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Resolved sideband cooling provides a crucial step in subrecoil cooling the trapped atoms toward their motional
ground state, which is essential in atom-based quantum technologies. Here we present an enhanced dark-state
sideband cooling in trapped atoms utilizing photon-mediated dipole-dipole interactions among them. By placing
the atoms at the magic interparticle distances, we manifest an outperformed cooling behavior in the target atom,
which surpasses the limit that a single atom permits. We further investigate various atomic configurations in a
multiatom setup with a laser detuning and different light polarization angles, where multiple magic spacings can
be identified and a moderate improvement in cooling performance is predicted as the number of atoms increases.
Our results provide insights to subrecoil cooling of atoms with collective and light-induced long-range dipole-
dipole interactions and pave the way toward implementing genuine quantum operations in multiple quantum

registers.
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I. INTRODUCTION

Laser-cooling technique in trapped ions [1] or atoms [2]
has been an essential and indispensable element in many
quantum technology applications such as quantum simula-
tions [3—8] and quantum computation [9—13]. To further cool
the system into a subrecoil cooling regime, a resolved side-
band cooling [14-19], or dark-state sideband cooling utilizing
electromagnetic induced transparency (EIT) [20-28] in the
Lamb-Dicke (LD) regime provides a recipe to approach its
motional ground state. This nearly zero-phonon state can be
prepared owing to the red-sideband transition which drives
the trapped atoms between their ground and excited states
with one phononic quanta less, and relaxes to a ground state
via spontaneous emissions with one phonon removed effec-
tively. In this resonantly driven sideband transition, the carrier
and blue-sideband transitions that cause heating can be sup-
pressed. This leads to a lower bound in the phonon occupation,
which is determined by the system’s finite spontaneous emis-
sion rate.

In a multiple atomic system, the cooling mechanism
becomes more intriguing in a sense that spin-phonon corre-
lations can arise via light-matter interactions [26,29]. This
correlation builds up via photon-mediated dipole-dipole inter-
actions (DDIs) in free space [30-35], which can further be
tailored into a strong coupling regime in an atom-waveguide
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interface [36-38] with controllable directionality of the spin-
exchange coupling [39—47]. Using this photon-mediated and
collective DDIs as cooling mechanism has been investigated
in two ions in free space [48], one-dimensional ion crystal me-
diating with guided modes [49], cavity-mediated atoms [50],
optically bound cold atoms [51,52], and two atoms in an
atom-waveguide interface [53]. This presents a pathway, not a
shortcut, to a superior cooling behavior than in a single atomic
system via collective spin-exchange interactions between con-
stituent atoms.

In a chirally coupled atom-waveguide interface, a superior
cooling behavior emerges from nonreciprocal couplings that
allow distinct and directional heat removal, where the steady-
state phonon occupation of the target atom under asymmetric
driving conditions can surpass the single atom limit toward a
cooler regime [49,53]. By contrast, a heating behavior arises
at the reciprocal coupling regime owing to strong spin-spin
correlations among the atoms [49]. Interestingly, this heating
mechanism can be modified and turned into cooling instead
by introducing nonguided modes in the interface. This shows
a more realistic scenario in most of the atom-waveguide sys-
tems, where finite nonguided modes in the system give rise to
a less strongly coupled regime, while these extra nonguided
modes can reduce the spin-spin correlations relevant in heat-
ing and lead to a new parameter region that allows cooling.
We find that a similar form of photon-mediated DDIs in free
space resembles the ones in the atom-waveguide interface
at reciprocal couplings with nonguided modes. This guides
us further in this paper to explore the possibilities for better
cooling behaviors in free-space trapped atoms with assis-
tance of photon-mediated DDIs, which provides a surpassing
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FIG. 1. Schematic plot of sideband cooling under photon-
mediated DDIs on an equilateral triangle with an interparticle
distance sj;. A laser (red beam and arrow) is applied on the tar-
get atom and resonantly drives the red-sideband transition |g, n) —
le, n — 1), which cools the atom toward |g, n — 1) through sponta-
neous emission (green arrow). The effect of photon-mediated DDIs
manifests in the spin-exchange interactions (blue arrow), which spin
flips the other atoms through multiple light scattering with a con-
servation of total atomic excitations. The other two spectator atoms
serve as refrigerants and provide a distinct cooling mechanism of
removing extra heat from the target atom via collective and resonant
DDIs.

mechanism to go around the cooling barriers encountered in
noninteracting single atoms.

