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Abstract

®
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Ultralong-range Rydberg molecules (ULRMs) comprise a Rydberg atom in whose electron
cloud are embedded one (or more) ground-state atoms that are weakly-bound through their
scattering of the Rydberg electron. The existence of such novel molecular species was first
predicted theoretically in 2000 but they were not observed in the laboratory until 2009. Since
that time, interest in their chemical properties, physical characteristics, and applications has
increased dramatically. We discuss here recent advances in the study of ULRMs. These have
yielded a wealth of information regarding low-energy electron scattering in an energy regime
difficult to access using alternate techniques, and have provided a valuable probe of non-local
spatial correlations in quantum gases elucidating the effects of quantum statistics. Studies in
dense environments, where the Rydberg electron cloud can enclose hundreds, or even
thousands, of ground-state atoms, have revealed many-body effects such as the creation of
Rydberg polarons. The production of overlapping clouds of different cold atoms has enabled the
creation of heteronuclear ULRMs. Indeed, the wide variety of atomic and molecular species that
can now be cooled promises, through the careful choice of atomic (or molecular) species, to
enable the production of ULRMs with properties tailored to meet a variety of different needs

and applications.
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1. Introduction

In 2000, Greene and coworkers [1] predicted theoretically
the existence of an unusual ultralong-range molecular system
that comprised a Rydberg atom in whose electron cloud is
embedded a ground-state atom weakly-bound through scatter-
ing of the Rydberg electron from the ground-state atom [1—
4]. This suggestion stimulated further theoretical interest, but
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it was not until 2009 that their existence was first demon-
strated in the laboratory [2]. Since then, interest in these
novel species has exploded with numerous studies of their
chemical and physical properties, and their potential applic-
ations, being reported, and they remain the focus of much
theoretical and experimental research. Much of the initial
work in this area has been discussed in earlier reviews [3—
8]. Therefore, we include here only a brief overview of
this earlier work before focusing on areas not emphasized
in these earlier reviews, on areas of recent interest, and on
applications where the properties of these ultralong-range
Rydberg molecules (ULRMs) are exploited. Whereas much
of the early work focused on ULRMs involving alkali metal
atoms, many more-recent experiments involve alkaline earth
atoms.

© 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-6455/ad7459
https://orcid.org/0000-0003-3368-0519
https://orcid.org/0000-0002-6182-8827
https://orcid.org/0000-0002-6649-7692
mailto:shuhei@concord.itp.tuwien.ac.at
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ad7459&domain=pdf&date_stamp=2024-10-9
https://creativecommons.org/licenses/by/4.0/

J. Phys. B: At. Mol. Opt. Phys. 57 (2024) 212002

Topical Review

(a) (b) /\‘@) ©
&/

(d) N (@) (f)

Figure 1. Schematic showing the different types of Rydberg-based
long-range molecular systems. Positive ions are shown in red,
negative ions in blue, neutral atoms (molecules) in gray, orbiting
electrons as a green dot. (a) Molecule excited to a high-lying
Rydberg state, (b) heavy-Rydberg ion-pair state, (c) ultralong-range
Rydberg molecular dimer, (d) ultralong-range Rydberg molecule
with a bound polar molecule, (e) ultralong-range Rydberg
macrodimer, (f) bound Rydberg-ion pair.

1.1. Long-range molecular systems

ULRMs are only one of several classes of giant long-range
Rydberg-based molecular systems, shown schematically in
figure 1, that have been recently identified and studied. These
include: giant molecules in which one electron is excited
to a Rydberg state with a large principal quantum number,
n [9]; heavy-Rydberg ion-pair states that comprise a positive-
negative ion pair weakly bound by their electrostatic attraction
(the molecular analog of a Rydberg atom) [10-18]; macrodi-
mers made up of two Rydberg atoms bound at very large inter-
nuclear separations by their mutual interactions [19-23]; and
long-range ion-Rydberg atom pairs bound by the interaction
between the dipole moment induced in the Rydberg atom and
the ionic charge [24-27].

All these different giant molecular species have one thing
in common, they take advantage of the remarkable charac-
teristics of Rydberg states [28, 29]. Foremost among these is
their large physical size; their radii scale as n?, and for val-
ues of n > 100 can exceed 1 um. They are very fragile due
to their small binding energies, 1/(2n?) a.u., which are typic-
ally measured in meV to peV. The electron orbits so far from
the nucleus and remaining electrons, which together com-
prise a ‘core ion’ of unit positive charge, that the screened
Coulomb field it experiences is very small. Its motion can
therefore be strongly perturbed by the presence of even very
weak external electric fields resulting in large polarizabilit-
ies and strong Stark effects. Indeed, even modest externally-
applied fields can be sufficient to tear the electron from the
atom leading to its ionization. Since the threshold for such
field ionization, 1/(16n*) a.u., is strongly dependent on  (and
the projection m of orbital angular momentum / along the field
axis), measurements of the product electrons or ions as a func-
tion of applied field provide a powerful detection and analysis
tool in studies of Rydberg atoms and molecules [28-31].

ULRMs have provided a valuable microscale laboratory in
which to study low-energy electron-atom scattering at energies

not readily accessible using alternate techniques [32, 33], have
furnished a powerful probe of non-local spatial correlations
in cold quantum gases [34, 35], illuminating the important
role played by quantum statistics. This implies that the ULRM
formation is affected by the back ground gas of ground-
state atoms. This coupling of a Rydberg atom or molecule
dressed by the background gas provides the opportunity to
study many-body phenomena, such as the creation of Rydberg
polarons [36-39].

2. Theoretical description of ULRMs

2.1 Fermi pseudo-potential

The first studies of interactions between Rydberg- and ground-
state atoms (or molecules) centered on the shifts and broaden-
ing of Rydberg levels [40-42]. Whereas it was initially expec-
ted that only red shifts would be observed due to dielectric
screening of the Rydberg electron by the target gas, in cer-
tain cases blue shifts were observed. These surprising results
were explained by Fermi using the ‘essentially-free electron’
model [28] which posits that, for sufficiently large values of n,
in collisions with neutral targets a Rydberg atom behaves not
as an atom, but as a pair of independent scatterers, the core
ion and Rydberg electron. Fermi recognized that the observed
behavior could be explained in terms of scattering of the quasi-
free Rydberg electron from the target particle during a bin-
ary collision. He introduced two new concepts, the scattering
length and the Fermi pseudopotential, that continue to play a
critical role in low-energy physics [43]. Since, in high-r states,
the average kinetic energy of the Rydberg electron, equal to
its binding energy, is low, s-wave scattering plays a major role
although, in certain cases, p- and higher-partial-wave scatter-
ing can be important. Fermi’s theory was further developed by
Omont who showed that the energy dependence of the s-wave
scattering length must be taken into account when consider-
ing electron-neutral collisions [44]. The earliest line-shift and
broadening experiments used classical absorption techniques
but they were later extended to include laser-based measure-
ments (see, for example, [45, 46]).

