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Two-dimensional atom localization via probe absorption in a
four-level atomic system*
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We have investigated the two-dimensional (2D) atom localization via probe absorption in a coherently driven four-
level atomic system by means of a radio-frequency field driving a hyperfine transition. It is found that the detecting
probability and precision of 2D atom localization can be significantly improved via adjusting the system parameters. As a
result, our scheme may be helpful in laser cooling or the atom nano-lithography via atom localization.

Keywords: two-dimensional (2D) atom localization, probe absorption, four-level atomic system

PACS: 42.50.Gy

1. Introduction

During the past few years, the precision position mea-
surement of an atom has been a subject of many recent stud-
ies because of its wide potential applications in trapping of
neutral atoms, laser cooling,!!! and atom nano-lithography, !
etc. Earlier studies*>! in the localization included the mea-
surement of the phase shift of either the standing wave or
the atomic dipole due to the interaction of the atom with
the standing-wave field, the entanglement between the posi-
tion of atom and its internal states, and resonance imaging
methods. It is well known that quantum coherence and in-
terference can give rise to some interesting phenomena, such
as, electromagnetically induced transparency, [*-®! lasing with-

n[%101 spontaneously generated coherence,!!!!?]

out inversio
multi-wave mixing,'>-'3! enhancing Kerr nonlinearity,!'%!7]
optical soliton,#21 and so on. Based on the atomic coher-
ence and quantum interference, many schemes have been pro-
posed for atom localization. For example, Qamar et al.*!]
suggested the atom localization based on resonance fluores-
cence in a two-level system driven by a strong standing-wave
field. Paspalakis and Knight proposed a quantum-interference-
induced sub-wavelength atomic localization a three-level A-
type atom interacting with a classical standing-wave field and
a weak probe laser field, and they found that the atomic posi-
tion with high precision can be achieved via the measurement
of the upper-state atom population.'??! Recently, in a four-
level atomic system with a closed-loop configuration, Zubairy
and coworkers shown two schemes!?>24 that the phase of the
standing-wave driving field plays an important role in reduc-
ing the number of localization peaks from the usual four to

two, leading to sub-half-wavelength atom localization. At the
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25261 presented two schemes based on

same time, Gong et al.!
double-dark resonance effects and demonstrated that the atom
can be localized at the nodes of the standing-wave field, and
the detecting probability can be increased to 1/2. Interestingly,
instead of the measurement of the population in the excited
state, the detection of the population in the ground state cou-
pled to the standing-wave field leads to only two localization
peaks in a unit wavelength region. This was shown by Agarwal
and Kapale,?”) who put emphasis on the momentum distribu-
tion and the role of the ratio of the intensities of the coupling
and probe fields. Of course, some relative schemes for realiz-
ing 1D atom localization were also studied. [?3-3?!

On the other hand, two-dimensional (2D) atom localiza-
tion has also been extensively studied in the multilevel atomic
system. The studies show that one can control 2D atom
localization via the measurement of the upper-state or any
ground-state population of the four-level atom,*3! via inter-
acting double-dark resonances,**! via controlled spontaneous
emission, >33 or via the probe absorption spectrum.3°11 In
this work, we investigate the 2D atom localization behaviors
in a four-level atomic system via controlled probe absorption
spectrum. It is found that the detecting probability and pre-
cision of 2D atom localization behaviors can be significantly
improved due to the quantum interference generated by the
laser and radio-frequency fields. Our work is mainly based on
Refs. [20]-[44], however, which is drastically different from
those works. First, the present scheme is based on the probe
absorption measurement, and the absorption measurement is
much easier to carry out in a laboratory compared with the
measurement of spontaneous emission.>=38] Second, a few
works have discussed the efficient 2D atom localization be-
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haviors via phase-dependent probe absorption spectrum,3%:40]
however, five fields are used to control the 2D atom localiza-
tion behaviors. It is well known that the external fields are less
convenient for experimental realization, which may be the se-
rious reason to sophisticate the experimental setup. Unlike
those works, only four fields are applied in present scheme,
which make our scheme much more convenient in experimen-
tal realization. Third, the 2D atom localization patterns re-
veal that the probability of finding an atom within the sub-
wavelength domain of the standing waves can arrive at 1/2,
which is increased by a factor of 2 compared with the previous

3333411 The rest of the paper is organized

proposed schemes.|
as follows: in Section 2, we present the theoretical model and
establish the corresponding equations. The possible experi-
mental realization and numerical results are shown in Sections
3 and 4, respectively. In Section 5, some simple conclusions

are given.

