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High-precision three-dimensional Rydberg atom localization in a
four-level atomic system*
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Rydberg atoms have been widely investigated due to their large size, long radiative lifetime, huge polarizability and
strong dipole-dipole interactions. The position information of Rydberg atoms provides more possibilities for quantum
optics research, which can be obtained under the localization method. We study the behavior of three-dimensional (3D)
Rydberg atom localization in a four-level configuration with the measurement of the spatial optical absorption. The atomic
localization precision depends strongly on the detuning and Rabi frequency of the involved laser fields. A 100% probability
of finding the Rydberg atom at a specific 3D position is achieved with precision of ~0.031A. This work demonstrates the
possibility for achieving the 3D atom localization of the Rydberg atom in the experiment.
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1. Introduction

Rydberg atoms are high-excited atoms with large princi-
pal quantum numbers, which have attracted considerable fo-
cus recently for the demonstrated remarkable properties.'!]
The large size and long radiative lifetime make the Rydberg
quantum system have a long coherence time.!”) The Ryd-
berg atom is sensitive to external electric field since the huge
polarizability.[®! In addition, the strong long-range dipole—
dipole interactions lead to the investigation of dipole block-
ade effects.'¥! Based on these peculiar properties, Rydberg
atoms are greatly applied in ultra-cold plasmas,! many-body
physics,[®! quantum information,!”! quantum computing,®!
and microwave field measurements."!

In the applications based on Rydberg atoms, the research
of localization provides the position information of the Ryd-
berg atom in spatial coordinates. Over the past few decades,
the high-precision atom localization has been used in trap-
ping and cooling of atoms,!'%! atom nanolithography,!'!12]
coherent patterning of matter waves!'?! and Bose-Einstein
condensation.!'* The proposal to use quantum interference
and atomic coherence effect has already been applied for
atom localization in one-dimensional (1D)131¢ and two-

I7.18] Until recent years, research in-

dimensional (2D) space.!
terest transfers to three-dimensional (3D) space. Several high-
precision 3D atom localization schemes have been proposed

by measuring the probe absorption, spontaneous emission, and
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Kerr nonlinearity. %24

Even though there are many efficient schemes for atom
localization, until now only a few Rydberg atom localization
have been reported.!>>! The large size of the Rydberg atom
makes it a good candidate for studying the quantum coherence
phenomena. For achieving the high-precision localization of a
Rydberg atom, an effective scheme is needed. Recently, an ex-
periment realization of the Rydberg atom based on a four-level
atomic system in Ref. [26] attracts our attention. This system
utilizes Rydberg level as the uppermost level and composed of
two V- and E-type electromagnetically induced transparency
(EIT) systems, provides a novel configuration for studying the
localization of Rydberg atom. Compared with the V- and E-
type atomic system of atom localization schemes, this four-
level configuration increases the controllability of the experi-
ment and produces more fantastic results.

In this work, a four-level atomic system is employed for
realizing the high-precision 3D Rydberg atom localization.
Three pairs of orthogonal standing-wave fields aligned respec-
tively in the x, y, and z directions couple the same energy level
transition of the Rydberg atom. Due to the interaction be-
tween the atom and fields, the 3D localization of a Rydberg
atom is achieved by measuring the absorption of probe field,
which is much more convenient to realize in experiment. In re-
sult, the maximum probability of finding the Rydberg atom is
achieved as 100% in the sub-wavelength region. This scheme
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provides an effective way to realize the high-precision 3D Ry-
dberg atom localization in the experiment.

2. Theoretical model

Taking cold #Rb atoms for the experimental implemen-
tation, a four-level atomic system involving a Rydberg state is
considered as shown in Fig. 1, where level |g) is the ground
state of 555, levels [e) and [s) denote the excited states
of 5P;/, and 5P/, and the level |r) is the 44Ds/, Rydberg
state. The decay rates of these states are I; = 0 MHz, I =
27 x 6.1 MHz, Iy =27 x 5.9 MHz and I; = 27 x 0.3 MHz,
respectively.?”] A weak probe field with Rabi-frequency €,
drives the |g) — |e) transition. The strong switching and con-
trol fields with Rabi frequencies €25 and 2. act on the transi-
tions of |g) — |s) and |e) — |r), respectively. All three laser
fields move along the z direction. Here, we employ three or-
thogonal standing-wave fields to couple the same transition of
lg) — |s), i.e.,