2.2. Diatomic ULRMs

The initial suggestion that ULRMs might be observed resulted
from theoretical work by Greene et al [1] who recognized that
the temperature and density of atoms in a Bose—Einstein con-
densate (BEC) were favorable for their creation. The ULRMs
considered consisted of a dimer comprising rubidium Rydberg
and ground-state atoms. The Rydberg atom was described
using a single-active-electron model where the electron-ion
core interaction was represented by the potential V. (r). For
large internuclear separations the electron-ground-state-atom
interaction is dominated by s-wave scattering and can be
approximated by the Fermi pseudo-potential

v, (7,13) —2may (k)0 (743) (1)
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where 7 and R denote the electron and ground-state
atom positions relative to the core ion, respectively, a(k)
the momentum-dependent scattering length and k is the
momentum of the Rydberg electron relative to the ground
state atom. (Atomic units are used throughout, unless other-
wise noted.) After separating the center of mass motion of
the molecule, the Hamiltonian of the Rydberg dimer can be
approximated, in the limit of heavy atomic mass, to
2 2

H:%+%+vc(r)+veg<?fﬁ) 2)
where ;1 = m/2 is the reduced mass for an atomic mass m, the
potential V,, can include both s- and p-wave scattering, and p
and P are the electron and the ground-state atom momenta in
the rest frame of the Rydberg ion core, respectively. Within the
Born—Oppenheimer (BO) approximation and assuming that s-
wave scattering is dominant, the electronic Hamiltonian can
be written using the eigenstates (Fl¢,1.a) = X, (r) Y2 () of
an atom as

Ho= " E)onin) (@nral +2ma, (0| €) (T (3)
n,L,A

with n the principal quantum number, L the orbital angu-
lar momentum, A the projection onto the (dimer) molecu-
lar axis, E,(IOZ the energy of the Rydberg state, and |¥) =
dont XnL(R)Y?(R)| ¢y £0). This Hamiltonian implies that
only molecular ¥ states (A = 0) are affected by the presence
of the ground state atom and admits two qualitatively different
classes of electronic eigenstates. The first is associated with
low-L Rydberg states with large quantum defects. The energy
difference in the unperturbed energies E,(loz is much larger
than the off-diagonal coupling terms and the electronic state
is largely unperturbed (see figure 2(a)). The resulting energy
shift is, within the first order perturbation, given by

_all)
2

The molecular BO potential displays a series of shallow min-
ima (nearly invisible in the energy scale of figure 2) which
accommodate only a small number of weakly-bound (~1-
10 MHz) vibrational states that have relatively large inter-
nuclear separations. (Such states will be discussed in more
detail later in connection with strontium ULRMs.)

The second class relates to nearly degenerate high-L states
(i.e. E,Soz ~ ,(10) for L > Lp,). The scattering by the ground-
state atom couples different L levels but the interaction is too
small to induce transitions to adjacent n levels. Therefore, the
effective Hamiltonian becomes

He o E,SO) Z |90n,L,A> <90n,L,A| +ay (k) N%,E W)s,E) <w.v,§]| . (5)
LA

Vi (R) 2L+ 1) |xur (R) 2. )

The X states resulting from scattering by the ground-state
atom

1 & 20+1
> AT ®lense) ©

L=Lin

‘wx,2> =

Ns,Z]

N " TRILOBITE STATES.  n=30,L=23
T ool 11 )] = — T
) 0 — n=33L=0
— — e ———————
/

& LOW-L STATES' | _3; | -,
2 SR A— 1
=
w - _AUTI’ERFLY STATES n=32L=1
-
< -200 — only s-wave interaction
E — s- and p-wave interaction
0 =250 fe E— 229 L >33
'C_) —— P
S -300t=——— : x

500 1000 1500 2000

INTERNUCLEAR SEPARATION, R, [a,]

~
LY
-

Figure 2. (a) Calculated BO potential energy curves for a rubidium
ground state-Rydberg atom pair including only s-wave scattering
(orange) and both s- and p-wave scattering (gray). Those regions
responsible for the creation of low-L dimers, high-L ‘trilobite’ states,
and ‘butterfly’ states (present only when including the p-wave shape
resonance) are indicated ([4] [2020], reprinted by permission of the
publisher (Taylor & Francis Ltd http://www.tandfonline.com)). Also
included are electron probability distributions, in cylindrical
coordinates, for (b) ‘trilobite’, and (c) ‘butterfly’ Rydberg dimers
(Reproduced from [7]. © IOP Publishing Ltd All rights reserved.
The position of the core ion is indicated by the blue dot.

with the normalization Nys = (3272, (L4 1/2)(xur(R))*)"?,
are termed trilobite states because their associated electron
probability density distributions, an example of which is
shown in Figure 2(b), resemble the fossilized remains of such
animals. The electronic state is related to an elliptic state [47]
which is one representation of degenerate hydrogenic eigen-
states. In essence, the distribution represents a superposition
of all hydrogenic states that maximizes the electron dens-
ity near the ground-state atom, providing it a small effective
net negative charge that leads to its binding. The associated
molecular BO potentials

Vi (R) = a5 (k)N: 5, 7

show minima formed not only by the R-dependent electron
wavefunctions in Nf)z but also by the scattering lengths ay (k)
that implicitly depend on R through the electron momentum
k(R). These minima are much deeper than for low-L states (see
figure 2) and can support many more vibrational states with
typical binding energies of a few tens of GHz. For homonuc-
lear ULRM dimers, the gerade and ungerade electronic states
are nearly degenerate due to their large bond length, and their
superpositions can yield a permanent electric dipole moment
which, for trilobite states involving many high-L levels, can be
large [48].

At the smaller internuclear separations, where the classical
electron momentum becomes larger, the effect of the p-wave
scattering, described by

v, (k) = 6ma, (k) Vs(r—R) Y, @®)

where a,, is the p-wave scattering length, can become import-
ant [49]. The scattering potential becomes

Vp=ap (k)SN;,HWp,H) <¢p71'1| +ap <k>3N;,E|¢p,E><¢p,E|(9)
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with
3L(L+1)(2L+1)
[pn) 2r 2
L Linin A=1,—1
X Xn,L (R) (7e1¢5A,1 +eii¢6A,—l) |(pn,L,A> (10)
and

an

1 = /3 2L+1)
tp,2) = r Z Xn/,L(R>|‘;Dn,L,O>
me

with the normalization constants, N, i1 and N, 5;. Both 3 and
II states are perturbed by the p-wave scattering. The p-wave
shape resonance present in electron-alkali atom scattering res-
ults in a rapid change in scattering phase near the resonance
and substantially modifies the molecular BO potential sur-
faces. At small internuclear separations (see figure 2(a)) a deep
minimum appears and couplings between the different BO sur-
faces leads to transitions between them and creation of more
strongly-bound (~150 GHz) so-called butterfly states [49-51],
again named for their electronic distributions (see figure 2(c)).
Theoretical models have been extended to ULRMs com-
prising alkaline earth atoms [52]. Whereas a p-wave shape
resonance is predicted to be present for e-Mg scattering,
no such resonances are expected for e-Sr and e-Ca scatter-
ing [53]. When the target Rydberg state is energetically far
away from any doubly-excited ‘intruder’ states, the behavior
of the Rydberg electron can be well approximated using a
single-active-electron model. In the absence of p-wave reson-
ances, the molecular levels can be analyzed within a single
molecular BO surface as described earlier. However, for Ca
the rapid changes in the quantum defect of 4snd states with n
due to the presence of intruder states opens the possibility of
mixing with other BO surfaces such as trilobite states [54].

