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Abstract

®

CrossMark

We study the control of high-precision three-dimensional (3D) atom localization by measuring
the population of the excited state in a ladder-type three-level atomic system driven by a weak
probe field and a control field, together with three mutually perpendicular standing-wave
fields. We find that the precision of 3D atom localization in volumes depends sensitively on the
frequency detuning of the probe field and the intensity of the control field. Most importantly,
we show that adjusting the phase shifts associated with the standing-wave fields leads to a
redistribution of the atoms and a significant change of the atomic coherence, so that the atom
can be localized in volumes that are substantially smaller than a cubic optical wavelength.

Keywords: three-dimensional atom localization, quantum interference, the standing-wave field

(Some figures may appear in colour only in the online journal)

1. Introduction

During the past few decades, the spatial localization of an
atom based on position-dependent atom-field interaction has
been extensively studied in the field of the precision position
measurement of atoms via different optical techniques [1-4].
Based on atomic coherence and quantum interference effects
[5-9], earlier schemes for atom localization in various atomic
configurations mainly involve one-dimensional (1D) atom
localization and two-dimensional (2D) atom localization.
For 1D atom localization, several proposals for improving
the accuracy of measurements have been made via different
measurement schemes, such as the measurement of resonance
fluorescence [10, 11], spatially dependent spontaneous emis-
sion [12-14] and probe absorption spectra [15, 16], coher-
ent population trapping (CPT) [17], dark resonances [18],
and multiple simultaneous measurements [19-21]. In these
schemes, standing-wave driving fields have been used to
encode position information into the intensity pattern via the

1054-660X/16/075203+7$33.00

position-dependent Rabi frequency. Compared with 1D atom
localization, 2D atom localization has a better prospect of
application, and has hence been extensively studied in recent
years. By interacting with two orthogonal standing-wave
fields, the measurements of the upper-level population [22],
the controlled spontaneous emission [23] and double-dark
resonances [24] are applied to achieve 2D atom localization.
Afterwards, several schemes for achieving high-precision and
high-resolution 2D atom localization have been put forward
[25-32] in differently configured atomic systems. It is worth
noting that for high-precision 2D atom localization, one can
obtain mere subwavelength localization as well as the spatial
structuring of the atomic locations, and the maximum proba-
bility of finding the atom at an expected position in one period
of the standing-wave fields can reach 100%.

More recently, much attention has been paid to three-
dimensional (3D) atom localization based on the interaction
of the atoms with three mutually perpendicular standing-
wave fields. Possible applications of 3D atom localization

© 2016 Astro Ltd Printed in the UK
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may include high-precision position-dependent state selective
chemical reactions. By applying three mutually perpendicular
standing-wave fields, Qi and co-workers [33] have presented a
scheme for 3D atom localization based on electromagnetically
induced transparency (EIT) by measuring the probe absorp-
tion in a five-level M-type atomic system. Ivanov and co-
workers [34] have obtained different 3D periodic structures in
3D space via the measurement of the atomic-level population
in a four-level tripod-type atomic system. In addition, phase-
sensitive 3D atom localization has been achieved in [35] by
measuring the absorption spectra. However, these proposals
have not provided a promising way of achieving high-preci-
sion and high-resolution 3D atom localization.

To further improve the precision of 3D atom localization,
we propose a scheme for realizing a high-precision method by
measuring the population of the excited state in a ladder-type
three-level atomic system. Although such atomic models have
been used to realize 3D atom localization [36], we have pro-
vided a new way of achieving high-precision localization, and
our proposal has more advantages over [36]. The major differ-
ences are obtained as follows. First, our scheme is based on the
measurement of the upper-level population via the interaction
of the atoms with two laser fields as well as three mutually
perpendicular standing-wave fields. However, the scheme of
[36] is based on the measurement of spontaneous emission,
which is difficult to carry out in practical experiments. The
reason for this is that spontaneous emission is a random pro-
cess, and the frequency of the spontaneously emitted photon
is hard to control. Moreover, it is impossible to measure the
spontaneous emission spectrum in [36] due to the absence of
the condition of spontaneous emission. Second, the atom can
be completely localized in one subspace by adjusting the phase
shifts of three perpendicular standing-wave fields with slightly
different wavelengths, and the maximum probability of finding
the atom in 3D space is increased by a factor of eight com-
pared with the previous schemes [33, 34]. That is to say, we
have obtained a new way of achieving high-precision 3D atom
localization. However, such similar proposals have not been
used in [36]. Third, we have discussed how the excited pop-
ulation modifies the 3D atom localization behavior, and one
finds that the precision of 3D atom localization almost remains
unchanged as the value of the excited population increases.
That is to say, in our present scheme, high-precision 3D atom
localization can be achieved in a wide range of excited state
population distribution. However, [36] has not discussed such
results. Therefore, our scheme has more advantages than other
schemes [33-36] for 3D atom localization.

