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We report the observation and control of ultrafast many-body dynamics of electrons in ultracold
Rydberg-excited atoms, spatially ordered in a three-dimensional Mott insulator (MI) with unity filling in an
optical lattice. By mapping out the time-domain Ramsey interferometry in the picosecond timescale, we
can deduce entanglement growth indicating the emergence of many-body correlations via dipolar forces.
We analyze our observations with different theoretical approaches and find that the semiclassical model
breaks down, thus indicating that quantum fluctuations play a decisive role in the observed dynamics.
Combining picosecond Rydberg excitation with MI lattice thus provides a platform for simulating
nonequilibrium dynamics of strongly correlated systems in synthetic ultracold atomic crystals, such as in a

metal-like quantum gas regime.
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Well-controlled isolated quantum systems have become
essential experimental platforms for addressing quantum
many-body problems that are inaccessible with classical
computers [1]. Of particular interest is the understanding of
the emergence of many-body correlations and entanglement
that arise from long-range interactions among particles.
Quantum spin models with long-range interactions
have been realized in various settings including trapped
ions [2—4], polar molecules [5,6], and magnetic atoms [7,8].
Because of their exquisite controllability and, in particular,
tunable long-range interactions, Rydberg gases have recently
emerged as promising systems for studying many-body
problems [9-12]. Spin models have been implemented in
one, two, or three dimensions with spatially ordered and
disordered atomic ensembles [13-25]. With these systems,
fundamental questions of many-body spin physics can be
addressed, such as the origin of quantum magnetism and the
role of many-body correlations and entanglement during
nonequilibrium dynamics.

While many experimental studies on many-body dynam-
ics have employed continuous-wave (cw) lasers to excite
atoms to Rydberg states, broadband pulsed lasers are
expected to offer unique possibilities for exploring novel
dynamical features of strongly-correlated electrons. With
cw lasers, the simultaneous excitation of atomic pairs at a
short distance, typically below several microns, is inhibited
due to the Rydberg blockade effect [26-30]. Facilitated
excitation with frequency-detuned cw lasers allows one to
reach shorter distances [31-35]. Alternatively, broadband
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pulsed laser excitation with an ultrashort pulse can directly
circumvent the blockade effect even down to nearest-
neighbor (NN) distances in optical lattices [36]. This leads
to high Rydberg densities yielding GHz-scale interactions,
which are orders of magnitude larger than that of the cw
approach [13,23,24]. Such interaction timescales are orders
of magnitude shorter than the lifetimes of the Rydberg
states (including effects of blackbody radiation) and typical
timescales set by environmental noise, thermal motion, and
laser phase noise [37-39], thus rendering it possible to
explore long-time nonequilibrium dynamics.

In a previous study, using a spatially disordered ensem-
ble of rubidium (Rb) atoms at microkelvin temperatures in
an optical dipole trap, we revealed the ultrafast many-body
dynamics of electronic coherences between the ground and
high-lying electronic (Rydberg) states [13]. Tens of par-
ticles were shown to get correlated within several hundreds
of picoseconds. In this Letter, we report the observation
of ultrafast nonequilibrium many-body dynamics of
highly excited electrons, created from atoms in a three-
dimensional Mott insulator (MI) with unity filling. We
analyze the observed time-domain Ramsey dynamics with
theoretical models of increasing complexity providing
insights into the role of long-range quantum correlations
for the nonequilibrium dynamics.

Experimental setup.—Our experimental system is sche-
matically shown in Fig. 1(a). A number N ~3 x 10* of
87Rb atoms is trapped in a three-dimensional optical lattice
at a lattice depth of ~20ER, forming a unity-filling

© 2023 American Physical Society
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FIG. 1. (a) Experimental schematic. The atoms are irradiated
with a pair of picosecond excitation pulses with tunable time-
delay 7, during which the system evolves. The atoms in the
Rydberg state are detected as ions with a MCP following the field
ionization. (b) The atoms in the ground state are coherently
excited to the 35D state by a two-photon laser excitation with
circularly polarized blue and IR laser pulses propagating along
the bias magnetic field direction.

MI [36,40]. Here, Eg = h?/2mg,A? is the recoil energy of
the lattice laser operating at A = 1064 nm, and mg,, is the
87Rb mass. The optical lattice is formed by superimposing
three orthogonal standing waves of light, thereby creating a
trap potential in a cubic lattice geometry with a lattice
constant of aj, = 532 nm. The Rb atoms in the MI act
as a nearly defect-free three-dimensional array of single
atoms.