2. The model and dynamic equations

We consider a four-level atomic system as shown in
Fig. 1(a). This system has one stable ground state |1), one
intermediate level |2) and two-folded levels |3) and |4). The
composition of two orthogonal standing-wave fields Qg(x,y)
are applied to the transition |3) <»|2). The Rabi frequen-
cie is dependent on the position and defined by 2Q;(x,y) =
2Q,[sin(kx) + sin(ky)] (frequency @.,). We apply a weak
probe field with Rabi frequency 2, (frequency @) to cou-
ple the transition |2) <+ |1). An assisting rf driving field with
Larmor frequency 2€;¢ (frequency @) is used to couple upper
two-folded levels.

We assume that the center-of-mass position of the atom
is nearly constant along the direction of the laser waves and
neglect the kinetic part of the atom from the Hamiltonian in
the Raman—Nath approximation. Note that during the inter-
action, the atomic position does not change directly and our
localization scheme only influences the internal states of the
atom. Then, in the interaction picture and under the rotating-
wave approximation, the Hamiltonian of this system is given
as follows (h = 1):

Hin = Ap [2) (2[4 (Ap + Ayy) [3) (3] + (Ap + Ayy + Ar) |4) (4]
— (2 12) (1 + Q(x,) [3) (2 + Q¢ |4) (3] + Hoc.) , (1)

where Ap = 21 — @, Ayy = W32 — Wy, and Ay = W43 — Wy are
the detunings of the probe field, the standing-wave field and
the rf field, respectively, 20y, = Ex 32 /N, 22, = Eplir1 /i,
and 2Q,¢ = Ei¢llap /1 are the Rabi and Larmor frequencies of
the optical fields. W, (m,n =1,2,3,4) are the dipole matrix
elements and E; (j = xy,rf,p) are the slowly varying ampli-
tudes of the optical fields. The w43, @37, and @, are resonant

frequencies which associate with the corresponding transitions
[4) <> |3), |3) <> |2), and |2) <> |1).
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Fig. 1. (color online) (a) Schematic diagram of the four-level atomic
system. (b) Specific case for a 8’Rb atom as an example.

The dynamics of the system can be described using the
density-matrix approach as

ap i
W——E[H,p}-klzpy @
and then we have

0 - .
% = 1P+ i€, p21 —1Qpp12, (3a)
0 -
% = —1Pn+V3p33 + VaPas — 12,021

+iQpp12 +1Q5 (x,) p32 — 15 (x,y) p23, (3b)
0 - .
% = —1p33 — i (x,y) p32 +1€ (x,y) P23

— 1Q4p34 + 1243, (30)
0 s .
% = —YaPas — 1Q4Pa3 + 1QP3a, (3d)
Ipai v, . :
el (? + 1Ap) P21 +12, (P11 — P22)

+19Q (x,y) p31, (3e)
dpsi B .
7 = — |:5 +1 (Ap +Axy):| P31

+1Q%pa1 —1Qpp32 + 18 (x,y) P21, (3f)
dpa Vo
7 = — [5 +1 (Ap+Axy +Arf):| P41
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+iQp31 — 12pP42, (32
0 + . . s
% = - (YZ > 18 + ley) P32+ 125040

—iQpp31 +iQ (x,) (P22 — p33) (3h)
0 + .
% = - |:’)/22y4 +1 (Axy +Arf):| P42

+1Qup32 — Q5 par — €5 (x,y) pas, (31)
0 + )
% = — (3@2% +1Arf) P43

+ 1 (P33 — Pas) — 12 (x,¥) pa2, (3))

where 7, 73, and 94 are added phenomenologically to describe
the decay rates from the excited state |2) to the ground state |1)
, from the excited state |3) to the excited state |2), and from the
excited state |4) to the excited state |2), respectively.