2. Theoretical model and basic equations

Let us consider a ladder-type three-level atomic system with
a lower state |1) and two excited states |2) and |3) as shown
in figure 1(a). The transition between levels |1> and |2> (with
transition frequency woy) is coupled by a weak probe field E,,
(with angular frequency w, and a Rabi frequency 2(2,). The
relevant standing-wave field (with position-dependent Rabi
frequency Gi(x, y, z)) and an extra control field E, (with a Rabi

) I
Q.| |G (xy.2) ‘)\Gs(z)
G, (y)
1Ap|2> ) * ¥ Q\A
» G, (x)
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Figure 1. (a) The energy-level diagram of a ladder-type three-level
atomic system interacting with a weak probe field €2, a coherent
coupling field €2, and a combination of three mutually perpendicular
standing-wave fields Gs(x, y, z), where Gy(x, y, z) corresponds to the
combination of three orthogonal standing-wave fields. A, represents
the single-photon detuning. A stands for two-photon detuning.

(b) A schematic of the dressed-state picture. In the presence

of the control field €2, and the combination of three mutually
perpendicular standing-wave fields Gy(x, y, z), the corresponding

transition |2> — Gy(x,v,2) + QC\3> gives rise to the two dressed
states |+> and |—> (c) Three orthogonal standing-wave fields Gy(x),
G;(y) and Gy(z) aligning along the x, y and z directions form a 3D

space, while the probe field €2, and the coherent coupling field {2,
propagate along the z direction.

frequency 2 €2.) simultaneously couple the transition between
levels |2> and |3> (with transition frequency wsp). It is worth

pointing out that Gs(x, y, z) corresponds to the combination of
three orthogonal standing-wave fields that drive the transition

between levels|2) and |3), i.c.
Gi(x, ,2) = Gy(x) + Gy(y) + Gi(2), (1)

where G(x), Gs(y) and G,(z) are also the combinations of two
orthogonal standing-wave fields aligning along the corresp-
onding x, y and z directions, respectively (see figure 1(c)), i.e.

Gs(x) = Q [sin(kx + ) + sin(kpx)], )
Gy(y) = Q [sin(kay + @) + sin(kqy)], 3)
Gy(2) = Q3 [sin(ksz + 1) + sin(kez)] , 4)

with k; =27 /27A\\; (i=1—6) being the wave vectors
corresponding to the wavelength ); of the relevant standing-
wave fields. The parameters ¢, ¢ and 7) are the phase shifts
of the relevant standing-wave fields corresponding to wave
vectors Ky, k3 and ks, respectively. An atom moves along the
z direction and passes through the intersecting region of the
three mutually perpendicular standing-wave fields in the 3D
space. As a result, the interaction between the atom and the
standing-wave fields is spatially dependent on the 3D space.

