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Lifetimes of ultra-long-range strontium Rydberg molecules
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The lifetimes of the lower-lying vibrational states of ultra-long-range strontium Rydberg molecules comprising
one ground-state 55> 'Sy atom and one Rydberg atom in the 5538535 state are reported. The molecules are
created in an ultracold gas held in an optical dipole trap and their numbers determined using field ionization, the
product electrons being detected by a microchannel plate. The measurements show that, in marked contrast to
earlier measurements involving rubidium Rydberg molecules, the lifetimes of the low-lying molecular vibrational
states are very similar to those of the parent Rydberg atoms. This results because the strong p-wave resonance
in low-energy electron-rubidium scattering, which strongly influences the rubidium molecular lifetimes, is not
present for strontium. The absence of this resonance offers advantages for experiments involving strontium
Rydberg atoms as impurities in quantum gases and for testing of theories of molecular formation and decay.
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I. INTRODUCTION

Scattering of the excited electron in a Rydberg atom from
a neighboring ground-state atom can bind the two together to
form an ultra-long-range Rydberg molecule. The interaction
between the excited electron and the ground-state atom can be
described using a Fermi pseudopotential that includes both s-
and p-wave scattering contributions, resulting in a molecular
potential that can bind multiple vibrational states with binding
energies typically of a few to a few tens of megahertz.
Such molecules are of interest because they represent a new
mechanism for chemical binding and because they possess
unusual physical characteristics. For example, they are very
large, with internuclear separations comparable to the size of
the parent Rydberg atoms, i.e., ~2n> a.u., and they can have
large permanent electric dipole moments, ~n? a.u., even in the
case of a homonuclear molecule.

Rydberg molecules, first predicted theoretically [1], have
now been observed using a variety of species including
rubidium, cesium, and strontium [2-5]. Initial experimental
studies involved spherically symmetric Rb(ns) states and the
creation of molecules with small electric dipole moments.
Measurements, however, have now been extended to include
anisotropic P and D Rydberg states [6-9] and, using Cs(ns)
Rydberg states, to the creation of so-called trilobite states
with very large permanent electric dipole moments [10,11].
In addition, molecules comprising one Rydberg atom and up
to four ground-state atoms have been observed [12].

One interesting question concerning Rydberg molecules
relates to their lifetimes and how these compare to the
lifetimes of the parent Rydberg atoms, especially in a dense
background gas. Earlier studies [13] using rubidium Rydberg
molecules demonstrated that the natural lifetime of the parent
Rb(35s) atoms, 63(8) ws, is significantly longer than that of
the molecules and that the lifetime of the molecules themselves
depends on their vibrational states, the lifetime of the v = 1
state, 30(11) ws, being substantially shorter than that of the
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ground v = 0 state, 48(9) ws. This behavior was attributed to
the presence of a strong p-wave shape resonance in low-energy
electron scattering from rubidium, which causes a sharp
decrease (step) in the molecular potential for internuclear
separations, R (for 35s states), below ~1200 a.u. Rubidium
molecular states bound by quantum reflection at this step
or in local minima at larger internuclear separations can
still penetrate to short range through imperfect reflection or
tunneling, leading to a reduced natural lifetime. A similar
p-wave resonance exists for cesium, although its effects on
molecular lifetimes have not been examined. A significant
density dependence in the loss rates for rubidium molecules
was also observed, the cross section for loss in collisions with
neutral rubidium atoms being comparable to the geometric
size of the molecule itself.

In the present work we have measured the lifetimes of
the v =0, 1, and 2 vibrational states of strontium Rydberg
molecules together with the lifetime of the parent 5538535
Rydberg atoms. Strontium is attractive for studies of Ry-
dberg molecules because, at least for the even isotopes,
spectral complexities associated with the Rydberg electron
spin-orbit and ground-state hyperfine interactions are absent.
Furthermore, there is no p-wave scattering resonance, which
simplifies the molecular potential curves and eliminates the
potential step seen in rubidium (and cesium), permitting more
direct comparison between theory and experiment. In marked
contrast to the earlier results for rubidium, we observe that the
lifetime of the parent Rydberg atom is essentially equal to that
of the v =0 and v = 1 molecular Rydberg states, although
the lifetime of the v = 2 state is somewhat shorter. We also
observe that collisions lead to only a low density dependence
in the lifetimes of these states.

