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We study an array of ultracold atoms in an optical lattice (Mott insulator) excited with a coherent
ultrashort laser pulse to a state where single-electron wave functions spatially overlap. Beyond a threshold
principal quantum number where Rydberg orbitals of neighboring lattice sites overlap with each other, the
atoms efficiently undergo spontaneous Penning ionization resulting in a drastic change of ion-counting
statistics, sharp increase of avalanche ionization, and the formation of an ultracold plasma. These
observations signal the actual creation of electronic states with overlapping wave functions, which is further
confirmed by a significant difference in ionization dynamics between a Bose-Einstein condensate and a
Mott insulator. This system is a promising platform for simulating electronic many-body phenomena
dominated by Coulomb interactions in the condensed phase.
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Electronic properties of condensed matter are often
determined by an intricate competition between kinetic
energy that aims to overlap and delocalize electronic wave
functions across the crystal lattice, and localizing electron-
electron interactions. In contrast, the gaseous phase is
characterized by valence electrons tightly localized around
the ionic atom cores in discrete quantum states with well-
defined energies. As an exotic hybrid of both cases, one
may wonder which state of matter is created when a gas of
isolated atoms is suddenly excited to a state where
electronic wave functions spatially overlap as in the solid.
How fast can those overlapping wave functions be created,
and into which state do they finally disintegrate? If the
timescales for these processes are sufficiently separated,

one could use such a system to investigate many-body
electronic phenomena dominated by the Coulomb inter-
action in condensed matter.
An ensemble of Rydberg atoms in an optical lattice has

provided ideal platforms for the study of strongly interact-
ing many-body systems and related phenomena [1–13]. In
these studies, continuous-wave excitation is employed to
achieve precise quantum state control. Spectral resolution is
typically much finer than the scale of the Rydberg-Rydberg
interactions thus singling out specific few- or many-body
quantum states of the structured gas involving single
(Rydberg blockade [14]) or multiple (Rydberg molecules
[15,16]) excitations. In the current experiment we explore
the opposite regime using broadband excitation with pico-
second laser pulses. As the spectral width covers the entire
range of Rydberg interaction energies, the laser field might,
in principle, coherently excite delocalized electronic super-
position states extending over multiple atoms.
Here, we demonstrate the first step toward its realization

by exciting high-lying electronic (Rydberg) states of an
ultracold atomic Mott insulator (MI) in an optical lattice
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with a coherent ultrashort laser pulse [17]. Under our
experimental conditions, the electronic Rydberg wave
functions of a pair of nearest neighbors in the lattice
overlap for principal quantum numbers ν ≥ 50 [see
Fig. 1(a)] [18–21]. We can therefore study the effects of
overlapping electronic states on the Rydberg gas selectively
and with high temporal resolution. We find a drastic change
of ion-counting statistics, sharp increase of avalanche
ionization, and the formation of an ultracold plasma for
ν ≥ 50. These observations signal the actual creation of
exotic electronic states with overlapping wave functions,
which is further confirmed by a significant difference in
ionization dynamics between a Bose-Einstein condensate
(BEC) and MI.
Figure 1(b) schematically shows our experimental sys-

tem. The experiment starts by preparing a BEC of about
3 × 104 87Rb atoms, which is then adiabatically loaded into
an optical lattice to produce a unity-filling MI of about
3 × 104 87Rb atoms in the hyperfine state jF ¼ 1; mF ¼ 1i
or jF ¼ 2; mF ¼ 2i of the 5S1=2 ground state manifold
[22]. In the MI, the atoms form a three-dimensional lattice
with a period of 532 nm. The 87Rb atoms are excited to
Rydberg states via a two-photon transition using broadband
picosecond laser pulses with center wavelengths tuned to
∼779 (IR pulse) and ∼481 nm (blue pulse), as schemati-
cally shown in Fig. 1(b), after turning off the trapping and
optical-lattice laser beams. The bandwidth of the excitation
is ∼140GHz. When the atoms are initially prepared in the
jF ¼ 2; mF ¼ 2i state, the laser pulses are circularly
polarized along the direction of the magnetic field, effec-
tively suppressing excitations to the Rydberg S states.

