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Circular Rydberg atoms (CRAs), i.e., Rydberg atoms with maximal orbital momentum, ideally combine
long coherence times and strong interactions, a key property of quantum systems, in particular for the
development of quantum technologies. However, the dipole-dipole interaction between CRAs has not been
observed so far. We report the measurement and characterization of the resonant dipole-dipole interaction
between two CRAs, individually trapped in optical tweezers, and find excellent agreement with theoretical
predictions. We demonstrate a dynamic control over the strength of the interaction by tuning the orientation
of an electric field. We use the interaction between the CRAs as a meter for the interatomic distance,
and record the relative motion between two atoms in their traps. This motion, that we induce through
the interaction between Rydberg levels with permanent electric dipoles, transiently populated during the
preparation of the circular states, is a signature of spin-motion coupling.
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The manipulation of individual quantum systems,
whether in the form of atoms [1–4], ions [5], molecules [6–
8], superconducting qubits [9–13], quantum dots, or single
photons [14–16] has tremendously progressed in the last
decades, with the advent of quantum technologies relying
on their mutual interactions or coupling to external fields
[17,18]. The performance of these quantum devices is lim-
ited by decoherence, making it essential to maximize the
ratio between decoherence and characteristic interaction
times.

Circular Rydberg atoms (CRAs) are particularly inter-
esting in this context. These giant states, with high princi-
pal quantum number, n, and maximal orbital momentum,
� = |m| = n − 1, denoted |nC〉, have long lifetimes, in the
tens of milliseconds range for n ≈ 50, which can be even
further increased by spontaneous-emission inhibition [19–
22]. Their large electric-dipole matrix elements result in a
strong coupling to electromagnetic fields, instrumental for
microwave cavity QED [23] and for the metrology of static
electric fields [24].
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Rydberg-based quantum computation and simulation
rely on the strong dipole-dipole interaction between Ryd-
berg atoms [25–27]. Existing platforms use relatively
short-lived and untrapped laser-accessible low-� Ryd-
berg levels. Employing laser-trapped CRAs with a hun-
dred times larger lifetime would considerably improve
the performances of Rydberg-based quantum devices [20,
28]. Individual rubidium CRAs have been recently laser
trapped in the ponderomotive potential [29] created by
bottle-beam (BoB) optical tweezers [30] with an intensity
minimum surrounded by a light shell [31,32]. Strontium
CRAs have also been prepared [33] and laser trapped in
Gaussian optical tweezers addressing an ionic core tran-
sition [22]. But dipole-dipole interactions between CRAs
have not been observed so far.

In this work, we directly measure these interactions
with two rubidium atoms in the circular Rydberg states
|51C〉 and |52C〉, individually trapped in BoBs at an
adjustable distance d. The first-order dipole-dipole inter-
action Hamiltonian between the |nC〉 and |(n + 1)C〉
states reads

V̂DD = V(n)
DD(θ , d) σ̂X , V(n)

DD(θ , d) = C(n)

3
3 cos2 θ − 1

d3 ,

(1)

where σ̂X is the Pauli matrix in the {|nC, (n+1)C〉 ,
|(n + 1)C, nC〉} two-atom basis and θ is the angle between
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FIG. 1. (a) Sketch of the experimental setup: A sapphire cube (violet) holds electric-field control electrodes (gold) and two short-
focal-length lenses (cyan). One of them focuses two beams at 821 nm (green and orange). Their phase profiles are tailored by two
SLMs. The same lens collects 780-nm light (red) emitted by the trapped atoms. The Rydberg excitation lasers (magenta and blue)
enter the cube along the z0 axis. A microwave horn (M) shines a MW field into the UHV chamber (gray dashed square). A channeltron
(D) counts Rb ions guided towards it (black dashed line) by electrostatic lenses (not shown). The camera (F) collects the fluorescence
photons. (b) Sketch of the experimental sequence (not to scale) following the optical pumping to the |5S1/2, F = 2, mF = 2〉 ground
state. The state of the atom, following the laser excitation π pulse (violet rectangle), the MW1 and MW2 pulses (brown) (on the
|52D〉 → |52F〉 and |52C〉 → |51C〉 transitions, respectively) and the circularization process (orange), is indicated below. The green
rectangle indicates the time during which the BoBs are turned on. The arrows depict the relative orientations of the constant magnetic
field B (red) and of the time-varying electric field F (green). Prior to the MW2 pulse, the electric field may be rotated from F to F′. The
double-headed arrow indicates the time τ that separates the setting of the electric field F0 and the second MW pulse. The sequence
ends with field-ionization detection (gray) of the Rydberg atoms. (c) Sketch of the trap arrays: The atoms are loaded into the array of
Gaussian optical tweezers indicated by black dots. The sites that are circled in red belong to the “target” array. The angle θ0 between
the z and z0 axes is constant during one experimental sequence, while the angle θ between the electric field (F) and the z axis can be
dynamically tuned.

the interatomic and quantization axes. We use microwave
spectroscopy to measure V(51)

DD as a function of d and of θ .
The latter is controlled by the direction of an electric field,
which we can tune dynamically.

Moreover, we demonstrate that the interaction between
circular states acts as a sensitive probe of the interatomic
distance. We use this probe to observe the interaction
between the strong static dipoles of low-� states involved
in the circularization process. The resulting mechani-
cal force induces a sub-µm-amplitude relative motion
between the trapped CRAs revealed by microwave spec-
troscopy. The observed interaction-induced motion is a
clear signature of the coupling between internal and
motional degrees of freedom in Rydberg-atom systems
[34–36].