2.3. Beyond the first order perturbation approximation

As discussed above, theoretical treatments of ULRMs fre-
quently use a first-order perturbative approximation, in which
the interaction of the Rydberg electron with the ground-state
atom is represented through a zero-range Fermi pseudopoten-
tial. The scattering lengths, a,(0) and a,(0), (equations (1)
and (8)) are typically used as fitting parameters to reproduce
the measured ULRM vibrational levels. However, the values
obtained frequently differ from those suggested by ab initio
calculations of the scattering length for a collision between a
free electron and the ground state atom.

In an attempt to solve this discrepancy, a number of
alternate theoretical approaches have been implemented. For
example, the BO molecular potential curves including the
contributions from inelastic scattering can also be calculated
non-perturbatively by evaluating the coupling between non-
degenerate states. However, due to the singularity of the zero-
range interaction, the calculation of BO potentials may not
converge as the number of basis states increases [55]. An

alternative method which circumvents the problems inher-
ent in the zero-range potential, employs quantum defect the-
ory [56] to calculate the BO potential surfaces [57, 58]. By
combining with the local frame transformation, the local sym-
metry of the two scattering centers can be efficiently repres-
ented and the problem reduced to a boundary value problem
in the asymptotic regime far from the scattering centers. This
generalized local frame transformation (GLFT) provides res-
ults that differ somewhat from those obtained using a perturb-
ative approach, in particular for the high-L trilobite or butter-
fly states of rubidium. However for low-L strontium Rydberg
dimers, these differences are only large near the dissociation
threshold, where the semiclassical approximation of the col-
lision momentum k breaks down. The scattering lengths a;
and a, derived from the experimental data using the GLFT
approach show similar discrepancies to the values predicted by
ab initio calculations. GLFT theory, however, can be extended
to Rydberg atoms in the presence of multiple perturbers or to
cases where the perturber is a molecule. It can also be com-
bined with other frame transformations to investigate more
complex situations such as Rydberg molecules in an electric
field or inclusion of relativistic effects. Another theoretical
approach involves full spin-dependent Green’s functions [59]
in which the BO surfaces are obtained by numerical solution of
the roots of a determinantal equation. The method, which can
be applied to any combination of alkali metals, eliminates the
ambiguity associated with the non-convergent diagonalization
approach.

For non-hydrogenic atoms, the trilobite and butterfly
states involve the coupling between non-degenerate L states.
Inelastic scattering of the Rydberg electron can transfer
energy to the ground state atom and induce diabatic trans-
itions between different BO potential surfaces [S0] (see also
section 9). A theoretical model to describe the diabatic
transitions between different vibronic BO surfaces has been
developed [51, 60]. The method demonstrates a non-negligible
probability for diabatic transitions between the high-L molecu-
lar states and further suggests energy shifts in the potential sur-
faces due to the Born—Huang approximation.

2.4. Rotational states

The rotational excitation of Rydberg molecules provides
another avenue to study the effects of Rydberg electron scatter-
ing from a ground state atom. Due to the rotational invariance
of the original three-body Hamlltoman (equation (2)) the total
orb1ta1 angular momentum K=L+Nofthe Rydberg electron
L and the rotational angular momentum N of the molecule
is preserved. Using the total angular momentum basis, the
Hamiltonian for the vibrational motion of a Rydberg dimer
becomes [61]

—2A?

iﬁ+K(K+l)+<L2>

H =
M=o 2uR?

+Vu(R). (12)

where p is the reduced mass. For the low-L Rydberg dimers
the mixing of L levels is negligible. The cylindrical symmetry
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also preserves the projection A. Therefore, the ULRM can be
characterized by the quantum numbers K, L and A. The expect-
ation value can be evaluated as (L?) = L(L+ 1). Given the
absence of spin—orbit coupling for S states (Hund’s case (b))
the total spin S is also a good quantum number. The total angu-
lar momentum Ky including the spin angular momenta (i.e.
Ks=K+35) replaces K when the molecular spin—orbit coup-
ling is non-negligible. For the other low-L ULRM:s the fine
structure splittings dominate over the interaction with the per-
turber atom (Hund’s case (¢)) and ULRMs are characterized by
the quantum numbers, K, L and 2 (the projection of J=L + S
onto the molecular axis) [62].

For trilobite states involving states with large values of L the
exchange of angular momentum through collisions between
the Rydberg electron and the ground state atom can be siz-
able. The centrifugal energy for n=30, K=0 (i.e. N=L),
and A =0 ranges a few MHz at R ~ 2n* to 100 MHz at
R ~n?/2 since the expectation value (L?) = () s |L*|t)s.5)
is R-dependent. However, the energy scale of the vibrational
motion is larger than 1 GHz near the bottom of the molecu-
lar potential well. Additionally, the vibration wavefunctions
are typically well localized in space and the the centrifugal
energy results in a constant energy shift which is often neg-
lected. As L increases the spin—orbit coupling becomes com-
parable to, or smaller than, the scattering interaction. In the
limit that the spin—orbit coupling becomes smaller than the
rotational energy, the molecule can be characterized by the
quantum numbers A, S and Ky (Hund’s case (b)).

3. Experimental realizations of Rydberg molecules

Early experimental studies of ULRMs were undertaken using
alkali metals. Their first direct experimental observation was
made by Pfau and co-workers using an ultracold sample of
87Rb atoms and two-photon photoassociation [2]. These ini-
tial studies involved S states and demonstrated the produc-
tion of weakly-bound ULRMs in both the ground and first
excited vibrational levels. Measurements were extended to
include more-highly-excited vibrational states and the form-
ation of Rydberg trimers [63]. In later studies the formation
of tetramers and pentamers was seen [64]. ULRM creation
using P [65, 66] and D [67, 68] states has also been reported.
Trilobite dimer states were created in '**Cs by exploiting the
near integer value of the S state quantum defect (§ = 4.05) [69].
This leads to strong admixing of the nS state with the neigh-
boring manifold of degenerate high-¢, (n — 4)¢, states thereby
facilitating the formation of trilobites with kilodebye perman-
ent electric dipole moments [70]. The production of pendular
butterfly states during excitation in a weak electric field was
also examined [71]. ULRMs were shown to provide a valuable
probe of electron-atom (molecule) s-wave scattering lengths,
and the shape of the p-wave resonance [32].

Measurements were extended to include the alkaline earths
such as strontium [52]. The even strontium isotopes, 84Sr 86Sr
and %8Sr have no nuclear spin and for ULRMs involving an
nS Rydberg state, spectral complexities associated with the

Table 1. Atom-atom s-wave scattering lengths for different
strontium isotope combinations expressed in terms of the Bohr
radius, ag. Their natural abundances are also shown.

