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Abstract

We propose a scheme for localizing an atom in a four-level configuration
inside a classical standing wave field, conditioned upon the measurement of
frequency of a weak probe field. In the classical standing wave field, the
interaction between the atom and the field is position dependent due to the Rabi-
frequency of the driving field. Hence, as the absorption frequency of the probe
field is measured the position of the atom inside the classical standing wave field
will be determined. Localizing of the atom via the absorption spectrum occurs
during its motion in the standing wave field. The investigation of the probe field
absorption shows that the degree of localization depends on the interaction
parameters such as detuning, and Rabi-frequency of the driving field.

Keywords: Atom localization; Absorption; Susceptibility

I) Introduction

The precision position measurement of an atom with
the optical technique is of considerable interest, both
from the theoretical and experimental point of views.
The most important interest in determination of the
atomic position is due to the application in laser cooling
and trapping [1], Bose-Einstein condensation [2], atom
lithography [3], and measurement of the center of mass
wave function of moving atoms [4]. Several schemes
have been established to determine the position of an
atom via optical methods. In the optical virtual slits
scheme, the atom interacts with a standing-wave field
and imparts a phase shift to the field. The measurement
of this phase shift then gives the position information of
the atom [5]. It is shown that by using Ramsey-
interferometry, the use of coherent-state cavity field is
better than the classical field to get higher resolution in

position information of the atom [6]. Resonance
imaging methods have also been used for precision
position measurement of the moving atoms [7]. Atom
localization based on the detection of the spontaneously
emitted photon during the interaction of an atom with a
classical standing-wave field has also been proposed [8-
12]. Qamar et al. [10] used a simple two level atomic
system for localizing the atom during its motion in the
classical standing wave field. This scheme utilizes the
idea that the frequency of spontaneously emitted photon
carries the information about the position of an atom
due to its position dependent Rabi-frequency of the
driving field. The effect of detuning between the atomic
transition frequency and the frequency of driving fields
on the precision information of a single atom inside the
classical standing wave field has also been proposed
[11]. It has been shown that a coherent control of
spontaneous emission of a multi-level system gives line
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narrowing and even spontaneous emission quenching
[13-15]. It is shown that strong line narrowing and
selective cancellation of the fluorescence decay can play
an important role in enhancing the efficiency of the
atom localization schemes. Ghafoor et al. [15]
investigated the phase and amplitude control of driving
fields on spontaneous emission spectrum in a four-level
atomic system. This scheme was also utilized for the
localization of the atom [12]. It is shown that phase and
amplitude control of driving fields yield a better spatial
resolution in position measurement of the single atom
through the standing-wave field with respect to the other
related studies. Although the measurement of
spontaneously emitted photon gives a better resolution
of the atomic wave function than the other methods [10,
11], from the experimental point of view the detection
of spontaneously emitted photon is difficult. In another
study based on the measurement of population in the
upper level, Paspalakis and Knight [16] have used a
three-level A-type medium to sub-wavelength
localization of the atom during its motion in the
standing-wave field.

Recently, we proposed another method for localizing
the atom inside the classical standing wave field based
on the electromagnetically induced transparency (EIT)
[17]. The basic idea of this scheme is that of the probe
field absorption measurement at appropriate frequencies
which localizes the atom inside the classical standing-
wave field.

In this article, we consider another scheme based on
the four-level EIT to determine the position of an atom
inside the classical standing-wave field. We show that
the position of the atom along the standing wave is
determined when the probe frequency absorption is
measured. The effects of Rabi-frequencies of the driving
field as well as the detuning parameters on the atom
localization are then discussed. We find that an
appropriate choice of these parameters leads to a very
narrow localization structure at a particular frequency.
The absorption of the weak probe field has been also
investigated by the imaginary part of the susceptibility.
The motivation for considering this scheme goes back to
our recent study of the absorption and the dispersion
properties of the weak probe field in this system [18]. In
another related study, we employed this system to
investigate switching from subluminal to superluminal
light propagation [19]. We have also investigated the
phase dependence of the group velocity via EIT with
three driving fields and a weak probe field in this
system [20]. The structure of the article continues as
follows. In section II we introduce a model, giving the
basic equations and their solution to determine the
susceptibility. In section III, we present the results and
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discuss the behavior of the imaginary part of the
susceptibility along with the normalized position
coordinate of the standing wave for variety of system
parameters. Finally, we present our conclusion in
section IV.