The experimental setup [30], depicted in Fig. 1, is
designed to trap individual ground-state rubidium-87
atoms in an array of Gaussian optical tweezers [37] and
to promote them into circular Rydberg states trapped in
BoBs. The traps are prepared at the focus of a short-focal-
length lens by applying dedicated phase masks with two

spatial light modulators (SLM1 and SLM2) [38] on a 821-
nm wavelength laser. The atoms are excited to circular
states by a combination of laser, microwave (MW) and
radiofrequency (rf) pulses. The Rydberg excitation lasers
enter the cube along the z0 axis (axes definition in Fig. 1).

The initial ground-state optical tweezers form an 8 × 3
array with a 30-µm step along the x direction and a step d
along the z direction, set at an angle θ0 from z0. We load
this array with a �60% efficiency per site. We record a
first fluorescence image to detect the trapped atoms and
reorganize them with a moving optical tweezer [39,40] to
prepare the “target” array (red circles on Fig. 1) composed
of three pairs of atoms (with a 98% success rate per pair).
A subsequent image is used to postselect the arrays that
have been prepared without missing or superfluous atoms.
In each pair, the atoms are separated by the distance d, with
an interatomic axis along the z axis. The spurious inter-
actions between separate pairs are always negligible (Sec.
A 4). We eventually adiabatically lower the intensity of the
optical tweezers to cool down the atoms to a temperature
approximately equal to 7 µK.
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FIG. 2. (a) Single-atom level diagram of 87Rb displaying the
780 nm fluorescence line and the Rydberg excitation transitions
(not to scale). (b) Two-atom level diagram in the {|52C〉 , |51C〉}
subspace (not to scale). In the presence of interaction, the
energies of the symmetric |+〉 and antisymmetric |−〉 states
(|±〉 = (|52C, 51C〉 ± |51C, 52C〉)/√2) are shifted from the no-
interaction levels (dashed line) by ±V(51)

DD . The frequency of the
|52C〉 → |51C〉 transition is indicated in green.

To excite the atoms into the circular Rydberg state
|52C〉 [30], we first optically pump them into the
|5S1/2, F = 2, mF = 2〉 ground state in a magnetic field
B = 13.9 G (Sec. A 3) along the z0 axis (Fig. 1), which
defines the quantization axis. There is no electric field
at this stage [sketch of the experimental sequence in
Fig. 1(b)]. We turn off the Gaussian traps and immediately
excite the atoms to the |52D5/2, mJ = 5/2〉 Rydberg level
(level diagram in Fig. 2) with a two-photon 0.5-µs-long
π -pulse laser excitation. It uses two σ+-polarized lasers
at 420 nm and at 1015 nm. We then turn on the array of
BoBs, prepared by SLM2, which has the same geometry
as the target array and is carefully aligned with it.

A 0.7-µs-long MW π pulse [MW1 in Fig. 1(b)] transfers
the atoms into the |52F , m = 2, mS = 1/2〉 state. We ramp
up within 0.9 µs the electric field F along the z0 axis to
F0 = 1.96 V cm−1. This field ramp adiabatically brings the
atoms into a m = 2 Stark state with a static electric dipole
along z0 equal to 3n(n − 5)/2 = 3666 in atomic units, with
n = 52 [41].

To avoid the interaction between these huge dipoles
within a pair during the circular-state preparation, we set
θ0 to the “magic” value θm = arccos(1/

√
3) ≈ 54.7◦: At

this angle, the interaction between static dipoles vanishes,
similarly to the interaction between circular states [Eq.
(1)]. We then linearly increase within 2 µs the electric
field to 2.13 V cm−1 while simultaneously shining a σ+-
polarized rf field at 225 MHz. The atoms are adiabatically
transferred into |52C〉. The complete circular state prepa-
ration, from the ground state to |52C〉, lasts 8 µs and

has a �70% efficiency. It is in part limited by the inho-
mogeneity of the excitation lasers over the whole array
(Sec. A 2) and by the room-temperature environment of
our setup, which reduces, through blackbody-radiation-
induced transfers, the lifetime of |52C〉 to 130 µs [30]. We
finally switch on the dipole-dipole interactions inside the
pairs by adiabatically rotating in the (x, z) plane the elec-
tric field, set to F = 2.05 V cm−1. Since the Stark effect
is always an order of magnitude larger than the Zeeman
effect, the electric field defines the quantization axis (Sec.
A 3). We use its rotation to set θ to an arbitrary value.

We measure the interaction between two atoms in |52C〉
and |51C〉 by microwave spectroscopy. We shine a MW
field near resonance with the |52C〉 → |51C〉 transition
[MW2 in Fig. 1(b)]. For an atomic pair, the MW field
couples the initial state |52C, 52C〉 to the symmetric super-
position |+〉 = (|52C, 51C〉 + |51C, 52C〉)/√2 [42]. The
transition to this superposition is shifted from the transi-
tion frequency for an isolated atom, ν0(θ), by δν(θ , d) =
−V(51)

DD (θ , d)/h, where h is Planck’s constant. The fre-
quency ν0(θ) is given by an analytic formula as a function
of the angle (θ − θ0) between the magnetic field and the
electric field (Sec. A 3). Here, we neglect the second-order
van der Waals interactions between atoms in the same cir-
cular Rydberg state, which range from h × 1 to 20 kHz in
our experiments (Sec. C).