84gr 86Sr 87Sr 88gr Abundance (%)
84gr 123 32 —57 1700 0.56
8651 32 811 162 97 9.86
8¢ —57 162 96 55 7.00
88Sr 1700 97 55 -2 82.58

Rydberg electron spin-orbit and ground-state hyperfine inter-
actions (and with the p-wave shape resonances present in
electron-alkali-atom scattering [53]) are absent. They have
optically-active core ions allowing their detection through
fluorescence or autoionization [72, 73]. Furthermore, for
strontium the atom-atom s-wave scattering lengths span an
unusually broad range of values (see table 1) admitting new
opportunities for their application. They also feature narrow-
linewidth intercombination lines which allow direct cooling to
temperatures of a few microkelvin in a magneto-optical trap
(MOT) and facilitate experiments employing Rydberg dress-
ing [74]. The creation of 84Sr ULRM dimers was first detec-
ted through ground-state atom loss from a trap [52] and again
could be well described using a Fermi pseudopotential that
incorporated both s- and p-wave scattering.

4. Probing anion properties using ULRMs

ULRM formation has been exploited to make detailed stud-
ies [33] of the negative ion shape resonance present in e-Rb
scattering and the underlying Rb™ anion states [75]. Analysis
of the measured binding energies of Rb(35S;/3) - Rb(5S /)
dimers allowed extraction of s- and p-wave scattering lengths
as well as the resolution of the 3P, fine structure manifest in the
Rb™ anion which results from spin—orbit coupling and intro-
duces three different p-wave scattering channels. These were
explored using deeply-bound ‘butterfly’ dimer states which
have substantial p-wave scattering character. This resulted in a
doublet structure whose behavior in an applied magnetic field
was also examined. The data were interpreted using detailed
theory in which the anion fine structure enters through three J-
dependent p-wave scattering channels. A more recent study of
spin-orbit interactions utilized Rb(16P3 ;) - Rb(5S] /») dimers
and spin-polarized Rydberg atoms [76]. Three vibrational lad-
ders of molecular Rydberg states were observed, each of which
displayed characteristic line-multiplet substructure, allowing
for unambiguous assignment of all spin states. The results
were in good agreement with model calculations that included
spin-orbit and spin-spin interactions.

A dressed ion-pair model can also be used to model the
behavior of ULRMs [77]. As noted earlier, in a heavy-Rydberg
ion-pair state an atomic ion replaces the Rydberg electron to
create an AT ...B~ bound molecule [10-18]. In a trilobite
ULRM (or other molecules involving high-L atomic Rydberg
states) the electron wavefunction is localized near the neut-
ral perturber (see figure 2). The neutral atom dressed by the
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electronic charge is then viewed as forming an anion of frac-
tional charge. Although this ignores the total trilobite wave
function except for that part localized by the electron-neutral
interaction, it provides a nice intuitive picture of ULRM bind-
ing. For L > 2, the effective anion charge was found to be
nearly independent of the internuclear separation, R, result-
ing in a Coulomb-like interaction. In applying this model to
rubidium dimer ULRMs, the corresponding potential curves
were calculated using a GLFT approach, the triplet electron-
neutral phase shifts being obtained from a non-relativistic two-
electron R-matrix code. The results capture the emergence of
the Coulomb character of the potential energy curves as L
is increased and highlight the differences between these and
those for the S and P states. A new series of vibrational states
was identified which form a trimmed heavy-Rydberg series
with very small Rydberg constant. Similar series are to be
expected in any system comprising a Rydberg atom and polar-
izable perturber. Interestingly, studies of Cs(nD,)-Cs(6S),2)
trilobite molecules point to negative dipole moments, i.e. a
deficiency in the Rydberg electron density near the ground-
state perturber, that is caused by electronic configuration mix-
ing [78].

5. Probing non-local spatial correlations in
gquantum gases

Studies of non-local spatial correlations exploit the charac-
teristics of the Born—Oppenheimer molecular potential for a
low-L Rydberg atom-ground state-atom pair. Figure 3 shows
such a potential for a strontium Sr(5s315s) - Sr(5s%) atom pair
calculated using a Fermi pseudopotential that includes both s-
and p-wave scattering, together with the corresponding vibra-
tional levels and wavefunctions. Due to a negative scatter-
ing length a,(0), the potential mirrors the electron probabil-
ity density distribution (equation (4)) with a deep minimum
near the outer classical turning point. The ground vibrational
state is strongly localized in the outermost potential well and
has a well-defined bond length at R = R, of ~ 1.8(n — §)? a.u.,
where the quantum defect ¢ for 3S; states is § ~ 3.371.
The rate for photoassociation of a Rydberg dimer state is

2

Pork= {(pnrold®|9)Fa (LK) . (13)
Since the electronic state of nS ULRMs is largely unperturbed,
the two-photon transition (¢, 1 o|d®|g) is given by that for an
isolated atom between the ground, |g), and Rydberg, |©n.1.0).
states. The Franck—Condon factor (K =N for L =0)

Fo(r=0,L=0,N) = (v,L=0,N|a) (14)
provides the overlap between the initial two-body scattering
wavefunction |«) in the ultracold gas (« represents a set of
quantum numbers characterizing the scattering state) and the
ULRM |v,L =0,N). For the ground vibrational state (v =0)
localized at R ~ R,, the excitation rate serves as a measure
of the relative probability of initially having two atoms with
separation R, in the initial gas. The pair correlation function
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Figure 3. Calculated BO molecular potential for a 5s31s 3S;-5s% ' So
strontium atom pair. The calculated vibrational wavefunctions
multiplied by R are included. The horizontal axis for each indicates
its binding energy. The inset shows the calculated values of g? (R)
as a function of R/\gp for a gas of indistinguishable bosons, of
indistinguishable fermions, and a classical gas.

¢@(R) of the initial ultracold gas is the ensemble average of
these two-body wavefunctions, i.e.

¢ (R) = 2 S (Rlaje 7

with E,, the scattering energy, Z the partition function and 8 =
1/(kgT) with the Boltzmann constant kg and the sample tem-
perature 7. The measured photoassociation probability thus
corresponds to the thermal average

5)

5 2
(Puk) = | (onimo0ld®]g)]

1 2 —BEq
X ZZ|FQ (0,0,N)|%e . (16)

In the limit that the rotational and vibrational motions are well
separated, the pair correlation can be approximated [79] as

g (ﬁ) o Z%Z |F (0,0,N)|?ePE= (17
N “a

which can be extracted from the measured photoassociation
probability. For principal quantum numbers 20 <n <79, R,
varies between ~25 and 500 nm, allowing correlations to be
measured over this previously inaccessible length scale [34,
35] (see also [80, 81]).