Here we employ the dark-state sideband cooling scheme in
trapped atoms as shown in Fig. 1, where an effective two-level
structure of atoms can be denoted as |e) and |g), which can
be constructed by two hyperfine ground states coupled by two
laser fields in a A-type atomic structure. The photon-mediated
DDIs emerge owing to rescattering events of light mediating
all constituent atoms. Under this collective spin-exchange in-
teractions and assuming asymmetric driving conditions, we
present a surpassing cooling performance from the steady-
state phonon occupations in the target atom by placing the
atoms at the magic interparticle distances. We further inves-
tigate different atomic configurations in a multiatom setup
with a laser detuning and different light polarization angles,
where we find more magic spacings that allow superior cool-
ing behaviors and demonstrate the multiatom improvement in
cooling as the number of atoms increases.

The remainder of the paper is organized as follows. In
Sec. II, we introduce the Hamiltonian and master equa-
tion with Lindblad forms of photon-mediated DDIs. In
Sec. III, we define the magic interparticle distances by lo-
cating the zeros of the energy shifts in the photon-mediated
DDIs. We further explore various atomic configurations in a
two-dimensional space, including the effect of laser detuning,

light polarization angles, collective frequency shifts, and the
number of atoms, on the cooling performance of the target
atom. Finally, we discuss and conclude in Sec. IV.

II. HAMILTONIAN AND MASTER EQUATION

We consider a conventional model of N trapped atoms
under the standing-wave sideband cooling with a two-level
atomic structure [15,19,49] or the dark-state sideband cooling
within two hyperfine ground states using a A-type atomic
configuration [20,53]. In this two-level atomic structure, all
atoms are confined locally in a one-dimensional harmonic
trap potential with a frequency v, which should be the most
weakly confined direction compared to the other spatial de-
grees of freedom. In the dark-state sideband cooling scheme,
the effective two-level structure can be formed by quantum
interference through two laser fields operating on one com-
mon excited state. Under the condition of large two-photon
detuning, a manifold of two hyperfine ground states construct
the dark-state bases, resembling the sideband cooling scheme
but with a modified laser coupling strength and an associated
spontaneous emission rate [19,53]. Here we use |g) and |e) as
an effective two-level atomic structure in Fig. 1, which can
equivalently be mapped to the dark-state bases, and we note
that these system parameters can be tunable and tailored to
ensure the sideband cooling condition.

In the LD limit where its parameter n = kegr/+/2mv < 1
with an atomic mass m and an effective wave vector kegr, we
have

N N
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where o, = |g) (el (a/j) represents the lowering (raising)
operator and a,, (a;) is the creation (annihilation) operator
in a phononic Fock space |n). The laser Rabi frequency is
denoted by €2, with an atomic label u for inhomogeneous
driving conditions and a detuning A = w; — w,, indicates the
difference between the laser central frequency and the atomic
transition frequency in the sideband cooling scheme [15] or
an eigenenergy shift A = —w, for the eigenstate |e) in the
dark-state basis [20] where w, = 0 for |g). The kef can be
Weg/c or (ki cos @i — ky cos¢y) in the dark-state basis with
two laser wave numbers kj«) and corresponding projection
angles ¢;(2) to the motional direction.

