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Ordered atomic arrays feature an enhanced collective optical response compared to random atomic
ensembles due to constructive interference in resonant dipole-dipole interactions. One consequence of
this is the existence of a large shift of the transition with respect to the bare atomic frequency. In the
linear optics regime (low light intensity), one observes a spectroscopic shift of the Lorentzian atomic line
often called the collective Lamb shift. For stronger driving, many excitations are present in the system
rendering the calculation of this shift theoretically challenging, but its understanding is important for
instance when performing Ramsey spectroscopy in optical clocks. Here we report on the study of the
collective optical response of a one-dimensional array of 30 dysprosium atoms. We drive the atoms on
the narrow intercombination transition isolating a two-level system, and measure the atomic state with
single-shot state readout using a broad transition. In the linear optics regime, we measure the shift of the
resonance in steady state due to dipole interactions, and measure how this shift depends on the interatomic
distance. We further resolve at the single atom level how the excitation is distributed over the array. Then,
on the same transition we perform Ramsey spectroscopy i.e., away from the linear regime. We observe a
time-dependent shift, that allows us to draw the connection between the collective Lamb shift observed in

the linear optics regime and in the large-excitation case.
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I. INTRODUCTION

Collective light-matter interactions in atomic ensem-
bles are an example of a dissipative quantum many-body
problem that has been studied for decades, both theoreti-
cally and experimentally [1-3]. Recent progress in atomic
physics has led to new investigations in different direc-
tions. Particular experimental attention has been devoted
to the understanding of the shift of an atomic transition
due to resonant dipole-dipole interactions, the so-called
collective Lamb shift [4]. On the one hand, many works
have probed the shift of a Lorentzian line [5—18], in the
regime of Jow light intensity where the atomic dipoles
behave linearly and can be considered as classical. On the
other hand, it is important to understand this shift in the
context of optical clocks [19-21], where one typically per-
forms Ramsey spectroscopy i.e., outside the linear regime,
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where the non-linear response of single atoms cannot be
ignored. In addition, in such systems, the atoms are usu-
ally ordered. The influence of geometrical order on the
collective response of an atomic ensemble to light is now
the topic of an intense research activity [10,19,22-27],
and the enhanced collective response of two-dimensional
arrays in the linear optics regime has been investigated
experimentally [28,29].

In this context, we present here an experiment on a
tweezer-based one-dimensional array of two-level atoms,
where we develop a single-atom resolved single-shot state
readout technique. As a first demonstration of the possi-
bilities it offers, we use it to probe the collective shift,
both performing spectroscopy near the linear optics regime
and Ramsey spectroscopy in the non-linear regime: where
atoms act as quantum emitters and not linear dipoles. In
the low saturation regime, we measure the collective shift
in steady state for different atomic spacings. We then reveal
how the excitations spread along the array, measuring for
the first time the microscopic effect of resonant dipole-
dipole interactions at the single atom level. As the strength
of the drive increases, the steady state shift disappears
so we probe the interactions in the non-linear regime by
performing Ramsey spectroscopy with a duration on the
order of the excited state lifetime. This regime allows us to
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experimentally show how the clock shift in Ramsey spec-
troscopy evolves in time and how it is related to the line
shift in the linear regime.

II. EXPERIMENTAL SETUP

To probe the collective Lamb shift in an ordered
one-dimensional system, we prepare arrays of single
dysprosium (Dy) atoms using the experimental platform
presented in Refs. [30,31]. The atoms are held in opti-
cal tweezers with a wavelength of 532 nm. We produce
ordered arrays of 30 atoms, with a controllable intertweez-
ers spacing d from 1.25 pm to ~ 4.5 wm. These arrays are
obtained by rearranging a randomly loaded chain of 75
tweezers [32].

In the tweezers, the radial trap frequency is w,/(27) =
50 kHz while the axial one is w,/(27) = 7kHz. Given the
atomic temperature in the tweezers 7' = 5.5 pK, this yields
a radial positional disorder of size o, >~ 50 nm and an axial
one of o, ~ 400 nm. This axial disorder is non-negligible
with respect to the interatomic distance and hinders collec-
tive effects. In order to reduce disorder, we add an extra
confinement along the tweezers’ axis using an optical lat-
tice produced by two 532 nm beams interfering at a half
angle of about 5°, yielding a lattice spacing of 3 um (see
Fig. 1). All atoms are loaded in a single lattice plane [33],
perpendicular to the tweezers’ axis. We give details in
Appendix A. Adiabatically turning this lattice on increases
the axial trapping frequency up to w./(27) = 35kHz at
the cost of an increased temperature of 7 = 8.5 WK, result-
ing in final sizes o, >~ 70nm and o, >~ 90nm in these
near-spherical traps.