Accordingly, the state νD5=2 (mJ ¼ 5=2) is mostly popu-
lated, with the principal quantum number ν selected by
tuning the center wavelength of the blue pulse. When the
atoms are initially populated in the jF ¼ 1; mF ¼ 1i state,
the direction of the magnetic field is set perpendicular to the
propagation axis of the laser pulses, so essentially the state
νD5=2 is populated with a ∼2% admixture of the state νD3=2
[22]. For ν < 47, almost a single Rydberg state is excited,
whereas beyond this principal quantum number the exci-
tation bandwidth exceeds the level spacing, and a Rydberg
wave packet of two or more Rydberg levels is created. The
Rydberg-excitation probability p is controlled by tuning
the blue-pulse energy and measured by field ionization with
an electric-field pulse (rise time ∼500 ns, fall time
∼300 ns) combined with a microchannel plate (MCP)
detector [see Fig. 1(b) and Ref. [22] ].
As schematically shown in Fig. 1(c), it is well estab-

lished that there are generally two stages in the ionization of
interacting Rydberg atoms and, under certain circumstan-
ces, the formation of an ultracold plasma [26,27]. The
initial ionization process following electronic excitation is
Penning ionization of a pair of interacting Rydberg atoms
[20,21,28,29]. In a secondary process, the free electrons
might ionize other Rydberg atoms. This avalanche process
is particularly efficient when the accumulated Penning ions
trap the electrons, thus leading to the formation of an
ultracold plasma [30,31]. To detect the ions created via
these ionization processes, we accelerate those ions toward
the MCP detector with the electric-field pulse, whose
voltage is lowered enough not to field-ionize Rydberg
states ν < 63 [22]. The delay τ between the picosecond
laser pulses (time origin) and the rising edge of the electric-
field pulse is set to ∼60 ns, thus ensuring no temporal
overlap between laser and electric-field pulses (see
Ref. [22] for more details of the definition of τ). The
experiment is repeated many times under identical exper-
imental conditions, allowing for a statistical analysis of the
number of ions being produced after each realization.
In a first series of experiments we compare ion-counting

statistics for a BEC and a MI under similar conditions
(initial atom number ∼30 000, volume, and Rydberg-
excitation probability p ∼ 0.03), exciting atoms to the state
ν ¼ 42. Thus, the major difference between these two
scenarios is the spatial pair correlation function, which
excludes pairs at distances below the lattice spacing of
532 nm in the case of the MI, while permitting any pair
distance in the case of the BEC (for studies on Rydberg
excitation of a BEC in the blockade regime, see Ref. [32]).
Figure 2(a) compares the arrival-time distribution of ion
signals at the MCP detector for the BEC (upper panel) and
MI (lower panel). A first burst of ions arrives around 45 μs
given by the time of flight after being accelerated by the
electric-field pulse. These ions are created in the 60-ns
dwell time between the laser and electric-field pulses.
There is a tail of ions arriving at later times, more strongly

FIG. 1. Schematic of the experiment. (a) Calculated Rydberg
orbitals of the neighboring lattice sites for principal quantum
numbers ν ¼ 38, 42, 46, 50, 52, 53, 55, and 57 (from the bottom
to the top), where the lattice spacing is 532 nm. (b) Rydberg
excitation and ion detection. (c) Two-step mechanism of the
ionization of interacting Rydberg atoms. See the main text for the
details of (b) and (c).
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pronounced in the MI case than for the BEC, which can be
assigned to ions created during the ∼800-ns electric-field
pulse, thus experiencing a smaller average acceleration. As
we are mainly interested in the ionization dynamics during
the initial 60-ns interval between Rydberg excitation and
the field pulse for detection, we ignore ions arriving at
times later than or equal to 60 μs in the analysis throughout
this Letter. A data analysis including these late ions is given
in the Supplemental Material [22]. None of the conclusions
are actually affected by those ions arriving at later times.
The most striking feature of the comparison between the

