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We propose a novel type of Rydberg dimer, consisting of a Rydberg-state atom bound to a distant positive
ion. The molecule is formed through long-range electric-multipole interaction between the Rydberg atom and
the pointlike ion. We present potential energy curves (PECs) that are asymptotically connected with Rydberg nP
or nD states of rubidium or cesium. The PECs exhibit deep, long-range wells which support many vibrational
states of Rydberg-atom-ion molecules (RAIMs). We consider photoassociation of RAIMs in both the weak
and the strong optical-coupling regimes between initial and Rydberg states of the neutral atom. Experimental
considerations for the realization of RAIMs are discussed.
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I. INTRODUCTION

Ultralong-range Rydberg molecules (ULRM) [1,2] have
become an active field of research ever since they were
first predicted [3,4] and experimentally observed [5,6]. There
are two general types of ULRM. The first one is a bound
state between ground-state and Rydberg-excited atoms. Its
binding mechanism is a result of attractive interaction in-
duced by the scattering of a Rydberg electron from an atom
with negative scattering length, and is often described by
the Fermi pseudopotential model [3,7]. They exhibit a wide
range of exotic properties such as macroscopic bond length,
permanent electric dipole moment ranging from a few to
thousands of Debye [8–12] and unusual electronic probabil-
ity densities [8–11,13]. Their photoassociation mechanisms
[14–16], scattering channels [17,18], and interactions with ex-
ternal magnetic fields [19–21] have been studied. Creation of
Rydberg-ground molecules with alkaline-earth atoms [22] and
polyatomic Rydberg-ground molecules [23–25] have been ex-
perimentally observed. The second type of ULRM is formed
by a pair of atoms that are both excited to Rydberg states,
often referred to as Rydberg macrodimers [4,6,26]. In this
case, the binding mechanism arises from the multipolar elec-
trostatic interaction between the two atoms as has been studied
in numerous theoretical works [27–31]. Rydberg macrodimers
have been experimentally observed [6,32,33] and recently
studied using quantum gas microscopy [34,35].
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While Rydberg-ground and Rydberg-Rydberg molecules
have been of great interest, experimental implementation of
hybrid atom-ion systems [36,37] also have led into oppor-
tunities to realize a different type of ULRM—one formed
due to an interaction between a cold Rydberg atom and a
trapped ion. Hybrid atom-ion systems are generally attrac-
tive for novel quantum chemistry at ultracold temperatures
[38–40], many-body physics [41–47], quantum sensing and
control [48–51], as well as quantum computing and simu-
lations [52–54]. However, atom-ion collisions can lead to
depletion of the ultracold atomic ensemble, micromotion-
induced collisions, charge transfer and other unwanted effects
[55–57]. Among methods to prevent these processes, a tight
confinement of atoms and ions in individual traps at suffi-
ciently large distances [58] and optical shielding [59,60] have
been suggested. The latter method is based on exciting neutral
atoms colliding with ions into certain Rydberg states that be-
come repelled. The method also lends itself to the preparation
of Rydberg-atom-ion molecules (RAIMs).

Here we investigate RAIMs between Rydberg states of ru-
bidium and cesium atoms and pointlike positive ions. Similar
to the aforementioned Rydberg macrodimers, the adiabatic
potential energy curves (PECs) of RAIMs arise from nonper-
turbative solutions of the atom-ion interaction Hamiltonian.
Bound vibrational states exist within sufficiently deep wells in
PECs that are not coupled to un-bound PECs. After outlining
the theoretical model in Sec. II, in Sec. III, we calculate the
PECs of the atom-ion systems and identify series of bound
vibrational states of RAIMs near the intercepts between PECs
that asymptotically connect with nPJ Rydberg states and with
hydrogenic states (states with near-zero quantum defect). We
assess the convergence of the PECs as a function of the highest
Rydberg-atom multipole order included in the calculation.
We study RAIM systems in cases of both weak and strong
optical coupling between initial and Rydberg states in the
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FIG. 1. (a) The Rydberg-atom-ion molecule (RAIM) under con-
sideration. The molecular quantization axis and the internuclear
distance R between the ion and the neutral atom are both along the z-
axis. The relative position of the Rydberg electron in the neutral atom
is re. (b) A block-matrix visualization of the Hamiltonian in Eq. (1).
(c) Energy-level schematic of the RAIM and optical couplings to
a J = 3/2 initial state, �, with subspaces corresponding with the
notations as defined in (b).

neutral atom. The initial state can be the atomic ground state
or another low-lying intermediate atomic state. Implications
regarding spectroscopic measurement of RAIMs and coherent
vibrational dynamics are discussed, as well as the context
with optical-shielding applications [59,60]. While RAIMs ex-
ist over a wider range of n, here we show results for Rb and Cs
RAIMs with Rydberg levels between n = 45 and 55, because
these levels are easily laser-excitable and their ionization elec-
tric fields [61], ∼50 V/cm, are low enough for convenient
RAIM detection. Also, their RAIM bonding lengths and vi-
brational frequencies are conducive to experimental study. In
Sec. IV, we discuss RAIMs from several experimental points
of view. The paper is concluded in Sec. V.