Setting the distance between the atoms to d = d0 =
13 µm, we record the microwave spectrum of the |52C〉 →
|51C〉 transition by scanning the frequency ν of a MW
pulse with a duration approximately equal to 2 µs (Sec.
A 3). We measure the population 	n in the |nC〉 circular
Rydberg states, for n = 52 and 51, by field ionization [30].
We plot in Fig. 3 the transfer probability β = 	51/(	51 +
	52) as a function of ν for three different values of θ . When
θ = 0◦ or 90◦, two peaks are visible, a clear signature of
the interatomic interaction. One of them corresponds to the
|52C, 52C〉 → |+〉 transition. The other peak is centered
on the frequency ν0(θ), indicated by vertical lines, and cor-
responds either to the two-photon transition |52C, 52C〉 →
|51C, 51C〉, which is unaffected by the first-order dipole-
dipole interactions, or to the situation where one of the two
atoms of the pair is missing or has not been properly pre-
pared in |52C〉. This happens in particular because of the
decay of the circular states during the 7-µs delay that sepa-
rates the state preparation and the MW pulse. We introduce
this delay for the electric field to reach a steady value dur-
ing the MW pulse. Similarly, the decay from |52C〉 into
|51C〉 during the approximately 50 µs that separate the
preparation of the circular states and their ionization is
responsible for the nonvanishing out-of-resonance transfer
probability β � 0.15.

To confirm the collective character of the excitation of
the symmetric two-atom state |+〉, we record Rabi oscil-
lations on either the |52C, 52C〉 → |+〉 or the |52C〉 →
|51C〉 transition. The former is recorded with a pair of
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FIG. 3. Microwave spectra of the |52C〉 → |51C〉 transition.
The transfer probability β from |52C〉 to |51C〉 for an atom in a
pair is plotted as a function of the frequency ν of the MW pulse
for three different values of θ : 0◦ (red squares), 90◦ (blue cir-
cles), and 60◦ (green triangles). The vertical lines indicate the
corresponding values of ν0(θ). Every data point results from
an average over 400 repetitions of the elementary experimental
sequence. Error bars correspond to a 1-σ statistical standard-error
deviation. The solid lines are fits to the data by a sum of two
Gaussian peaks.

atoms, in the same conditions as for the measurement of
the microwave spectrum of Fig. 3, with θ = 90◦, setting
the MW-field frequency to ν0(90◦) + δν(90◦, d0). The lat-
ter is recorded by preparing only one atom in each pair in
the circular state |52C〉, setting the MW-field frequency to
ν0(θ). In Fig. 4, we plot β as a function of the duration tMW
of the MW pulse, in red for a single atom and in blue for
a pair of atoms excited to |+〉. A fit to the data by a sine
law reveals the Rabi frequencies �1 = 2π × 193(1) kHz
and �2 = 2π × 270(3) kHz, for the single- and two-atom
cases, respectively. This corresponds to a ratio �2/�1 =
1.40(2), in perfect agreement with the expected

√
2 factor,

signature of the collective excitation [43].
The reduction of amplitude between the single-atom and

two-atom oscillations is essentially due to the fact that β

cannot exceed 0.5 for the transition to |+〉, where only
one atom is transferred to |51C〉. The thermal spread of the
atoms in their trap, on the order of 0.15 µm, is responsible
for an additional amplitude reduction, as it contributes to a
broadening of the microwave spectrum (see Fig. 3, where
the shifted peaks are broader than the unshifted ones).

From the spectra in Fig. 3, we find the frequency shifts
δν(0◦, d0) and δν(90◦, d0) to be of opposite signs, as
expected from the angular dependency in Eq. (1). The
spectrum recorded with θ = 60◦ ≈ θm exhibits only one
peak. It illustrates the strong suppression of the dipole-
dipole interaction close to the magic angle. To obtain a
precise value of the frequency shifts δν(θ , d0) observed
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FIG. 4. Transfer probability β measured as a function of the
duration of the MW pulse, tMW, that drives Rabi oscillations
recorded on the |52C〉 → |51C〉 transition with a single atom (red
squares) or on the |52C, 52C〉 → |+〉 transition with a pair of
atoms (blue squares). The solid lines are fits of the data to a sine
law.

in Fig. 3, we fit the spectra to a sum of two Gaussian
peaks and calculate δν as the difference between the fitted
central frequencies. We repeat the procedure for different
angles and plot δν(θ , d0) as a function of θ in Fig. 5(a).
The individual spectra and their fits are given in Sec.
A 3. The dashed line corresponds to the analytic pre-
diction of a hydrogenic model C(n)

3,H = Ry a3
0 n4/2 = h ×

1.649 GHz µm3 with d = 13 µm, n = 51, and where Ry
is the Rydberg unit of energy and a0 the Bohr radius
(Sec. C 1). This simple model fully agrees with a more
complex numerical estimate that includes the electric-
field-, magnetic-field- or interaction-induced level mixing
(Sec. C 2).

Theoretical predictions systematically deviate from the
measurement results. This can be explained by a mere
overestimation of the distance between the atoms. By fit-
ting the hydrogenic model to the data, letting d as the
only free parameter, we obtain an excellent agreement for
d = 12.65(4) µm. This overestimation of the pair spacing
can be traced to an overestimation of the focal length of
the tightly focusing lens by only α = 2.7(3)%, compatible
with the lens specifications. In the following, we denote
d̃ = (1 − α) d the rescaled distance between the atoms.

We plot in Fig. 5(b) in a log-log scale the value of
δν(θ = 90◦, d̃). The excellent agreement between experi-
mental data and the theoretical predictions clearly reveals
the expected 1/d̃3 dependency of V(51)

DD . The slight devi-
ation for the smallest distance d̃ = 7.8 µm may indicate,
besides mere experimental uncertainties, a residual motion
of the atoms in their traps.