Here we assume that the center-of-mass position distribu-
tion of the atom along the directions of the standing-wave fields
is nearly constant and we can ignore the kinetic energy of the
atom in the Hamiltonian by applying the Raman—Nath approx-
imation [37]. By choosing Hy = w,|2)(2|+(w, + wy)|3) (3|
and taking level |1> as the energy origin, under the electric
dipole approximation (EDA) and the rotating-wave approx-
imation (RWA), the interaction Hamiltonian of the present
atomic system is given by (& = 1):
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Hine = —Ap2) (2] =A4|3) (3| - 192,]2)(1]
+ (Gy(x,y,2) + Qo)|3)(2|+H.c.], (5)

where the symbol H.c. represents the Hermitian conjuga-
tion, and w. = w;. Ap = w, — woy represents the single-pho-
ton detuning. As = w, + w; — w3 stands for the two-photon
detuning. 2, = % and Q. = ”%:“ are the half Rabi frequen-
cies of the laser fields for the relevant driven transitions, where
i = [y - er (i, j = 1 — 3) denotes the dipole matrix moment
for the relevant optical transition from level |i ) to level | j>
with e denoting the unit polarization vector of the corresp-
onding laser field. In the following calculations, for simplicity,
we assume £ = §)y = Q3 = Qg and set €2, )¢ and () as real
parameters.

The dynamics of this system can be described by using the
probability amplitude equations. Then the wave function of
the present atomic system at time ¢ can be expressed in terms
of the state vectors as

) = [dxdydzf (x,y, D).y, 2)AiCx v,z 0[1)
+ A (x, .2 1)|2) + As(x,y, 23 1)]3)], (6)

where A,(x, y, z;f) (i = 1 — 3) denotes the time- and position-
i>, and
fix, y, ) is the centre-of-mass wave function of the atom.

Hence, the conditional spatial-position-dependent prob-
ability distribution of the atoms can be given by

dependent probability amplitude for the atom in level

Py, z1|2) = INTf @y, DRy, 0 (7)

where N is a normalization factor. Here, we assume that the
center-of-mass wave function of the atom f(x, y, z) is nearly
constant over many wavelengths of the standing-wave fields
in the (x, y, z) space, which remains unchanged even after
interaction with the optical fields. That is to say, the condi-
tional position probability distribution P(x, y, z; #|2) is mainly
determined by the term|A,(x, y, z; 1) |2. Therefore, the measure-
ment of the population in level |2> can directly obtain the posi-
tion information of the atom when the atom passes through
the standing-wave fields.

By substituting the interaction Hamiltonian given by
equation (5) and the atomic wave function given by equa-

tion (6) into the time-dependent Schrodinger wave equa-

.o . .
tion i ‘La(:)) = Him|1/f(t)>, the coupled equations of motion for

the time evolution of the atomic probability amplitudes can
be given as

O0A(x,y,2;1)

> =i A (x,y,2:0), (8)

0Ar(x,y,2;t .
% = (iAp — 1A (x, v, 2:1)
+i[Gi(x, y,2) + Q) As(x, y,251)

+iQ,Al(x, y,2; 1), ©))

0As(x,y,z;,t .
OBERIED _ (18, ~ s .0)
+1Gs(x,y,2)A2(x, ¥, 25 1)

+iQ A, y,230), (10

where ~; (i = 2, 3) is the decay rate of state |i>, which is added
phenomenologically.

Under the weak-field approximation, i.e. {2, < (), we can
get A(x,y,z;0) = 1for all of the time ¢ in the condition of con-
sidering the quasi-stationary-state solution of equations (9)
and (10). Then, the probability amplitude A,(x, y, z;f) in the
large time limit can be derived as

D

where D = |Gy(x,y,2) + Q> —DiDy, Dy = A, +ivy, and
Dy = Ag+iv,

We define n. = |A2(x, y, Z)|2 as the excited population.
Thus, the excited population n. can be explicitly expressed in
the following form

ne = |A2(-x, y, Z)‘z
2
_ (13 +AD |Qp|
(|Gs(x, y,2) + Qe + D3y’ + D}

(12)

where D3 = 1,73 — ApAgand Dy = 134, + 1A,

Equation (12) reflects the conditional position probabil-
ity distribution of the atom in 3D space [34]. Therefore, the
3D atom localization behavior near point (xg,Yy,20) (i.€.
xo = 213,y = 2m3, 20 = 2n% with [ as well as m and n being
integers), including the increase of the detecting probability
and improvement of the localization precision, can be con-
trolled by adjusting the system parameters.