11) Basic Equations

We consider a four-level atom moving in z direction
and passes through a classical standing-wave field. The
standing-wave field is aligned along the x-axis (Fig. 1a).
The energy level structure of the atom is shown in
Figure 1b. The classical standing-wave field with the

2
wave vector K :7” and wavelength 4 couples level

|b> to the levels |a,) and |a2) . A weak tunable probe
field with frequency v, couples the ground state |c) to
the excited states |a1) and |a2), whose absorption we

are interested in. The spontaneous decay rates from
upper levels |a) and |a,) to lower level [c) are

displayed by y, and y,, respectively. Here we consider

that the atom is moving with high enough velocity that
its interaction with the driving fields does not effete its
motion along the z direction and, therefore, we may
treat its motion in the z direction classically. Moreover,
we assume that interaction time of the atom with the
standing-wave field and hence the Rabi-frequencies are
sufficiently small so that the center-of-mass position of
the atom along the standing wave does not change
during the interaction time and thus we may neglect the
kinetic-energy term of the atom in the interaction
Hamiltonian under the Raman-Nath approximation [21].
In another words the center-of-mass displacement of the
atom along the x direction is smaller than the
wavelength of the standing field. Therefore the cavity
dissipation can be neglected under this approximation.
The resulting Hamiltonian from atom-field system can
be written as

H=V,+V, +V,+V,, )

where V is the free energy part, and V, denotes the
interaction between standing field with levels |a1> , |a2)
and |b> V, displays the interaction of the atom with

the vacuum filed, corresponding to the decay processes
from levels |a,), |a,) and |b) to level |c).V, denotes

the weak field absorption from level |c) to the level
|a) and |a,) . The detailed form of these terms can be

written as
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Figure 1. a) A four-level atom is moving in the z direction,
and passing through the classical-standing wave field that is
aligned in x direction. b) Proposed level scheme: A coherent

strong standing wave couples level ‘C) to the excited levels

\al> and \a2> , and a weak probe field applies from the ‘b> to
the both excited levels \a1> and \a2> .

V= hwa. |a1><a1 |+ha)az |a2><a2|

2)
+hay |0) (b |+he, |c)(c|
V) =-hy (x)e " [a ) {b]
. 3)
—hQ,(x)e " |a, ) (b|+cec.
V,=-1Y g e " |a ) c|b,
- A (4)
-hy gPe " a,){c|b, +Hc.
k
V, =-hQ,e" " |a)(c|
5

_ hQ e —ivpt
P2

a,){c|+cc.

Here 7w, are the energies of the levels |I> Here

Sahrai and Tajalli

275

Vol. 17 No.3 Summer 2006

the
E Soa,b
h

Q, (x)=(|Q|sinkx,i =1,2) are position-

dependent Rabi-frequencies and €, (= , 1 =12)

are the Rabi-frequencies of standing coupling field to
transition |a, ) <> |b). Note that the Rabi-frequencies
Q,(x) and Q,(x) are the sinusoidal function of the
position x due to the interaction of the atom and the

Ep$ac
h

standing field. Q (= , 1 =1,2) are the Rabi-

frequencies of the probe field to transition |c)—>|a;)
which are taken to be real. p,, and @,  are the

induced atomic dipole moments, whereas E and E,

denote the amplitude of the standing and probe fields

respectively. The terms g are the coupling constant

between the k™ vacuum modes of frequency v, and the
atomic transition between |al>—>|c>, |a2>—>|c> and
|b>—>|c>, respectively. The terms v and v, display

the frequency of the coupling field and the weak probe
field. The density matrix elements of the system in the
rotating wave approximation and in the rotating frame
are

5 1 . o . o

,Dala2 = _[5(7/1 + 7/2)+ I wa,az ]pala2 +1 Ql (X ):Dba2
—i Q2 (X )ﬁa,b +i Qp,[’caz +i szﬁalc’