We now use the pair interaction as a sensitive probe
of the interatomic distance, to measure the motion of
the atoms within their BoB traps. Here, we intentionally
induce this motion using the strong interaction between
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FIG. 5. Characterization of the dipole-dipole interaction.
(a) The MW line splitting δν(θ , d) is plotted as a function of
θ for d = 13 µm. The black dashed lines is the prediction of
the hydrogenic model (see text) with d = d0 = 13 µm. The blue
solid line is a fit of the hydrogenic model to the data, with
d = 12.65(4) µm. The dotted horizontal line is the δν = 0 line.
(b) The MW line splitting δν(θ , d) is plotted as a function of
d̃ = (1 − α)d for θ = 90◦. The blue solid line is the prediction
of the hydrogenic model. In (a) and (b), every data point results
from an average over 160 repetitions of the elementary experi-
mental sequence. Error bars correspond to a 1-σ standard error
deviation.

the static dipoles of the low-� Stark states involved in the
circularization process, with d̃ = 12.65 µm. In the former
experiments, these interactions were canceled by setting θ

to θm.
During the circularization process, the electric and mag-

netic fields are parallel to the z0 axis. In this situation, the
interaction angle θ is equal to the orientation angle θ0 of
the atomic array. In order to vary the interaction strength
between the low-� states, we perform three separate exper-
iments with different values of θ0, setting it to 0◦, 90◦, or
θm. The three configurations are represented in Fig. 6(a).
For θ = 0◦ and 90◦, the atoms are set in motion by the
static dipole interaction. It is either repulsive (θ > θm) or
attractive (θ < θm). The static dipole vanishes as soon as
the circular state has been reached. In the θ = θm case,
there is no interaction between the Rydberg levels. Note

0 10 20 30 40 50 60 70 80 90
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FIG. 6. Measurement of the spin-interaction-induced oscilla-
tions. (a) Relative orientation of the pair of atoms and the electric
and magnetic fields for three values of θ . We go from one con-
figuration to the other by changing the orientation of the atomic
array while keeping the electric and magnetic fields parallel.
When θ = θm during the circularization process, we rotate the
electric field from F to F′ after the preparation of |52C〉 to set
θ to 90◦. (b) Distance between the circular Rydberg atoms as a
function of the time, τ , between the onset of F0 and the MW
spectroscopy pulse used to measure δν. The angle θ is 0◦ (red
squares), 90◦ (blue circles), or θm (green triangles). The light
lines are sinusoidal fits to the data with amplitudes −0.48(2) µm,
0.21(2) µm, and −0.03(1) µm, respectively, and a frequency of
22.8(5) kHz. The dark lines are the result of an ab initio calcula-
tion (see text). Every data point results from an average over 200
repetitions of the elementary experimental sequence. Error bars
correspond to a 1-σ standard error deviation.

that here, contrarily to the previous experiments, we con-
trol θ by changing the orientation of the atomic array itself
while keeping the electric field aligned with the magnetic
field during the whole experimental sequence. Only in the
θ = θm case do we need to restore the dipole-dipole inter-
actions to measure δν. Therefore, we eventually rotate the
electric field, in this case only, to set θ to 90◦ after the
circularization process.

From a subsequent measurement of δν, we infer the
interatomic distance d and plot it in Fig. 6(b) as a func-
tion of the time τ between the setting time of F0 and
the MW spectroscopy pulse. The attractive or repulsive
character of the force is apparent for θ = 0◦ and 90◦,
respectively. The three datasets are fitted to three sines
(light lines) with a common oscillation frequency found to
be 22.8(5) kHz, in fair agreement with the 24.5-kHz esti-
mated oscillation frequency for the atoms in the BoB traps
(Sec. A 1). The fitted amplitudes for θ = 0◦ and θ = 90◦

are, with a 20-nm precision, in the few 100-nm range, on
the order of the �0.15 µm-thermal-motion amplitude of
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an atom in its trap. This confirms the remarkable sensitiv-
ity of the dipole-dipole interactions between circular states
to the interatomic distance. The amplitudes are found to be
in the ratio −2.3(2), close to the expected −2 factor. We,
in addition, perform an ab initio calculation (dark lines),
that only takes into account the interaction between the
Rydberg Stark states during the adiabatic transfer to |52C〉
(Sec. B). The fair agreement between our data and this
numerical simulation confirms the origin of these oscil-
lations. When θ = θm, the motion amplitude significantly
reduces to −0.03(1) µm, a signature of the interaction can-
cellation. The nonzero value may indicate a misalignment
with respect to the ideal θ = θm value by 3◦ only.

The observation and characterization of the dipole-
dipole interaction between two laser-trapped circular Ryd-
berg atoms is a crucial step towards the realization of
quantum simulation [20] and computation [28] with these
atoms. The tools presented here could be readily used in
any platform that employs interacting circular Rydberg
levels, with alkali or other atoms, such as ytterbium [28]
or strontium [22,44]. Analog and digital Rydberg-based
quantum computation strongly benefits from a dynamic
control over the strength of the interaction [45–48], that
we demonstrate here by tuning the orientation and strength
of the electric field. This control could be used to induce
quenches in a quantum simulation of interacting spin sys-
tems [49] or to dynamically turn off or on interactions
between separate qubits. Here, we use it to probe the inter-
action between Rydberg atoms with permanent electric
dipoles, through the relative oscillations of the atoms it
induces.