II. EXPERIMENTAL METHOD

The production of long-range Rydberg molecules requires
ultracold temperatures to ensure that thermal energies are low
compared to the molecular binding energies. Furthermore,
high-density samples are required to ensure a sizable proba-
bility of finding two atoms with separations comparable to the
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size of the parent Rydberg atom. We satisfy these requirements
through the use of 84Sr atoms confined in an optical dipole
trap (ODT). This isotope is chosen because of its collision
properties, which are favorable for evaporative cooling and for
the creation of high-phase-space-density samples.

The cooling and trapping of strontium atoms are described
in detail elsewhere [14,15]. The atoms are held in an ODT
formed using crossed 1.064-um laser beams each with an e =2
diameter of 60 m. The ODT contains 1.3(1) x 10° atoms at
a temperature of 2.2(1) uK. The atom density was determined
from measurements of the trap oscillation frequencies. The
average trap density is 1.5(2) x 10'* cm~3, which corresponds
to an average interparticle spacing of 0.41(2) um. This spacing
is somewhat larger than the size of ann = 38 atom, ~2(n — & )?
a.u. (where 8, the quantum defect, is 3.372 [5]),1i.e., ~ 0.13um.
The Rydberg atoms are created by two-photon excitation via
the intermediate 5s5p 3 p, state, which requires radiation at
689 and 319 nm. The 689-nm laser for the first step is tuned
80 MHz to the blue of the intermediate state to avoid scattering
from the atomic state and from molecular states to the red of
the atomic transition [16]. The light at 319 nm is generated
by doubling the output of a fiber-based optical parametric
oscillator. The 319- and 689-nm laser beams cross at right
angles and have orthogonal linear polarizations resulting in
excitation of 3S; states with M = 1. The number of Rydberg
atoms/molecules present after excitation is determined using
selective field ionization (SFI). An electric field with arise time
TR = 9 s and peak value 500 V cm™! is applied across the
ODT and the number of resulting electrons is determined as
a function of time, with a bin width of 100 ns, by directing
them to a microchannel plate. The electric field at which
ionization occurred was then determined using the electron
arrival time and the time dependence of the applied field,
which was calculated from the measured time dependence of
the voltage pulse applied to the field plates. The uncertainty in
the ionization fields is estimated to be <5%. The population of
ground-state atoms present in the trap is measured by releasing
them from the ODT and, after a fall time of 10 ms, measuring
their number by absorption imaging using 461-nm radiation
tuned to the 552 'Sy — 5s5p ' P, transition. The observed trap
lifetime is 10 s and is limited by collisions with background
gas.

The lifetimes of the various states are determined by
measuring the time rates of decay of their populations using the
procedure outlined in Fig. 1. A sample of cold atoms is first
loaded into the ODT. Rydberg atoms or molecules are then
created using the two-photon scheme discussed previously.
The 319-nm laser is tuned on resonance with the atomic
or molecular line of interest. The output of the 689-nm
laser is chopped to form a periodic train of pulses with a
pulse repetition frequency of ~4 kHz and pulse durations
of 1-5 us chosen to produce ~1-10 Rydberg atoms or
molecules per pulse. The ODT is turned off during each
excitation pulse to eliminate ac Stark shifts. After some time
delay, p, following the end of the laser pulse the number of
surviving Rydberg atoms or molecules is determined by SFI.
The 319-nm laser is turned off during this data acquisition
period.

Following the initial loading of a cold-atom sample into
the trap a series of lifetime measurements is undertaken at
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FIG. 1. Schematic of the timing sequence used to determine
lifetimes.