The atoms in the hyperfine ground state 55 ,, |F = 2,
my = —2) are coupled to a Rydberg state via a two-photon
optical transition using broadband picosecond laser pulses
with their wavelengths tuned to ~779 (IR) and ~482 nm
(blue) [see Fig. 1(b)] [40]. The IR and blue laser pulses are
irradiated simultaneously to the atoms and the polariza-
tions of the laser pulses are both set to o~ so that only
luDs;,, m; =—5/2) can be populated, following the
optical selection rules. In the present study, the principal
quantum number v =35 is chosen, and the center
frequencies are tuned to the corresponding two-photon
resonance [40].

Ramsey interferogram.—We measure the electron
dynamics by time-domain Ramsey interferometry with a
pair of excitation laser pulses [40,50-52]. The pump pulse
creates a superposition of the 55, , and 35Ds ), states. The
system then undergoes many-body dynamics that origi-
nates from anisotropic long-range interactions among
Rydberg atoms until the probe pulse is irradiated on the
atoms. The time-delay between the pump and probe pulses
is tuned using an optical delay line interferometer [52]. The
pump and probe pulses have identical energies as well as
spatial and temporal profiles of their electric fields.

Ramsey oscillations are observed by measuring the final
Rydberg population as a function of the time-delay z. After
irradiating the probe pulse, we apply a pulsed electric field
to ionize the Rydberg atoms, which are finally detected
with a microchannel plate (MCP) as ions [40]. Figures 2(a)
and 2(b) show the Ramsey interferograms at 7~ 50
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FIG. 2. (a),(b) Time-domain Ramsey interferograms for the MI

(red) and reference clouds (blue) for two different delays
[z ~ 50 ps (a) and 7 ~ 650 ps (b)]. The solid lines are theoretical
fits to the data. Each interferogram is rescaled using the offset
value of the sinusoidal function that best fits the data. (c) The
contrasts of the Ramsey signals for the MI (red) and the reference
clouds (blue) obtained with the Rydberg state population
Pe = 5.6(2)%. Error bars represent the standard error of the
mean.

and ~650 ps, respectively, exhibiting oscillations at a
period of ~1 femtosecond (fs) corresponding to the
frequency of the 5S,/,, —35Ds;, two-photon transition
(Eeg/h ~ 27 x 10 Hz). The relative time delay in each
Ramsey interferogram is calibrated with attosecond pre-
cision using an optical interference signal from a He-Ne
laser while we scan the time delay.

To evaluate the effect arising from atomic interaction, we
use the remaining atoms to record Ramsey oscillations of a
reference “low-density” cloud with a mean atomic distance
n='3 ~ 3.5 ym in each experimental sequence. The low-
density clouds are prepared by expanding and transferring
the atoms to a deep cigar-shaped optical dipole trap with a
depth of tens of microkelvin after the first Ramsey
sequence for the MI atoms [40].

Each Ramsey interferogram is characterized by the
contrast C(>0) and the phase ¢ €[—x,z), which are
obtained by fitting the interferograms with a function of
the form o 1+ Ccos(E.t/h+ ¢). For the reference
measurement, a systematic change in the remaining atom
number is taken into account by introducing a correction
factor to the above fitting function [40].

The contrasts of the Ramsey oscillations for the MI and the
reference clouds are depicted in Fig. 2(c). The contrasts for the
reference clouds are constant over the entire delay range,
which indicates that single-atom decoherence mechanisms
can safely be neglected. On the contrary, the contrasts for the
MI clouds decrease as the time-delay increases, which will be
analyzed in more detail below. In the following analysis, we

123201-2



PHYSICAL REVIEW LETTERS 131, 123201 (2023)

|JIt/h |JIt/h
0 5 10 15
T

H120
40

3
s
£ S —
8 g B
> ~ -
é < 20 z
H40 T

& o P o®o 3
2 g ° " 0 ) s /N E
5 ok 5 2 \ng Qo
K (<)

—— Analytic o \ \/ )

0.2 —=- Mean-field
—— DTWA \ --40

0.0

260 460 660 260 460 660
Pump-probe delay (ps) Pump-probe delay (ps)
FIG. 3. Experimental relative Ramsey contrasts and phase
shifts (red circles) compared with different theoretical ap-
proaches. The relative Ramsey contrasts and phase shifts at
7 =0 in the theories are adjusted to values identical to those
obtained with the analysis with the analytical solution. The error
bars represent the standard error of the mean.

introduce the relative Ramsey contrast Cx = Cy/Cy. and the
phase shift ¢pr = ¢y — ¢, € [-7, ), which are summarized
in Fig. 3. Here, the subscript H (L) represents “high-density”
MI clouds (low-density reference clouds).

