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Entangling distant atom clouds through Rydberg dressing
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In Rydberg dressed ultracold gases, ground-state atoms inherit properties of a weakly admixed Rydberg state,
such as sensitivity to long-range interactions. We show that through hyperfine-state-dependent interactions, a
pair of atom clouds can evolve into a spin and subsequently into a spatial mesoscopic superposition state: The
pair is in a coherent superposition of two configurations, with cloud locations separated by micrometers. The
mesoscopic nature of the state can be proven with absorption imaging, while the coherence can be revealed
though recombination and interference of the split wave packets.
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Introduction. When and why mesoscopic objects begin to
behave according to our classical intuition, as exemplified by
Schrodinger’s famous thought experiment [1], remains one of
the fundamental questions in physics. Experimental progress
to demonstrate quantum coherence in mesoscopic systems is
impressive, with the recent creation of superposition states of
macroscopic Josephson currents [2], ten photonic qubits [3],
six atomic hyperfine qubits [4], photon coherent states [5], as
well as interference of fullerenes and even large biomolecules
[6], and many more [7,8].

In most of these experiments the quantum-mechanical su-
perposition does not pertain to an intuitive classical observable
taking common-sense values, such as the original “alive”
or “dead” of Schrodinger’s cat. Instead, the superposition
typically is achieved with intrinsically quantum-mechanical
degrees of freedom (hyperfine or photon number states). Real-
izations of position-space superpositions have been limited to
small delocalization lengths (several 100 nm for Ref. [6]),
the resolution of which requires sophisticated near-field
interferometry. Here, we propose a mesoscopic superposition
in the relative distance of two ultracold atom clouds more than
10 um apart. The relative distances of the two superposed
configurations also differ on a micrometer scale, hence the
existence of the two possible cloud configurations can be
revealed with direct absorption imaging and the coherence of
that superposition can be proven by interference upon recom-
bination, taking mesoscopic spatial quantum superpositions
into the optically resolvable micrometer domain.

In contrast to prior proposals with ultracold or Bose-
Einstein condensed atoms (e.g., Refs. [9-17]), we use Rydberg
states, taking advantage of their inherently strong long-range
interactions and short dynamical time scales [18,19]. The
resulting internal forces [20,21] let the system turn itself
from a mesoscopic superposition (cat) state of spin degrees of
freedom [22,23] into a spatial cat state. In addition, Rydberg
systems typically allow for an accurate control of decoherence
mechanisms.

The scheme (see Fig. 1) is based on a pair of atom clouds,
each containing about 20 alkali atoms, which can be in one
of two hyperfine levels |g) and |k) of the atomic ground state.
To induce long-range dipole-dipole interactions [18,24,25]
between the clouds we weakly dress the states |g) and |h)
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with Rydberg states |s) and |p), respectively [26-31]. These
are chosen such that each cloud is in the full dipole-blockade
regime [32], where only a single Rydberg excitation per cloud
is possible. However, the intercloud distance is so large that
excitations in different clouds do not block each other. Such
interactions can lead to collective relative motion of the clouds,
with a repulsive or attractive character depending on the total
hyperfine state.

To realize this scheme, we first identify a suitable effective
state space and Hamiltonian for our system. We then show
how to create a hyperfine state, formally already a spin cat
state [23,33], in which the two clouds evolve as a coherent
superposition of attractive and repulsive dynamics. After a
brief dwell time, single-shot absorption images would at this
stage show either the green or the red configuration in Fig. 1(b).
To see the coherent character of this many-body state via
interference fringes, recombination of the two configurations
is finally possible with the help of an external (double-well)
potential, as demonstrated at the end of this Communication.