Interactions between Rydberg levels with static dipoles
have so far been widely overlooked while they could be
highly beneficial to Rydberg-based quantum simulation.
Experiments on interacting spin-1/2 systems, for which the
two spin states are encoded into two Rydberg levels, have
been restricted to the simulation of the XY Hamiltonian
[50,51], extended to the simulation of the XXZ Hamilto-
nian at the expense of Floquet engineering [52]. Indeed,
the first-order spin-exchange-like dipole-dipole interaction
usually overwhelms the second-order Ising-like van der
Waals interaction between atoms in the same state. As for
dipolar molecule systems [53], interactions between levels
with static dipole would in contrast provide a tunable first-
order Ising-like interaction. This would turn the simulation
of an XY Hamiltonian into the simulation of the XXZ one,
without the need of dynamic Hamiltonian engineering.
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APPENDIX A: SUPPLEMENTARY
EXPERIMENTAL INFORMATION

1. Trapping lasers

The geometry of the optical tweezers and of the bot-
tle beams is identical to that described in Ref. [30].
The power per optical tweezer is set to 3.2 mW dur-
ing the atom loading and is later reduced to 0.6 mW,
prior to the Rydberg state excitation, to adiabati-
cally cool down the atoms to a temperature approxi-
mately equal to 7 µK. The power per BoB is 55 mW.
From the results of Ref. [30], we then expect a
24.5-kHz transverse oscillation frequency and an about
10 kHz longitudinal oscillation frequency for the circular
Rydberg atoms in their traps.

Because the propagation axis of the trapping beams is
orthogonal to the interatomic axis, the longitudinal motion
only modifies to second order the distance d between two
atoms. For the same reason, the relative motion induced by
the interaction between two atoms is in good approxima-
tion only a transverse motion. Therefore, the longitudinal
motion can be safely neglected in our analysis of the
spin-interaction-induced oscillation in Fig. 6.

2. Rydberg excitation lasers

The 420-nm wavelength excitation laser has a waist of
370 µm along the x0 axis. The 1015-nm wavelength exci-
tation laser has a waist of 214 µm along the x0 axis. The
waists have to be compared to the spatial extension of the
target array. When d = 16 µm, it reaches 83 µm while it
is of 50 µm when d = 8 µm.

The finite extension of the laser beams prevents homo-
geneous excitation efficiency of the |52D〉 level over the
whole array. The main limitation comes from the inhomo-
geneous light shift induced by the 190 mW blue laser on
the transition. The power of the infrared laser is 100 mW.
We calculate a maximum mean excitation efficiency over
the whole array of 92% when d = 16 µm and of 98% when
d = 8 µm.

3. Individual microwave spectra

In Fig. 7, we plot the microwave spectra that correspond
to the data plotted in Fig. 5. The microwave spectra are
recorded for different values of θ with d = 13 µm or for
different values of d with θ = 90◦. We use a MW pulse
of duration tMW given in Table I, while the power of the
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FIG. 7. Microwave spectra corresponding to the data of Fig. 5.
The transfer probability β is plotted as a function of the fre-
quency ν of the MW pulse, offset by 48.194 GHz, for d = 13 µm
and different values of θ (a) or for θ = 90◦ and different values
of d (b). Their respective values are given in the insets. The solid
lines are fits to a sum of Gaussian peaks. The dashed lines indi-
cate the value of the isolated-atom resonance frequency ν0(θ).
For clarity, the data points and lines are displaced along the y
axis in (a) by 0.02 per degree of θ with no offset for θ = 90◦, and
in (b) by 0.2 per µm of d, with no offset for d = 8 µm.

MW field is set to maximize the transfer ratio β on the
|52C, 52C〉 → |+〉 transition.

For each spectrum, two peaks are visible. One of them
is centered on the isolated-atom resonance frequency ν0(θ)

marked by vertical dashes lines in Fig. 7. The measured
value of ν0(θ) is plotted in Fig. 8 as a function of θ . It is
in very good agreement with a hydrogenic model that we
describe in the following.

The atomic state in the Rydberg manifold of principal
quantum number n is described by two angular momenta,
Ĵa and Ĵb, with Ja = Jb = J ≡ (n − 1)/2 [41,54]. The
atomic dipole operator D̂ and the orbital momentum L̂ read

D̂ = 3
2�

n ea0

(
Ĵa − Ĵb

)
, L̂ = 1

2

(
Ĵa + Ĵb

)
. (A1)

In this model, we treat the Zeeman and Stark effects to
the first order only. The Stark and Zeeman Hamiltonians,

TABLE I. Duration, tMW, of the MW pulse used to record the
spectra of Fig. 7. The left columns correspond to the data of
Fig. 7(a) (fixed d, variable θ ), the right columns to the data of
Fig. 7(b) (variable d, fixed θ ).

θ (deg) tMW (µs) d (µm) tMW (µs)

0 1.3 8 0.9
5 1.5 9 1.6
10 1.6 10 2.1
15 1.7 11 2.3
25 2.1 12 2.7
30 2.6 13 3.1
35 2.1 14 3.8
40 2.4 15 4.3
45 3.1 16 4.6
70 2.3
75 2
80 1.8
85 1.8
90 2.1

v̂Z and v̂S, are then cast into the v̂a and v̂b Hamiltonians:

v̂a = (�B − �F) · Ĵa, v̂b = (�B + �F) · Ĵb (A2)

v̂S + v̂Z = v̂a + v̂b, (A3)

where

�B = μB

h
B, �F = 3

2h
n ea0F. (A4)

Here, μB is the Bohr magneton, e the electron charge and
a0 the Bohr radius.