@) (b)

Having prepared this one-dimensional (1D) ordered
system, we perform spectroscopy on the intercombina-
tion transition of Dy with wavelength A = 626nm =
27 /k and linewidth I' = (27) 135kHz which connects
aJ=8to aJ=9 Zeeman manifold [excited state
4f10(518)6s6p(3Pf) (8, 1)g] [34]. We isolate a two-level
transition between |g) =|J =8,m; = —8) and |e) =
|J =9,m; = —9) by applying a magnetic field of 7 G and
tuning the driving laser to the o ~ transition frequency (the
7 transition is detuned by about 13 MHz). The magnetic
field is along y during the imaging so as to have magic trap-
ping due to an elliptical polarization [30,31]. We then turn
the magnetic field to be along x during the light scattering
experiment in a few milliseconds. Because the polariza-
tion of the drive is o, we choose the direction of the
magnetic field which maximizes the radiation of the atoms
along the chain. In these conditions the tweezers and the
lattice (which is linearly polarized) are non-magic. As a
consequence all experiments reported here are performed
in free space (the tweezers and the lattice are turned off)
to avoid inhomogeneous light shifts. The residual atomic
motion during the free flight is negligible (<0.2 1). In all
the experiments we report, the light scattering sequence
takes place on a timescale shorter than 10 s such that we
recapture the atoms with a high probability [30].

Nearly all studies of light scattering in free space rely on
measurements of the radiated light. However, the theoret-
ical description of this problem computes the many-body
atomic density matrix, and the radiated field is calculated
as a linear superposition of the atomic dipoles [35]. As
such it is interesting to directly access the atomic state [36].
Here we use a method based on shelving [37,38] from a
broad transition [excited state 4/ 1°(°I3)6s6p (' P?) (8, 1)3,
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FIG. 1. (a) Schematic of the experiment: we perform spectroscopy on an array of Dy atoms held in optical tweezers of wavelength
532 nm and further confined along the weak trapping axis of the tweezers with a shallow-angle optical lattice, also at 532 nm. The red
arrow shows the propagation direction of the driving laser with which we excite the atoms. (b) Dysprosium’s optical transitions used in
this work. Spectroscopy is performed on the 626 nm intercombination line between |g) = |m; = —8) and |e) = |m; = —9) (linewidth
I' = (2) 135 kHz). The broad 421 nm line (I'4y; = (2) 32.5 MHz) is used to perform single-shot state readout by rapidly depumping
atoms out of |g). (c) Readout of the atomic state in a single shot. The atom is re-imaged if it was shelved in |e) and atoms in |g) were
depumped to higher m, states and are thus not re-imaged. (d) Measurement of the excited state fraction during Rabi oscillations for
independent atoms, using the shelving technique illustrated in (b). The blue circles are raw data, while the red diamonds include
corrections for detection errors (see Appendix B). Error bars represent the standard error on the mean. The lines represent solutions of
the optical Bloch equations.
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wavelength 421 nm, Ty = (27) 32.5 MHz] to readout
the internal state. We apply an optical depumping pulse
(t, = 100ns) on the broad transition with 7 polarization.
This pulse depumps |g) atoms to other Zeeman states
with m; > —8. Atoms in |e) do not significantly decay in
this interval as the lifetime of atoms in |e) ist =1/ =
1.2 pus. After the pulse, |e) atoms decay to |g). We re-image
only the atoms left in |g), while those in the other Zee-
man states are not imaged (more details in Appendix B).
With this, we project the atomic state and image only the
atoms that were in |e) before the blue depumping pulse.
We thus obtain state readout (i.e., measurement of pec) of
single atoms in a single shot with a fidelity limited by the
excited state lifetime F = 0.92 ~ ¢~%/%. This method is in
principle lossless if the atoms are efficiently repumped to
|g) at the end of an experimental cycle. This would greatly
improve the duty cycle, and we leave its implementation
to future works. Figure 1(c) shows an example of Rabi
oscillations measured with this method.

I11. SHIFT IN STEADY STATE IN THE LOW
SATURATION REGIME

To benchmark the experiment, we first measure the col-
lective frequency shift (Sspectro) Of the atomic line due
to interactions for different interatomic spacings [5,10],
Fig. 2. For this, we excite the atoms with a near-resonant
laser, detuned by an amount A; from the bare atomic
resonance, with low intensity / = 1.3 [y i.e., Rabi fre-
quency 2 = (2) 110kHz = 0.8 I'. This laser propagates
either along the chain, or perpendicular to it. In the case
where the drive runs parallel to the chain 7&133 = kXx, the
propagation phases of the fields radiated by each atomic
dipole are the same as the propagation phase of the

drive eas” = ¢ This results in an interference of the
resonant dipole-dipole interactions along the chain and
a shift of the atomic line [39]. At vanishing Rabi fre-
quency, the line shift in steady state is given by the

average interaction energy in the array [19]: (SSPectm =

(1/N 1) Y, Re[Vaa(Fn — 7)ehas:Ga—Tm)] and Vg is the
resonant dipole-dipole interaction o< 1/d at large distances
for a o~ transition:

. 3Thev T, ) i1
Vaa®) = === — [+ 1+ G =D (- -
v v

v

Where v = kr, { = cosa and « is the angle between the
quantization axis of the dipoles and 7. To ensure a measur-
able excitation fraction, our experiment is performed with
anon-negligible Rabi frequency (2 = 0.81"), but relatively
weak interactions. In Appendix E, we derive the theoreti-
cal expression of the atomic line in the mean-field, weakly
interacting case, Eq. (E2). The line is a skewed Lorentzian,
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FIG. 2. Collective frequency shift of a 1D chain of 30 atoms

when the atomic spacing is varied. The Rabi frequency of the
drive is 2 = 0.80(8)I". The orange circles correspond to a drive
along the chain and the green diamonds to a perpendicular drive.
Error bars represent the standard error on the mean. When the
driving laser is sent parallel to the chain, a frequency shift is
observed that increases as the atoms get closer. In solid orange
is the result of mean-field simulations accounting for positional
disorder due to temperature. The shaded area accounts for the
10% uncertainty of the Rabi frequency of the drive. We include
the analytical prediction of the shift [Eq. (1)], in black dashed
line. The inset shows the measurement of the atomic line for the
two points highlighted by the black box.

with a maximum shifted by

8gpectro ( 1 )

8spectr0 = I—FZ—W

We show this analytical prediction as black dashed line
in Fig. 2, averaging over positional disorder. To verify it,
we perform time-dependent numerical simulations of the
dynamics within a mean-field approximation [10]. They
account for the time of the pulse and averaging over ther-
mal positional disorder (see more details in Appendix D
on how we incorporate the atoms’ finite temperature). The
experimental data and the simulations are fit with the same
theoretical line profile [Eq. (E2)] leaving the shift as a
free parameter, as represented in Fig. 2. Both the analyt-
ical expression and full simulations show good agreement
with the data. The theory curves display small oscillations
with spacing A /2 [5], which are not the focus of our work.
In the case where the driving is perpendicular, the coherent
buildup does not occur and only a weak shift is expected
and measured.

As stated above, the resonance shift in a 1D system is
due to a buildup of the interaction along the chain. At
the single atom level, this should result in an excitation
probability that varies along the chain [39]. Thanks to
single atom state readout, we can now directly measure
how the excitation probability evolves along the chain.
For a non-interacting system, it should be flat. However,
we observe a different behavior visible in Fig. 3, where
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FIG. 3. Position-resolved excited state fraction where the error

bars represent the standard error on the mean. A driving
beam detuned by A; = £I'/2 is sent along the atomic chain
from left to right. The atoms are 1.4um = 2.2 apart. The
joined red (blue) diamonds (dots) are the experimental data for
A; = —-T'/2(4+TI'/2), normalized to the fraction on the first
atom. The dashed lines show mean-field simulation results aver-
aged over thermal positional disorder. One observes a decay or
growth of excitation along the chain depending on the detun-
ing. The shaded area around the simulations accounts for a 10%
uncertainty of the Rabi frequency.

we plot the excitation probability of each individual atom
in the chain. We present data for two different detunings,
taken over several days, with different Rabi frequencies
always around 2 = 0.8T", such that the absolute excita-
tion probability is meaningless. To compare it to theory,
we thus normalize the excitation probability to that of
the first atom in the chain. Since this first point is prone
to statistical noise, this normalization results in a statis-
tical offset of all the points. However, we still use it to
keep the data analysis free of adjustable parameters (see
more details in Appendix C). When driven by a red-
detuned probe (A; < 0), each atomic dipole radiates a
field which is in phase with the driving laser, leading to
constructive interference with the drive. As the effective
driving strength is increased along the laser’s propaga-
tion, so is the excitation probability. We indeed observe
an increase of the excitation probability along the chain
when A; = —I"/2, in the direction of the drive’s propaga-
tion. Conversely, for a blue-detuned probe (A, > 0), the
fields radiated by the atoms are out of phase with the drive,
resulting in a decrease of the effective driving strength
along the laser’s propagation. In fact, when Ay = +I"/2
we observe a decrease of the excitation probability along
the chain. This effect was described in Ref. [40] and under-
lies observations reported in Ref. [10], but for the first time
we are able to resolve atomic excitation at the single atom
level to reveal this mechanism. One might also explain the
enhancement of the atomic excitation on the red side of the
resonance as the first atoms focusing the field, increasing

its value on the atoms downstream, hence acting as an
effective lens, seen here at the single atom level.

The results presented so far were obtained in the low
light intensity regime where the atoms behave as classi-
cal, linear dipoles [41]. Away from this limit, when many
atoms are excited, one has to consider the full Hilbert
space and non-trivial correlations should emerge at short
interatomic distances [27,42—44]. Ramsey spectroscopy
is an example where one operates far from the linear
regime. Here, we explore in this simple system of 30
atoms how the shift measured above in the linear regime in
steady state can be related to the shift observed in Ramsey
spectroscopy.