In the limit of the weak-probe field, we take the magni-
tude of the probe field Rabi frequency £, to be sufficiently
small as compared with Rabi frequencies of the standing
waves £y, and the rf field Larmor frequencies £2;s. Therefore,
we can take almost all atoms remain in the level |1) initially
during the atom-field interaction

P1((1)):1,Pr(rgz):0, (m#1,n#1). (4)

Considering all orders of the standing-wave fields, and the
linear order of the weak probe field, we only need Eqgs. (3e),
(3f), and (3g) to determine the expression of susceptibility.
The equations can be written simply as

ap(l) B . . 1
el (§+1AP) PL +12+i0 ()Pl
8p(l) B (1)
ail - — [E +1 (Ap +Ax)):| p31
+1.§2rfp§i>+19§ (xay)pZ(})’
9 (1) ) .
P[5 4y ) )+ 1200

We can obtain straightforwardly the susceptibility at the probe
frequency written as

N> 0y _ N
= = — 5
P 2en2, P2 Qpp21 ’ o)
where
N — N
eh '
m o3+ Q2
P21

=1iQ
P Q2o+ Q2 (x,y) u+ 0oz’

with op = ’)/2/2+ iAp, o3 = 73/2+ i (Ap—l—Axy), and oy =
Ya/2+1 (Ap + Ay +A1-f). N is the atom number density in
the medium.

It is well known that the imaginary part of the susceptibil-
ity accounts for absorption, based on Egs. (3) and (5), which
can be expressed as follows (keep N = 1):

(1) 02
Im(xp) ~ Im <p21) —Im . o;3a4+ pr .
Qp 'Qrfa2+'Qs (x,y) Oy + 0030
_ R(BW/A— M4+ Q) ~Z(&n/2+ As/2)
B R2+ZZ 5 ( )
where

1
R = 3 (72Qr2f+ BRI (x,y) — ApAsns

—1A3AL — 3A AL+ }/211374) ;

Z = ApQi+ AaQ2 (x,y) — ApAsAg

1
+7 (Bds+pndp+pndd),

As = Ay+ Ay,

Ay = Ap+ Ay + A

Equation (6) exhibits that Im(;,) is dependent on the po-
sitions (x,y), the detunings of optical fields A,, Ay, and Ay,
as well as the Rabi frequencies (x,y) and Q. It is, in prin-
ciple, possible to obtain the information about the conditional
position probability distribution of the atom. Thus, the prob-
lem reduces to determining probe absorption Im( pép /£p), the
measurement of such a position-dependent quantity can pro-
vide information on the atomic position and lead to 2D atom
localization.

3. Possible experimental realization

Before showing our results, let us briefly discuss the pos-
sible experimental realization of our proposed scheme for the
present study, which are given as follows.

(i) We consider, for instance, the cold atoms 3’Rb (nu-
clear spin I = 3/2) on the 5S-5P-5D transitions as a pos-
sible candidate.!*?
in Fig. 1(b). The experimental system for this atomic
scheme can be realized by the 8’Rb atom with |58, , F = 2),
|5Py)2,F =2), |5D3)5,F =1), and |5D5,,F = 2) behaving
the |1), |2), |3), and |4) state labels, respectively.

(ii) Based on Ref. [43], we found the decay rates from the

I The detailed coupling diagram is shown

excited state |2) to the ground state |1), from the excited state
|3) to the excited state |2), and from the excited state |4) to
the excited state |2) are 93 ~ 5.3 MHz, 9, ~ 0.67 MHz, and
Y3 =~ 0.67 MHz, respectively. It should be also pointed out
that the decay rates from states |4) and |3) to state |1) are zero,
because these transitions are non-dipole allowed in our consid-
ered model. The relaxation rate of coherence between states
|4) and |3) is negligible and thus can be safely neglected.

(iii) We consider that an atom, moving along the z
axis, passes through the intersectant region of two orthogo-
nal standing-wave laser fields, which are respectively aligned
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along the x and y axes. The weak probe field propagates along
the positive z direction in the x—z plane, whereas the rf field
propagates along the negative z direction in the x—z plane. The
composition of two orthogonal standing waves can be obtained
by combining four identical beams, where a pair of identical
beams propagate along the positive and negative x directions
in the x—y plane while another pair of identical beams prop-
agate along the positive and negative y directions in the x—y
plane. A pair of Helmholtz coils produce a MHz rf radiation
driving the magnetic dipole transition.!**) 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. [32].

4. Numerical results

Now, we analyze the conditional position probability dis-
tribution of the atom via a few numerical calculations based

on the probe absorption Im()) in Eq. (6), and then address
how the system parameters can be used to achieve 2D atom
localization by controlled probe absorption.

