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Abstract

®

CrossMark

The interaction of hot atoms with laser fields produces a Doppler shift, which can severely
affect the precise spatial measurement of an atom. We suggest an experimentally realizable

scheme to address this issue in the three-dimensional position measurement of a single atom in
vapors of rubidium atoms. A three-level A-type atom—field configuration is considered where a
moving atom interacts with three orthogonal standing-wave laser fields and spatial information

of the atom in 3D space is obtained via an upper-level population using a weak probe laser
field. The atom moves with velocity v along the probe laser field, and due to the Doppler
broadening the precision of the spatial information deteriorates significantly. It is found that
via a microwave field, precision in the position measurement of a single hot rubidium atom
can be attained, overcoming the limitation posed by the Doppler shift.
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(Some figures may appear in colour only in the online journal)

Introduction

The quest to achieve precision in position measurement at the
atomic scale is not new. However, such measurements are dif-
fraction limited [1] and the spatial resolution achieved is no
better than the length scale given by the wavelength of the light
field which is used for measurement [2]. In spite of the funda-
mental nature of the problem, recent advances in laser cooling
[3], lithography [4], Bose—Einstein condensates [5] and the
measurement of the center-of-mass wave function [6, 7] have
made it important to obtain precise position information of the
atom. Considerable success has already been attained in the
achievement of precision of spatial resolution with near- and
far-field imaging techniques [8]. Further, some schemes have
been proposed to obtain structures beyond the diffraction limit
using position-dependent dark states for nanoscale resolution
fluorescence microscopy [9] and in interferometric lithogra-
phy [10].

1612-202X/18/035202+6$33.00

Meanwhile, several proposals have been made to obtain
position information of moving atoms using quantum opti-
cal methods. In these proposals standing-wave driving fields
are used to encode the position information into the inten-
sity pattern via the position-dependent Rabi frequency. In
the beginning, several schemes were suggested for position
measurement of the atom in 1D [11-16]. However, in the last
few years, interest has shifted towards 2D atom localization
and several schemes have been suggested in this regard [17—
20]. It is clear that the next objective would be to achieve 3D
atom localization. Some progress has already been made and
recently a scheme has been proposed for 3D atom localiza-
tion in a four-level tripod-type atom—field system using three
orthogonal standing-wave fields [21], where eight possible
positions of the atom within the cubic optical wavelength in
3D space were noticed. The precision of 3D atom localization
can further be enhanced via spatial interference in a two-level
atomic system [22] and by three-wave mixing [23]. In a recent
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Figure 1. The standing-wave field E,,,, which is the superposition
of three orthogonal standing-wave fields that drive the atomic
transition |1) < |3) and a weak probe field E, that couples the
atomic transition |1) < |2). An additional microwave field Ey, is
applied corresponding to the transition |2) < |3).

article, Wang and Yu propose the 3D localization of cold ’Rb
atoms with 100% probability via probe absorption in a three-
level atomic system [24].

A major limitation of almost all those schemes is that the
atom is considered to move through the fields but no Doppler
shift is incorporated. In fact, even for a static (cold) atom there
is a chance that the atom does not remain perfectly stationary
when it is driven by the laser fields. In that case, the motion,
which could be modeled as a Gaussian velocity distribution,
would affect the precise position measurement of the single
atom due to Doppler broadening.

In this article, we examine hot rubidium (¥Rb) atoms and
propose a scheme for precision enhancement in the position
measurement of single atoms in 3D space in the presence of
Doppler broadening. Initially, we consider a three-level A-type
atom—field configuration to obtain precise spatial informa-
tion of an atom via an upper-level population ignoring the
Doppler shift, which is in accordance with earlier work [24].
However, considering a more realistic experimental realiza-
tion, we incorporate the effect of Doppler broadening, which
reduces, significantly, the precision of position measurement
of a single atom. To address this problem, we apply an exter-
nal microwave field corresponding to the atomic transition |2)
< |3). The A-type atom—field configuration then becomes a
A-type configuration and we observe that the Doppler shift
is significantly reduced via control of the microwave field.
This implies that the precision of position measurement in 3D
space can be maintained even in the presence of a Doppler
shift.

Theory and discussion

In figure 1, we show the schematic of a three-level atom hav-
ing one upper level (1)) and two lower levels (|2) and |3)).
The atom interacts with a standing-wave field E,,., which is
the superposition of three orthogonal standing-wave fields and
couples the atomic transition |1) < |3). To measure the upper-
level population, a weak probe laser field E;, is applied which
couples the atomic transition |1) < |2). The resulting atom—
field configuration is a A-type one, which is experimentally

realizable assuming the transition 58;,, — 5P3/, in 87Rb.
The energy levels can be considered as |1) = |5P3,,, F = 2),
2) = 5812, F = 2)and|3) = |55, F = 1)[25], whichhave
been used for EIT [26] and for 3D atom localization [24]. An
additional microwave field Ey, is applied to the atomic trans-
ition |2) <« |3), controlling the damaging effects of Doppler
broadening. The atom-field configuration thus becomes a
A-type one (see figure 1). The corresponding Rabi frequen-
cies are Qpei¢’P, Qxyzei¢5, and Qp,e'?, where ®p» s and ¢y, are
the initial phases of the probe, standing-wave and microwave
fields. We consider €2, position-dependent.