The model Hamiltonian.—We analyze our observation
with the quantum Ising model [53-58]. The model
Hamiltonian is

N 1 . A
H = ZEEeg‘j; + ZUjknjnk, (1)
J

Jj<k

where the Rydberg state (|e)) and the ground state (|g)) are
mapped to the pseudospin states. Here 72; = [e)(e|; =
(1+63)/2, 6';” “ are the Pauli operators for the jth atom,
and U is the long-range anisotropic interaction between
the jth and kth Rydberg atoms. The second term
in the Hamiltonian describes the effective interactions
among spin-1/2 particles, which create correlations and
entanglement among distant atoms. We considered
an effective van der Waals (vdW) potential of the form
Uj = —Co(1 =3 cos*0)* /%, where Cg is the vdW
coefficient and rj is the distance between the jth and
kth atoms, and 6, is the angle between the quantization
axis and a vector from the jth to the kth atom [40]. Because
of the complexity of predicting the actual pair potential
caused by an increasing number of contributing pair states
as well as higher-order couplings beyond the dipolar
interactions [59], the Cq value serves as a free fitting
parameter being determined by the model below.

Exact analytical solution—The Ising spin model in
Eqg. (1) has an exact analytical solution that fully takes into
account many-body correlations [53-58]. The Ramsey
signal of the jth atom is

Pej(7) = 2pepeRe{l + G(z) expli(Eeer/h + ¢))]}, (2)

where p, (p,) is the Rydberg (ground) state population after
the pump excitation, Gj(r):Hﬁéjpg—l-peexp(inkr/h),
and @; is the phase acquired during the pulse excitation
due to the ac-Stark shift [13]. The single-particle function
G,(r) contains information about the many-body effect
encoded in the Ramsey signal and is related to the
Larmor precession of the jth pseudo-spin via
(67 (1)) = G;(v)eE=/"(57(0)), where & =&+ i6).
The Ramsey contrast of the jth atom Cy ;(7) is determined
by |G, ()| its relative phase shift ¢ ;(7) by arg|G;(z)]. The
total signal is obtained by taking the average of the
ensemble, P.(z) = (1/N)> | P ;(z). The pump pulse
creates a superposition of many-particle quantum states
representing a different number and arrangement of the
Rydberg atoms on the lattice. During the time delay, each
many-particle state acquires a phase according to the long-
range interactions and interferes coherently to eventually
give rise to the strongly correlated many-body quantum
state.

Comparing the experimental results to the analytical
solution allows us to benchmark our quantum simulator.
We determine the Cq value by fitting the above exact
analytical solution to the Ramsey contrasts. Using the Cg
value as the only free parameter, we obtain good agree-
ment with the experimental contrast data for Cg/h =
371(6) MHzpum® as shown by the red curve in Fig. 3,
except for small temporal undulations in the theory. Here,
we forced the theoretical curve to pass through the data
point at the shortest time delay near z = 0. The angle-
averaged vdW coefficient obtained from the fitted C¢ value
agrees within a factor of 3 with a numerical estimate valid at
a large atomic distance [59]. Since our system is large,
nearly defect-free, and thus essentially homogeneous,
the dynamics is approximated well near the thermo-
dynamic limit of N — oo, where the finite-size effect is
neglected [40]. The Cg4 value extracted from the contrast
decay can also consistently account for the slow decreasing
trend in the phase shift as shown in Fig. 3, where the phase
shift at 7 =0 was used as a free fitting parameter [40].
The nonzero phase shift at 7 =0 could possibly arise
from the difference in the ac-Stark shifts between the two
clouds [60]. To gain further insights into the role of
quantum correlations, we compared our result with two
models of increasing complexity.

Mean-field theory.—First, we analyze the observations
in the mean-field approximation. The interaction energy
shift of one Rydberg atom is given by the sum
of the interactions with the surrounding N — 1 atoms,
Umr,j = Y114z PeUj- The mean-field approximation
predicts that a relative Ramsey contrast Cg(z) = 1, inde-
pendent of Cg and 7, and a phase shift ¢g(7) = Uy j7/8,
evolving linearly with z. The green dashed lines in Fig. 3
show the prediction for the relative Ramsey contrast and
phase shift using the Cq determined as described above.
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The obvious failure of the mean-field prediction is more
pronounced in our ordered and nearly defect-free atomic
array with a larger number of atoms than in disordered
ensembles, including atoms in an optical lattice with
defects (i.e., nonunity filling) and small arrays [6].
Inhomogeneity in the mean-field energy shift leads to
decay and nonlinear time evolution in the ensemble-
averaged contrast and phase shift, respectively.