5 1 . ~ . o

Pap =57 101 Pgy =1 ) (Do =)
—i Qz (X )ﬁala2 +i Qp, ﬁcb ’

5 1 . o . ~

Pap = 71512 F181 Pagy =1 () (P, = Pv)
=i Ql(x ):E,aza] +i sz [)cb >

5 1 s - .

palc = _(571 +1 5)pa]c +1 QI(X )pbc
—i Qpl (ﬁala, _pcc)_i sz[)a,az’

L 1 . - .

pazc = _[57/2 +1 (5_0)&]:’:12 )]pazc +1 QZ(X )pbc
—i sz (’E,azaz _pcc)_i Qplﬁazal’

/L)bc =i (5_A1)lbbc +i Ql(x)pa,c
. - o ©)
+l QZ(X )pazc -1 Qplpbal +1 szpbazﬂ
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Similarly, one can obtain the population elements of
the density matrix equation. The detuning parameters
are defined as A =@, -v, A,=0,,-v, and

0=w, —v,. We define the decay rate p =

3

2
27D(v) [g;‘ )J * where D(1,) =VZA represents the
C

density of state and V is the volume. lfk (Hk’ ) are the

annihilation (creation) operators for the k™ vacuum
modes. Here the Weisskopf-Wigner approximation has
also been used for the spontaneous emission [22]. Note
that the probe field is weak compared to the coupling
standing field and we keep the terms of all orders in the
strong standing driving field, but keeping only the linear
term in the probe field. Therefore we use
AY = LAD = 0,5 = 0,50
(7

~(0)

— ~(0)
- 07 pazal

— ~(0)
- 09 ,Dbal

= O’ loba2 .

The absorption of the weak probe field is
=), =0

proportional to (p,; + p,.). The necessary equations

from the set of density matrix elements (Egs. 6) under
the linearization (7) are given by

2 1 S~ . .
palc :_(571 +1 5)pa,c +1 Ql(x)pbc +1 Qpl,

B 1 . ~
pazc = _[5)/2 +1 (5 - a)alaZ )] pazc

+ Q,(X) g, +1i Q,,

,5bc =—i (5_A1)/3bc +i Ql(x )pa,c
. (3)
+i Q, (X )ﬁazc

This set of equations can be solved by the matrix
form, and the result for the steady state is

R=M"C, ©

where R and C are column matrixes and M is the

3x3 matrix which are given by
ﬁa,c
R=\p, |

ﬁbc
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(%)/1+i5) 0 -iQ(x)
C-= 0 %72”(5_‘%@2) -iQ,(x) |,
Q) QM) iE-A)
iQpl
M = isz . (10)
0

We investigate the response of the system to applied
field by the susceptibility, which is defined as [23]

2N iv,
x= (gocalpalc +gocazpazc )e g > (1 1)
&E,
where N is the atomic density, p, . = ﬁalcefivpt, and

Pag = ﬁazce_iv"t. The imaginary part of susceptibility

corresponding to the absorption of the weak probe field
is given by

2

2N Sgca 7/2
= P P2 A 5B +[SA
X he, Z 2(‘ B+,

+@,, (6=A)=6"+Q;(x)
—Q,(x) €, (X)]A} (12)
2
2N [
ne, Z

+ {—%(A] —5)B +[5 A,

=67+ 07 (x) =, (x) Q, (x)]A}
where Z =YY ",Y =A+iB,

Ntr

A=

)(Al—5)5+%a)alaz(5—A])
(13)
72 o2 AWy
+ > Qr(x)+ > Q;(x)]

and
B=-5"+5"(A+1,, )+Q (X)(6-0,,)
(14)
+O2 (x )5+%(5—A1)—5A1 @, -

E@,.

Here Q, (= , 1 =1,2) has also been used.
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Figure 2. Imaginary parts of susceptibility as a function of
normalized position kx in the unit wavelength for the
parameters y, =y, =y, @, =¥, 0 =025y, A =0.5y, and
a) Q,=0,=005y,b) Q=0Q,=01y,c) Q=Q,=1y,
andd) Q,=Q,=5y.