BEC and MI scenarios shown in Fig. 2(a) is the drastic
suppression of ionization, indicating a vanishing proba-
bility for Penning ionization during the 60-ns period of free
evolution in the MI case. In fact, efficient Penning ioniza-
tion would require substantial overlap of the electronic
wave functions [20,21], which is excluded in the MI for the
present principal quantum number ν ¼ 42 [see Fig. 1(a)].
Further insight into the dynamics following initial Penning
ionization is provided by inspecting the statistical distri-
bution of ion numbers, in particular when normalizing it to
the average number of initial Rydberg atoms, as depicted in
Fig. 2(b). While a negligible portion of Rydberg atoms is

actually ionized in the MI case, one-third of the Rydberg
atoms excited in the BEC get ionized on average, with a
large spread ranging from few realizations without any
ionization to ionization of more than one-half of the initial
Rydberg-atom number.
In order to gain further insights into the underlying

dynamics of ion formation, we study the spontaneous
ionization after Rydberg excitation in a MI in more detail,
employing the same experimental conditions (initial atom
number ∼30 000, volume, and Rydberg-excitation proba-
bility p ∼ 0.03) as before. Here the confinement in the
optical lattice can levitate the atoms in both the jF ¼ 1;
mF ¼ 1i and jF ¼ 2; mF ¼ 2i states. Therefore, the mag-
netic field gradient was turned off, and the initial state was
set to jF ¼ 2; mF ¼ 2i, so that the Rydberg state was
initialized to the single magnetic sublevel νD5=2
(mJ ¼ 5=2). Figure 3(a) shows the full-counting statistics
of the ion number for principal quantum numbers ν ranging
from 38 [no wave-function overlap of neighboring Rydberg
pairs, see Fig. 1(a)] to 57 (substantial wave-function
overlap). The distribution of ion numbers changes drasti-
cally around principal quantum number ν ∼ 50. While only
a small portion of the Rydberg atoms (around 10% on
average) is ionized for lower ν, a much larger fraction
becomes ionized at higher ν with a non-negligible fraction
of realizations where more than 2=3 of the initial Rydberg
atoms are ionized.
A more quantitative analysis of the ion distribution

statistics is provided by Figs. 3(b)–3(d), which depict
the median normalized to the average number of initial
Rydberg atoms, the Q parameter as a measure of the
deviation from a Poissonian distribution (Q ¼ 0), and the
fraction of realizations resulting in the ionization of more
than 2=3 of the initial Rydberg atoms, respectively. All
three measures exhibit a sharp change in their dependence
on the principal quantum number separating the regime
ν < 50 from ν > 50.
In order to interpret the strong super-Poissonian statistics

(Q > 0) for ν > 50 as captured by the Q parameter defined
as Q ¼ hðN − hNiÞ2i=hNi − 1 [see Fig. 3(c)], where N is
the number of ions produced in each measurement and h·i
denotes average values, we have numerically calculated the
statistics of the Penning ionization, assuming that a pair of
Rydberg atoms on neighboring lattice sites undergoes
solely Penning ionization [see Fig. 1(c), left panel, with
very few examples where four or more atoms are arranged
without a gap in the lattice sites], and found that the ion
distribution would then follow Poissonian statistics [22], so
that this possibility can be safely excluded. The observed
super-Poissonian distribution thus points toward a different
mechanism of ion creation, which we identify with sec-
ondary avalanche ionization following Penning ionization
initiated through laser excitation of overlapping electronic
wave functions of Rydberg pairs in the nearest-neighbor
lattice sites [see Fig. 1(c), right panel]. The avalanche

(a) (b)