Q = Qsin(kx) + Q, sin(ky) + . sin(kz) + £, (1)

where k is the corresponding laser field wave vector, £,, £,
and €2, are the Rabi frequencies of standing-wave fields prop-
agating along x, y and z directions, respectively. We assume
that the atom moves along the z direction, and passes through
the intersecting region of the three orthogonal standing-wave
fields in 3D space. As a consequence, the interaction between
the atom and standing-wave fields is spatially dependent in the
3D space.

44D5/2 in |T>

h

l9)

Fig. 1. Schematic diagram of a four-level 8Rb atomic system. This
system composes of two EIT configurations of V- and Z-type, which
share the same probe field. The level |g) is the 55, /2 ground state, lev-
els |e) and |s) are the 5P;/, and 5P, ; excited states and the level |r) is
the 44Ds /, Rydberg state.

Applying the rotating-wave and electric dipole approxi-
mation, the interaction picture Hamiltonian for this system is
given by (= 1)

Hing = S[2p[g) (e +2[8) (s| + cle) (r[] + Aple) {e]

1
2

+A[s) (s + (4p +Ac)[r) (r| +Hec, 2

where H.c. represents the Hermitian conjugation, and Ap, A,
A, denote the corresponding laser frequency detunings.

The observable in this scheme is the response of the atoms
to applied laser fields, which is described by susceptibility of
the weak probe field. The susceptibility is determined by the
coherence between levels |g) and |e) and can be written as
_ N|pteg®

&N,

X Peg; 3

where N is the atomic density, & is the permittivity of free
space, Ueg and pe, are the dipole momentum and density ma-
According to Eq. (3), the den-
sity matrix element peg needs to be calculated for tracing the

trix element, respectively.

atomic response of the system to external fields. The dynam-
ics of the system by the density matrix formalism are described

as!28

d i
% =~ [Hus ]+ LIp (1), *
where the Lindblad form of Liouvillian matrix L[p(¢)] describ-
ing the relaxation by spontaneous decay is expressed as

Lp(1)]

Lpee+Lpss —5pee 5P —Spu
| “Gpe —RpeetTipn — 5 peg —5Tip,
- —%Psg _%pse —I5pss _%Psr

_%prg _ﬁpre _¥pfs —Iipy

&)

Thus, the motion equations for the density-matrix ele-
ments are given by

P i i
TP [pee TPt 5 QplPeg — Pee) + 32 (Pog — P,
9Pee i i
o1 = —I¢Pee + 1P+ EQP(ng - peg) + EQC(pre o Per)a
IPss _ i
Fral —Ispss + E-Q(Pgs —Psg)s
opr i
Tt = —Iipr+ EQC (per - pre)7
9Peg

L . i
ot = (_2+1Ap>peg_29p(pee_pgg)

i i
- EQPes + E-Qcprgy

agtsg _ (_ % + iA)psg - %Q(pSS — Pag) — %Qppse,
agtrg - :— % +i(4p +Ac):| Prg + %Qcpeg

- %‘Qppre - %Qprs,
85:6 - :— FS;FFG +i(A _Ap)} Pse + %nge

053202-2



Chin. Phys. B  Vol. 30, No. 5 (2021) 053202

i i
— = €2pPse — EQCPSH

2
P) G+L . i i
gtre = (— d e—l—lAc)Pre—ZQC(PIT—Pee)_Z'Qprg’
0Prs Ir+1Is .
P _{_ : +1(AC+AP—A)]Prs
i i
+ E-Qcpes - E-Qprg- ©

Therefore, under the weak probe field approximation, the
steady-state solution for pe, is given by

Pog = A@gp X (1@ + 1 Q2+ 4%eTetes)y (D)
where
A= Q20— 0%~ 0 20 (Yeg e + T ¥rs)
— 397 (Yeg Yo + Ve Tis) — BYex Yoc Yre Vs
and

I. . P
%g:7§+1AP, %g:75r+1(Ap+Ac),
Is+1Ig

Yoe = — "’i(A_Ap)a

I+

Yoo = — +i(Ac+Ap—A).