I11) Results and Discussion

Expression (12) is our basic results for determining
the position of a moving atom inside the classical
standing-wave field. An atom is localized as soon as the
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particular frequency of the probe field is determined.
This scheme exploits the fact that by measuring the
particular frequency of the probe field we can localize
the atom during its motion through the standing wave
field. Expression (12) shows that the atom localization
strongly depends on the Rabi-frequencies of standing
wave field Q. (i =1,2), and detuning parameters o,

A,. It is our interest to have the maxima for the

imaginary part of susceptibility at probe field absorption
inside the standing-wave field. The position of the probe
field absorption maxima are strongly depends on the
probe field frequency through its detuning
0 =, —v, . To clarify this point we consider that the

relation (12) is depends on the parameter ¢ . From this
expression we observe that the imaginary part of
susceptibility, i.e. x", has a direct relationship with the

detuning parameters 6 which is proportional to the
measured frequency v, of the probe field. Here, it is

noticed that the imaginary part of susceptibility depends
not only on the frequency of probe field but also on the
amplitudes of classical standing wave-field Q, and Q,

as well as detuning of standing wave with atomic
transitions. It should also be noted that the initial
position distribution of the atom is a broad wave packet
and the imaginary part of susceptibility, therefore,
directly gives the position probability distribution. The
results are displayed in Figures (2-4). In the figures we
2N | @,

&h

choose =1, and @, =g, . We assume

that , =y, =y, and all figures are plotted in the unit of
y. In our scheme the Rabi-frequencies are position

dependent, and the atom undergoes different Rabi-
frequencies at a different position in the standing wave
and we get maxima in the position distribution
corresponding to these Rabi-frequencies. In Figure 2 the
imaginary part of susceptibility, y", are displayed as a
function of normalized position, kx , for the parameters
N=V2=VWaay =7,0=025y,A, =05y, and for

different values of Q, and €, in the unit wavelength.

An investigation of the figure shows that the position of
maxima of the imaginary part of susceptibility strongly
depends on the Rabi-frequencies of standing-wave field.
For the small values of Rabi-frequencies, i.e.
Q =0, =0.05y, we get peak maxima only at the

antinodes of the standing-wave field. When the Rabi-
frequencies of driving field increase, the initial two
peaks start to split into four peaks and then move away
from antinodes towards the nodes of the standing wave
(see Figs. 2b and 2c¢). For the large values of Q; and
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Figure 3. Imaginary parts of susceptibility as a function of
normalized position kx in the unit wavelength for the
parameters y, =y, =y, @,, =7, Q,=Q,=0.05y, and a)

A/=002y, =001y, b) A =0.002y, 5=0.001y, c)
A, =0.0002 , 5 =0.0001y .

o
a8
s
5]

Q, (Q,=Q, =5y), the localization peaks lies in the

nodes of standing wave field, and the width of peaks
decrease. The results indicate a strong correlation
between the detuning of probe and coupling fields and
the position of the atom. The measurement of a
particular frequency is corresponding to the localization
of the atom in a sub-wavelength domain of the standing
wave. The width of localization peaks depends not only
on the Rabi-frequencies but also on the detuning
parameters. The effects of detuning parameters on the
atom localization are shown in Figure 3 and Figure 4. In
Figure 2a, we observe that for § =025y, A, =0.5y,

and Q, =Q, =0.05y we get peak maxima only at the
antinodes of standing wave. When the probe and
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Figure 4. Tmaginary parts of susceptibility as a function of
normalized position kx in the unit wavelength for the
parameters y, =y, =y, @,=7, =Q,=1y, and a)
A, =0.02y, §=0.01y, b) A =0.002y, 6=0.00ly, c)
A, =0.0002y, 6=0.0001y.

coupling laser field detuning decrease, the initial two
peaks start to split into four peaks and move away from
antinodes towards the nodes of the standing wave (see
Figs. 3a-c). An increasing of the Rabi-frequencies and
decreasing the detuning parameters give a very narrow
structure in the atomic position at the unit wavelength
(Fig. 4). Note that the heights of the peaks for all values
of position are the same, but the width of peaks strongly
depends on the Rabi-frequencies and the detuning
parameters.