IV. NON-LINEAR REGIME
A. Steady state

To depart from the linear optics regime, we first measure
the line shift in steady state as above, simply increasing the
drive Rabi frequency to > I'. We fit the experimental
points with a skewed Lorentzian line as discussed above
and represent in Fig. 4 the fitted shift as a function of the
Rabi frequency of the drive. The experimental data are
still taken in steady state after driving for 7pus > 1/T.
It is acquired in a range of 500 kHz centered on the bare
atomic frequency. We also perform mean-field simulations
at various Rabi frequencies. When comparing with the
experiment, we fit with the same function [Eq. (E2)] in
a 500 kHz window as is done with the experimental data.
We find that if one does not take into account the distor-
tion of the atomic line, the simulations do not reproduce
the experimental data well. In the future, it would be inter-
esting to explore the line distortion experimentally. The
simulation results are represented as a solid line in Fig. 4.
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FIG. 4. Frequency shift of the maximum of the excitation frac-
tion measured in steady state, as a function of driving power for
a fixed interatomic distance of d = 1.25um = 2 A. Error bars
represent standard error on the mean. As the drive becomes too
strong, the atomic dipole is progressively reduced causing the
collective shift to vanish. The solid line is the result of mean-field
simulations. The dashed black line is the trace of the analytical
formula for the shift in the weakly interacting case.
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The data is in very good agreement with the simulations
and analytical expression Eq. (1) (black dashed line). We
observe, in agreement with our previous work [10], that
the shift is suppressed as soon as the Rabi frequency is on
the order of I". As explained in Ref. [10], the shift suppres-
sion is mainly due to the fact that the average atomic dipole
(X peg) in steady state vanishes like ~ 1/€2.

B. Ramsey spectroscopy

On the other hand, Ramsey spectroscopy does not oper-
ate in steady state. The atomic dipoles are initialized to a
non-zero value by a first pulse with duration <« 1/I" and
area 6. The dipoles then evolve without drive before the
second pulse. The shift of the transition Sramsey can be
calculated in a mean-field approximation, assuming that
the time between the two pulses is very short (Tramsey <K
1/T): in this case one obtains Sramsey = —Sgpectm cos Oy
[19]. The shift of the Ramsey fringes depends on the
amount of excitation p.. = (1 — cosfy)/2, as observed in
Ref. [21]. This formula is valid only for Tramsey < 1/T.
For longer times, the excitation decays due to sponta-
neous emission. As a consequence, one expects a time-
dependent shift for Ramsey interferometry in the regime
Tramsey ~ 1/ T". The time dependence of the shift was the-
oretically investigated for short times and with a pulse area
6y = /2 in Ref. [19], longer times and other pulse areas
were considered in Ref. [20] [for a three-dimensional (3D)
ensemble]. In the following, we derive an analytical for-
mula which indeed predicts a time-dependent frequency
shift and, to the best of our knowledge, experimentally
observe this time-dependent shift for the first time.

To investigate it, we perform a Ramsey spectroscopy
experiment on the |g) — |e) transition with a chain of 30
atoms. The short pulses (area 6;) are created by a fiber
electro-optic modulator with rise time ~ 1 ns, and an addi-
tional AOM for good extinction. For this dataset, the atoms
were not trapped in the lattice prior to the release in free
space [45], which results in a lower shift of the transition.
We perform a simple sequence of two pulses separated by
a time Tramsey as considered in Ref. [19]. We pick three
pulse areas: /4, /2 and 37 /4. For each pulse area, we
measure Ramsey fringes as a function of the laser detuning
Ay [see Fig. 5(a)] and we record the position of the cen-
tral fringe. We repeat the experiments for different Tramsey
times between 0.8pus=0.7I"" and 3.5us =2.7I""",
see Fig. 5(b). We do not measure the shift of the Ram-
sey fringes for shorter Ramsey times because the fringe
period is large (> MHz) and these detunings become
non-negligible with respect to the frequency difference
with other transitions [46], breaking the assumption of a
two-level atom.

Our observations are reported in Fig. 5(b). Despite some
spread around the main tendency [47], they clearly exhibit
a dependence on the pulse area, as reported in Ref. [21].
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FIG. 5. (a) Ramsey fringes with a fixed pulse area 6y = /2
for two different Tramsey times corresponding to the free evolution
time between the two pulses. (b) Time-dependent shift mea-
sured in Ramsey spectroscopy when changing the time Tramsey
between the two pulses, for three different pulse areas 6y. For
this experiment, the atoms are 1.4pum = 2.2A apart and the
drive’s Rabi frequency is 2 = (2m) 3 MHz = 22T". Error bars
represent standard error on the mean. Results of the mean-field
simulations are shown as solid lines. The dashed-dotted hori-
zontal orange line is the predicted 8§pectm shift calculated in the
low-intensity regime with the mean-field simulations. The data
exhibits a time dependence in agreement with theory, connect-
ing the large excitation regime of Ramsey spectroscopy to the
low-excitation linear regime of fluorescence spectroscopy. The
dotted green line shows the linear expansion for 77 /2 pulses from
Ref. [19] in the limit where TramseyI” < 1. We use an ansatz with
an excitation-dependent instantaneous shift (see main text), plot-
ted with dashed lines for each 6. (c) Schematic representation of
the origin of the time-varying shift. Bloch sphere representation
of the state of an atom during the time evolution Tramsey between
the two Ramsey pulses. Following a 77/2 pulse the Bloch vec-
tor precesses around the z axis at a varying rate: initially ¢ = 0
while it reaches a non-zero value once the excitation has decayed,
resulting in a shift which depends on the free evolution time.
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The second striking feature is that the collective Lamb shift
evolves in time, with a slope that depends on the pulse
area, well reproduced by mean-field solutions of the master
equation (solid lines). For the smallest pulse area (v /4), we
find a nearly time-independent shift with a value close to
the expected spectroscopic shift in the linear case (dashed-
dotted orange line). For larger pulse areas the shift decays
in time in agreement with the qualitative explanation given
above. We discuss the implications of these findings below.

