1a = Qf : 4|Q |12 =, (8)
I_i4 + ZIAS + 113+31Asc

where I;; = 1+ 7%. Substituting Eq. (8) into Eq. (7), we can
write the optical response of the probe field as

12

P21 =182,

€))

Q.

(F14 +21A, +

3 .
‘96‘2 _ 93 |QS‘2 |QP| _9; ‘-Qr‘z
I3+21As n ZIAP + V3 —214pc + Ya—21Aps + Ya—214ps N ZIAP + V3 —214pc

Therefore, we can calculate the optical susceptibility y,, which is related to the density matrix element p2; and can be written as

P21 N |do|?
X = Tp Q, o (10)
Similar to the probe field, the signal field effective optical susceptibility ¥ can be define as
. Q)? Q2 IoNE
' (Pas —p11) (71 + 214, + m> + (psa —p11) %JTEIAPS + (P11 —p22) }JTPJAPS
P41 =182 ’ (11)

N

L —2iA+ 2L
14 s 113_2iAsc

_ P
Xs = Ts Q.
_ Ndl?

£ohi (12)

S

Here, N shows atomic number density, with dp; and dyq4
are the dipole moments in Egs. (10) and (12), whereas & is
permittivity of free space and 7 is Planck’s constant. Equa-

+ +2idg+ AL )y &L (R oip 4 18
ni2iay, ) (N DT p2iAp ) T p2idy, 14 ST T3—2iAn

\
tions (10) and (12) represent the key findings of the paper to

allow one to measure the position of the atom. Equations (10)
and (12) show that the precision measurement of an atom de-
pends on system parameters, i.e., the amplitudes and relative
phases of the SWFs. We will explain these issues in more de-

tail in the following section.
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3. Numerical results and discussions

In this section, we discuss our numerical results for atom
localization in 3D space. Our results are based on Eqs. (10)
and (12). We use Egs. (10) and (12) and see how 3D atom
localization via DEIT is achieved by varying different system
parameters.

3.1. The first case: Probe absorption spectrum

In this subsection, we use probe absorption (Im )}) spec-
trum of Eq. (10) and plot our results versus normalized posi-
tions (kx/m, ky/m, and kz/m) and show that how precise 3D
atom localization is achieved by varying different system vari-
ables.

Before going to atom localization we first understand the
physics of DEIT. In our case, we take nearly equivalent Rabi
frequencies for both the probe and the signal fields, such that
each field shows the same behavior. The two weak fields (sig-
nal and probe) will propagate through the medium with group
velocity lower than the speed of light. This system generates
two simultaneous transparency windows for two weak fields.
The first transparency window appears at A, = 0 whereas the
second window occurs at A,s = 0. Both the fields (signal and
probe) have the same optical properties due to double trans-
parency windows.

As we understand, the imaginary part of optical sus-
ceptibility (Im ;) is related to the absorption coefficient of
probe field, which depends on the moving atom’s position
as it passes through SWF. Thus, the absorption of the probe
(Im y,,) directly reflects the atom’s position information. By
appropriately setting the system variables, one can measure
and increase the atom’s localization probability in 3D space.
Here, for atom localization we discuss four different cases for
control field intensities, wave vectors k; (i = 1-6) and phase
0, n, and & of SWFs. In Figs. 2(a) and 2(b), the effect of
control field intensity on 3D atom localization is investigated.
First we choose Q| = Q) = Q3 = 3.5y, k; = Kk (j = 1-6),
6 =n =& =0, and for simplicity, we set 1, = %@1‘2 =1
in our work. We observe that the absorption of the probe is
distributed into different subspaces, showing 16 sphere-like
structures with very broad size in 3D space. This indicates
the potential positions of an atom in volume space, whereas
due to high size of each sphere the resolution is poor and
the probability is 1/16 [see Fig. 2(a)]. Moreover, in the case
Q) = Q, = Q3 =2.5Y, as in [Fig. 2(b)], we clearly see that
the volume of each sphere becomes smaller, which reflects the
precision enhancement in 3D space. It is evident from these
results that localization of an atom relies on the strength of
control fields. However, the maximum detecting probability
of an atom in subspace is approximately 1/16.

Fig. 2. Plot for probe absorption (Im xp) versus normalized positions (kx/7, ky/m and kz/m) for (a) Q) = Q, = Q3 =3.59; and (b) Q| =
Q=Q=25y withkj=k(j=1-6)and0 ==& =0,c) 0=n=E=n/3and (d) 6 =1 =& = /2.7 with Q) = Q, = Q3 =2.57,,
ki = k3 = ks = 0.85k, ko = k4 = k¢ = K. The other parameters from (a)—(d) are taken as A; = A, = 9 MHz, A = 0, = 0.3y, 2, = 0.2y,
NMp =1, p22 ® P44 = 0.5, 1 = 1 MHz, 13 =40 kHz, and 3, = 10 kHz.