~1.6-s intervals over a period of ~10 s. Within each interval,
the time delay 7 is cycled repeatedly through a preselected
pattern of values ranging from 0 to 60 ws in 10-us intervals
and the SFI spectra for each delay time are accumulated. This
methodology eliminates systematic errors that might result
from slow changes in the ground-state atom population in the
trap during the course of a lifetime measurement. During each
interval, the density only changes by ~20% and is treated
as a constant for the analysis of our data. In the course of
a measurement we sample the density dependence of the
atomic/molecular lifetime over a density variation of about
an order of magnitude. The results presented here represent
the average of data recorded following 150-250 initial trap
loadings.

III. RESULTS AND DISCUSSION

Figure 2 shows a representative atom/molecule excitation
spectrum. Three prominent excitation peaks are evident to the
red of the parent Rydberg peak. The widths of these features,
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FIG. 2. Measured Rydberg excitation spectrum (the parent 38 35,
feature is attenuated by a factor of 10). Calculated positions and
relative excitation strengths for the v =0, 1, and 2 molecular
vibrational states are indicated by vertical bars. The small additional
feature at a binding energy of 8 MHz is attributed to trimer formation
(see text).
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FIG. 3. Calculated molecular potential (black) and calculated
wave functions for the v = 0 (red line), 1 (green line), and 2 (blue
line) molecular vibrational states.

300 kHz, is determined principally by the width of the 319-nm
laser. The most tightly bound of these features, at a detuning of
—9.8 MHz, corresponds to the production of Rydberg (dimer)
molecules in the ground v = 0 vibrational state. The peaks
at binding energies of —4.6 and —3.4 MHz correspond to the
creation of molecules in the first and second excited vibrational
states, i.e., the v = 1 and v = 2 states, respectively.

The binding energies can be calculated, as described
elsewhere [5], with the aid of a two-active-electron (TAE)
model and first-order perturbation theory that utilizes a Fermi
pseudopotential and effective s- and p-wave scattering lengths
to describe the interaction between the excited Rydberg
electron and the ground-state atom. The calculated molecular
potential within this level of approximation, together with
the v =0, 1, and 2 vibrational wave functions, are shown
in Fig. 3. The v = 0 wave function is strongly localized at
large internuclear separations R in the outermost well of the
molecular potential. The v = 1 wave function extends over
several wells and penetrates to somewhat smaller R but is still
peaked at relatively large R. The v = 2 wave function is less
well localized and extends to relatively small values of R.

The calculated molecular binding energies shown in Fig. 2
are in good agreement with the measured values. The cal-
culated relative excitation strengths are also shown and are
in reasonable accord with the data. Additional, more weakly
bound dimer states are predicted and visible in the spectrum
but their low signal strengths precluded measurement of their
lifetimes. The small feature seen at a binding energy of
~8.0 MHz is most likely due to the excitation of a trimer
state with two bound atoms: one in the v = 1 state; the other,
the v = 2 state.

Typical SFI spectra recorded for the 5538s 3S; atomic Ryd-
berg state and the v = 0, 1, and 2 molecular states are shown in
Fig. 4. A delay time ¢, = 0 was used to minimize the effects of
blackbody-radiation (BBR)-induced transitions to neighboring
levels. The data sets are normalized to the total number of
atoms/molecules to emphasize the differences in their shapes.
The atomic spectrum peaks at a field of 230 V. ecm ™', consistent
with the adiabatic ionization of 38 3, states for which
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FIG. 4. SFI spectra measured for the parent 38 3§, Rydberg state
and for the v = 0, 1, and 2 molecular states with a delay time 7, = 0.
Spectra are normalized to the same total area.

the threshold field is given approximately by 1/16(n — 8)*.
Interestingly, the SFI spectra for the molecular states are
broader than that of the parent Rydberg atom. While the origin
of this difference is not the primary focus of this paper, attempts
to explain the results by expanding the molecular electronic
wave function in the absence of electric fields in terms of
atomic states with different values of », [, and m, and which
ionize at different field strengths, were unsuccessful because
the contributions from such states proved to be negligibly
small. The data, therefore, suggest that electron scattering from
the neutral atom during the ionizing field ramp influences the
ionization process [17], a hypothesis that might be tested in the
future by pushing to higher trap densities and by measuring
SFI spectra for trimer and tetramer Rydberg molecules.