The data of Fig. 5(b) imply that the Bloch vector of an
atom precesses at a frequency which varies during the time
separating the two pulses. To illustrate this, let us take the
case of /2 pulses, with the laser having a zero detun-
ing with respect to the atomic resonance. In this case the
precession rate starts from the initial value of dt=0)=
—82pectm cos 6y = 0, where ¢ is the phase of the Bloch vec-
tor [see Fig. 5(c)], leading to a zero shift for short wait
times (TRamsey” < 1). As explained in Ref. [19], this zero
initial shift at 8) = 7 /2 can be formally understood writ-
ing the contribution of other atoms to the time evolution
of an atomic dipole: (0eg)int = 7 Ratoms (1 — 20¢c) /2 Where
Qatoms 18 the Rabi frequency of the field radiated by the
other atoms [see Eq. (D1)]. Fora /2 pulse, pee = 1/2 and
the dipole is not impacted by the others. Intuitively, this is
due to the fact that during the free evolution time, the other
atomic dipoles oscillate at the bare atomic frequency, and
thus create an effective drive in the equatorial plane of the
Bloch sphere. This field thus does not drive a precession in
the equatorial plane (¢ = 0) and does not lead to a shift of
the transition for I' Trameey < 1.

For longer times (Tramseyl” 2 1), the situation is differ-
ent. As pe. decays, the dipole evolution starts to depend
on the other atoms. The authors of Ref. [19] derived a
short-time linear expansion represented as a dotted line in
Fig. 5(b). Here, we extend the prediction of the shift to
arbitrary time for weak interactions using the mean-field
approximation, see Appendix F. We find that the shift of
the Ramsey fringes for a time Tramsey 1S given by

_ 1 — cos6y
3Ramsey = (Sgpectro |:1 - (1 —e FTRamsey) —i| . (2)

I'T Ramsey

This shift can be understood by noting that the
instantaneous precession rate is given by ¢(f = 0) =
—SSpecm) cos 0 (1) where 6(#) follows the population decay
due to spontaneous emission. Integrating this instanta-
neous precession rate to obtain the shift after a given time
TRamsey . ‘SRamsey = (I/TRamsey) foTRamsey ¢dt Yields Eq- (2)

The result is represented as dashed lines in Fig. 5(b), and
reproduces the experimental data and mean-field simula-
tions well. At long times (I"Tramsey > 1 for which 6 — 0),
the precession rate approaches the value ¢ = 82pectm.
The evolution of Sramsey is schematically represented on

Fig. 5(c). Hence, the measured shift of Ramsey fringes

converges towards (Ssopecm) [48]. This allows to understand
the observations of Fig. 5.

This data establishes a connection between the two
regimes of the collective Lamb shift: in Ramsey spec-
troscopy the shift depends on the amount of excitation
in the system, but as time evolves the shift converges to
the low-excitation limit due to the decay of the excited
state, and one recovers the shift measured in linear-optics
fluorescence spectroscopy. The time dependence of the
collective Lamb shift reported here matches the mean-
field expectations. For shorter interatomic distances, one
expects a departure from the mean-field predictions, open-
ing the possibility to test beyond mean-field theories [20].

V. CONCLUSIONS

To conclude, we have demonstrated single-shot atom
resolved readout of the atomic state in an atom array
collectively interacting with light. As a first demonstra-
tion of the possibilities it offers, we measured the exci-
tation fraction with single atom resolution and measured
the collective Lamb shift both in the linear and non-
linear optics regime. Our single-shot state readout opens
the way for an array of new measurements. In particu-
lar, it allows for the measurement of atom-atom correla-
tions as in Rydberg-based experiments [49,50], so as to
measure beyond mean-field effects in sifu. For instance,
one could investigate atomic correlations induced by col-
lective dissipation [23,43,51,52] or the steady state of
driven-dissipative spin arrays [53—56]. The addition of
local addressing could allow to directly prepare super- or
subradiant states [57-59].

ACKNOWLEDGMENTS

This project has received funding by the Agence
Nationale de la Recherche (JCJC Grant DEAR, ANR-
22-PETQ-0004 France 2030, project QuBitAF), by the
European Union (ERC StG CORSAIR, 101039361, ERC
AdG ATARAXIA 101018511), and the Horizon Europe
programme HORIZON-CL4- 2022-QUANTUM-02- SGA
(Project No. 101113690 PASQuanS2.1).

DATA AVAILABILITY

The data that support the findings of this article are
openly available [60].