Our next task is now to obtain a single, precise position of
an atom with high spatial resolution. To the best of our knowl-
edge, the wave vectors and phase changes of the related fields
play a significant role in controlling the precision position of

513243481 In Figs. 2(c) and 2(d) we plot isosurfaces for

atom:
various values of wave vectors and phase shifts of the relevant
fields. In the case of kj = k3 = ks = 0.85K, ko = ks = kg = K
and 6 = n =& = /3 (see Fig. 2(c)) we clearly see that 16
small sphere is converted to 4 and the detection probability
of finding the atom increases from 1/16 to 1/4. Now by set-
ting 8 = n =& = /2.7, as shown in Fig. 2(d) we notice that
the small spheres appearing in Fig. 2(c) completely disappear
and a single precise sphere appears in cubic space. This result
shows that the conditional position information of an atom in
volume space is increased up to 1, in other words, the high pre-

cision position of an atom in 3D space is achieved efficiently.
These findings indicate that the 3D atom localization depends
on the phase shifts of applied fields.

3.2. The second case: Nonlinear absorption spectrum

In this subsection, we show our results of 3D atom local-
ization using the nonlinear probe absorption spectrum. As we
know, the second term of Eq. (10) is directly related to ‘.Qp‘z
because of the nonlinear process of the probe field. Thus the
imaginary part of this second term shows higher level of ab-
sorption in probe field, which results in more population at
level |2) than level |1). Now we use the imaginary part of this
term which reflects the level population and see the localiza-

tion of an atom in 3D space.

094202-4



Chin. Phys. B

Vol. 30, No. 9 (2021) 094202

Fig. 3. Plots for the nonlinear absorption spectrum (Im y, = 0.6) versus normalized positions (kx/7, ky/m and kz/m) for (a) Qi = Q, =
Q3 =4y and (b) Q) =2 = =3y withkj=xk(j=1-6)and 0 ==, =0,(c)0=n=E=n/8and (d) 6 =1 =& = n/16 with
Q) =8Q =Q3 =3y, k1 =k3 =k5 =0.6kK, ko = ks = k¢ = k. The other parameters from (a)—(d) are the same as those in Fig. 2.

As in Subsection 3.1 we can see that the control field in-
tensity and relative phase changes play a vital role in precision
position measurement of an atom. Here we use the same pro-
cedure and see the impact of these parameter on atom localiza-
tion. First, we can see the influence of control field intensity.
For the case of ) = £ = Q3 =4y, k; = k (j = 1-6) and
6 =n =& =0, we see the 16-sphere-like pattern with the
same localization precision in different subspaces. This shows
possible positions’ information of an atom in volume space.
Nevertheless, owing to high size of each sphere the resolu-
tion is poor and the probability is 1/16 [see Fig. 3(a)]. More-
over, under the condition of Q; = Q, = Q3 = 37, as shown
in Fig. 3(b), we can easily see that size of each sphere in the
subspace is becoming smaller, which indicates a precision en-
hancement. This means that increasing control field intensity
would have a destructive effect on the precision measurement.
The reason for this is that the control field will affect the non-
linear absorption.

Now we see the role of phase shifts on atom localization.
Under the condition of k; = k3 = ks =0.6K, ko = ks = kg = K
and 6 = n =& = n/8, as shown in Fig. 3(c) we notice that by
introducing the phase shifts of coupling field, 15 small spheres
completely disappear and only a single sphere appears in vol-
ume space. This shows the enhancement of an atom localiza-
tion from 1/16 to 1. Now by further setting @ =n =& =n/16
(see Fig. 3(d)) we can see a very precise sphere in 3D volume
space. This implies that the probability of locating the atom in
a single cycle of SWFs is improved to 100%.

3.3. The third case: Gain spectrum

In this subsection, we show our results of 3D atom lo-
calization using gain term of Eq. (10). As we know, the third

term of Eq. (10) is directly related to | 2, which will repre-

sent gain if population in transition level |4) is greater than the

transition level |1) in our system.