Ultracold Rydberg dressing, dipole-dipole interactions,
and blockade. Consider an assembly of 2N neutral atoms of
mass M located at positions r,, restricted to one dimension
and confined to a double-well atom trap. Half of the atoms
are localized in one of the wells, forming cloud A and the rest
in the other well, forming cloud B. Near the centers of each
well at x = £d /2, the potential is approximately harmonic,
V(ry) = Mw*(r, £d/2)?/2, and the atoms are initially in
the Gaussian trap ground state of width o = /h/Mw. We
consider four essential states in 8’Rb atoms. Two of them
are long-lived hyperfine states | F,m ), namely, |g) = |1,—1)
and |h) = |2,1) (F is the total angular momentum and m r the
associated magnetic quantum number). The other two essential
states |v,/) are Rydberg states, designated by [s) = |80,0)
and |p) =180,1) (v is the principal quantum number and
[ the orbital angular momentum). The Rydberg states are
coupled to the ground states with Rabi frequency 2 and
detuning A, as sketched in Fig. 1(a). The coupling is off
resonant, hence o = Q2/2A « 1. As shown in Ref. [29] this
arrangement gives rise to effective long-range (state changing)
dipole-dipole interactions of the form D(r)(|gh)(hg| + c.c.),
between dressed ground states |g) ~ |g) + als), |h) ~ |h) +
a|p). We have D(r) ~ a*11? /13, where the transition dipole u
parametrizes the strength of the bare dipole-dipole interaction.
Hence, we can further reduce the essential electronic state
space of a single atom to |g) and |4), on which we build
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FIG. 1. (Color online) Schematic of Rydberg dressed atom clouds. (a) All atoms are in either of two hyperfine ground states |g),|h).
Dressing lasers can couple one atom per cloud to either of the |s),|p) Rydberg states. The Rydberg states participate in state changing
dipole-dipole interactions |sp) <> |ps). (b) Two atom clouds with width o, separated by a distance d; rp] indicates the blockade radius. Due to
hyperfine-state-dependent intercloud forces, a suitable initial state evolves dynamically into a nonclassical position-space superposition state,
with the pair of clouds in either the full shaded (red) or striped (green) configuration.

the many-body basis |k) = |k ... k) = ki) @ - ® |kaw),
where k; € {S} = {g,h} describes the electronic state of the
atom j. We formulate the many-body Hamiltonian

4 4 5 4 NP
A =Hy+Hw, Hu= ) DuRGYs!)+He,
neA,leB

2N
A —Z —£V2+V(r)
0= oM nl) |

n=1

(1)

with 6.1} = |k, ) (k,| where k,, k., € S in Hip, while D,y(R) =
D(|r, — r;]) describes the induced transition dipole-dipole
interactions. Here the operator 6 acts only on the Hilbert
space of atom n and as unity otherwise. The vector R =
{r1,...,ran}T contains all atom coordinates. Note that our
model contains no interactions between two atoms in the same
cloud, since the required doubly Rydberg excited intermediate
state is strongly energetically suppressed through the dipole
blockade, and can hence be neglected. The total number N, of
atoms in state | /1) is used to classify the electronic states, since
N, is conserved by I:Iim.

Having set up our effective state space and Hamiltonian,
we can construct adiabatic Born-Oppenheimer (BO) potential
surfaces Uj(R) defined by Hin(R)|¢i(R)) = Ui(R)|¢(R))
[34]. As discussed in previous work [35,36] the motion of
atoms is determined by these BO potentials, as long as
nonadiabatic effects are small (see also the Supplemental
Material [37]). We characterize Born-Oppenheimer surfaces
in the vicinity of the initial configuration sketched in
Fig. 1, with the dichotomic central many-body position Ry =
(=dJ/2,...,—d/2,d/2, ... ,d/Z)T around which the positions
of the atoms (R) are randomly distributed with width o. We
choose d = 11 pumand o = 0.5 um.

In Fig. 2(a) we show cuts through BO surfaces for states
with N, = N (half of the atoms in |k)) as a function of
d. The insets show coefficients ¢k of the two eigenstates
[Wrepfa) = Dk Ckreprae|K) With the largest absolute eigenval-
ues Upeprait(R) & £N 2D(d)/2. These states are of particular
interest, since the respective BO surfaces correspond to
motion of all atoms such that one observes an attractive or

repulsive dynamics of the two clouds as entities. This can
be deduced from the gradient of Uyep/ae. Consequently, after
preparing the twin atom clouds in a hyperfine state |W.y) =
(Waw) + [Wrep))/ /2, one obtains a spatial superposition state
as sketched in Fig. 1(b) through motional dynamics.