3. Numerical results and discussions

In this section, we investigate the conditional position
probability distribution of the atom in 3D space via a few
numerical calculations based on the excited population 7. in
equation (12), and then achieve high-precision 3D atom local-
ization by measuring the population of the levels |2> Here, a
realistic candidate for the proposed atomic system can be found
in 3Rb atoms with the designated states chosen as follows
[38]: [S1/2, F = 2) as 1), [*Psyo, F = 3) as [2), |*Dsj, F = 4)
as |3> To give a clear illustration, we select , = v; = 0.017,

Qg = 7,8, = 0.1v, and all the parameters used in the follow-
ing numerical calculations are in the unit of +. Subsequently,
we present a few numerical results for 3D atom localization
with different values of the relevant parameters to illustrate
that high-precision 3D atom localization can be achieved in
the present ladder-type three-level atomic system.

First of all, we investigate the influence of probe detun-
ing A, on 3D atom localization near point (xo, y,, Zo) Without
considering the control field or the phase shifts of the stand-
ing-wave fields (i.e, 2. = 0, ¢ = ¢ = n = 0). From figure 2,
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Figure 2. The excited population n. = 0.1 as functions of (xx, ky, xz) for different probe detunings A,. (a) A, = 4.4~; (b) A, = 6.47;
(c) Ap = 7.4. Other values of the parameters are chosen as 7, = 73 = 0.017, 5 = 7, Qp = 0.17, Q. = 0, Ay = 5v, k1 = k3 = K5 = K,

m=ks=ke=randp=¢=n=0.
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Figure 3. Density plot of the excited population n. in the x — y plane shown in figure 2. In the case of Kz = 7/2, (a) Ap = 4.4~;
(b) Ap = 6.47; (c) A, = 7.4~. In the case of kz = — 7/2, (d) A, = 4.47; (e) Ap = 6.47; () Ap = 7.47. Other values of the parameters
are chosenas v, = 13 = 0.017, Qs =7, Q, =017, Q. =0, Ay =5V, ki=rm=hs =K, m=rs=ke=randp = p =1 = 0.

one finds that the spatial distribution as well as the precision
of 3D atom localization are dependent on probe detuning. To
obtain a clearer picture about the conditional position prob-
ability distribution of the atom in the x—y plane, figure 3 shows
the corresponding density plots of the excited population 7,
in the plane. In the case of A, = 4.4 (see figures 2(a) and
3(a)—(d)), two ellipsoidal shells of the same size are situated
in two subspaces (—x, —y, —z) and (x, y, 7), respectively. When
probe detuning A, increases to 6.4+, keeping all other para-
meters fixed, although the localization patterns of atoms in two
subspaces are still ellipsoid-like, the size of the two ellipsoi-
dal shells becomes smaller (see figures 2(b) and 3(b)—(e)).
More interestingly, when A, is tuned from 6.4+ to 7.4+, the
size of the two ellipsoidal structures situated in subspaces
(—x,-y,—z) and (x,y,z) is further reduced, as shown in
figures 2(c) and 3(c)—(f). A direct comparison in figures 2(a)—(c)
implies that the precision of 3D atom localization in 3D space
can be greatly improved when probe detuning A, increases.
Thus, high-precision and high-resolution 3D atom localiza-
tion is indeed achieved by adjusting probe detuning.

In figure 4, we investigate the influence of the intensity of
the control field 2. on 3D atom localization behavior in the
absence of the phase shifts of the standing-wave fields (i.e.
@ = ¢ =n=0). From figure 4, one finds that the atom can

be completely localized in subspace (—x, —y, —z), and the
size of the ellipsoidal shell situated in subspace (—x, —y, —z)
becomes smaller with an increase in the intensity of the con-
trol field 2. from 9.5+ to 11.1+. In such a case, it is worth
pointing out that the precision of 3D atom localization can
be significantly improved by adjusting the intensity of the
control field to an appropriate value, and the maximum prob-
ability of finding the atom within a cubic optical wavelength
is significantly improved by a factor of eight compared with
[33, 34].