FIG. 2. Comparison of ion productions from the BEC and MI.
The initial state is the 87Rb ground state 5S1=2 jF ¼ 1; mF ¼ 1i.
The graphs show the results of fifty independent measurements
under similar conditions (∼30 000 atoms, volume). (a) Arrival-
time distribution of the ion signals. The ordinate represents the
number of TTL pulses of ion counting summed over the fifty
measurements (see Ref. [22] for the details of ion counting). The
ion number indicated in each figure is the one detected at arrival
times shorter than 60 μs and averaged over the fifty measure-
ments. These numbers are rounded to an integer. (b) Statistical
distribution of ion numbers produced from the BEC (top graph)
and MI (bottom graph). The bin size is 30 ions. The arrows
indicate the mean number of ions. The upper abscissa shows the
number of ions normalized to the average number of Rydberg
atoms created initially. The Q parameter quantifying the
deviation from a Poissonian distribution is 36 for the BEC
and 12 for the MI, respectively.
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ionization constitutes a highly nonlinear process critically
depending on the initial microscopic spatial configuration
of Rydberg atoms in each experimental realization, thus
giving large values for the Q parameters.
Transformation of more than 2=3 of the Rydberg atoms

into ions signals the emergence of an ultracold plasma
[26,29,33]. Figure 3(d) indicates that beyond ν ∼ 50, an
increasing fraction of microscopic realizations of efficient
avalanche ionization culminates in the creation of such an
exotic neutral plasma, while plasma formation through
short-pulse Rydberg excitation of a MI is not favored for
ν < 50. We have numerically evaluated the depth of the
ionic potential formed by Penning ions under the present
experimental conditions, assuming that a pair of Rydberg
atoms in the neighboring lattice sites with their overlapping
Rydberg orbitals undergoes Penning ionization [22]. We
have averaged calculated ionic potentials over many differ-
ent initial configurations of Rydberg atoms randomly
generated by the Monte Carlo method. It is found that
the spatially averaged potential depth is indeed large
enough to trap Penning electrons and could thus indeed
result in efficient plasma formation. An intriguing feature
of this ultracold plasma is the preordering of the remaining
ion cores, which might result in reduced disorder-induced
heating and thus an increased plasma parameter [34–36].
The results of this second series of experiments involv-

ing a unity-filling MI can be summarized in the following
simple model shedding new light onto the ionization
dynamics of an ultracold Rydberg gas [20,21,34,37–39]:
When Rydberg-excitation probability is low and wave-
function overlap is negligible, corresponding to the regime
ν < 50, ionization occurs only through accidental primary
ions being created, e.g., by motion-induced Penning
ionization [40] or other processes. The electrons freed
by this process might eventually ionize other Rydberg
atoms in an avalanche-like process. Only a small fraction of

the Rydberg gas gets ionized actually (or undergoes state
redistribution [39]), and formation of an ultracold plasma is
excluded. If, however, spontaneous initial Penning ioniza-
tion is facilitated by laser excitation of overlapping
Rydberg-pair states through the broadband laser field, as
observed in the regime ν > 50 in the present experiment,
subsequent avalanche processes result in ionization of large
fractions of Rydberg atoms and efficient formation of an
ultracold plasma even for low Rydberg-excitation proba-
bilities. The onset of plasma formation also happens to
occur around the Rydberg levels where the wave packet
starts being formed, although we have no reason to assume
that the wave packet plays a role in the ionization processes.
If the wave packet is formed, electronic motion is periodic
with a period of ∼20 ps. This results also in periodic
modulation of the interaction of the neighboring wave
packets. Such dynamics cannot be observed in the current
experiments, whereas it might be observed by our ultrafast
Ramsey interferometry on the picosecond timescales [41].
This point will be investigated in our future experiment in
more detail by creating a well-defined wave packet at
higher ν [42,43].
This reasoning based on the results involving a MI also

explains the striking contrast between the BEC and MI
scenarios shown for ν ¼ 42 in Fig. 2. In the BEC, the atoms
are randomly distributed without restriction on the minimal
pair distance, so that there are always pairs of atoms for
which overlapping Rydberg orbitals are excited even for
low principal quantum numbers. These pairs form the
initial grains of Penning ionization triggering the highly
nonlinear avalanche processes, whereas in the MI such
pairs are absent. In contrast to the MI scenario at higher
principal quantum numbers, however, ionization in the
BEC for ν ¼ 42 does not necessarily lead into the for-
mation of an ultracold plasma since there is no realization
where more than 2=3 of the initial Rydberg atoms are