Initial studies centered on the role of quantum statistics.
For a gas in which the nuclear spin Iis nearly aligned or gas
of I =0 atoms, the spin wavefunction of a two-body state is
symmetric under the exchange of the two atoms. Therefore,
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Figure 4. Values of g (R) for *Sr and spin-polarized % Sr
expressed as a function of R/Agg showing the contributions from
the different rotational states. For bosons (fermions) only states with
even (odd) values of N contribute to g (R).

the rest of the wavefunction, i.e. the molecular orbital, has to
be symmetric (even N) for bosons and anti-symmetric (odd N)
for fermions to maintain the symmetry of the total wavefunc-
tion. In consequence, as shown in figure 4, in the limit that the
internuclear separation R is much smaller than the de Broglie
wavelength Agg = /27 /(mkgT), where s-wave scattering is
dominant, scattering is suppressed for the fermions. However,
as R/ \gp increases, higher rotational states become important
and provide major contributions to g(® (R).

To explore the behavior of g(®)(R), non-degenerate gases
of bosonic 3Sr(/=0) and fermionic ¥'Sr(/=9/2) atoms
were prepared. For non-degenerate gases of non-interacting
particles, g (R) is given by

g (R) =1+ ee 27K /X (18)

with e = +1(—1) for bosons (spin-polarized fermions), and
zero for classical systems [82] approximated by a gas of unpo-
larized 37 Sr. Therefore, the photoassociation probability for an
unpolarized gas

d?g)? (19)

Z<PV=O,N>unpol =~ |<<Pn,L=0,0
N

is interpreted as the two-photon transition strength. This can
be used to extract the correlation function for a polarized
gas, i.e.

@ (R) ~ > N (Pu=0,N)pol . 20
§ ( ) 2K<PV:07N>HHPOI ( )

The measured production rates for #Sr and spin-polarized 37 Sr
gases, normalized against those seen with an unpolarized 3’ Sr
sample, are shown in figure 5 as a function of R/\gg meas-
ured at R = R,. As R/\gp decreases, i.e. the sample temperat-
ures decrease or n decreases, the increase in g(®)(R) due to
bunching in the case of bosons is clearly evident, as is the
decrease in g(® (R) resulting from antibunching, i.e. Fermi

6.0 = =-g@(R) - Boson |
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e
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Figure 5. Measured and calculated values of g®(R) and g'® (R)
for ultracold gases of bosonic (**Sr) and spin-polarized fermionic
(®7Sr) atoms. R is taken to be the internuclear separation, Rj,.
(Reprinted figure with permission from [35], Copyright (2023) by
the American Physical Society).

repulsion, in the case of the (spin-polarized) fermions. The
experimental results are in good agreement with theoretical
predictions, i.e. equation (18). This protocol is also applic-
able for a gas of atoms that have a short range interaction
as long as the interaction does not affect the formation of
ULRMs.

Pair correlation studies were extended through measure-
ments of the dimer formation rates for higher vibrational
states whose wavefunctions span several wells in the molecu-
lar potential (see figure 3), which allows g(®) (R) to be probed
at somewhat smaller length scales [79]. These studies further
demonstrated the potential of ULRM formation as a probe
of spatial correlations over intermediate length scales and
provide a window into, for example, the formation of Halo
states, [83], strongly-correlated one-dimensional gases [84,
85] and Efimov trimers [86].

Measurements have also been extended to trimer form-
ation and the determination of higher-order spatial correla-
tions [35]. A trimer ULRM contains two ground-state atoms,
each in the vibrational ground state at a distance R, from
the core ion. Measurements of trimer formation can there-
fore be used to examine three-body spatial correlations. The
relative angle, 6, between two ground state atoms is quant-
ized through the mass polarization interaction but the res-
ulting energy splitting is typically small (~100 kHz) [87]
and challenging to resolve experimentally. Therefore, angle-
averaged quantities are determined. The calculated f-averaged
values are presented in figure 5 together with the experimental
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measurements which are again normalized against unpolar-
ized 37Sr measurements. For ®Sr the trimer production rate
increases dramatically with decreasing R/\gg but remains
consistent with theoretical predictions, whereas for spin-
polarized ¥Sr a marked reduction in the trimer production
rate is seen, again consistent with theory. The results demon-
strate just how much more sensitive trimer creation is to spatial
correlations. Even higher-order correlations should be access-
ible by observing the formation of tetramers, and even higher
p-mers, providing an opportunity for detailed characteriza-
tion of correlations in many-body quantum systems. Indeed
formation of a Rydberg polaron, a quasi-particle involving
a Rydberg atom and ground-state atoms in the background
gas, can be described by extending the theoretical model
(equation (16)) of dimer formation to a many-body system
allowing the density distribution of the initial ground-state
atoms to be probed using the polaron excitation spectra. This
will be discussed in more detail in section 8.

6. Rotational spectroscopy of ULRMs

Whereas the vibrational structure of dimer ULRMs was
explored in some detail in early studies, it is only recently
that it has become possible to explore their rotational struc-
ture [62], which provides another powerful probe of their prop-
erties [88]. The binding energy of the ground vibrational state
of Sr ULRM s is on the order of 10 MHz for n ~ 30 while the
centrifugal energy is much smaller, (N?)/(2uR?) < 100 kHz.
Typically, for temperatures of ~ 1 uK, where s-wave atom-
atom scattering prevails, dimer production will lead princip-
ally to the formation of N =0 rotational states (i.e. the total
angular momentum state K = L) whereupon the observation
of rotationally-excited states will require both high resolution
and good statistics to identify any small spectral features asso-
ciated with their creation. Rotational structure can, however,
be clearly seen when creating 86Sr S-state dimers, facilitated
by the large 3Sr—®Sr atom-atom s-wave scattering length,
as ~ 811ag (see table 1), which is comparable to the size of
a Rydberg atom with n ~ 25. The s-wave component of the
two-body scattering wavefunction (R|a) has a node at R =
as. The Franck—Condon overlap with the ground vibrational
state (equation (14)) is therefore reduced for Rydberg atoms
with R, ~ a, suppressing the s-wave channel and allowing
the effects of higher partial wave scattering, which leads to
the production of rotationally-excited states, to be observed.
The approximation (equation (14)) for the Franck—Condon
factor preserves the rotational quantum number N of the ini-
tial state |a), which would suggest that only rotational states
with even N would be created in a bosonic gas. However, the
recoil momentum associated with photoexcitation of one of
the initial atom pair to a Rydberg state can transfer angular
momentum to the atom pair, which for a molecule with large
bond length, can be sizable. An extended expression for the
Franck—Condon factor becomes

Fo(,L,K) = (v,L,K|e"F/2|a) Q1)
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Figure 6. Measured photoexcitation spectra for creation of 36Sr
29'S, dimers in a cold gas using (a) counter- and, (b)
co-propagating laser beams. (a) includes a two-component
Lorentzian fit to the data, (b) a three-component fit to the data. Their
separate contributions to the total dimer signal are also shown (see
text). Adapted with permission from [89], copyright (2024) by the
American Physical Society.

with the photon momentum k; . This form factor allows trans-
itions between different rotational states and generation of
odd-N rotational states.