The system dynamics can then be described by a master
equation with a density matrix p for N atoms, which reads
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where the Lindblad map is defined by L,,[p] = 0, palj —
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The effect of photon-mediated DDIs [30] manifests in g,
and y,,,, which represent the collective frequency shifts and
decay rates, respectively, with I' quantifying the effective
decay rate from |e). They depend on the relative distances
between atoms, & = k|5,,| = k|#, —7,| with k =27 /1 and
laser transition wavelength X, showing the long-range nature
of pairwise interactions [54], and also their dipole polarization
angle cosf =d - Suv, where d is the unit vector of polar-
ization. In general, p involves a tensor product of spin and
phononic states for all atoms ]—[fle e o lgle), n),, where
we introduce a cutoff number of Fock states n. in practice,
which should be large enough for convergence in steady-state
calculations. This is particularly valid in the sideband cooling
regime with a finite n., where (n,,) = tr(a},a,pq) < 1 under
a steady-state density matrix pg from pg = 0 in Eq. (2).

The essence of the sideband cooling mechanism results
from a resolved and red-sideband transition v > n€2,,, I' and
A = —v, which decouples the atoms from blue-sideband and
carrier transitions and transfers the atom toward the motional
ground state as (n)) (I'/v)?® [15]. This lowest-possible
phonon occupation is limited by the spontaneous emission
strength I', which can be broken by introducing nonrecip-
rocal and collective decay channels in a one-dimensional
resonant DDIs of an atom-waveguide interface, where a
minimal value, as n€2; — 0, can reach without limit as
(n)™n (7T /v?) [49,53]. This shows a new realm of
using collective DDIs as an alternative cooling mechanism
in nanophotonic devices to go beyond the single-atom limit
in free space. Below we further explore the enhanced cooling
scheme using photon-mediated DDIs in free space by tailoring
various atomic configurations.

III. ENHANCED DARK-STATE SIDEBAND COOLING

In this section we present our main results of enhanced
cooling behaviors utilizing photon-mediated DDIs. We first
show the magic spacing in few-atom configurations, which
manifests superior cooling performance. We further elaborate
more on the other magic interparticle distances that also allow
enhanced cooling owing to the variations of light polarization
orientations. Then we continue the investigation on the laser
detuning and multiatom configurations. Essentially, up to 13%
to 17% reduction of the phonon occupations compared to
the single atom case can be reached in our considerations.
This shows the capability of photon-mediated DDIs in further
cooling of free-space atoms beyond the limit in a single atom
setup.
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FIG. 2. Magic spacing and enhanced sideband cooling in few-
atom cases. (a) Collective energy shift g|, and decay rate y;, with a
perpendicular polarization for various atomic separation s;». A magic
spacing s, >~ 0.7133X can be identified where g, vanishes. (b) A
normalized phonon occupation of the target atom (1 )mu Over the
single-atom result (1, )gingle in the multiatom setups of atoms forming
a line (blue-solid line) or an equilateral triangle (red-dashed line) for
s12 within A. The sideband cooling condition is chosen that A = —v,
' =0.1v, and n2; = 0.04v. A maximal superior cooling appears
when 51, is chosen at the magic spacing s,,,.

The reason why an enhanced cooling can emerge or can
be beneficial under resonant DDIs that cause reabsorptions of
light, in contrast to magnetooptical traps or conventional laser
cooling techniques, is due to the inclusion of the spectator
atoms under the asymmetric driving conditions and the magic
interparticle distances we identify. The spectator atoms act as
a heat sink to remove phonons away from the target atom.
Meanwhile, the resonant DDIs are reciprocal, which can, in
turn, bring back the phonons to the target atom through spin-
exchange processes. It is this asymmetric driving field which
effectively removes more heat than the one returned from
the resonant DDIs and makes possible an enhanced cooling
region in the considered parameter regimes. The reabsorption
process does not always lead to a better cooling. As in Fig. 2
which we will demonstrate later, when the atoms get closer
to each other, multiple scattering from strong DDIs would
conversely heat up the target atom.