The imaginary part of the susceptibility can be used to
express the absorption of the probe laser field, which reflects
the atomic position distribution probability in 3D space when

T~

ky/m 1.0 —1.0

kx/m

G 10

o \//‘ 0
ky/ 010 ke

the atom interacts with the three standing-wave fields. Probe
absorption can localize the atom at a particular position in sub-
wavelength space under the proper parameters. Therefore, the
3D atom position information can be obtained with the mea-
surement of probe absorption Im(y).

3. Results and discussion

The probe absorption versus positions (kx, ky, kz) for dif-
ferent probe field frequency detunings A, is plotted in Fig. 2,
where A = A. =0, 2y =0, Q, = Q, = Q, =515, and we set

N ‘ﬂeglz
&oh
sorption is distributed in all subspaces under the small probe

field detuning (A, = 2I¢). In Fig. 2(b), the probe absorption
is mainly situated in the subspaces (—x,—y,—z) and (x,y,z)

= 1 for simplicity. As shown in Fig. 2(a), the probe ab-

when the probe field detuning is tuned to A, = 4I;. Then
continue to increase the detuning to A, = 6l¢, we can find in
Fig. 2(c) that there only appear two large spheres in the sub-
spaces (—x, —y,—z) and (x,y,z). Furthermore, the volumes of
two spheres in the subspaces become smaller when increas-
ing the detuning to an appropriate value (A, = 81;), seen from
Fig. 2(d). These simulation results illustrate that the value of
A, has a strong correlation with the absorption of probe field,
and the varying of probe detuning alters the absorption of the
medium. In this case, a probability of 50% for finding the Ry-
dberg atom in the sub-wavelength region is realized.

kz/m

g
ky/m 1.0 =1.0 o

( ) ;;~\\\\,\
| W:W\ — =
§
\,.?g 0 ‘
—1.0 L , | N
—1.0 S
- T (,‘

Fig. 2. Isosurfaces of the probe absorption Im(y) = 0.1 versus positions (kx,ky,kz) for different probe field frequency detunings A,. (a)
2
Ap =2I¢; (b) Ay = 4I¢; (c) Ap = 6I¢; (d) A, = 8. The other parameters are chosen as N‘SOL%‘ =1,A=A=0,02,=0,Q,=Q, =Q, =35I,

I; =0.971; and I5 = 0.05I;. All parameters are in units of I¢.

053202-3



Chin. Phys. B  Vol. 30, No. 5 (2021) 053202

& k&
X 0 X 0
~2 =2
—0.5 —0.5 ©
1.0 T 10k
2.0 T —~ 7 ~1.0
0~ ——p 1.0 I
ky/m 1.0 -1.0 kx/m ky/m 1

S %

(c) T
1.0 = T
_— 0.5 - —
&
Y 0
=2
) —0.5 B
T~ 1.0 R
10 SO e 10

ky/m 10 =10 kx/m

Fig. 3. Isosurfaces of the probe absorption Im()) = 0.1 versus positions (kx,ky,kz) for different traveling-wave fields Rabi frequencies €. (a)
Qg = 1I¢; (b) 4 = 1.51¢; (c) 5 = 2I;. The other parameters are the same as Fig. 2(d).
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Fig. 4. Isosurfaces of the probe absorption Im()) = 0.1 versus positions (kx,ky,kz) for different combinations of the two frequency detunings
(A,A0). () (A,A) = (BIL,113); (b) (A, Ac) = (113,215); (¢) (A, Ac) = (0.251%,2.51%). (d)—(f) The views of x—y, y—z, and z—x of the minimum
localization pattern in Fig. 4(c), respectively. The other parameters are the same as Fig. 3(c).