APPENDIX A: SHALLOW-ANGLE LATTICE

As presented in the main text, we impose an additional
confinement along the tweezers’ axial direction by using
a shallow angle lattice. This lattice is made by interfer-
ing two beams of wavelength A; = 532 nm at the position
of the tweezers [Fig. 6(a)]. The lattice beams are off res-
onance from the tweezers’ beams by more than 300 MHz
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(a) View from above of the optical setup for the light sheet creating additional axial confinement in the y direction. (b) Atom

survival as we abruptly switch the lattice on for different positions of the bright fringe on the atoms. (c) Measurement of the axial
trapping frequency across the chain. In order to have a homogeneous axial trapping frequency along the chain we only use the shaded

area which corresponds to 30 atoms with a 1.4 pm spacing.

to avoid any unwanted interference. With this lattice, the
axial confinement increases from 7kHz up to 35 kHz on
the central lattice sites where we perform the experiment.
The lattice beams’ waist is 10 pm at the atoms’ position.
The half-angle between the two beams is ¢ = 5° yielding
a lattice spacing of A;/2sina = 3 um. The lattice angle
and beam waist (Rayleigh length ~600 wm) are chosen to
obtain a relatively homogeneous axial trapping frequency
across the chain of 30 atoms [see Fig. 6(c)]. We load all of
the atoms into only one bright fringe of the lattice because
the planes are far apart due to the large lattice spacing. To
generate the two beams we use two cubes and a mirror on
a three-axis mount. The retroreflection mirror is mounted
on a piezo stack to control the phase difference between
the beams and place the central fringe on the atoms. The
position of the lattice fringe is stabilized by monitoring
the fringes on a camera. The lattice beams are sampled
shortly before the atoms [see Fig. 6(a)]. The relative phase
between the beams on the camera and the beams on the
atoms nevertheless drifts, resulting in a slow drift of the
position of the bright fringe. To monitor this, we measure

the fringe position directly on the atoms in the follow-
ing way. At the end of every experimental sequence we
abruptly turn the lattice on and off, the atoms only survive
this lattice pulse when the bright fringe is on the atom since
it exerts no center-of-mass kick [see Fig. 6(b)]. By tracing
the atoms’ survival to this lattice pulse over time we can
determine if the position of the bright fringe slowly drifts
and we then correct for it.

APPENDIX B: SINGLE-SHOT STATE READOUT

In a typical experimental sequence, one atom scatters on
the order of one to a few photons during the drive. Given
a typical collection efficiency (a few %), it is impossible
to measure the scattered photons in a single shot. Instead,
we directly measure the internal state of each atom at a
given time. This can be done because the transition that
we use has a linewidth of I'gp = 271 x 135kHz i.e., a life-
time of |e) of 1.2 ws which is relatively long. In particular
it is much longer than the time it takes to scatter a few
photons on the broad transition (I'sp; = 27 x 32 MHz).
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We apply a 100 ns pulse of 421 nm light. To generate this
pulse, we use an AOM with a 150ns rise time and an
extinction greater than 10 000 followed by a Pockels cell
EOM with an extinction greater than 5000 and with a 10 ns
rise time. The light has linear polarization along the mag-
netic field axis to excite the 7 transition. The atoms in |g)
are depumped by the light pulse to other Zeeman states
|d) = |J = 8;m; > —8) [see Fig. 7(b)], these atoms are
then not re-imaged in subsequent images. The |e) atoms are
shelved from the blue pulse, and then decay down to |g),
so that they are re-imaged in the second picture. We have
observed that atoms that are depumped to m; = —7 but not
further might actually be repumped by the imaging light
and appear as |e) atoms. To prevent this, we add an extra
depumping stage once all the atoms are in the ground state
manifold [the sequence of pulses can be seen on Fig. 7(a)].
It is performed with o *-polarized light on the 626 nm tran-
sition. This transition is sufficiently narrow to be selective

and depumps atoms in m; = —7 to higher Zeeman states
without impacting atoms in m; = —8 (that were originally
in |e)).

The fidelity of this state readout is limited by the life-
time of |e). During the 100 ns pulse, a fraction of |e) atoms
decay to |g), limiting the fidelity of the state readout. In
addition, some |g) atoms might remain in |g). This leads
to a probability of measuring an atom in a given state:

P(m,) = P(mx)P(x) + P(m[»)P(y)  (B)
where P(m,) is the probability to measure the atom in state
Ix) (x,y =e,g), P(mc|ly) =1— P(m,|y) is the probabil-
ity of measuring the atom in |x) while it was actually in
ly) and P(x) is the probability for the atom to be in |x).
On the experiment, we calibrated P(m,|g) and P(mgl|e) in
the following manner: First, we start with all atoms in |g),
we then apply the blue pulse. The fraction of atoms that
were not depumped and that we re-image after this gives
us P(m,) = P(m,|g) = 0.05. We show in Fig. 7(c) how
P(m,) evolves with the time of the blue pulse. In blue solid
line, we show the theoretical expectation. This is obtained
by calculating the population in |g) = |J = 8,m; = —8)
by solving the master equation of the / = 8 — J' = 9 sys-
tem driven by blue light with 7 polarization and taking into
account the rise time of the Pockels cell EOM. The best fit
(solid blue line) is obtained by taking a Rabi frequency of
Q41 = 50 MHz for the 421 nm light.