The standing-wave field E,,, is considered as the super-
position of three orthogonal standing-wave fields, i.e. E,, E,
and E,, along the x, y and z directions, respectively. We also
assume that each standing-wave field is a superposition of the
other two standing-wave fields along the corresponding direc-
tions. We define the position-dependent Rabi frequency as
Qe = Qe + Qy + Q, with

Q, = Qy [sin (k1x + 1) + sin (kxx)],
Qy = O [sin (ksy + <) + sin (kay)],
Q, = Qs [sin (ksz + @) + sin (kez)]

where k; =27 /X (i=1,2,3,4,5,6) denotes the wave-
vectors having the wavelengths \; (i = 1,2,3,4,5,6) of the
corresponding standing-wave fields. The parameters 7, ¢ and
 are the phase shifts associated with the standing-wave fields
with wave-vectors ki, k3 and ks, respectively.

The interaction picture Hamiltonian for the system in the
dipole and rotating-wave approximation can be written as

ey

H = —h[Que " [1) 2] + Qe [1) (3] + Qe |3) (2| + H.c]
)
where A, = wiy — v, and A = w3 — v are the detuning asso-
ciated with the probe and standing-wave fields corresponding
to the atomic transitions |1) < |2) and |1) < |3), respectively,
and ¢ = ¢m + ¢s — ¢p is the relative phase of the standing-
wave, probe and microwave fields.
The equations of motion for the corresponding density
matrix elements can be written as

pu=— (T2 +T13) pr1 — 1 (P12 — p2a1) — iy (P13 — p31)
p22 =Tpi + Tapss + i (p12 — p21) + i (67 %p32 — € p23)

P33 =T3pi1 — Ts2p33 + iz (p13 — p31) — il (¢%p32 — €7 po3) ,
P =1(8p — A +iv3) po3 + 113 — 1 Qyzp21 — iQme ™ (022 — p33),
P21 =1(Ap +1i721) par — i (P22 — p11) — Qyzp23 + iQme " p31,

P31 = i(Ap + i%l) P31 — iQxyz (P33 - Pn) - iQppn + iQmGid)Pzr

3)
Here T'; (ij € 1,2,3, i # ) is the decay rate from level |i)
to level |j), where v3 =T'3/2,91 = (I'12 + I'13) /2, and
v31 =T+ T +T3) /2.

Our objective is to obtain position information of the atom
via absorption of the probe field, which is directly related to
the upper-level population p1;. Initially, the atom is consid-
ered to be in the ground state |2) and when the probe field is
absorbed the atom is excited to the upper-level |1). The prob-
ability of an upper-level population can thus be termed the
conditional position probability of the atom in 3D space. To
understand the dependence of the upper-level population on
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certain parameters like €y, Q., 0y and Aj, we use equa-
tion (3) and calculate the analytical expression for the upper-
level populations:

. QD (A,—A)?
Pilly) = [((ArmApfnz;))ZM;<AP—A>2]
_ QpQy Qme'® 4
(NN YR vy B G

with I'sp = 0 and 721 = 731.

We consider p;1(Ap) as the filter function which deter-
mines the 3D conditional position probability distribution of
the atom. The first term in equation (4) corresponds to the
EIT phenomenon while the second term, which involves the
microwave field, describes the gain process [27]. The 3D con-
ditional position probability distribution can be controlled via
the interference of the two terms. It is well known that for the
A-type atom—field configuration coherent population trapping
occurs for the two-photon resonance condition and the ground-
level population never goes to zero [28]. We, however, consider
that the two detuning parameters A and A, are far detuned
from each other. Thus, we avoid the two-photon resonance
condition, and as a result we can obtain the maximum popula-
tion of the excited level |1). For A = 0, the probe detuning
condition becomes A, = 2Q(sin kx + sinky + sinkz) when
E=c=¢=0andk; =k(i=1,2,3,4,5,6), which may lead
to the maxima in the 3D conditional position probability dis-
tribution. One can notice that the position probability distribu-
tion of the atom in 3D space, which is conditioned upon the
measurement of the upper-level population or probe absorp-
tion and leads to the 3D spatial measurement of the atom, is
directly related to the probe field detuning. However, we are
considering a general case and carrying out a numerical analy-
sis of the position measurement of a moving atom, i.e. without
considering any approximation on €, or Q;(i = 1,2,3).