The evolution of the SFI spectra with increasing delay time
is shown, on a logarithmic scale, in Fig. 5. For the parent
383S, atoms the size of the main central peak decreases
rapidly with increasing delay time fp. At the same time
several pronounced features appear on both the high- and
the low-field sides of the parent feature. These peaks are
associated principally with the population of neighboring > P
states through BBR-induced transitions. The corresponding
values of n are indicated in the figure. Since P states are being
continuously generated from the parent state and since TAE
calculations indicate that their lifetimes are approximately
three times longer than that of the parent state, their populations
decrease less rapidly than that of the parent state. As shown
in Fig. 5, similar behavior is seen for the v = 0 molecular
state, although the high-field BBR-induced features are more
difficult to discern due to the sizable high-field shoulder
present in the SFI spectra.

Lifetimes were determined by observing the time depen-
dence of the population in the small central region of the
dominant peak in each spectrum, which is proportional to
the number of parent Rydberg atoms/molecules remaining
(Fig. 6). The voltage range of the integration was chosen
to minimize the contribution to the integrated signals from
the underlying P states while maintaining a reasonable signal
level. Tests revealed, however, that expanding the integration
range to encompass each entire peak resulted in a reduction
of less than 6% in the measured decay rates. Figure 6 shows
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FIG. 5. Evolution of the SFI spectrum for (a) the parent 38 35,
Rydberg state and (b) the v = 0 molecular vibrational state as a
function of delay time. Values of the various delay times used are
as indicated. Arrows indicate the n values of 3 P states populated by
BBR-induced transitions.

the time evolution of the number of surviving parent 38 35,
Rydberg atoms and molecular v =0, 1, and 2, vibrational
states for an average cold-atom density of ~0.4 x 10'> cm™3.
Each of these populations decays essentially exponentially
and the corresponding decay rates yror are plotted in Fig. 7
together with those measured at other trap densities.

Loss of parent Rydberg atoms/molecules from the main
peak can result from radiative decay, from BBR-induced tran-
sitions to neighboring states, and from collisions. Short-range
intramolecular loss channels such as predissociation [2,3,7]
are not included because, as becomes evident, they are not
important, at least for the v = 0,1 molecular states. The total
decay rate is therefore given by

YTOT = YR + ¥VBBR T VCOLL: (D

where R is the radiative decay rate, yggr the BBR-induced
decay rate, and ycopL the rate of collisional loss through, for
example, n- and /-changing collisions. The collisional loss rate
YcoLL can be written as

YcoLL = pkcoLL = pocoLL{V), (2)
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FIG. 6. Evolution of the population of 38 S, Rydberg atoms and
of the molecular v = 0, 1, and 2 vibrational states as a function of the
time delay 7. Data sets are each normalized to 1 at tp, = 0.

where p is the trap density, kcorr (ocoLL) is the rate constant
(cross section) for collisional loss, and (v) is the average
relative collision velocity, taken to be the mean atom-atom
collision velocity, ~3.2 x 102 ms— 1.

The decay rate for the 38 35| Rydberg state displays little,
if any, dependence on the trap density, demonstrating that
the collisional loss cross section ocorr, = (v)~'dyror/dp is
negligible. The results in Fig. 7 yield a decay rate yror =
48(2) x 103 s7!, corresponding to an effective atomic lifetime
Yeor = 21(1) us.

Near-exponential decreases are also observed in the number
of surviving parent v =0, 1, and 2 molecular states. The
corresponding decay rates yror are illustrated in Fig. 7
and exhibit a weak dependence on the trap density. While
the experimental uncertainties make it difficult to obtain an
accurate measure of this dependence, the data suggest that
the density dependences are similar for all the vibrational
levels and point to an averaged collisional loss cross section
ocoLL ~ 8 x 1071 cm?.