The circular Rydberg state is the state |nC〉 =
|Ja = J , ma = J ; Jb = J , mb = J 〉, where �ma (�mb) is the
projection of Ĵa (Ĵb) onto the direction of �F − �B (�F +
�B). Its eigenenergy related to the Hamiltonian v̂Z + v̂S

–60 –40 –20 0 20 40

–4

–2

0

2

4

FIG. 8. Isolated-atom resonance frequency ν0(θ), offset by
48.194 GHz, obtained from the microwave spectra of Fig. 7(a).
The solid line is a fit to the theoretical value of Eq. (A6) with the
magnetic field as the only free parameter.
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then reads

ν(n, θ) = n − 1
2

[‖�F + �B‖ − ‖�F − �B‖]

= n − 1
2

[√
�2

B + �2
F + 2�B�F cos(θ)

−
√

�2
B + �2

F − 2�B�F cos(θ)

]
. (A5)

From this model, we deduce as a function of the angle θ

the expected frequency of the |52C〉 → |51C〉 transition to
which we fit the measured frequencies plotted in Fig. 8:

ν0(θ) = ν0(F) + ν(n = 52, θ) − ν(n = 51, θ), (A6)

where the frequency ν0(F) is the frequency of the
|52C〉 → |51C〉 transition when B = 0. For a better pre-
cision of the model, we take into account in the estimation
of ν0(F) the second-order Stark shift. The B = 0 frequency
reads [41], with n = 52,

ν0(F) = Ry
hn2

[
2n − 1
(n − 1)2

− (h�F)2

Ry2

24n5 − 15n4 + 10n3 − n
36

]
. (A7)

The fit of the data in Fig. 8 is made by fixing the elec-
tric field to F = 2.05 V cm−1 and letting B as the only
free parameter. We find a very good agreement with B =
13.91(1) G. With F = 2.13 V cm−1, this corresponds to
�F = 1.96 × 108 rad s−1 and �B = 1.946 × 107 rad s−1

so that �F 
 �B. This justifies why we can consider
the quantization axis to be aligned with the electric field
whatever the value of θ .

The result of the fit is used to draw the vertical lines in
Figs. 3 and 7. The small off centering between the verti-
cal lines and the measured single-atom peaks, visible in
particular in Fig. 3 for θ = 0◦, can be explained by a 1◦
misalignment between the axes of the electrodes applying
the electric field in the (x0, z0) plane and controlling the
value of θ .

4. Interactions between different pairs

In our setup, we prepare three pairs of interacting circu-
lar Rydberg atoms. The relative orientations of the interact-
ing atoms is given by the target array, plotted in Fig. 1(c)
and reproduced in Fig. 9(b). We focus on the interactions
between two atoms in the same pair, e.g., the atoms labeled
1 and 2 in Fig. 9(b). To estimate the influence of the atoms
from the other pairs, we plot in Fig. 9(a) the strength of the
interaction between atom 1 and atom 2 (V12), atom 1 and
atom 3 (V13), and atom 1 and atom 4 (V14) as a function of
θ , using the predictions of the hydrogenic model.

(a)

(b)

D
D

FIG. 9. (a) Interaction strength V(51)
DD (θ , d) between two atoms

within a pair (blues lines) compared to interaction strengths
between atoms in separate pairs. The green line corresponds to
the interaction between atom 1 and atom 4, as labeled in the array
plotted in (b). Orange lines correspond to the interaction between
atom 1 and atom 3. The dark lines are plotted for d = 8 µm
and the light lines for d = 16 µm. Note that the dark and light
green lines overlap because V14 is independent on d. The ver-
tical dashed line indicates the value θ = 60◦ corresponding, in
particular, to the green spectrum in Fig. 3.

We note that the spurious inter-pair interactions V13
and V14 are in all considered situations weaker than h ×
30 kHz, i.e., negligible with respect to the measured
interactions under the conditions considered in the main
text. The interpair interactions become non-negligible only
close to the magic angle θm, for which the intrapair inter-
action vanishes. At θ = 60◦, however, |V12| 
 |V13|, |V14|
for all considered values of d.

APPENDIX B: NUMERICAL SIMULATION OF
THE INTERACTION-INDUCED RELATIVE

MOTION

In this section, we describe the semiclassical model used
to simulate the relative motion of the trapped circular Ryd-
berg atoms, shown in Fig. 6. We consider two atoms, each
trapped in a one-dimensional harmonic potential approx-
imating the trapping potential of the BoBs. The trapping
frequency is set to the measured value of 22.8 kHz and the
atomic motion is treated classically.

We take into account the interactions between Rydberg
atoms only after the electric field has been set to its non-
vanishing value F0. We denote τ the time that originates
at the onset of F0. The atoms interact during the whole
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circularization process. At long times, the atoms are in
the same circular Rydberg states and only interact through
second-order van der Waals interaction, that we neglect.
To calculate the interaction strength during the circular-
ization process, we use the hydrogenic model introduced
in Sec. A 3.

During the circularization process, the electric and mag-
netic fields are parallel to a common unit vector n, which
defines the quantization axis. In this situation, m = ma +
mb, and the v̂a and v̂b Hamiltonians simplify to

v̂a = (�B − �F)Ĵa · n, v̂b = (�B + �F)Ĵb · n. (B1)

The circular Rydberg state is the state |nC〉 =
|Ja = J , ma = J ; Jb = J , mb = J 〉, while the initial state is
the m = 0 state |Ja = J , ma = J , Jb = J , mb = −J 〉. In the
hydrogenic model, these two states are coupled through the
adiabatic circularization process. Note that this slightly dif-
fers from our experiment with 87Rb atoms where |nC〉 is
coupled to a m = 2 state.