First we explain the physics why a net gain is observed in
Eq. (10) even we assume constant population p2; ~ p44 = 0.5
in our analytical solution. The reason is that if we take the
Rabi frequencies of signal (£2;) and probe field (£2;) to be ex-
actly equal, then both the terms (second and third) will cancel
each other due to the same and apposite sign, so no net gain
is observed. As in our case, the Rabi frequency of signal field
(£2,) is slightly higher than the frequency of probe field (£2;)
so population changes, due to this we observe a gain in our
system. This gain is not due to population inversion, but to the
quantum coherence effect of the driving signal field. We use
the imaginary part of this gain term and see atom localization
3D volume space.

As we see in Subsections 3.1 and 3.2 the intensity and rel-
ative phase shifts of the control field are essential parameters
for atom localization. Here, we take the same method and see
the effect of these parameter on atom localization.

Similar to the above results, we first see the influence
of control field intensity on atom localization. Under the
condition of Q1 = £, = Q3 = 3.5y, kj = kK (j = 1-6) and
0 =n =& =0, we see 16 sphere-like shapes of high size dis-
tributed in volume space. This exhibits the possible position
information of an atom in volume space as in Fig. 4(a). More-
over, when we choose | = 2, = 3 = 3y, one can easily
see from Fig. 4(b) that the diameter of each sphere is becom-
ing smaller, which indicates a precision enhancement. These
findings suggest that the control field intensity would have a
detrimental impact on atom localization.

Fig. 4. Plots for gain spectrum (Im ;) versus normalized positions kx/7x, ky/x and kz/m) for (a) Q) = 2, = 23 =3.5y; and (b) 2 =
Q= =3y withkj=k(j=1-6)and 0 =1n=&E=0,c) 06 =n=E=m/l6and (d) 6 =n =& =n/8 with Q| = 2, = Q3 =37,
k1 = k3 = ks = 0.6k, ko = k4 = k¢ = K. The other parameters from (a)—(d) are the same as those in Fig. 2.

094202-5



Chin. Phys. B Vol. 30, No. 9 (2021) 094202

Now we discuss the effect of phase shifts of the relevant
fields on atom localization. In the case of k| = k3 = k5 = 0.6k,
ky=ks=k¢=1xand 6 =n =& = /16 (see Fig. 4(c)) we
find that 16 small spheres convert to 2, which shows precision
enhancement up to 80%. Now by further setting 6 = n =& =
/8 (see Fig. 4(d)) we clearly see that a single precise sphere
appears in 3D volume space. This implies that the probability
of locating an atom in a single period of SWFs is improved to
100% percent.

3.4. The fourth case: Q; =0

In this subsection, we show our results for localization of
an atom in 3D volume space by choosing 5 = 0 in Eq. (10)
and see how localization is achieved. It is important to un-
derstand the physics before going to discuss atom localization.
When we set Qg = 0, this decouples |4) from tripod system and
restores to an ordinary A-type atomic system in EIT. Under
semi-classical dress picture, upper level will split to two dress
states |4). This splitting shows two windows corresponding to
level |2) ++ |4). Hence, our system is still in DEIT condition.

Now we are going to discuss 3D atom localization un-
der the condition g = 0 in Eq. (10). We take Imy, = 0.9
of Eq. (10) and see 3D atom localization. Here, we follow

the same procedure as we discuss in Subsections 3.1, 3.2 and
3.3, respectively. First, we see the influence of control field
intensity on atom localization and show that atom localiza-
tion is highly sensitive to the field intensity. Under the case
of Qs =0, Q) = =03 = 3.5’}’1, k/' =K (j= 1-6) and
0 =n =& =0, we see 16 big sphere-like structures spread-
ing in different sub-spaces of 3D volume space, as shown in
Fig. 5(a). This indicates possible information about an atom
in 3D volume space. For the case Q2| = Q, = Q3 =3y we
notice that all big spheres become smaller, which shows preci-
sion enhancement as shown in Fig. 5(b). From these findings
it is clearly understood that the intensity of the control field
has a significant effect of 3D atom localization.

We are now going to address the impact of phase changes
of the related fields on atom localization. When we set k; =
ks =ks =08k, ko = kg = kg = Kand@zn :5 =7'C/4(SCG
Fig. 5(c)) we notice that 16 small spheres convert to 2, show-
ing a precision improvement of up to 80% in 3D volume space.
Now by further changing 8 = 11 = & = 71/8 (see Fig. 5(d)) we
clearly see a single precise sphere in 3D volume space. This
means that by setting system parameters a 100% probability
of detecting an atom in 3D volume space is achieved.