Initial studies of rotational excitation focused on 86Sr
n*S; dimers and demonstrated the production of rotationally-
excited states with values of N as high as N =3 [88]. More
recently, measurements have been extended to 36Sr n'S
dimers [89]. Such dimers offer the advantage that they can
be created by two-photon excitation via the 5s5p P, inter-
mediate state using lasers operating at 461 and 412 nm.
Thus, if the laser beams counterpropagate, not only is the
effective Doppler linewidth minimized, but so too is the net
photon momentum transfer that accompanies Rydberg excit-
ation, thereby providing a valuable benchmark against which
to examine the effects of photon recoil momentum. The pho-
toexcitation spectrum (figure 6(a)) recorded when creating
n =29 8, dimers using counter-propagating laser beams can
be well-fit by the sum of two Lorentzians whose separa-
tion matches that predicted using the Franck-Condon factor,
equation (21), and is in good agreement with the expected dif-
ference in centrifugal energy N(N+ 1)/(2uR?) between the
N =0 and N =2 rotational states. Using co-propagating laser
beams (figure 6(b)) the spectrum can no longer be well fit by
the sum of two contributions corresponding to the N =0 and
N =2 levels. A three-component fit is required and demon-
strates the presence of an additional feature whose separa-
tion from the N =0 state is consistent with the formation of
N =1 rotationally-excited states, highlighting the important
role that photon momentum transfer can play when creating
rotationally-excited ULRMs. As n increases (above n ~ 25)
the dimer internuclear separation R,, grows and suppression of
the N = 0 channel decreases. The total dimer signal increases
and becomes dominated by N = 0 production.

7. Heteronuclear ULRMs

Whereas the majority of studies of ULRMs to date
have involved homonuclear dimers, trimers, and poly-
atomic ULRMs, several protocols have been proposed or
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demonstrated to create their heteronuclear equivalents. Such
species can now be studied in the laboratory with the advent
of dual species traps that allow the generation of overlapping
clouds of different atoms (and/or molecules).

Early studies of the formation of heteronuclear ULRMs in
a two-component ultracold gas were theoretical and centered
on the light alkali metal atoms [80]. Accurate electron-atom
scattering phase shifts were first calculated and used in a spin-
dependent theoretical model to calculate BO molecular poten-
tial curves for different alkali metal combinations. This work
highlighted the variety of different molecular states that could
be accessed through use of different alkali-metal combina-
tions, including hybridized states that involve mixing of high-
L trilobite states with isolated low-L states, facilitating their
optical excitation. Also, this work showed that the different
combinations possess markedly different spectroscopic signa-
tures, allowing them to be readily distinguished from homo-
nuclear molecules that might also be produced.

The first heteronuclear ULRMs created in the laboratory
were generated in a mixture of ultracold 3*Sr and %8Sr atoms
held in the same optical dipole trap [90]. These dimers were
created by excitation of minority %3Sr atoms in a dense back-
ground of 3*Sr atoms and the product 34Sr-88Sr dimers iden-
tified through the isotope shifts in the v = 0 vibrational level.
Essentially pure samples of #Sr-38Sr dimers were produced,
providing many new opportunities, for example, to meas-
ure inter-species correlation functions in multi-component
many-body systems and the 3 Sr-83Sr scattering wavefunction.
Extension of measurements to heteronuclear trimers opens an
opportunity to explore the sensitivity of the isotope shift to the
mass polarization energy.

Heteronuclear '33Cs-*K long-range molecules have
been created in a dual-species magneto-optical trap [91].
Millimeter-wave spectroscopy was used to probe molecular
states correlating with different atomic angular momenta, and
comparative measurements of KCs dimers were undertaken
in which either the K or Cs atoms were excited to the Rydberg
state.

The existence of a different type of polyatomic long-range
Rydberg molecule comprising a Rydberg atom and polar
molecule has also been proposed, with binding resulting from
the interaction between the Rydberg electron and the per-
manent electric dipole moment of the trapped molecule [92].
By considering a nearly-degenerate set of high-L rubidium
electronic states it was predicted that a A-doublet molecule
(with a dipole moment, d < 1.639 D) can bind to a Rydberg
atom. Calculations of the molecular BO potentials showed
the product ULRMs to be relatively strongly bound, with
binding energies of ~10—20 GHz, and possess very large
electric dipole moments, 2 1 kD. Furthermore, they revealed
two different sets of potential curves depending on whether
the molecular dipole moment was oriented towards, or away
from, the Rydberg core ion, resulting in two spatially and
energetically separated sets of states. In subsequent work,
theoretical calculations were extended to include coupling
between the nS levels and nearby degenerate high-L man-
ifolds [93]. Attention then focused on the Rb-KRb system
and the effects of weak externally-applied electric fields [94].

Such fields distort the Rydberg electron wavefunction and
hence the electric field experienced by the KRb molecule due
to the Rydberg electron. This enables tuning of the molecu-
lar BO potentials and the introduction of s-wave charac-
ter into the Rydberg wave function, facilitating their optical
excitation. This work was extended to include the angular
degrees of freedom of the molecule and its effects on molecu-
lar alignment and orientation [95]. Another possible pro-
tocol to form long-range K-KRb or Rb-KRb molecules in
the laboratory was also considered that leveraged the rota-
tional structure in the ground vibrational state of the KRb
molecules to find advantageous admixtures of s or d Rydberg
orbitals [96].

Recently it has also been predicted that ultralong-range
Rydberg bi-molecules can be formed from a long-lived
NO(nf,ng) Rydberg molecule and a (A-doublet) ground-
state NO molecule. The calculated BO molecular potentials
for NO(40f,40¢)-NO(X>11, ,2) molecules support deep vibra-
tional levels with binding energies of ~0.5-1 GHz and kilo-
debye permanent electric dipole moments [97].

8. BECs and polaron physics

Ultracold gases play an important role in studies of many-body
physics including the investigation of ‘impurity’ particles
immersed in a complex many-body environment, the ‘bath.
One such example is the dressing of the conduction electrons
in a dielectric medium by collective excitations in the medium,
i.e. phonons, which leads to formation of quasiparticles
termed polarons [98]. Other areas where polarons are import-
ant include spin-current transport in organic semiconductors
[99] and optical absorption of two-dimensional materials
[100, 101].

In initial studies of polaron physics in cold gases [102],
polarons were realized using a population-imbalanced atomic
gas, the minority atoms playing the role of the ‘impurity,” the
majority atoms the role of the ‘bath’, i.e. medium. Studies con-
ducted using both bosonic and fermionic baths showed that
the properties of the system depend strongly on the quantum
nature of the bath [103-107].

More recently, studies of polaron physics have been exten-
ded to include so-called Rydberg polarons created by excit-
ation of high-n Rydberg atoms as impurities in a dense
strontium Bose—FEinstein condensate (BEC) under conditions
where the Rydberg electron orbit encloses tens to hundreds
of ground-state atoms [36, 37]. Rydberg polarons provide a
new window into polaron physics because, unlike polarons
seen in condensed matter physics, their creation is accom-
panied by macroscopic occupation of bound molecular states.
This is illustrated in the inset in figure 7. Laser excitation cre-
ates an ‘impurity’, the Rydberg atom, in the BEC resulting in
a mix of final states that includes both scattering states and
bound molecular states. This mix can be probed experiment-
ally through spectroscopy. Although Rydberg atom experi-
ments in rubidium BECs were carried out earlier [50, 64], the
presence of the p-wave shape resonance complicates any iden-
tification of polaron features.
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Figure 7 Spectrum for photoexcitation of 5538s *S; ULRM:s in an
84Sr BEC in the few-body regime. The ground and
vibrationally-excited molecular states are labeled (D-dimer,
Tr-trimer, Te-tetramer, and P-pentamer). The figure includes the
FDA predictions. The inset shows a schematic of the creation of a
Rydberg polaron in a uniform density BEC. Laser excitation
projects the system into a mix of final configurations comprising
atoms in both bound and scattering states, |3;). (Reprinted figure
with permission from [36], Copyright (2018) by the American
Physical Society).