For the temperature of the spectator atoms, we note that
first we assume the system is in the LD regime, and therefore,
all the atoms including the target atom are already close to the
zero-phonon ground state. This is a valid assumption when all
the atoms are precooled in the conventional dark-state side-
band cooling. What is essential here is that via the asymmetric
driving condition, the target atom can be cooled even further
into the motional ground state compared to the single-atom
limit. This presents the essential role of the spectator atoms
which transfer or remove more heat than the reabsorption pro-
cess by resonant DDIs only when the interparticle distances
are chosen near the magic spacings.

A. Two- and three-atoms’ cases

Here we first consider two- and three-atom configurations,
where one of them is denoted as the target atom and the rest
of them are spectator or refrigerant atoms. As shown in Fig. 1,
the role of the spectator atoms serves as quantum emitters
to mediate collective spin-exchange interactions. Under the
asymmetric setting where only the target atom is driven by
the laser field, we are able to neglect the motional degrees of
the residual atoms (corrections of higher order than 7729% Jv?
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FIG. 3. Magic spacings, associated collective decay rate, and enhanced cooling in a two-atom setup. (a) A set of (s;2, &) denoted by solid
lines with vanishing frequency shifts gi,(s12, 6) with cos 6 = d. $12 and 51, < L. We select A to F as representative points of magic spacings,
at which the corresponding collective decay rates y;, and normalized cooling behaviors are shown in (b) and (c), respectively. The definition
of 6 can be seen clearly in the inset plot of (c) and multiple magic spacings show up at g, = 0 when @ is varied. Other system parameters are

same as those in Fig. 2.

in phonon occupations) and keep the target atom’s phononic
degrees of freedom, which hugely reduces the complete and
many-body spin-phonon spaces in Eq. (2). This asymmet-
ric driving condition wasinvestigated in sideband cooling of
ions and EIT cooling of neutral atoms in an atom-waveguide
interface [49,53], which allows new parameter regimes for
superior cooling behaviors than the single-atom case.

We numerically obtain the steady-state solutions of the tar-
get atom (n;)myy in @ multiatom setup with photon-mediated
DDIs from Eq. (2) by choosing n, = 1. This truncation num-
ber is sufficient in the LD limit, and we also confirm it
by using n, = 2, where we obtain converging results. As
a comparison, we normalize the results by the single-atom
value (11 )single Without photon-mediated DDIs, where the ratio
(n1)muti/ (1 )single Shows enhanced cooling behaviors when it
is below 1. We can identify the magic spacing in the two-
atom case in Fig. 2(a), which corresponds to a maximally
enhanced performance of sideband cooling in Fig. 2(b). Un-
der the perpendicular polarization case where d - S =0,
we locate the interparticle spacing s,, ~ 0.71A in terms of a
transition wavelength A, as a magic distance where its corre-
sponding collective frequency shift g;, vanishes. This absence
of collective frequency shift resembles the cooling condition
at £ =0, in exp(i§) [49,53] as the spatial dependence of
an infinite-range photon-mediated DDIs in a one-dimensional
atom-waveguide platform [39,40]. At s, with a finite y,
and |y;p] < T' (as it is always true for & # 0) as shown
in Fig. 2(a), this condition accesses the cooling regimes as
in an atom-waveguide system at reciprocal couplings with
nonguided modes which can be quantified exactly as ypon =
(" = 1y12]) [49].

The physical intuition for the location of magic spacings
can be guided by a finite y;,, along with a vanishing gj,.
This reflects a parameter regime where an extra y,o, dissipates
extra heat for the individual atoms through spontaneous emis-
sions, while a collective spin-exchange coupling determined
by yi» serves as the role to exchange phonons via multiple
scattering of light. Combined with an asymmetric driving,
more heat can thus be removed from the target atom to the
spectator atoms under the condition of magic spacings. When
|g12| grows and deviates from the vanishing point at the magic
spacing in Fig. 2(a), off-resonant spin-exchange couplings

become less efficient in transferring heat to the spectator
atoms and gives rise to a heating effect instead.