To locate the Rydberg atom with a higher probability, a
traveling-wave field € is coupled to the transition of |g) —
|s). Figure 3 investigates the influence of the switching field
Rabi frequency €2 on the 3D Rydberg atom localization.
Here, we choose A, = 81 for showing clearly the variation
trend of the localization patterns. As shown in Fig. 3(a) with
Qg = 11¢, the probe absorption displays a sphere pattern with
small diameter in the subspace (—x, —y, —z) and a sphere pat-
This re-
sult indicates that the switching field € makes the Rydberg

tern with large diameter in the subspace (x,y,z).

atom localization precision different in the two subspaces. In
Fig. 3(b), the sphere volume becomes smaller in the subspace
(—x,—y,—z) while becomes larger in the subspace (x,y,z)
when Qg = 1.5I;. More interestingly, with further increasing
the switching field to Qg = 2I¢, the sphere disappears in the
subspace (—x, —y, —z) and there only exists one large sphere in
the subspace (x,y,z). This result suggests that we can achieve
a 100% probability localization of the Rydberg atom in sub-

wavelength region, but the localization precision is low owed
to the large volume of the sphere.

In order to improve the precision of the Rydberg atom
localization, the influence of two laser frequency detunings
(A,A.) is studied. Figure 4 illustrates the effect of two fre-
quency detunings (A,Ac) on the 3D Rydberg atom localiza-
tion. As we can see from Fig. 4(a), the sphere in the sub-
space (—x,—y, —z) appears again when (A,A.) = (3¢, 113).
In Fig. 4(b), the sphere in the subspace (—x,—y,—z) disap-
pears and the other in the subspace (x,y,z) becomes smaller
than that in Fig. 3(c) when (4, A.) = (1I3,2I;). We find that
in the subspace (x,y,z), the sphere becomes smaller with de-
crease in A and increase in A.. The smallest sphere volume is
achieved in Fig. 4(c) with (A, A.) = (0.25I3,2.5I;), which in-
dicates that the 3D Rydberg atom localization precision is im-
proved significantly. To further evaluate the precision in deter-
mination of the atom position by this scheme, Figs. 4(d)—4(f)

show the views of x—y, y—z, and z—x of the localization pat-
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tern in Fig. 4(c), respectively. The spatial precision is about
0.031A4 x 0.031A x 0.031A under the condition of probe ab-
sorption Im(y) = 0.1.

Compared with the
[19,20

three-level atom localization
schemes, | this four-level atomic system increases the
controllability of the experiment. Thus, the dependence of the
localization behavior on the control field Rabi frequency is
researched under the above parameters. Figure 5 shows the
influence of the control field Rabi frequency (2. on the probe
absorption. When we increase the control field Rabi frequency
0., the only sphere in the subspace (x,y,z) disappears, which
means that the 3D Rydberg atom localization information
cannot be obtained. The volume of the sphere gradually be-
comes larger with decreasing the control field Rabi frequency
Q., shown in Figs. 5(a) and 5(b). This suggests that the 3D
Rydberg atom localization precision becomes lower with de-
creasing the control field .. According to Eq. (3), the density
of the Rydberg atoms, N, also affects the precision of local-
ization. We have simulated the influence of the atomic density

on the 3D Rydberg atom localization with different values of
N ‘ﬂEg‘z [

gh
the detecting precision of 3D Rydberg atom localization is

201 and get the results similar to Fig. 5. That is to say,

reduced with increasing the cold Rydberg atomic density.

kz/m
o

ky/m

e

Fig. 5. Isosurfaces of the probe absorption Im(y) = 0.1 versus posi-
tions (kx,ky,kz) for different Rabi frequencies Q.. (a) Q. = 4I3; (b)
Q. =2I;. The other parameters are the same as Fig. 4(c).

4. Conclusion

In summary, we have realized a high-precision 3D Ryd-
berg atom localization with the measurement of a weak probe

field spatial absorption in a four-level atomic system. The nu-
merical simulation results indicate that the 3D Rydberg atom
localization precision can be improved significantly by adjust-
ing the Rabi frequency and detuning of laser fields. More
importantly, we realize a 100% localization probability of the
Rydberg atom in a specific position, and the spatial precision
is about 0.0314 x 0.0314 x 0.0314 with optimal parameters.
By taking cold 3°Rb atoms as the candidate to implement, this
work demonstrates the possibility for 3D atom localization of
the Rydberg atom, which further promotes the applications of
Rydberg atoms in the areas of quantum information and many-
body physics.
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