The Rydberg polaron can be described by the Hamiltonian

(22)

Po is the momentum of the mobile impurity (Rydberg atom),
R and P are the position and momentum of the (bosonic)
ground-state atoms, and Vj,(R) is the interaction between a
ground-state atom and the Rydberg atom (equation (4)). The
interaction between bosons and the mass polarization interac-
tion are typically small and neglected. Using the Bogoliubov
approximation the Hamiltonian can be transformed to the
the widely-used Frohlich Hamiltonian, which is the basis
for various polaron models [37] and the polaron excitation
dynamics analyzed using a functional determinant approach
(FDA). In this approach [38] polaron excitation is treated
using an analogous approach to that used for Rydberg dimer
formation (section 5) by replacing the Franck—Condon factor
(equation (14)) with the overlap between a many-body scat-
tering state and a Rydberg polaron. In the limit of only weak
interactions between ground-state atoms the Franck-Condon
factor for a polaron can be factorized to a product of the two-
body Franck-Condon factors (equation (14)) assuming that
each ground-state atom occupies an unperturbed dimer level
(both bound and unbound). Within the local density approx-
imation, the initial scattering wavefunction is assumed to be
constant and normalized to the local density near the impur-
ity. The eigenenergy of the Rydberg polaron can be estimated
from the local density and distribution of dimer levels.
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Figure 8. Spectrum for excitation of states with n = 49, 60, and 72
in the many-body regime (see text). The laser detuning is
normalized to the red cut-off of the predicted mean-field spectrum.
The shaded regions represent the FDA predicted polaron response
from the center of the atom cloud demonstrating that polaron
formation can account for the tail in the distribution (see text).
(Reprinted figure with permission from [36], Copyright (2018) by
the American Physical Society).

Figure 7 shows the spectrum for excitation of Sr(5s38s)3S|
atoms in a BEC in the few-body regime where, on average,
three ground-state atoms are present within the Rydberg elec-
tron cloud. Multiple individual spectral lines are evident that
result from the creation of Rydberg dimers, trimers,... in
ground and vibrationally-excited states. The theoretical FDA
prediction is in remarkable agreement with experiment over
several orders of magnitude.

For higher n where the Rydberg atom encloses tens to hun-
dreds of ground-state atoms and many-body effects become
important, the spectrum evolves into a broad continuum
(figure 8). To identify the effects of polaron excitation, figure 8
includes the results of a mean-field treatment, in which each
ground state atom is assumed to induce the same energy shift
given by the mean interaction (V),) and the total energy shift
is determined solely by the local density of atoms within
the BEC [37]. Whereas the mean-field theory matches well
the spectrum at intermediate detunings, it fails to reproduce
the resolved few-body features observed at small detunings
and the red-detuned tail. FDA allows the contribution to the
overall spectrum from the high-density central portion of the
BEC to be isolated and, as shown by the shaded regions in
figure 8 accounts for the tail. Several important questions
remain, such as the extent to which notions of effective mass,
mobility, and polaron-polaron interactions are applicable to
Rydberg polarons, and whether interactions are sufficient to
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lead to self-localization of the impurity. Rydberg excitations
in high-density media have also been discussed using quasi-
static lineshape theory [39].

More recent calculations have explored the absorption
spectrum of a Rydberg atom excited in a structured envir-
onment, i.e. lattice [108, 109], and in an ideal BEC [110],
together with the changes that occur as the local density is
increased. For a BEC, at low densities a positive-energy spec-
tral feature is seen which is identified as a repulsive polaron
as well as a series of negative energy peaks, i.e. attractive
polarons, that are associated with molecular bound states that
can be occupied to form dimers, trimers, - - -. These are, how-
ever, dressed by bath excitations and therefore each ULRM
possesses some quasi-particle character inherited from the
repulsive polaron and forms a “molaron” with a binding
energy shifted from that of the bare dimer, trimer ---. This
small many-body shift, however, has yet to be observed exper-
imentally. As the density increases, the spectral weight shifts
entirely into molaron states. Their absorption peaks blend
together and a universal Gaussian response emerges as the
statistical nature of the bath comes to dominate its quantum
dynamics. Although the shifts associated with the formation
of repulsive polarons are small, given the improved laser res-
olution now available it should be possible to detect their form-
ation experimentally [110].

Following excitation of a single atom in a BEC to a highly-
excited Rydberg state, scattering of the Rydberg electron sets
the ground-state atoms within the electron cloud into motion,
thereby opening up the opportunity to study the many-body
dynamics of atoms moving within an atom [111-114]. Such
dynamics have been examined theoretically through simula-
tions that consider both single and multiple excitations within
a BEC. The simulations, which consider different interaction
potentials and levels of approximation, address not only the
fast dynamics associated with the small-scale radial modu-
lations in the (Rydberg) molecular potential (see figure 3)
but also the slower dynamics due to the classically-averaged
potential that result in density waves that, at late times, emerge
outside the Rydberg excitation volume. The simulations sug-
gest that BECs can form a valuable platform for in situ and real
time examination of ultra-cold chemical dynamics involving
Rydberg states.

Interestingly, it has also been proposed to take advantage of
the nearly constant bond-length in ground-state (v = 0) ULRM
dimers to enable in situ spectroscopic imaging of the polaron
cloud in an ultracold Fermi gas [115]. The ULRM bond length,
R,, can be tuned through the polaron cloud, thereby forming
a precision sensor inserted into the cloud. This approach also
promises to allow studies of polaron formation in real time
and to investigate polarons created in a BCS superfluid [116,
117]. This differs from probing a BEC using Rydberg impur-
ities because, for fermionic systems, the number of particles
within the Rydberg radius remains small.

BECs combined with ULRM creation also provide an
opportunity to study molecular behavior in a quantum solvent
(the BEC) [118]. This was demonstrated through experiments
in which alkali § and D state dimers were first created in a

BEC and which then underwent internal conversion to a trilob-
ite state (in which the Rydberg electron is maximally local-
ized). The energy released is distributed within the medium,
accelerating condensate atoms resulting in a decrease in the
local BEC density that is detected through optical micro-
scopy. This platform promises to allow the direct study of
exotic quantum chemical reactions in a quantum degenerate
solvent.

9. Lifetime of Rydberg molecules (polarons)

Excitation of a Rydberg atom in an ultracold gas of atoms leads
to a formation of Rydberg polarons. The influence of scatter-
ing states increases with the density of atoms and the effect of
collisions can be observed through their effect on the ULRM
lifetime.