We first ignore the effect of a Doppler shift and show the
best possible spatial measurement of a single atom using a
A-type atom—field configuration. The parameters we select are
Q=230,0,=01I,Q, =0(Ey=0), A =0, A, = 13.8I,
k1:k3:k5:0.8/£,77:§:g0:7r/8, F12:F13:0.5F
and I';; = 0 (I' = 6 MHz). In the absence of the microwave
field (2, =0), the second term in equation (4) becomes
zero and the 3D conditional position probability distribution
of the atom only depends on the EIT phenomenon. The val-
ues for the decay rate I" and Rabi frequencies correspond to
[26]. Following the same procedure utilized in [7, 16, 20], we
consider slightly different wavelengths and the phase shifts
associated with the standing-wave fields. The plot of the filter
function p;1(Ap) versus the normalized positions xx, xy and
rz shows a single 3D peak, which is reflected as a sphere in
the xyz space (see figure 2(a)). The sphere describes the 3D
position probability distribution of the atom and shows the
possible position of the atom within a cubic optical wave-
length. The size of the surface of the sphere defines the full
width at half maximum in 3D space.

To determine where exactly the center of the sphere is
located, we show the 2D views of the filter function p11(Ap)
in figures 2(b)—(d). From these figures, we can observe that
the sphere is centered at 7/2, 7/2, 7/2, which determines the
position of the atom in the 3D xyz space.
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Figure 2. 3D atom localization: (a) upper-level population

as a function of xx, ky and xz; (b)—(d) xy, xz, and yz view

of (a), respectively. The other parameters are {2 = 2.3,
Q=010 Q,=0,A=0,A, = 1381, '), =I'j;3 = 0.5T,

kl :k3:k5:O.SK,/Q:k4:k6:H,¢=O,T]=§=(p=ﬂ'/8,
and I's; = 0 (I' = 6 MHz).

Here we would like to emphasize that this is not the only pos-
sible position of the atom in the xyz space—one can get other
positions as well. For example, by just changing the values of
the phase shifts fromn = ¢ = 7/8ton = ¢ = —x/8, one can
obtain a new position of the atom, i.e. —7/2, —7/2,—7/2,
instead of 7/2,7/2,7/2 in the xyz space. These results also
show that the precision of spatial measurement of a single
atom within a cubic wavelength is enhanced by a factor of 8
over that in [21].

Until now, we have not incorporated the effect of the
Doppler shift; however, our main objective is to consider that
the atom is not stationary during its interaction with the laser
fields and consider that the atom moves with velocity v along
the direction of the probe field [29]. In this case, the effect
of Doppler broadening on the 3D spatial measurement of the
atom must be considered. In the following, we consider that
the atom moves in the z direction, i.e. perpendicularly to the
standing-wave fields acting along the x and y directions. Only
the fields in the direction of the motion of the atom are impor-
tant to accounting for the effect of a Doppler shift. In the pre-
sent case, only the probe field and one of the standing-wave
fields, e.g. E,, are considered to propagate along the direc-
tion of the motion of the atom and we only consider these
two fields to investigate the effect of Doppler broadening. As
standing-wave field E, is constructed from two counter-prop-
agating beams, for the resonant interaction between the atom
and standing-wave field, there are no shifts in the frequency of
the standing-wave field. The reason is that the counter-propa-
gating fields cancel each other’s shift. Let us only consider the
Doppler shift corresponding to the probe field and replace the
probe field detuning A, with A, 4 kpv in equation (3), where
kp is the wave-vector of the probe field and v is the velocity of
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Figure 3. Plot of 3D conditional position probability distribution
versus normalized positions xx, xy and rz for different values of
Doppler width D: (a) D = 0.31" and (b) D = I'. The remaining
parameters are the same as those used in figure 2(a).

the atom. To obtain the upper-level population in a Doppler-
broadened medium, velocity-dependent py; (A, + k,v) should
be integrated over the Maxwell-Boltzmann distribution for
the atomic velocities. In the presence of a Doppler effect, the
upper-level population can be written as

pri(d) = FD (B tkv)e /204 (), (5)
where D =, [k}KgT /M is the Doppler width. Kg, T and M

are the Boltzmann constant, absolute temperature and mass of
the atom, respectively. We call p;1(d) the Doppler-broadened
filter function for the 3D conditional position probability
distribution.