We note that the identification of the magic spacing in
Fig. 2 also suggests a minimal y;, approximately. This can
be explained by Egs. (3) and (4), where g1, o —sin(£)/& and
y12 x cos(£)/€ in a limit of a large £ >> 1. This suggests a
magic distance of & = 3w /2 ~ ks, in Fig. 2, which leads
to a vanishing g;» and a minimal y, as well approximately.
However, for different light polarizations 6 # 7 /2 as shown
later in the next subsection and in a short distance limit,
more various magic spacing appear still at a vanishing g,
but with a finite y;; “not” in its minimum (identified in the
line connected by the points A, B, and C in Fig. 3). Therefore,
this insightful connection between the vanishing of g, and the
minimum of y;, for magic spacing is approximately genuine
at a long-distance limit.

In Fig. 2(b), a configuration of equilateral triangle with an
interparticle distance at the magic spacing s,, = s,, shows
an example of extension to the two-atom case. All mutual
energy shifts and decay rates are equivalent to the case of
two atoms in a line and g,, vanishes simultaneously in these
configurations, near which a maximal cooling performance
emerges. A finite region of enhanced cooling performances
can be seen as well for sy, around s,,, where |g1| arises and
compromises the cooling performance. Later in Sec. III. C,
we will show that this effect can be counteracted by a laser
detuning, which leads to new cooling parameter regions and
brings the system back to enhanced cooling again. In the
following discussion, all the polarizations d are set in the z
direction and the atoms are placed on the x-y plane without
loss of generality. Throughout the paper we also fix the value
of n€2; as in Fig. 2(b) in general. We note that the performance
of cooling can further be improved as 1n€2; decreases, but
its cooling rate would be compromised owing to weak laser
fields.

B. Various magic spacings

Here we further explore other possible magic spacings in
a two-atom setup as we vary the polarization angles 6. In
Eq. (3), the polarization angle modifies the short-range be-
haviors of the collective frequency shifts and more crossing
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FIG. 4. The effect of laser detuning and collective frequency shift on the cooling performance. (a) A schematic plot shows the effect of
nonvanishing collective frequency shift €2, in the spin-exchange processes (blue arrow), which leads to a worse cooling behavior when the
laser (red arrow) is tuned on the conventional red-sideband cooling condition. (b) A diagram of cooling performance for laser detuning and
interparticle distances in the two-atom case. (c) An isosceles triangle configuration with equal side lengths at s,, & 0.71X presents the optimal
enhanced cooling at ¢ = /3 on the target atom at the top vertex, where the best cooling behavior emerges with vanishing collective frequency
shifts for the target and the spectator atoms. For other angles ¢ corresponding to different three-atom configurations (say a line of atoms at
¢ = m), a suppressed exchange process owing to finite €2; leads to a worse performance but still better than the single-atom case. Other system

parameters are the same as those in Fig. 2.

points arise at g, = 0 when 6 is varied. In Fig. 3(a), we
show these crossing points with 51, < A, where we identify
the magic spacings from g>(s2, 6) = 0. As 0 is tuned toward
zero, a parallel polarization to the line axis of two atoms,
a multiple of magic spacings show up and allow possible
enhanced cooling behaviors. We choose six representative
points from A to F to trace the changes of the associated
collective decay rates y;, and corresponding cooling perfor-
mances in Figs. 3(b) and 3(c), respectively. For s1, > A, y1»
in Eq. (4) decays as o 1/£ at long distances, which becomes
weakened, turning the system toward a noninteracting regime
with less significant photon-mediated DDIs. The point F at
6 ~ 7 /2 corresponds to the case in Fig. 2, where the cooling
performance is moderate as (71 )muli/(71)single ~ 0.95, a 5%
reduction from the single atom case.