The interesting localization phenomena, as shown in fig-
ure 4, can be explained using the quantum interference effect
in the dressed-state picture. By using the dressed-state pic-
ture, the bare-state levels |2) and |3) can be replaced by two
dressed states |—> and |+> (see figure 1(b)), under the action
of the control field 2, and the combination of three mutually
perpendicular standing-wave fields Gg(x,y,z). Such a sub-
system is described by the interaction Hamiltonian operator

Vine = A[3) (3| —[€%3) (2| +Gy(x, . 2)|3)(2|+H.c.].  Thus,
the corresponding eigenequation [39] can be given by
S S £ [Cz]
=0, 13
I:_V32 As_/\] = ( )
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Figure 4. The excited population n. = 0.1 as a function of (xx, Ky, kz) for different intensities of the control field Q.. (a) Q. = 9.57;
(b) Qc = 10.57; (¢) Qe = 11.1+. Other values of the parameters are chosen as y, = y; = 0.017, Q = 7, Q, = 0.1, A, = 57, Ag = 57,

Kl=K3=RKs=RKKp=ksi=Ke=rkandp=¢=n=0.

where Vi = Gy(x,y,2) + Qe and Vi = G(x,y,2) + .
ci(i =2, 3) denotes the probability amplitude corresponding
to the eigenstate |i ) In order to ensure that equation (13) has
a nontrivial solution, we have given the corresponding condi-
tion, i.e.

—-A
—Gs(x,y,2) — Q

—G(x,y,2) — %
Ag— A

=0.  (14)

By solving equation (14), the energy eigenvalues of the two
dressed states can be obtained as

CAEA 4Gy, 2) + QP

(15)
- 2
The corresponding energy eigenstates can be written as
|4+) = sin6|2) + cos 63), .
1
|-) = —cos 0]2) + sin6)3), (16)
together with
sinf = A
YA 416y, 2) + QP
_ Gi(x,y,2) + €
\/)\3 +Gy(x, y, 2) + Qe
cosf = — A

A+ (G, 3, 2) + QP
GS(X, Y, Z) + Qc

A+ Gy, 2) + QP

From equations (15) and (16), it is straightforward to show
that when Ag is not equal to zero (i.e. Ay = 57), the energy
eigenvalues of the two dressed states obviously depend on
Gs(x,y,z) and the control field €2, and two different trans-
ition channels (i.e. |+) < |1) and |—) < |1)) will show up.
When the intensity of control field €2 increases, a redistribu-
tion of the excited state population can obviously be observed
(see figure 4). Physically, quantum interference induced
by the control field €2 and the combination of three mutu-
ally perpendicular standing-wave fields Gy(x, y, z) becomes a
dominant mechanism, affecting the distribution of the excited
population [36, 40, 41]. As a consequence, the atom is com-
pletely localized in subspace (—x, —y, —z) with different atom

localization precision, as shown in figure 4. In particular,
for a larger intensity of control field (i.e, 2. = 11.17, see
figure 4(c)), we can obtain high-precision and high-resolution
3D atom localization within a narrow volume due to the pres-
ence of the quantum interference effect.

It is desirable to obtain the position of the atom when the
atom passes through the standing-wave fields. The present
scheme for 3D atom localization is based on the fact that the
conditional probability distribution of the atoms carries the
information about the atomic position. Therefore, one can
extract the localization information by means of the simi-
lar measurement schemes for 1D and 2D atom localization
reported in [14, 28]. We noticed that the previous scheme [28]
for 2D atom localization had shown that the phase shifts played
an important role in the spatial measurement of the atom in
two-dimensions and a single atom localization peak could be
observed when one chose slightly different wavelengths of the
standing-wave fields. Here, we will investigate the influence
of the phase shifts (¢, ¢, 1) of three orthogonal standing-wave
fields on the behavior of 3D atom localization. In figure 5, we
plotthe excited populationn, = 0.1as afunction of (kx, Ky, K2),
dependent on the phase shifts (¢, ¢, ) of three perpendicular
standing-wave fields with slightly different wavelengths,
without considering the control field 2, (i.e. 2. = 0). In the
condition of K] = kK3 = ks = Kk and p = ¢ = n = 0, it can be
found from figure 5(a) that two ellipsoidal shells of the same
size are situated in two subspaces (x,y,z) and (—x, —y, —2),
respectively. Such a result is similar to the result of figure 2(b).
When the phase shifts ¢ and ¢ are both equal to 27r/5, and the
wave vectors k; and 3 are both equal to 0.85x, the ellipsoi-
dal shell in subspace (—x, —y, —z) disappears, and the size
of the ellipsoidal shell in subspace (x,y,z) becomes smaller,
as shown in figure 5(b). Different from figure 5(a), the equal
probability distribution of atoms is destroyed when the phase-
shifts ¢ and ¢ of the corresponding standing-wave fields are
nonzero, originating from the phase-dependent interference
induced by the standing-wave fields. More interestingly, for