If our underlying basis is mapped onto a spin system [37],
this process can be viewed as conversion of a collective
spin state into a mesoscopic spatial superposition. The states
[Wrep/ae) are close to coherent spin states in this picture, as
sketched in Fig. 2(a). This conversion does not require external
fields, but proceeds entirely through internal interactions
within the system. Note that the collective cloud motion in
a blockade regime crucially relies on the dressed character
of the interaction. For bare dipole-dipole interactions only a
single atom per cloud would be accelerated [38].

Having established the fundamental mechanisms underly-
ing our system, we will outline how the initial hyperfine state
W) can be prepared, and then proceed to model spatial
dynamics and interference.

Initial state creation. The first stage of assembling |Wcy),
starting from the simple state |g) = (|k) with k, = g, Vn), is
to create |Wp). This can be achieved on time scales shorter
than that of atomic motion by using a microwave field which
couples the two hyperfine ground states so that the atom-field
interaction Hamiltonian during initial state creation is [39]

Hii(R) = Hiy(R) + Hyy,

Hy=Y" [Qrf(t)ﬁgf;) /2+He. + Ag(0)6 7],

n

2)

When we analyze the spectrum of Eq. (2) for constant Hi, and
Rabi frequency 2,4, as a function of microwave detuning Ay,
we see that the eigenstate |g) at large negative detuning evolves
continuously into |Wyp) at Ay = 0. This state is adiabatically
followed in Fig. 2(c), using the chirped microwave pulse shown
in Fig. 2(b). The pulse avoids nonadiabatic transitions since
the pulse length 7} is long compared to the inverse energy gap
AE~! between the two eigenstates with the highest energy.
The latter is well approximated by

AE(t) = / Aw(t)* + Qui(1)> + g(N)D(d), 3)
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FIG. 2. (Color online) (a) Born-Oppenheimer surfaces U,(R) as a function of d for the case 2N =8, 0 =1 um, « = 0.15, and pu =
5760 atomic units. Positions R have been chosen around Ry in accordance with a single realization of a Gaussian distribution (width o). The
insets show the eigenstates belonging to the highest and lowest (colored) energies. Red, top inset: Coefficients ck rep = (K|Wrep) of the most
repulsive (highest-energy) state. Blue, bottom inset: ck o = (K|War), most attractive (lowest energy). A plot of the modulus |ck a1t| coincides
with ck rep, since the states differ only by signs of coefficients (blue dashed, top inset). The transparent spheres visualize the Q functions of
[Wrepratt) in a pseudospin picture, in which the states resemble coherent spin states [37]. (b)—-(d) Creation of |Wep) for d = 11 um, using a
chirped microwave pulse as described in the text. (b) Time dependence of microwave Rabi frequency ;¢ (black) and detuning A.s/10 (red).
(¢) Resulting energy spectrum of Hini, Eq. (2), the gray (red) line, is the state to be adiabatically followed. (d) Energy gap between the two
highest states of (c) (black), compared with analytical prediction Eq. (3) (red dashed).

with an only weakly N-dependent factor g(N) ~ 0.5, as shown
in the Supplemental Material [37]. The result Eq. (3) simplifies
the determination of realistic parameter regimes. We have
numerically modeled the pulse of Fig. 2(b) for 2N = 8 and
found a fidelity F = [{Wyep|W(T5r))| = 0.85 when averaging
over the atomic position distribution. Our creation scheme for
[Wrep) closely follows the method of [40].

The second stage of initial state creation is to convert | W)
into |Wey). We find that W) and |Wyy) are always related
as shown in Fig. 2(a): [Wy) is obtained from |W) by a 7
phase shift to every coefficient of basis states involving an odd
number Ny, of atoms in |/2) in cloud A. By applying this phase
shift conditional on some control atom in a (|0) + |1))/+/2
superposition we achieve our goal. This can be realized
precisely as in a recent proposal for mesoscopic Rydberg
quantum computation gates [41] (see also Refs. [22,37]).
When modeling this final step of the initial state creation
sequence, we find that fidelity loss is negligible compared
to the one incurred in the previous stage of creating |Wrep).
This situation should persist for larger N [41]. The initial state
creation sequence just described is additionally robust against
fluctuations of atom numbers [37,42,43].