In Figs. 3(b) and 3(c), we can trace the changes of y,
and cooling behaviors according to the magic spacings in
Fig. 3(a). The positive and negative y, corresponds to the set
of magic spacings s, = s,, determined by the crossing points
when g, = 0 and demonstrates multiple oscillations of g,
within an interparticle distance of A when 6 < 0.357. Within
this interparticle range, we find that the maximal cooling
performance appears around the point B, which is optimal
with an approximately 17% reduction compared to the single
atom result. In its trace between points A and C, we find
significant |y12|/T 2 0.5 comparing the corresponding values
in the trace D-E-F. This shows that an optimal cooling condi-
tion emerges at a finite || satisfying 0.5 < |y;2|/T < 0.8,
in between a moderately interacting regime where y,/I" ~
0.4 (point A) and the heating regime where y;, — ' (point
C). In the moderately interacting regime, photon-mediated
DDIs play some role in initiating the cooling mechanism to
remove the extra heat with assistance of a finite (I — |y2])
as the nonguided modes in an atom-waveguide system. On
the other hand, near the point C, the magic spacing is very
close to 0.05X, reaching the strongly interacting regime that
hosts Dicke superradiance [55] with high spin-spin correla-
tions, and thus leads to heating instead. This particular heating

mechanism owing to strong spin-spin correlations is also
predicted in an atom-waveguide interface specifically at re-
ciprocal couplings without nonguided modes (I' — |y12| —
0) [49], which retains the phonons within the constituent
atoms and effectively heats up the system.

In the trace of the points D-E-F, they are close to the
noninteracting regime where |yj;| — 0. In the noninteract-
ing regime, photon-mediated DDIs become irrelevant and the
cooling performance we defined approaches the single atom
result, that is, no significant enhanced cooling can be identi-
fied. This exactly reflects to the result at the point D where
(1) muti/ (M1 )singe ~ 1.0. Comparing the points A and F, |y1;]
at A is slightly larger than the one at F, which results in a
slightly more enhanced cooling performance at A as shown in
Fig. 3(c).

C. Effect of laser detuning and collective frequency shift

Next, we release the exact sideband cooling condition of
A = —v and investigate the role of laser detuning with nonva-
nishing collective frequency shifts in the cooling performance
of constituent systems. As shown schematically in Fig. 4(a),
as the interparticle distance s, varies, a finite Q2; = g1, arises
when s # s,,. This finite frequency shift degrades the best
cooling performance, but can be compensated by the driving
field detuning. We expect that a detuned laser field away from
the sideband cooling condition would allow new parameter
regimes of cooling.

In Fig, 4(b), we numerically calculate the cooling perfor-
mance with dependence of laser detuning and interparticle
distances in the setup of two atoms. In this plot, we can see
that the magic spacing emerges at the value we found in Fig. 2
when A = —v. When this condition is released, we obtain
another magic spacing at s;p/A =~ 0.25 when (A +v)/I" =
—0.3, which corresponds to gi,/I" &~ 0.3 as shown Fig. 2(a).
This presents that the frequency shift can be counteracted by
the laser detuning and the cooling behavior at this second
magic spacing shows an even better performance than the one
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we have located in Fig. 2(b). We note that a banded area of
magic spacings for significant enhanced cooling is not spotted
here, but only two restricted areas are shown for superior cool-
ing performance. Since the cooling performance is determined
by both g1, and y;, simultaneously, it is not necessarily that
an enhanced cooling appears at A + v & —gj, without sig-
nificant |yy|. The area for (n1)muii/(11)single = 1.0, however,
follows closely the condition of A + v &~ —gj, and encloses
these two restricted areas. At syp/A < 0.2, a shrinking and
narrow region of enhanced cooling reflects the abrupt rise of
g12 which requires an even larger red detuning of the laser
field to counteract its effect before the heating mechanism
takes over as yj, approaches I'. Similar heating effect can be
seen as well at the point C in Figs. 3(b) and 3(c).