Second, we prepare an incoherent mixture of |g) |e)
(P(e) = P(g) = 0.5) by sending a resonant pulse of
626 nm light with a high Rabi frequency 2 = 27 x 3 MHz
for a time ¢ > 1/I". We measure P(m,.) and then deter-
mine the fidelity, we get P(m,.|e) = 0.92. This is in good
agreement with our expectations since the fraction of pop-
ulation initially in |e) that decays during the blue pulse and
might be depumped is expected to be e~?/* = 0.92. We
show observed Rabi oscillations in the main text [Fig. 1(c)]

(a) . 626 Blue Red
Picture 1 drive depump depump Picture 2

Trapping

light
Ie) = Im]
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atoms |m]— -7) |my = —6)

lg)=|mj =-8) P

Atoms to \%“

Fast blue depump | " g Imj = -6)
} L, =

le) = |my = -9) lg) = |myj=-8)
N |my=-7) Slow, resolved
lg) = |my = -8) red depump

Spontaneous decay

(C) T T T T T T T
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908 :
Q
506 :
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(o]
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0.0F .
| | | | | I I |
0 20 40 60 80 100 120 140
Blue depump duration (ns)
FIG. 7. (a)Pulse sequence for state readout. The experiment is

done in time of flight in order to eliminate any systematic errors
we may have due to the traps. (b) Internal state dynamics dur-
ing state readout: atoms in |g) are depumped by a fast pulse
of m-polarized light on the broad 421 nm transition. Following
this pulse, atoms that were in |g), end up in higher Zeeman
states (m; > —8) while atoms that were in |e) have decayed to
|g). We apply a second pulse of 626 nm o "-polarized light that
selectively further depumps atoms in m; = —7 to prevent unin-
tentional further repumping during imaging of the |g) atoms.
(c) Calibration of the depumping time. We apply a 421 nm pulse
of varying duration, atoms are all in |g) initially, we show the
ratio of atoms which survive this pulse. We also plot the solutions
to the optical Bloch equations for the / = 8 — J = 9 transition
(36 states) for the evolution of the population of an atom start-
ing in the |g) = m; = —8 state and subject to a pulse of 421 nm
light, taking into account the rise time of the EOM we use to turn
the blue light on.

when driving the |g) — |e) transition with the raw data in
blue dots and the data corrected for detection errors using
the above calibration in red diamonds. The data are very
well fitted by a solution of the optical Bloch equations
[61], with Rabi frequency €2 = 3.6 MHz and a transverse
decay rate y, = 60kHz [with ' = (27) 135kHz]. We
assign this transverse decay rate to laser phase noise and
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inhomogeneity of the Rabi frequency among the different
atoms.

APPENDIX C: SINGLE-ATOM EXCITATION
PROBABILITY ANALYSIS

The data plotted in Fig. 3 is an average of many exper-
imental realizations, sometimes separated by a few weeks.
We therefore have to eliminate systematic effects. First,
residual inhomogeneities of the site resolved excitation
imaging along the chain. For this we calibrate P®)(m,|e)
and P (mg|g) at each site (i). We also measure the effect
of switching the tweezers off during the red driving light
and the blue depump pulse. We measure Pfg’) the proba-
bility for atom 7 to survive the switch on and off of the
tweezers in absence of the drive and depump beams. These
quantities are calibrated by interleaved measurements dur-
ing the data taking. What is finally plotted in Fig. 3 is
P@(e)/PY. This allows us to eliminate any systematic
effects which could be non-homogeneous along the atomic
chain. Furthermore, the driving laser’s Rabi frequency was
not constant over all datasets. We accounted for it by nor-
malizing the data by the measured probability of the first
atom to be excited. We note that since this individual point
is prone to statistical noise, this results in a statistical offset
of all points, but we use this to keep the data analysis free
of adjustable parameters.

APPENDIX D: MEAN-FIELD SIMULATIONS

We perform simulations of the light scattering exper-
iments based on the mean-field equations that can be
derived from the full master equation. They are derived
in many works, see for instance [10,62] for more details.

They read

dpee, i

Tn = —T'pee,n + 5 (Q”p:g,n - Q:peg,n)

do r . i

% = (5 - ZAL) Pegn + EQn (1 - 2pee,n)

(D)

2, is the total Rabi frequency for atom #. It has two contri-
butions: the drive, and that of the other dipoles in the chain
(called 2,¢0ms in the main text). It is written in terms of the
fields:

doq do S - L
Q=38 =38 | ELG) + ) Ec G0
k#n
(D2)
with & = (5 — i2)/+/2 the polarization of the transition we

consider here: o ~-transition with magnetic field along X.
EL is the laser field and Ek (7, — 1) is the field radiated

by atom k on atom n. The field of atom k at the posi-
tion of atom n is Ey (Fy — 74) = dkﬁ(?n — 7)) - §_}Where
di = 2pegdy 1s the dipole of atom k, dy = (e| g .d lg) =
V(@BmregT'R/K3) is the dipole matrix element and the

Green’s function:
B (1 i 1
LK1 . o I[
dneo’ (kr+<kr>2 <kr>3)
LR (13,3 )
el —— - — .
4 e kr (k)2 (kr)?