Collisional loss is not unexpected for molecules given
that an additional destruction channel is available, namely,
collisions involving the weakly bound neutral atom. This
cross section for collisional loss, however, is smaller than
the geometric sizes of the molecules inferred from Fig. 3,

80 T T T
Atom

Decay Rate (1 o° s‘1)

0 0.5 1 1.5 2
Average Density (1 0" cm"S)

45

FIG. 7. Measured decay rates yror as a function of the average
trap density. Straight-line fits to the data are included.
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~3-5 x 1071% cm?. This contrasts with the behavior seen with
rubidium 35s2S; 2 molecules, where the cross section for
collisional destruction was comparable to the geometrical size
of the molecule. A clear understanding of the mechanisms
leading to the destruction of Rydberg molecules is lacking
but our measurements suggest that, for rubidium, the strong
p-wave electron scattering resonance plays an important role.
Extrapolation of the data in Fig. 7 to zero trap density yields
yror = 49(4) x 103,49(5) x 103, and 61(4) x 10° s~! for the
v =0, 1, and 2 molecular states, respectively, corresponding
to effective lifetimes of 20(2), 20(2), and 16(2) ws. While
the lifetimes of the parent Rydberg atoms and the molecular
v = 0 and 1 states are very similar, that of the v = 2 molecular
state is ~20% shorter. This behavior contrasts markedly with
that seen for rubidium, and it can be explained by noting
that, as shown in Fig. 3, for strontium the lack of a p-wave
resonance leads to a sizable repulsive barrier in the molecular
potential that limits the close approach of the constituent
atoms. The v = 2 molecular state does, however, penetrate
closer to the Rydberg core than do the lower-lying states,
which might open up short-range intramolecular loss channels.
At small internuclear separations simple perturbation theory
based on a Fermi pseudopotential is no longer appropriate
and calculations become more difficult. Since BBR-induced
transitions populate neighboring Rydberg states, the decay of
the total population in all Rydberg levels is governed simply
by radiative decay and collisions. Given the relatively long
lifetime of the * P states populated by BBR, radiative decay of
the 38 35, state will, at least at early times, be the dominant
radiative loss process and the overall decay rate can be written
approximately as

Ytor & YR + VcoLL- 3)

Measurements of the decay of the total Rydberg populations
undertaken by integrating over the full electric-field range
shown in Fig. 5 again revealed near-exponential decay. For the
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3838 atoms yfor = 31 x 10% s7!, yielding the BBR-induced
decay rate, ¥ggr ~ Ytor — V1o ~17 X 103 s~!, a value in
good agreement with that calculated using the TAE model,
¥BBR = 14 X 103s~!, and one that is consistent with those
reported previously in studies of interactions between BBR
and Rydberg atoms [18-20]. The effective lifetime of 20 us
calculated using the TAE model is also in good agreement
with the measured value of 21(1) us, although both values are
substantially larger than the value reported previously for the
35 38 state of 7.5(44) us [21]. The difference in the decay
rates yror and yqiqp for the molecular states was similar to
that for the parent atoms, namely, 17 x 103, 17 x 103, and
22 x 10° s7! for the v = 0, 1, and 2 states, respectively.

In summary, the present measurements show that, com-
pared to rubidium, the lifetimes of the low-lying vibrational
states in ultra-long-range strontium Rydberg molecules are
much closer to those of the parent Rydberg atoms and display
amuch weaker dependence on the vibrational quantum number
v. This demonstrates the importance of the p-wave scattering
resonance (or lack thereof) in governing the behavior of
Rydberg atoms and molecules in dense gases. Additionally,
the lifetimes of the strontium molecular states are much less
sensitive to collisions with ground-state atoms. This work
suggests that the strontium system, with its relative simplicity,
offers advantages for testing theories of molecular formation,
structure, and collisional loss.
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