In figure 3, we plot the Doppler-broadened 3D filter func-
tion versus the normalized positions kx, xky and kz in the xyz
space for two different values of the Doppler width, i.e. D
equal to (a) 0.3I" and (b) I', while keeping the other param-
eters the same as in figure 2(a). The precision of the position
of the atom reduces as we introduce the Doppler effect and a
second sphere starts appearing. The size of the second sphere,
which was not present in the absence of Doppler broadening,
increases as we increase the value of the Doppler width (see
figures 3(a) and (b)). This shows that the precision of posi-
tion measurement of a single atom reduces significantly in
the presence of the Doppler shift. This implies that for a bet-
ter spatial measurement of the atom with the best possible
spatial resolution, one needs to have a Doppler-free spectr-
oscopy, which seems impossible unless one has ultra-cold
atoms. Another possibility one can think of is to eliminate the
Doppler shift if the probe field is acting along the x or y direc-
tion perpendicularly to the motion of the atom or if one must
consider that the motion of the atom is classical. The former,
i.e. using ultra-cold atoms, limits practical applications, e.g.
in atom lithography at room temperature. The latter is a more
approximate solution and does not mimic the real scenario.
In the following, we address this issue and discuss that in the
presence of a microwave field, the effect of the Doppler shift
can be reduced and the precision of spatial measurement of a
single atom can be attained even in the presence of Doppler
broadening.

We apply a microwave field E.,, which drives the atomic
transition |2) < |3). In the presence of this field, the coherence

(@) ®)
05

ST @

k) e ; ; bS]

8 ‘ g

‘r\TO . : w
-0.94 ; -0.54
0.5 .
% 0.5 <

‘lz; 0{7\) K
o/- -05 -05 &(\ R

Figure 4. Plot of 3D conditional position probability distribution
versus normalized positions kx, xky and «z for different values

of magnetic field Qy,: (a) O = 0.031 and (b) 2, = 0.04". The
remaining parameters are the same as those used in figure 3(b).

of the two ground states is perturbed, which affects the trans-
mission of the probe light. The resulting quantum interference
can lead to suppression or enhancement of EIT depending
on the relative phase between the optical and microwave
fields [30]. Here, we consider zero relative phase in which
one of the EIT peaks is suppressed [27]. This suppression of
the EIT peak occurs even in the presence of a Doppler shift
[31]. Therefore, in the proposed model for atom microscopy,
one of the spheres can vanish according to the suppression
of EIT. This is evident from equation (4): when the micro-
wave field is turned on, the second term starts playing its role.
As a result, the 3D conditional position probability distribu-
tion now depends on the interference between the two terms
in equation (4). Here, we consider a static magnetic field to
ignore degeneracy [32]. We now plot the Doppler-broadened
3D filter function py;(d) versus the normalized positions rx,
ry and kz for two Rabi frequencies (2, i.e. (a) 0.03T" and (b)
0.04T", corresponding to the microwave field E,,. We notice
that one of the two spheres in figure 3 starts diminishing and
precision in position measurement of the moving atom can be
attained even in the presence of a Doppler shift (see figure 4).

In our proposed atom—field system, the applied fields act-
ing on the atom form a closed loop, resulting in a A-type
configuration. As a result, the optical properties of the system
strongly depend on the relative phase ¢ of the applied fields.
Therefore, in the following we consider the role of ¢ in the
precise position measurement of a moving atom in the pres-
ence of Doppler broadening.

It is clear that there are two paths to exciting the atom to
the upper level |1): one is by making a direct transition from
the ground energy level |2) to the excited level |1) and another
is indirect transition from |2) to |1) via the intermediate level
|3). These two atomic transition paths interfere with each other
either constructively or destructively depending on the choice
of relative phase (. In figure 4, for o = 0, we notice that preci-
sion enhancement of 3D position information is achieved via
control of the microwave field even in the presence of Doppler
broadening. However, as can be observed from equations (3)—
(5), the 3D conditional position probability distribution is
sensitive to the relative phase ¢. In figure 5, we plot the 3D
conditional position probability distribution for four different
non-zero values of the relative phase ¢, i.e. (a) ¢ = /8, (b)
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Figure 5. Plot of 3D conditional position probability distribution
versus normalized positions xx, xy and rz for different values of
relative phase ¢: (a) ¢ = 7/8, (b) ¢ = 7/6, (¢) ¢ = 7/4 and (d)
¢ = /2. The remaining parameters are the same as those used in
figure 4(b).

¢ =m/6, (c) ¢ =m/4 and (d) ¢ = w/2. It can be observed
that the precision of 3D position information reduces as the
relative phase becomes ¢ = /2.

Conclusion

We have considered an experimentally realizable scheme
based on a A-type atom—field configuration [30] for the pre-
cise position measurement of hot 3’Rb atoms. Our scheme
is a possible solution to overcome the issues in the precise
position measurement of atoms, which is influenced by the
Doppler shift. The position of a single atom which is Doppler
shifted in 3D space can be obtained with high precision via
control of an external microwave field with a relative phase
equal to zero, i.e. ¢ = 0.
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