The 30 atoms of the chain have positions 7; = 7y; + 57,
where (7o;)iefon—1] are the positions of the 30 tweezers
perfectly spaced by d. To average on positional disorder
due to temperature, we draw the random positions §r; fol-
lowing the Boltzmann distribution exp (—(maw?*r*/2ksT)).
We solve the set of Eq. (D1) taking into account the rise
time of the AOM and the timescale during which we do
the experiment and obtain simulated spectra which we use
to extract the shift. We have further verified in the linear
regime that accounting for Doppler broadening due to ther-
mal motion does not lead to a significant reduction of the
calculated shifts.

APPENDIX E: ANALYTICAL FORMULA FOR
THE FREQUENCY SHIFT

Here we analytically derive the lineshape in the weakly
interacting case. We show that it is a skewed Lorentzian
with a shift that we define. Let us start with the master

equation for the density matrix (dp/df) = (1/ih) [I:I , ,5] +
Z[p] where the Hamiltonian is [27]

H/h= Z[ ALRE + '6

:| + Z‘]Uot

7
and the dissipation is represented by the operator .-

LIp1=TY [a po—51676; ,p}]

+3Ty [o po;=3167'5, p}}

i#]

The coupling terms are defined as J; = Re[Vj]/h
and I'; = —2Im[V};]/h. Where we have simplified the
notation for the dipole-dipole interaction as Vj; = Vyq

- - sy T - 5\ o .
(ri—r) = —dé e*. G (r; — r;).€. The expectation value
of an operator O is (O) = Tr{Op} and we write the time

derivative of the expectation value of the population oper-
ator for the excited state 7; = |e;)(e;| of atom i, making a
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mean-field approximation:

+ %; [V;(C}ﬁ)(&f) —Vy <‘9j_><‘}i+>] '
e

J

We do the same for the lowering operator for atom i 6;” =
|gi) (eil:
d(6,)
dr

= (iA, —T/2)(67) + i%@(r?f) -1

+ 5 Vit Q) — . (ED)

JF#

We then solve this set of coupled equations in steady state to first order in V;; and we obtain the average excited state

population in the array p.. summing over all atoms:

1 Q? (14+4A7/TH(142Q%/T?) (AL Yspectro
- — Ay~ — 0 144 2= Sgpectr P E2
TN ZW’) T+s(Ap) [ " (I +5(A))? ( oo )} =2
s(Ap) =4A2/T? +2Q2%/T2, (E3)
[
with  Sgpeetro = 80eetro/ (1 + 222/ T2), Yipectro = Vipeerro/  the Bloch vector evolution [61]:
(1 4+29%/T?), and
d(67%) r .
L A (6N — —(6X
1 ﬁ = Ae)) - 56
0 _ = _ 2 N ,—ikGa—Tm) dGY
Sspecto = 37 ;Re[Vdd(”’ rmle ] | <(‘1’; ) _ —ALGK) = =6 — Q(67) (F1)
1 - N 7.* =3 d<&lZ> _ ~7 ~Y
ys(}))ectro = ﬁ Zlm[Vdd(rn —Fm)e ik (n rm)]. a =T [(O'i )+ 1] + Q(0;')

n#m

In the limit where the shift is small, we find that the deriva-
tive of (77) cancels out for a laser detuning equal to Sgpeciro-
When analyzing the experimental data and results of mean-
field simulations, we fit the results with Eq. (E2), leaving
Sspectro s a free parameter.

APPENDIX F: TIME-DEPENDENT SHIFT IN
RAMSEY SPECTROSCOPY

To derive the evolution of the frequency shift when
doing Ramsey spectroscopy, we analytically calculate the
evolution of the expectation values of the Bloch vectors

6 =6"+6; and6) =i(67 —6;7) and 67 =277 — 1.
In order to remove the position dependence on the atoms

57 = emihasTig =P | with 7€1as the excita-

we introduce o; .

tion laser wave vector. For this derivation we use perturba-
tion theory and approximate the solution of the expectation
values of the Bloch vectors by (&i_(+)) ~ (6i_(+)) N+
(86",._(+)) V;j where (&i_(+) )az 1s the Bloch vector in the non-
perturbed case. We start by expressing the Bloch vectors in
the non-interacting case by using the equations describing

First, a pulse of area 6, is applied which rotates the Bloch
vector around the x axis. The system then evolves freely
for a time Tr. We solve Eq. (F1) for 2 = 0 and find that

(5,-)()1\/1 = Sin(eo)sin(ALT)e—FTR/z

(6 )nr = sin(fp)cos(A e TR/

(67w = (1 — cos(8y))e "R — 1

Using the mean-field Eq. (E1) for € = 0 and truncating at
first order in 7; = V;;e*i~7) we get

(6,7) = sin(fp)e AL T/DTR
i~—: [®_,
x 1+7—12VZ,/ (67 () rde
J#i 0

Assuming the interactions are small, we can rewrite this

equation using the previous definitions for SSPectro and

Veneetro DY using the total dipole (1/N) Y~ (6;) = (67) =
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sin(By) e™RE*A) with

o=AL— 5gpectro‘SQ(TR)

I 0
ﬂ = _5 + yspectroSG(TR)'

This expression shows that the shift of the Ramsey fringes
is 5Ramsey(TR) = (SgpectroSG (Tr), where we defined

1

T
So(T) = —7,/(; (67 () nrde

1 — cos(6p)

=1—(1—-¢"") =7
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