Semiclassical theory.—The discrete truncated Wigner
approximation (DTWA) is a semiclassical approach, in
which the quantum uncertainty in the spin state is incorpo-
rated by the initial sampling with the discrete Wigner
function [61,62]. The DTWA has successfully captured
quantum spin dynamics in various studies [7,8,20,21]. The
comparison between our experimental result and the
DTWA simulation performed with a 313(~3 x 10%)-site
cubic array is shown in the purple solid curves in Fig. 3.
The agreement can be confirmed only up to =~ 2#/|J|,
where J ~—1.6C4/al, is the strongest NN interaction
strength. The DTWA includes initial quantum fluctuations
of the spin state so that quantum corrections up to their
leading order can be included in an effective mean-
field approximation. Accordingly, the timescale on which
the DTWA is quantitatively valid is generally set by
O(h/|J]) [63,64], where the initial quantum fluctuations
still dominate the dynamics. For p., ~ 50%, as in previous
experiments on many-body spin dynamics [20,21], DTWA
accidentally coincides with the exact solution [61]. In our
setting, however, DTWA fails for a longer time delay 7 as
the population p. is much smaller than 50%.

Entanglement buildup.—Our Ramsey interferometry
can directly measure the evolution of the entangle-
ment [40]. During the many-body dynamics, the initial
many-particle state evolved into a highly entangled state
and consequently each single-particle reduced state p
decreases its local purity. The nth Rényi entanglement
entropy S (7) = —log,[Tr(p")] of the single-particle
subsystem is a suitable measure to characterize its evolu-
tion. By definition, the Rényi entropy is zero for the
product states and takes positive values for the entangled
states. Figure 4 shows the 2nd order Rényi entropies
obtained by extracting p(r) from the data in Fig. 3,
assuming the thermodynamic limit of N — oo. Consistent
with the theoretical calculation, we observe ultrafast growth
of the single-site entanglement entropy toward the theo-
retical upper limit, which corresponds to the case of
Cr = 0. The errors due to the finite size of the array are
small and estimated to be less than 5%. The timescale of the
entanglement growth being |J|z/A > 1 indicates that long-
range interactions beyond the 1st NNs are involved in the
dynamics, which is also consistent with our cluster expan-
sion analysis [40].

In conclusion, we developed a platform for simulating
many-body dynamics on the picosecond-scale, by utilizing
our ultrafast technique and an atomic Mott insulator as a
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FIG. 4. Ultrafast growth of single-site entanglement entropy.
The measured 2nd order Rényi entropies (circles) are shown with
the theoretical calculation based on the exact solution assuming
N — oo (solid curve). The dashed line is the theoretical upper
limit set by the population p..

large-scale array. By comparing our observation with the
solution with full many-body correlations as well as those
of the mean-field and semiclassical theories, we identified
the emergence of long-range many-body correlations in our
ultrafast dynamics. Noteworthy, our unambiguous experi-
mental identification of the essential role of many-body
correlations is strongly supported by the measurability
not only of the contrast decay in the Ramsey signal but
also of its minute phase shift on the attosecond timescale.
Furthermore, we measured the time evolution of the single-
site entanglement entropy on the picosecond timescale.

The remaining quantitative difference between the
experiment and the many-body simulation could arise from
the approximation of describing the Rydberg pair potential
as a single effective potential as well as neglecting the finite
width of the quantum ground-state atomic wave function at
each lattice site [65—-67]. The latter could lead to uncer-
tainty in the interaction energies between atoms. These two
factors, which are beyond the scope of our analysis, could
smear out the small temporal undulations in the many-body
theories.

Our work can be directly extended to other interaction
regimes by tuning the principal quantum number and
the orbital angular momentum. Other quantum spin
models such as the Heisenberg model [20,68] and the
XY model [21] could be implemented by employing
direct broadband laser excitation to two Rydberg states.
Our ultrafast approach can be combined with a microscope
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[14,15,17,22] as well as an optical tweezer array
[10-12,16,19,23,24,65] to reveal ultrafast dynamics with
single-site resolution. The long-time dynamics, orders of
magnitude longer than the interaction timescale, could
address many-body thermalization and localization prob-
lems [69-71] without effects from environmental noise and
the radiative lifetime. A measurement of the collective spin
fluctuations using our Ramsey scheme can identify the
correlation buildup [72]. Most interestingly, our ultrafast
Ramsey measurement could uncover the many-body elec-
tronic states and the nonequilibrium dynamics in a metal-
like quantum gas regime, where the electric charges of the
NN Iattice sites overlap. Such an exotic state of matter
was recently realized for the first time by our broadband
pulse laser excitation that circumvents the Rydberg
blockade [36,73].
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