(a) (b) (c) (d)

FIG. 3. Statistics of ions produced after the ultrafast Rydberg excitation of a MI for different principal quantum number ν.
Experimental conditions and graphical representation are identical to Fig. 2, except the initial state which is now the 5S1=2 jF ¼
2; mF ¼ 2i state. (a) Statistical distribution of produced ion numbers for fifty independent measurements. The arrows denote the
measured mean values. (b)–(d) The median normalized to the average number of initial Rydberg atoms, Q parameter, and fraction of
realizations where the normalized ion number is larger than 2=3 as a function of principal quantum number ν. The blue crosses and red
plus signs in (b)–(d) represent two datasets of fifty measurements made on different days, respectively. Those two datasets have been
merged to make one set of 100 data. The relevant quantities of this merged dataset have been represented by the black circles.

PHYSICAL REVIEW LETTERS 124, 253201 (2020)

253201-4



ionized, as seen in Fig. 2(b). Under the present experimental
conditions the densities of Penning ions may not be large
enough to maintain an effective trapping potential for the
electrons. This is consistentwith our numerical evaluation of
the depth of the ionic potential formed by Penning ions,
where the potential depth is much larger than the expected
kinetic energy of Penning electrons in the MI for ν > 50,
whereas they are comparable in the BEC for ν ¼ 42 under
the present experimental conditions [22]. The numerical
evaluation is consistent also with another set of measure-
ments for the BEC with ν ¼ 53, where there are a couple of
realizations of plasma formation, as seen in Fig. S10 of the
Supplemental Material [22], since the ionic potential could
be deep enough to trap the Penning electrons.
The ionization and plasma formation under precisely

controlled initial conditions demonstrated in this work
provides a novel path toward the study of the competition
between kinetic energy and electron-electron interactions
in crystal structures. This competition underlies a vast
range of the most elusive phenomena in strongly corre-
lated physics. The present work provides us with a better
understanding of the stability of many-body Rydberg
systems [9,10,44–48] and the mechanism for ultracold
plasma formation [26,27,31,49]. In particular, our experi-
ment also sheds new light on the dynamics of Penning
ionization. The Rydberg-atom pair can be considered
prototypical for the metastable transition complex
coupled to the ionization continuum, as generally formed
during any Penning-ionization process involving elec-
tronically excited reactants [50]. In our system, which is
characterized by very low temperature and controlled
atomic-pair distance, Penning ionization sets in at times
shorter than 60 ns once the electronic-pair wave function
shows significant overlap. This finding is consistent with
previous theoretical predictions based on the case of
dipolar interactions and well-defined electronic wave-
function overlap [20,21,28]. Therefore, our experiment
should serve as a benchmark for future theoretical
investigations on the dynamics of the transition state
during Penning ionization, along the lines recently
proposed theoretically in Ref. [51].
Importantly, on timescales much shorter than the present

dwell time of 60 ns, coherent electron dynamics can, in
principle, generate metal-like phases in which Rydberg
electrons are delocalized over multiple sites of a Mott
insulator [17]. For a pair of atoms with overlapping
electronic wave functions the timescale for Penning ion-
ization is around 1–20 ns for ν≳ 50 studied here [20,21].
This allows observation of delocalized electron states using
ultrafast Ramsey interferometry with attosecond precision
on picosecond timescales [41,52,53] before they decay
through Penning ionization. Such a metal-like phase would
open a completely new regime of many-body physics to
investigate ultrafast many-body electron dynamics domi-
nated by Coulomb interactions.
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