IV) Conclusion

The localization of the moving four-level atom inside
the classical standing-wave field is investigated. In the
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proposed scheme, interaction between atom and field is
position dependent, so as soon as the particular
frequency of the probe field is measured, the position of
the atom inside the classical standing-wave field will be
determined. The results show that atomic position
strongly depends on the interaction parameters such as
detuning, and Rabi-frequencies of driving field.
Increasing the intensity of coupling field leads to a
strong localization of the atom inside the classical
standing wave-field.

References

1. Chu S. and Wieman C.E. J. Opt. Soc. Am. B, 6: 2020
(1989); Mectcalf H., and Van der Straten P. Phys. Rep.,
244:204 (1994).

2. Collins G.P. Phys. Today, 49: 18 (1996).

3. Scully M.O. and Druhl K. Phys. Rev. A, 25: 2208 (1982);
Boto A.N., Kok P., Abramas D.S., Braunstein S.L.,
Williams C.P., and Dowling J.P. Phys. Rev. Lett., 85:
2733 (2000); Agarwal G.S. and Scully M.O. Opt. Lett.,
28: 462 (2003).

4. Kapale K.T., Quamar S., and Zubairy M.S. Phys. Rev. A,
67: 023805 (2003).

5. Storey P., Collet M., and Walls D.F. Phys. Rev. Lett., 68:
472 (1992); Phys. Rev. A, 47: 405 (1993); Kunze S.,
Rempe G., and Wilkens M. Europhys. Lett., 27: 115
(1994).

6. Kien F.L., Rempe G., Schleich W.P., and Zubairy M.S.
Phys. Rev. A, 56: 2972 (1997).

7. Thomas J.E. Phys. Rev. A, 42: 5652 (1990); Rudy P.,
Ejnisman R., and Bigelow N.P. Phys. Rev. Lett., 78: 4906

279

Sahrai and Tajalli

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.
21.
22.

23.
24.

Vol. 17 No.3 Summer 2006

(1997); Stokes K.D., Schnurr C., Gardner J.R., Marable
M., Welch G.R., and Thomas J.E. Phys. Rev. Lett., 67:
1997 (1991).

Holland M., Marksteiner S., Mart P., and Zoller P. Phys.
Rev. Lett., 76: 3683 (1996).

Herkommer A.M., Schleich W.P., and Zubairy M.S. J.
Mod. Opt., 44: 2507 (1997).

Quamar S., Zhu S.Y., and Zubairy M.S. Phys. Rev. A, 61:
063806 (2000).

Quamar S., Zhu S.Y., and Zubairy M.S. Opt. Commun.,
176: 409 (2000).

Ghafoor F., Quamar S., and Zubairy M.S. Phys. Rev. A,
65: 043819 (2002).

Lee H., Polynkin P., Scully M.O., and Zhu S.Y. Phys.
Rev. A, 55: 4454 (1997).

Papalakis E. and Knight P.L. Phys. Rev. Lett., 81: 293
(1998).

Ghafoor F., Zhu S.Y., and Zubairy M.S. Phys. Rev. A, 62:
013811 (2000).

Paspalakis E. and Knight P.L. Phys. Rev. A, 63: 065802
(2001).

Tajalli H. and Sahrai M. Laser Phys., 14(7): 1007 (2004).
Tajalli H. and Sahrai M. lranian J. Science, 15(4): 361
(2004).

Tajalli H. and Sahrai M. J. Opt. B Quantum & Semiclass.
Opt., 7: 168 (2005).

Sahrai M., Tajalli H., Kapale K.T., and Zubairy M.S.
Phys. Rev. A, 70: 023813 (2004).

Meystre P. and Sergent M. Elements of Quantum Optics.
3rd Ed., Springer, Berlin (1999).

Weisskopf V. and Wigner E. Z. Phys., 65: 54 (1930).
Scully M.O. and Zubairy M.S. Quantum Optics.
Cambridge University Press, Cambridge, England (1997).



	I) Introduction
	II) Basic Equations
	III) Results and Discussion
	IV) Conclusion
	References