Under the action of the σ+-polarized rf field, of angu-
lar frequency ωrf, the angular momentum Ĵb rotates from
mb = −J to mb = J . This process is described, under the
rotating-wave approximation, by the Hamiltonian

Ĥrf = �b

(
Ĵb,+ eiωrft + Ĵb,− e−iωrft

)
. (B2)

In the frame where Ĵb rotates at ωrf, considering both F
and B to be aligned along the z axis, the Hamiltonian that
governs the evolution of the state of an isolated atom then
reads

Ĥ = −ωaĴa,z − �bĴb,z + �b

(
Ĵb,+ + Ĵb,−

)
, (B3)

where ωa = �F − �B and �b = ωrf − (�B + �F). In our
experiment, with B = 13.9 G, we have �b = 0 when F =
2.06 V cm−1.

For a pair of atoms, we include the dipole-dipole inter-
action Hamiltonian, which can be written as a function of
the angular momenta Ĵ(i)

a and Ĵ(i)
b of atom i, i ∈ {1, 2}. It

reads [54]

V̂DD = 1
4πε0d3

(
3
2

nea0

)2 {(
Ĵ(1)

a − Ĵ(1)

b

)
·
(

Ĵ(2)
a − Ĵ(2)

b

)

− 3
[(

Ĵ(1)
a − Ĵ(1)

b

)
· u

] [(
Ĵ(2)

a − Ĵ(2)

b

)
· u

]}
,

(B4)

where u is the unit vector that points along the inter-
atomic axis. Using the Ehrenfest theorem, we get the
differential equations that govern the time evolution of
the average values of the components of J(1)

a , J(2)
a , J(1)

b ,
and J(2)

b , under the total Hamiltonian Ĥ + V̂DD. The angu-
lar momenta of the two atoms are initialized to the same

values, Ja = Jb = (0, 0, −J ). The two atoms are then in
the same state during the whole circularization process:
J(1)

a (t) = J(2)
a (t) and J(1)

b (t) = J(2)

b (t). A numerical integra-
tion of the equations then provides us the time evolution
of the electric dipoles of the two atoms D(1)(t) = D(2)(t)
during the circularization process and their dipole-dipole
interaction V(t).

We eventually obtain the relative motion d(t) between
the two atoms by integrating the classical equation of
motion

M
2

d2d
dt2

= −M
2

ω2
t d(t) − dV(t)

dd
. (B5)

The values of d(t), obtained for three different values of θ ,
are plotted in Fig. 6.

APPENDIX C: THEORETICAL
CHARACTERIZATION OF THE INTERACTION

BETWEEN TWO ATOMS IN CIRCULAR
RYDBERG STATES

We consider 87Rb atoms in (nearly) circular Rydberg
states. These are described using the model of a spinless
hydrogen atom, whose quantum states |n, l, m〉 are labeled
by the principal, orbital, and magnetic quantum numbers
n, l, m, where n � 50 and l, m are close to n − 1. The two
leading corrections to this model, both neglected, are

• the quantum defect [41, Chap. 16], proportional to
1/n8 and of the order of −h × 1 kHz,

• the fine-structure splitting [55, Sec. 34], proportional
to 1/n5 and of the order of h × 0.5 kHz.

Hence, the calculated energies are significant up to a few
kHz.

The Hamiltonian ĥ(i) = ĥ(i)
0 + v̂

(i)
S + v̂

(i)
Z for atom i, i ∈

{1, 2}, includes the bare-atom terms ĥ0, and the Stark
and Zeeman couplings v̂S and v̂Z to the external electric
field F and magnetic field B, respectively. The distance
d � 8 µm between the two atoms greatly exceeds their
size n2a0 = 0.14 µm, so they interact via the dipole-dipole
(DD) interaction:

V̂DD(r1, r2)/EH = a0 [r1 · r2 − 3(r1 · u)(r2 · u)]/d3,
(C1)

with EH = 2Ry being the Hartree energy, ri the position of
the electron of atom i, and u the unit vector pointing along
the internuclear axis.

The frequency difference hδν(θ) measured experimen-
tally corresponds to the difference between the frequency
of the |52C, 52C〉 → |+〉 transition and the frequency of
either
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(degrees)

FIG. 10. Scaled energy difference �EI/(C
(51)

3,H /d3), calculated
using the approach of Sec. C 2 for d = 8 (green curve), 13 (blue
curve), and 16 µm (purple curve). The three curves collapse onto
the universal curve (1 − 3 cos2 θ) expected from Eq. (C4) (red
curve). The inset shows the same red, green, blue, and purple
curves artificially shifted by 0, 1, 2, and 3 scaled energy units,
respectively. All are in excellent agreement with the experimen-
tal points from Fig. 5(a), rescaled by C(51)

3,H /d̃3 (d̃ = 12.65 µm,
blue dots, the error bars are smaller than the dots).

(I) the single-photon transition bringing a single atom
from |52C〉 to |51C〉,

(II) or the two-photon transition bringing two interact-
ing atoms from |52C, 52C〉 to |51C, 51C〉.

The corresponding frequency differences δνI and δνII read

hδνI = �EI = δE52C,52C − δE51C,52C, (C2)

hδνII = �EII = δE52C,52C + δE51C,51C

2
− δE51C,52C.