Fig. 5. Plots for the probe absorption (Im x;, = 0.9) versus normalized positions kx/m, ky/7 and kz/m) at Q, = 0 for (a) Q| = Q, = Q3 =3.5y;
and (b) 21 = = =3y withkj =k (j=1-60)and0=n=E=0,(c)0=n=E=n/4and (d) 6 =1 =& = 7/8 with Q; =2, =
Q3 =37, ki = ks = ks = 0.8k, ko = k4 = k¢ = K. The other parameters from (a)—(d) are the same as those in Fig. 2.

3.5. The fifth case: Signal field absorption spectrum

In this subsection, we use the signal-field absorption spec-
trum (Im ;) of Eq. (12) and plot our results versus normalized
positions (kx/m ky/m, and kz/m) and show how precise 3D
atom localization is achieved by varying different system vari-
ables.

As we see the two EIT windows in Subsection 3.1 for the
probe-field case, similarly we also observe two EIT windows
for the signal-field absorption spectrum. The two weak fields
(signal and probe) will propagate through the medium with
group velocity lower than the speed of light and maintain the
DEIT condition.

Now for atom localization we plot the imaginary part of
signal field optical susceptibility (Im J;) that is related to the
absorption coefficient of signal field, depending on the moving
atom’s position as it passes through SWFs. Similar to all the
above cases in Subsections 3.1, 3.2, 3.3, and 3.4, first we see
the role of control field intensities on atom localization. We

choose 2, = 0.2’}’1, .Qp = 0.3’)/1, with Q) = Q) = Q3 = 3.5’)/1,
ki=x (j=1-6) and 6 =1 =& =0 in Fig. 6(a). We ob-
serve that the absorption of the signal is distributed into vol-
ume space, showing 16 sphere-like structures with broad sizes.
This shows the possible position information of an atom in
volume space, whereas due to high size of each sphere the res-
olution is poor. Further, in the case of 2| = Q, = Q3 =2.5y,,
as in Fig. 6(b), we clearly see that the volume of each sphere
becomes smaller, which shows precision enhancement. From
these findings it is apparent that position of an atom depends
on the strength of the control field. Our next task is now to
obtain a single precise position on an atom with high spatial
resolution in 3D space.

Here we follow the same approach as in the previous sec-
tions (Subsections 3.1, 3.2, 3.3, and 3.4) and see the impact of
phase changes of the related fields on atom localization. When
we choose k; = k3 = ks = 0.85K, ko = ks = k¢ = kK and 6 =
N = & = w/4 (see Fig. 6(c)) we notice that 16 spheres change
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to 5 small spheres, showing a precision improvement in 3D
volume space. Now by further changing 6 =n =& = n/3
(see Fig. 6(d)) we clearly see a single precision sphere in 3D

volume space. This implies that a 100% probability of de-
tecting an atom in 3D volume space is obtained by properly
adjusting the system parameters.

Fig. 6. Plots for the signal field absorption spectrum (Im x;) versus normalized positions (kx/7, ky/m and kz/m) at Q5 = 0.2y, £, = 0.3y,
Ny =1for(a) Q) =2, =023 =35y and (b) Q) = Q) = Q3 =2.5y withk; =k (j=1-6)and 0 ==& =0,(c) 6 =n =& = /4 and (d)
0=n=¢&=m/3with Q) = Q) = Q3 =2.5Y, ky = k3 = ks = 0.85k, k = ks = k¢ = k. The other parameters from (a)—(d) are the same as
those in Fig. 2.

4. Influence of Doppler broadening on 3D atom
localization

In this section, we discuss the influence of Doppler broad-
ening on 3D atom localization. When an atom is driven by
a laser fields even though there is a possibility that the atom
is not completely stationary.!*8! One effect of moving atoms
is detuning of resonant frequencies due to the Doppler shift,
which results in a velocity-dependent probe-field suscepti-
bility xp. Now the frequency detunings of the probe, sig-
nal and control beams due to the Doppler shift will become
Ap — Ap+ kv, Ag — Ag+ kv, and A — A + kv,[*) respec-
tively. Here v is the velocity of the atom and k is the wave-
vector of the corresponding fields. We replace these new fre-
quency detunings in Eq. (10). Thus, in the presence of Doppler
effect, we rewrite the Maxwell-Boltzmann velocity distribu-
tion equation for imaginary part of optical susceptibility ¥,
for 3D atom localization as

%= ﬁ | e ), (13)
where W = /k2KT /M is called the Doppler width with M
being the mass of the atom, T the absolute temperature and K

kx/m

the Boltzmann constant.