In Fig. 4(c), we consider an isosceles triangle configura-
tion, where the target atom is placed at the top vertex of this
triangle with equal side lengths of s, for vanishing collec-
tive frequency shifts. As the angle ¢ changes, a finite and
varying collective frequency shifts on the refrigerant atoms
can arise and thus modify the cooling behavior in the target
atom. The best enhanced cooling performance emerges at
¢ = /3, which combining the result of Fig. 2(b) indicates
that the optimal cooling behavior favors an equilateral triangle
structure in the ¢-s;, phase spaces. This shows the effect of
frequency shift either on the target and the spectator atoms in
Fig. 2(b) or only on the spectator atoms in Fig. 4(c), where
spin-exchange-assisted enhanced cooling can be allowed in
constituent atoms with photon-mediated DDIs. An optimal of
(n1)muti/ (n1)singe ~ 0.87 can be obtained with an enhanced
cooling in broad parameter regimes of ¢, unless when ¢ — 0,
reaching the cooling behavior of a single atom owing to the
divergent frequency shift between the spectator atoms. This
indicates the suppression of collective spin-exchange interac-
tions owing to nonresonant light-atom couplings and leads to
an ineffective cooling mechanism.

D. Multiatom configurations

Finally, we explore multiatom configurations based on the
previous findings. As previous sections indicate, the collective
frequency shifts on the target atom should be avoided under
the sideband cooling condition to allow for the best enhanced
cooling performance. Therefore, we put the target atom at the
center of a hexagonal structure with the other spectator atoms
placed on its vertices and consider the configurations up to five
atoms. By choosing the side lengths equivalent to the magic
spacing, the target atom experiences null frequency shifts of
photon-mediated DDIs from the other atoms. This way we are
able to investigate the structure and multiatom effect on the
cooling performance of the target atom.

As shown in Fig. 5, the laser beam can be aligned directly
on the target atom in the plane formed by the atoms or in a
slightly off-plane angle. This is sufficient to fulfill the asym-
metric driving condition, where the spectator atoms serve as
mediators that exchange photons with the target atom via the
photon-mediated DDIs. As N increases, we find a moderate
enhancement of cooling performance as (11 )muli/{1)single ~
0.84 for N = 5 comparing the cases of (n1)muli/{1)single ~
0.95 and 0.87 for N =2 and N = 3, respectively. However,
we can also see that the cooling performance saturates as N

(2) (b)

Sm

FIG. 5. All possible (a),(b) four- and (c)—(e) five-atom config-
urations placed at the center and on the hexagon vertices. The
target atom lies at the center with hexagon’s side lengths chosen as
magic spacings s,, =~ 0.711. The cooling enhancement can be ob-
tained from (7)) muii/{71)singe Which are 0.863, 0.864, 0.842, 0.849,
and 0.890, respectively, in (a)—(e), showing a moderate enhance-

ment in cooling behaviors comparing the cases of N =2 and 3 in
Figs. 2(b) and 4(c).

increases as well as even less enhanced cooling performance
emerges in Fig. 5(e), which we attribute to the finite frequency
shifts between the spectator atoms. The collective energy shift
in the target atom from the spectator ones cannot completely
be avoided when even more atoms are added around it unless
the atoms sit at the vertices of a hexagon. This suggests a
weakening effect of multiatom enhancement in cooling and
a three-dimensional atomic structure cannot resolve this issue
since new projection angles between light polarizations and
interparticle axes arise and lead to nonvanishing energy shifts
on the target atom.