The first measurements of ULRM lifetimes were under-
taken using Rb *¥(ns — 5s) dimers with 34 < n < 43 and rel-
atively low trap densities, ~10'3 cm™3, corresponding to <
0.1 ground-state atoms within the Rydberg electron orbit. The
molecular lifetimes were observed to be substantially smal-
ler than those of the parent Rydberg atoms and the lifetime
of the first excited vibrational state was seen to be less than
that of the ground vibrational state [119], which was attrib-
uted to the atom pair being able to penetrate to smaller separ-
ations in the excited vibrational state. Comparison to classical
scattering theory suggested that the reduced lifetime could be
explained as a perturbation of the molecular state by the sur-
rounding ground-state atoms.

In a subsequent series of rubidium experiments [50] at
higher n, 50 <n < 150, and higher trap densities, ~1 —
5x 10" cm™3, there were, on average, up to a few thou-
sand ground-state atoms contained within the Rydberg cloud,
allowing creation of polyatomic Rydberg molecules and
Rydberg polarons [114]. The high density facilitates colli-
sions between the Rydberg ion core and ground-state atoms
for which, at low temperatures, the associated Langevin cross
section [120, 121] becomes comparable to the size of the
Rydberg molecule. The measured lifetimes ranged from less
than 1 ps (n ~50) to ~10 us (n > 100), much shorter than
those observed in low density samples.

Two different loss channels were identified, both of which
involved a close encounter between the Rydberg core ion and
a ground-state atom. For rubidium, avoided crossings between
the BO potential surfaces are formed due to the p-wave shape
resonance (figure 2). As the ground state atom approaches the
ion core, the Rydberg electron can be transferred to a butter-
fly state via an avoided crossing and, eventually, to a lower-
lying different L level. In this L-changing process, the energy
released is shared by the ion-atom pair leading to dissoci-
ation, the Rydberg electron remaining attached to the core ion
but in a different Rydberg state. Measurement of the velo-
city distribution of the product Rydberg atoms showed the
energy transfer to be associated with a transition from the
initial nS level to the lower-lying neighboring (n — 4) hydro-
genic manifold. Further evidence of such L-changing was
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Figure 9. Time development of the SFI spectrum following
formation of high-n, n =121, dimers. At early times, when dimers
dominate the spectrum, the ionization signal results from ionization
of low-L states. At late times where much of the signal results from
ionization of Rydberg atoms that result from dissociation, high-L
states dominate. The bars indicate the ranges of applied field over
which the high- and low-L states are expected to ionize. (Reprinted
figure with permission from [50], Copyright (2016) by the
American Physical Society).

provided by monitoring changes in the Rydberg atom popu-
lation distribution using selective field ionization (SFI). The
transition from initial low-L states to high-L final product
states is clearly seen in the evolution of the SFI spectrum as
shown in figure 9. (For a more detailed discussion of state-
changing in collisions between Rydberg atoms and ground-
state atoms, see, for example, [122])

The second loss channel identified was associative ioniz-
ation. As a ground-state atom approaches the core ion it is
accelerated by the short-range attractive interaction between
the ion and the atom,

o

Vpol (R) = _ﬂ 5

(23)
with « the polarizability of the ground-state atom. This opens
a possibility to form a molecular ion Rb;r through associative
ionization,

Rb* +Rb — Rb) +e~ (24)

during a close ion-ground state atom encounter, with the
Rydberg electron carrying off the excess energy. The product
Rb;' ions were observed directly through measurements of ion
flight times.

Lifetime studies using strontium dimers revealed rather dif-
ferent behavior to that seen with rubidium. In particular, meas-
urements using strontium #>S; dimers and relatively low trap
densities [123] showed that the lifetimes of dimers in the low-
lying vibrational states (v = 0,1) were very similar to those
of the parent atoms and only slightly shorter for v = 2 states,
pointing to a very small probability for the dimer ground-state
atom to approach close to the core ion. This contrasts with the
behavior seen for rubidium and can be attributed to the very
different potential energy landscapes. For strontium there is no

p-wave ‘butterfly’ state, transitions to which can accelerate the
core ion towards the ground-state atom thereby enhancing the
collision rate.

Strontium lifetime measurements were also extended to
higher n, 50 < n < 150, and dense atomic samples, ~1 — 3 x
10'* cm™3, contained in a BEC [124, 125]. The Rydberg life-
times, ~ 2 — 10 us, were found to be very much less than those
of the parent Rydberg atoms. However, for the lower val-
ues of n, n < 100, the measured lifetimes were again signi-
ficantly longer than those seen for rubidium. For strontium the
observed loss rates were consistent with a reaction model that
emphasized the interaction between the core ion and nearest-
neighbor ground-state atom. However, when the average col-
lision rate was calculated it was found that the reaction rates
were smaller than the predicted binary collision rate, suggest-
ing that multiple core-ion-ground-state-atom collisions may
be required before reaction occurs.

10. Outlook

ULRMs play an important role in the study of cold quantum
gases and provide a valuable window into, for example, low-
energy electron scattering, the role of quantum statistics in
governing particle distributions, and into few- and many-body
physics in general.

Continuing developments in theory including, for example,
the inclusion of spin-orbit effects and the use of new
approaches, promise ever more accurate and detailed pre-
dictions of ULRM vibrational and rotational structure.
Improvements in experimental technique, such as the use of
microwave spectroscopy to provide more accurate measure-
ments of ULRM rovibrational structure, will provide a more
stringent test of theory and, in turn, an improved understand-
ing of low-energy electron-atom (and molecule) scattering.

The large number of atomic species that have been, or
potentially can be, laser cooled and trapped (see, for example
[81, 126—-128]), will enable studies of ULRM formation using
a range of Rydberg atoms with very different electronic (and
core ion) structures. Advances in the production of overlap-
ping clouds of cold atoms will facilitate further studies of
heterogeneous ULRMs. The creation of cold molecular gases
will allow studies of ULRMs that involve not only trapped
molecules but also ULRMs based on molecular Rydberg
states [97]. This flexibility will enable production of ULRMs
with properties tailored to meet a variety of different needs
or applications. Such measurements promise new insights
into electron-molecule scattering and into the myriad pro-
cesses that can occur through energy interchange between the
Rydberg electron and internal motions within the molecule.

ULRM formation will continue to provide an important
tool with which to study non-local pair (and higher-order) cor-
relations in ultracold gases, i.e. quantum fluids. Studies with
BECs can illuminate the emergence of collective behaviors
such as the creation of Rydberg polarons. ULRM formation
also provides a valuable diagnostic for probing atoms held in
optical lattices [129] or tweezers [130] enabling, for example,
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identification of site double occupancy [81] or, if the intersite
spacing is sufficiently small, the occupancy of neighboring
sites. For a strongly interacting Bose gas with very tight radial
confinement held in a two-dimensional lattice, a reduction in
ULRM formation might signal the emergence of particle cor-
relations that match those of a gas of fermions and creation of
a Tonks gas [85, 131].
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