Spatial superposition state and interference. To turn the
electronic state |\W.,) prepared so far into a mesoscopic spatial
superposition, we keep the dressed interactions switched on
for an acceleration period 7, ~ 6 us, after which they are
adiabatically switched off to avoid spontaneous decay of the
Rydberg population. After mechanical evolution in the trap
for a time Tywp/4 = m/(2w), the clouds reach their maximal
displacement, where the macroscopic spatial superposition

character of the quantum state can be shown with pum
resolution atom detection. An absorption image would always
show two inert clouds, with a 50% probability at either of
the two configurations marked 7 and O in Fig. 3. If instead
the spatial dynamics is allowed to proceed until time Typ/2
where the spatial wave function recombines and all atoms are
reunited in the same hyperfine state [44], the absorption image
will show an interference pattern, demonstrating the coherence
of the superposition.

We solve the Schrodinger equation as in Refs. [35,37,45]
to model the quantum dynamics of acceleration, splitting, and
recombination for 2N = 4 in a plane-wave basis and for 2N =
6 in a Hermite-Gauss basis. Interference fringes develop in
the probability distribution p(z) of the relative intercloud
distance 2 = (3", .4 Ry — X_,c5 Rn)/N. We extract p(z) from
the many-body wave function as p(z,t) = fd_R|\II(R,t)|2,
where [ dR denotes integration over all coordinates orthog-
onal to z. At t = Tyyap/2, we find full contrast interference
fringes in both cases. We thus believe that they persist also
for larger atom numbers, as no new physics enters beyond
three atoms per cloud. Atomic densities and interference for
2N =4 are shown in Fig. 3, which additionally includes
results obtained with Tully’s quantum-classical algorithm
[20,36,46], with which slightly larger atom numbers can be
treated (~8-12). We find that nonadiabatic effects during the
acceleration phase are negligible, with a population loss of
Pry =1~ prp = 10~ out of the target state |W.y) for the
situation of Fig. 3. For larger N the situation improves further.

While computational demands limit the simulations shown
to 2N < 6,8 we extrapolate that spatial cat states are realistic
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FIG. 3. (Color online) Evolution of the initial hyperfine state |W.,) into a spatial superposition of cloud locations for 2N =4 and
trap frequency w = (2) x 400 Hz. We compare the total atomic density n(x,r) from quantum-classical simulations (gray shading, black
three-dimensional lines), to full quantum solutions (orange dashed). The lines overlayed on the gray shading are exemplary repulsive, marked
O (green), and attractive, marked / (red), quantum-classical trajectories. Transparent spheres show the conversion of a spin cat state into a
spatial cat state that would underlie this process for N = 20, spin coordinate axes for spheres as in Fig. 2. Nonadiabatic population loss P,,
from |Wcqac) during the initial acceleration phase is shown magnified in the left inset (magenta). The back panel shows the interference signal
found in the relative distance distribution p(z) at = Tyrap/2 (blue); note the different abscissa used.

for up to N =20 for the parameters used in this Rapid
Communication. Nonadiabatic effects during acceleration and
initial state creation are under control for larger N. The main
limitation comes from the lifetime of the Rydberg states used
for the dressing, since just a single decay has the potential
to destroy the fragile cat state. However, we can choose
parameters for which the probability of even a single decay
is small. This is for example achieved for d = 11 um, o =
0.5 um, @ = 0.15, assuming 87Rb atoms with v = 80. We use
= pov?, where 1o = 0.97 a.u. for 3’Rb. The overall lifetime
of the system under dressing interactions is Tife = 7/(2N),
with 7 = 19 /Ot2 and tp = 209.42 us [47]. For our parameters
Tiife = 0.23 ms, larger than the time required for initial state
creation (0.15 ms) and acceleration (6 us).

Conclusion. We have proposed a setup in which two cold
atom clouds of about 20 atoms each evolve dynamically by
internal forces into a spatial mesoscopic quantum superpo-

sition state if exposed to Rydberg dipole-dipole interactions
through dressing. The interactions create a state where two
entire atomic clouds simultaneously are at two quantum-
mechanically superimposed locations, which are macroscop-
ically distinguishable. Hence they can be resolved by visible
light.

The internal forces that induce motion of the atomic clouds
are also instrumental in creating the required intermediate
hyperfine state |Wyp). This state may have interesting applica-
tions by itself due to its entanglement structure between the two
clouds. Finally, the hyperfine state |Wy,) + [Wy) prior to any
spatial dynamics realizes a collective spin superposition state.
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