IV. DISCUSSION AND CONCLUSION

The enhanced dark-state sideband cooling investigated
here can either utilize two-level or three-level atomic struc-
tures, where tunable external laser parameters can be tailored
to fulfill the requirement of the resolved sideband cooling
condition. Therefore, our results can be applicable to subre-
coil cooling of trapped atoms with surpassing performances
by utilizing photon-mediated DDIs in atomic arrays with
well-controlled positions. This outperformed cooling behav-
ior results from long-range spin-exchange couplings which
enable an enhanced cooling by removing extra heat under an
asymmetric driving condition. Precise placements of atoms
can be realized in versatile and reconfigurable optical tweezer
arrays, which have been applied in neutral atoms [56,57],
molecules [58,59], and ions [60-62]. With an exquisite con-
trol of atom arrays, the laser-cooling technique presented here
is particularly useful and faster in preparing the motional
ground state of atoms [18,63,64] without requiring atom-atom
collisions in evaporative cooling. This presents the capability
of long-range DDIs and their collective nature, which hosts
notable spin-phonon correlations within the constituent atoms
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and opens up new parameter regimes for distinct cooling
mechanisms.

As for experimental realizations, we can use either rubid-
ium [65] or cesium atoms [66]. Their laser transitions can
be 5512 — 5P;;; with a transition wavelength 780 nm and
6S1/2 — 6P;,, with 852 nm, and their intrinsic line widths
are 2 x 6 and 2t x 5 MHz, respectively. For a A-type dark-
state cooling scheme, we take 35Rb atoms as an example [53].
Considering the two laser fields with circular polarizations
ot and o~ on the common excited state, two hyperfine
ground states can be chosen as |F =2, mp = 1) and |F = 3,
mp=3) or |F=2,mp=0) and |F =2,mp =2) for D,
transition and |F =2,mp =1) and |F =3,mr =3) or
|F =3, mp = —=3) and |F = 3, mg = —1) for D; transition.
In the dark-state cooling manifold, the effective I' between
two dark states can be tunable and satisfy the sideband cooling
condition I' <« v, where v & 27 x 0.2 MHz [67] as a weakly
confined optical trap. For a feasible experimental demonstra-
tion of our proposed scheme and the presented results, a
precooling of the system is required owing to the finite n,
we considered in calculations. The precooling process can be
initiated by sub-Doppler cooling to (n;) = 1, corresponding
to a temperature around 10 uK based on a thermal population
distribution [1,18]. The tweezer array can then be loaded
from this magnetooptical trap and a single atom in an opti-
cal tweezer can be cooled further down to a level of (n;) =
0.01 — 0.1 by sideband cooling [18,63]. Since we verified our
results by taking n. = 2 as well, which converges with the
results using n, = 1, our proposed scheme and the associ-
ated steady-state calculations can sustain under a precooling
requirement either after a sub-Doppler cooling or a Raman
sideband cooling scheme for single atoms. Finally, aside from
using versatile optical tweezer arrays in our proposed scheme,
an optical lattice for trapped atoms can be feasible as well.

Taking a magic spacing of 0.7A for rubidium atoms as an
example, a laser wavelength of 1.1 um would be required,
while the lattice spacing can be adjusted to the magic spacings
as well by tuning the angles between two counter-propagating
laser beams. A triangular or honeycomb optical lattice in
Fig. 5 can be realized as well by using three beams structure
with relative angles of 27 /3 [68,69].

In conclusion, we theoretically investigate the dark-state
sideband cooling of tapped atoms in free space with assistance
of photon-mediated DDIs. We find that an enhanced cooling
performance emerges and surpasses the conventional resolved
sideband cooling in a single atom. This cooling mechanism
is essential in driving the atom toward its motional ground
state via spontaneous emissions. We present that a superior
dark-state sideband cooling can be feasible when the atoms
are placed at the magic interparticle distances, where the col-
lective frequency shifts on the target atom becomes vanishing.
An outperformed cooling behavior in the target atom also
shows up in various multiatom configurations under varying
laser detuning and light polarization angles, where we further
demonstrate the multiatom improvement in superior cooling
performance. Our results provide insights to subrecoil cooling
of atoms with assistance of collective DDIs in free space and
pave the way toward realizing genuine quantum operations in
multiple quantum registers.
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