the case in which (kj, k3, k5) = (0.85k,0.85k,0.85k) and
(p,0,m) = (2?”, 2?”, 2?”), the structure of 3D localization with
a small size in figure 5(c) still has an ellipsoid-like pattern,
where the corresponding atom localization precision is further
improved compared to figure 5(b). The above results can also
be explained by the dressed states theory. When the intensity
of the control field €. is equal to zero, and the corresponding

two-photon detuning Ay is equal to 5, the energy eigenvalues
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dependent on the phase shifts (¢, ¢, n) of the standing-wave
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of the two dressed states obviously depends on Gy(x, y, z). That
is to say, the corresponding energy eigenvalues are varied with
the phase shifts of three orthogonal standing-wave fields. In
particular, when the phase-shifts ¢ with ¢ as well as 7 are
equal to 27r/5, and the wave vectors k; with 3 as well as ks
are equal to 0.85k (see figure 5(c)), the 3D localization space
will become narrow, and the atom will be localized in volumes
that are substantially smaller than a cubic optical wavelength.
Thus, it is reasonable to obtain the single position information
of the atom in 3D space by properly adjusting the phase-shifts
in the condition of considering slightly different wavelengths
of the standing-wave fields.

Last but not least, to obtain a better understanding of
how the excited population n, modifies 3D atom localization
behavior, we draw plots of 3D conditional position probabil-
ity distribution versus the normalized position (kx, Ky, xz) for
three different values of the excited population, as shown in
figure 6. Figure 6 shows that the precision of 3D atom locali-
zation almost remains unchanged with an increase in the value
of the excited population from ne = 0.1to n. = 0.9. That is to
say, in our present scheme, high-precision 3D atom localiza-
tion can be achieved in a wide range of the excited state pop-
ulation distribution. The above results show the advantages
of our present system not possessed by the previous schemes
[33-36].

4. Conclusions

In conclusion, we have analyzed in detail the behavior of 3D
atom localization in a ladder-type three-level atomic system,
in which three orthogonal standing-wave fields align along
the x, y and z directions, while the weak probe field and the

¢ =n=2n/5.

control field propagate along the z direction. Due to spatial-
position-dependent atom-field interaction, 3D atom local-
ization can be achieved by the measurement of the excited
population n.. It is clearly shown that the precision of 3D
atom localization is extremely sensitive to the detuning A,
of the probe field, the intensity of the control field €. and the
phase-shifts of the corresponding standing-wave fields with
slightly different wavelengths. The main advantage of our
proposed scheme is that we have obtained the single posi-
tion information of the atom with high precision in 3D space,
and the probability of finding the atom in 3D space is signifi-
cantly improved by a factor of eight by adjusting the intensity
of the control field €. to €. = 11.1+, originating from the
quantum interference effect induced by the applied optical
fields. Finally, it is worth noting that our proposed scheme
for 3D atom localization may be useful for the high-precision
measurement of the center-of-mass wave function of moving
atoms and atom lithography.

Before ending, it should be noted that our present study
focuses only on the cold atomic system, and the results of
Doppler broadening effects can be included by first rewriting
the corresponding detunings, i.e. Ap = w, — wa1 — A, and
Ag = wp + wy — w31 — Do, With Ay ~ kpand Ao ~ (kg + Kp),
the corresponding additional broadening effects, which can be
suppressed in the cold atomic system.
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