The probe absorption Im(xp) versus the positions (kx, ky)
for different values of the probe detuning is plotted in Fig. 2.
As can be seen, the probe detuning affects the spatial pattern
and resolution of the atom localization. On the condition of
Ap = 4, the probe absorption is distributed in four different
quadrants (Fig. 2(a)). When the detuning is tuned to A, = 107,
the localization peaks display two crater-like patterns, and the
atom is localized at these circles (Fig. 2(b)). With the increase
of the detuning to further higher values (i.e. A, = 12y and
137vin Figs. 2(c) and 2(d)), the spatial distribution of the probe
absorption exhibits two spike-like patterns. From the discus-
sions above, it is obvious that there is a strong correlation be-
tween the probe detuning and the position of the atom. The
measurement of a particular frequency detuning corresponds
to the localization of the atom within a subwavelength region

of the standing-wave field.

Im(xp)

Fig. 2. (color online) Probe absorption spectrum Im(y;,) versus positions kx (—m < kx < 7) and ky (—7 < ky < ) for four different
frequency detunings of probe field Ap: (a) Ap = 47, (b) Ap = 107, (¢) Ap = 127, and (d) Ap = 137. The other parameters are £2,, = 67,

Q=7 As=Ay=0,73=7%=025y,and p» =2y.

In Fig. 3, we study the effect of the intensity of the rf field
on the spatial distribution of the 2D atom localization. For a
small intensity of the rf field, i.e., ;+ = ¥, the probe absorp-
tion Im()p) shows two spike-like patterns (Fig. 3(a)). When
the rf field is adjusted to Qs = 37, the two spike-like patterns
become two crater-like patterns, as shown in Fig. 3(b). With
further increase of Q. (€2, = 67%), the spatial distribution of
the probe absorption does not change, but the caliber of every
crater-like pattern becomes wide (Fig. 3(c)). In such a case,

we can obtain a high-precision and high-resolution 2D atom

localization which can be attributed to the quantum interfer-
ence effect induced by the rf field. However, on the condition
of Q;t = 127, the probe absorption is distributed in four dif-
ferent quadrants (Fig. 3(d)), which implies that too strong rf
field will bring a destructive effect to the precision and spatial
distribution of 2D atom localization.

Finally, the influence of frequency detuning of the
standing-wave fields Ay, on 2D probe absorption is exhibited
in Fig. 4. Clearly, one can see that the spatial distribution of the

probe absorption Im(,) is very sensitive to the frequency de-
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tuning of the standing-wave fields. It is interesting to see from
Figs. 4(a) and 4(b) that the probe absorption Im(;,) displays
two crater-like patterns when the detuning Ay, is negative, and
the caliber of every crater-like pattern becomes wide with the
increase of the negative frequency detuning of the standing-

Im(xp)

wave fields. However, the probe absorption Im(p) shows two
spike-like patterns when the detuning A,, is positive. Accord-
ing to the above discussions, one can conclude that the fre-
quency detuning of the composite standing-wave fields plays
an important role in realizing 2D atom localization.

Fig. 3. (color online) Probe absorption spectrum Im(y;,) versus positions kx (—m < kx < 7) and ky (—7 < ky < ) for four different
intensities of the rf field Qyr: (a) Qi = 7, (b) Qir = 37, (¢) Lir = 67, and (d) Lr = 12y. The other parameters are £2,, = 6, Ap = 127,

A=Ay =0,5=7y=025y,and p» =2y.

Fig. 4. (color online) Probe absorption spectrum Im(;,) versus positions kx (—7 < kx < 7) and ky (=7 < ky < ) for four different
frequency detunings of the composite standing-wave fields Ayy: (a) Ay = —47, (b) Ay = =27, (¢) Ay = 27, and (d) A,y = 4y. The
other parameters are Qy, = 6y, ¢ =3y, Ap = 12%, Ay =0, 13 = 14 = 0.25y, and 1, = 27.

5. Conclusion

To sum up, we investigated the 2D atom localization via

probe absorption in a coherently driven four-level atomic sys-

tem by means of a radio-frequency field driving a hyperfine
transition. It is found that the detecting probability and the pre-
cision of 2D atom localization behaviors can be significantly

improved via adjusting the system parameters, and the maxi-
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mal probability of finding an atom within the sub-wavelength

domain of the standing waves can reach 1/2, which is in-

creased by a factor of 2 compared with the previous proposed

schemes.[>33>411 Ag a result, our scheme may be helpful in

laser cooling or atom nano-lithography via atom localization.
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