(C3)

Here, δEn1C,n2C = En1C,n2C − (εn1C + εn2C) is the differ-
ence between the two-atom energy En1C,n2C that includes
interactions, and the sum of the energies (εn1C + εn2C) of
two noninteracting atoms in the states |n1C〉 and |n2C〉,
dressed by v̂Z and v̂S. The two-atom energies EnC,nC, n ∈
{51, 52} and E52C,51C are the energies of the |nC, nC〉 and
|+〉 states, respectively, dressed by v̂Z , v̂S, and V̂DD. For all
considered values of B, F, and d, �EI , and �EII are nearly
equal.

We have evaluated �EI ,II using two independent
approaches: (i) an analytical one, described in Sec. C 1,
and (ii) a numerical one, presented in Sec. C 2. Neither
approach involves fits or adjustable parameters. The results
are compared to experimental data in Fig. 10.

1. Analytical expression for �EI ,II to leading order

Far from any avoided crossing for the dressed two-atom
states, the contribution of V̂DD to �EI ,II is treated perturba-
tively to first order. Then, the contributions of ĥ0, v̂Z , and
v̂S cancel out in δEn1C,n2C, and V̂DD is neglected if n1 = n2.
Therefore, �EI = �EII ≈ −V(51)

DD , where the matrix ele-
ment V(n)

DD = 〈nC, (n + 1)C| V̂DD |(n + 1)C, nC〉, evaluated
for zero external fields. We calculate it exactly using the
known matrix elements for the hydrogen atom [56, Secs.
36, 106, 107]:

V(n)
DD

EH
= 3 cos2 θ − 1

(d/a0)3

n4

4

(
1 + 1

n

) [
1 − 1

(2n + 1)2

]2n+3

(C4)

= 3 cos2 θ − 1
(d/a0)3

n4

4

[
1 + 1

2n
+ O(1/n2)

]
, (C5)

with θ being the angle between the quantization and inter-
atomic axes. Hence, the interaction between the two atoms
is well represented by

V(n)
DD = C(n)

3,H
3 cos2 θ − 1

d3 , C(n)

3,H = Ry
a3

0n4

2
. (C6)

This formula corresponds to the dashed lines in Fig. 5.

2. Numerical approach with multiple basis states

In this second approach, we account for dressed-state
effects. We confirm the absence of avoided crossings for
the considered parameters and we calculate �EI ,II numer-
ically. We calculate the energies En1C,n2C, with n1 ≤ n2,

(degrees)

FIG. 11. Squared overlaps | 〈n, �, m|52C〉 |2 of the dressed
state |52C〉 with the four bare states |n, �, m〉 whose contributions
are maximal, as a function of the angle θ between F and n, for the
field magnitudes F = 2 V/cm and B = 14 G used in the exper-
iment and for d = 13 µm. The probability | 〈52, 48, 48|52C〉 |2
(orange curve) always remains lower than 0.001.
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TABLE II. Numbers of basis states used in the numerical
calculations described in Sec. C 2.

Smaller basis Larger basis

E52C,52C 1470 4700
E51C,52C 2193 6820
E51C,51C 1470 4700

entering Eq. (C2), taking into account the angle between
the magnetic field and the interatomic axis, equal to θ0 =
θm. We restrict the two-atom Hamiltonian (ĥ(1) + ĥ(2) +
V̂DD) to suitable subspaces of two-atom states. To construct
the separate subspaces, whose dimensions are collected in
Table II, used for the calculation of the energy En1C,n2C, we
first select a basis of single-atom states. For all considered
values of the external fields, the circular state |nC〉, dressed
by v̂Z and v̂S, is well represented by a linear superposition
of the bare states |n, �, m = �〉 with n − 4 ≤ � ≤ n − 1 (see
Fig. 11). Thus, we start with the angular momenta �, m = �

with n1 − 4 ≤ � ≤ n2 − 1, and further include all angular
momenta �′, m′

l coupled to them through V̂DD up to the
first (smaller basis) or second (larger basis) order. In all
cases, we retain the principal quantum numbers n1 − 4 ≤
n′ ≤ n2 + 5 (smaller basis) or n1 − 5 ≤ n′ ≤ n2 + 5 (larger
basis). For the larger basis related to E51C,52C, we also
include states with n′ = 58. Turning to two-atom states,
we account for all symmetric states built from the above
single-particle basis whose principal quantum numbers
n′

1 and n′
2 satisfy |n′

1 + n′
2 − n1 − n2| ≤ 2. The reported

values of En1C,n2C calculated using the larger basis were
obtained within a few hours on a recent desktop computer.

For all reported numerical calculations, we plot in
Fig. 10, for three different values of d, the calculated
energy �EI rescaled by C(51)

3,H /d3, where C(51)

3,H stems from
the analytical prediction of Eq. (C6). We compare the
results obtained with a smaller number of states, chosen to
account for first-order couplings due to V̂DD, and a larger
one, chosen to account for second-order couplings. Numer-
ical results obtained with the smaller and larger subspaces
coincide, and they are in excellent agreement with the ana-
lytical prediction. We also plot in Fig. 10 the experiment
results from Fig. 5(a) rescaled by C(51)

3,H /d̃3, taking into
account the experimentally rescaled distance. The analyti-
cal and numerical predictions are in very good agreement
with the experimental data.
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and M. D. Lukin, Quantum phases of matter on a 256-
atom programmable quantum simulator, Nature 595, 227
(2021).

[48] S. J. Evered, D. Bluvstein, M. Kalinowski, S. Ebadi, T.
Manovitz, H. Zhou, S. H. Li, A. A. Geim, T. T. Wang, N.
Maskara, H. Levine, G. Semeghini, M. Greiner, V. Vuletić,
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