In Fig. 7, we plot the Doppler-broadened 3D filter func-
tion of Eq. (13) versus the normalized positions kx/7, ky/7
and kz/ 7 for different Doppler width (W) values, i.e., W equal
to (a) 0.5y1, (b) 11, (c) 1.5y and (d) 27; while keeping the
other parameters as same as those in Fig. 2(d). For W = 0.5y,
we see that the single precise sphere that appears in Fig. 2(d) is
growing, which means that the precision of the position of the
atom has been diminished as shown in Fig. 7(a). As we change
W = 171, we see in Fig. 7(b) that the three small spheres begin
to appear, which are not present without Doppler-broadening
and cause a reduced probability. Under the condition of
W = 1.5y in Fig. 7(c) the three small spheres become larger
with one extra small sphere, dramatically demonstrating that
the resolution of the atom position has become lower. Now we
increase the value of the Doppler width W = 2 v, as a result
the all five spheres have been converted into very wide and
broad spheres as shown in Fig. 7(d). Therefore, it is observed
that the precision of the atom’s position in 3D volume space
is reduced and that accurate information of the atom position
can not be presented when the Doppler effect is introduced in
the calculation.

Fig. 7. Plot of Eq. (13) Im ¥, for different values of the Doppler width W against the normalized positions (kx/7, ky/7 and kz/m). Doppler
width W: (@) W = 0.5y, b) W =11, (¢) W = 1.57, (d) W = 2¥;. The remaining variables are the same as those in Fig. 2(d).

5. Possible experimental realization

Before going to conclusion, let us briefly discuss the
possible experimental realization of our proposed four-level

scheme. We consider, for instance, the ultra cold rubid-

ium 37Rb atom as a suitable choice with the allowed transi-

50,51

tions 55y, <+ 5P3 /2.[ | Here we have chosen one upper
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state |1) = |5P3,F = 2,m = 0), and three lower states |2) =
5812, F =2,m=—1), |3) = [58;,F =1,m=0), |4) =
ISS] 2 F=2,m= 1>. Figure 8 shows the experimental real-
ization of our proposed scheme. Based on Refs. [4,5], we find
the decay rates 1 = 1 MHz, 3 = 40 kHz, and 74 = 10 kHz,
respectively. Further, as we see, the Doppler broadening ef-
fect significantly deteriorates the precision of spatial informa-
tion of an atom. To eliminate the Doppler broadening effect,
atoms should be trapped and cooled by utilizing magneto-
optical trap technology.®? In our possible suggested experi-
mental scheme, the cold 8’Rb atom moving along the z axis
passes through the intersection region of three OSWFs ori-
ented effectively along the x, y and z axes. The composition
of three OSWFs can be obtained by combining six identical
fields along x-, y-, and z-directions. Each SWF is a superposi-
tion of two more SWFs in each direction. The probe absorp-
tion observed at appropriate frequencies is position dependent.
Such position-dependent probe absorption can be reflected by
a standard spectroscopic method or the heterodyne measure-
ment of fluorescence images, which may be realized via the
experiment proposed in Ref. [53].

’

’
’

/' 266.65 MHz m=2
/ l m=1
5Py, ——-._ [
3/2 ‘r\t Y m=0
-136.947 Milz m=—1
\\ ¥ m=-2
\ 72.218 MHz
780.241 nm | 0,0 12 2y
384.230 THz
: m=2
] m=1
i m=0
/’ m=—1
, m=—2
581 Y 6.834 GHz
RN l m=1
= e
m=—1

Fig. 8. Possible experimental realization scheme for a four-level 8’Rb
atomic system.

6. Conclusion

In conclusion, different from the current localization
schemes, [40-444647] e have investigated a new scheme to
achieve high-efficiency and high-spatial 3D atom microscopy
by measuring DEIT in a four-level tripod atomic system. Ow-
ing to the spatially dependent atom field interaction, the pre-
cision position information of the single atom in 3D volume
space can be determined through DEIT. It is explicitly shown
that the maximum detecting probability of an atom can reach
100% in 3D volume space by properly varying system vari-
ables. The major advantage of the current scheme is that the
conditional position probability distribution of the atom is im-

proved to a factor of 4 or 8 as opposed to the previously sug-

gested schemes. "]

We also see the impact of the Doppler shift on 3D atom
localization. We show that the Doppler shift significantly af-
fects the precision of spatial information of an atom. Hence,
our scheme is experimentally viable for ultra-cold atoms be-
cause it is based on the absorption spectrum and not sponta-
neous emission spectrum which is hard to control. Hence, our
proposed scheme will be useful in several quantum applica-
tions such as optical imaging, laser cooling and atom nano-
lithography.
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