II. THEORETICAL MODEL

A. Hamiltonian and potential energy curves

The system under consideration is shown in Fig. 1(a). We
consider a Rb or Cs Rydberg atom near a positive ion at an
internuclear separation R. The molecular quantization axis
ẑ is chosen to point along R. The relative position of the
valence electron is re = (re, θe, φe). The internuclear distance
R is larger than the radius of the Rydberg atom, such that
dissociation through a process Rb∗

n>Rb
+ −→ Rb∗

n< + Rb+ is
avoided. This is similar to the Le Roy radius condition [62]
in Rydberg macrodimers [4]. Also, there is no radiation re-
tardation effect [63], because the energy differences in the
Rydberg-atom Hilbert space correspond with transition wave-
lengths much larger than R. Further, the ion is considered as
a positive point charge without relevant internal substructure.
This approximation is applicable for ions such as a Rb+ or
Cs+, in their electronic ground state. In these cases, level

shifts of the atom-ion pair due to dipolar ionic polarization
at distances �1 μm, considered here, range in the sub-Hz
regime, rendering ion polarization effects negligible. Since the
ion has no internal substructure, the Hilbert space is that of
one Rydberg atom, as opposed to a product space of two such
atoms (as in Rydberg-Rydberg molecules [4,6,26–35,64]).

The Rydberg-state Hilbert space used is {|λ,mJ〉}, where
the index λ is a shorthand for the n, �, and J quantum numbers
of the Rydberg base kets. The magnetic quantum number mJ

is defined in the molecular reference frame. In the absence
of strong optical coupling, mJ is conserved due to azimuthal
symmetry. The total Hamiltonian of the neutral atom - ion
system then is, in the molecular frame,

Ĥ (R) = Ĥg +
∑
mJ

(
ĤmJ (R) + {

�̂mJ ,g + c.c.
})

. (1)

Here, Ĥg is the Hamiltonian of the neutral atom in the initial-
state subspace {|λg,mg〉}. There, λg denotes the fixed quantum
numbers ng, �g, and Jg of the initial state, which is treated as
an effective ground state, and mg its magnetic quantum num-
ber in the laboratory (laser) frame. The initial-state subspace
includes all mg = −Jg, . . . , Jg. The sum in Eq. (1) is taken
over Rydberg-atom Hamiltonians ĤmJ , which act on Rydberg-
atom subspaces {|λ,mJ〉}. Each Rydberg-atom subspace has
a fixed value of mJ , in the molecular frame, and a range of
λ’s covering all Rydberg states with that mJ and within a
specified energy interval. The optical couplings between the
initial-state levels and Rydberg states are introduced via the
operators �̂mJ ,g, the matrix elements of which are optical ex-
citation Rabi frequencies between Rydberg subspace {|λ,mJ〉}
and initial-state subspace {|λg,mg〉}. The Rabi frequencies
depend on magnitude and polarization of the field that couples
initial-state and Rydberg manifolds, and on the geometry of
the excitation laser relative to the molecular reference frame.

In our calculations, we use initial states 5D3/2, 5P3/2, or
5S1/2 for Rb, and 6D3/2 or 6S1/2 for Cs, which all allow optical
excitation of field-mixed Rydberg nPJ states. The hyperfine
structure of the initial state is neglected, because it does not
add additional insight to the physics presented in this paper.
Also, Ĥg does not depend on R, because the effect of the ion
electric field on our initial states is negligible. The optically
coupled Rydberg-atom subspaces {|λ,mJ〉} included in Eq. (1)
cover the range mJ = −Jg − 1, . . . , Jg + 1. The correspond-
ing ĤmJ can be written as

ĤmJ (R) = ĤRy,mJ +Vint,mJ (r̂e;R), (2)

where ĤRy,mJ is the unperturbed Hamiltonian of the manifold
of Rydberg states with magnetic quantum number mJ in the
molecular frame. For the quantum defects of the atomic en-
ergies and the fine structure coupling constants in ĤRy,mJ , we
use previously published values [61,65]. The operator V̂int,mJ

denotes the multipole interaction between the Rydberg atom
and the ion, which is mJ -conserving and is described below.

In Fig. 1(b), we show a block-matrix representation of the
Hamiltonian in Eq. (1). The structure of the Hilbert space is
visualized with the energy level diagram in Fig. 1(c). The
block-diagonal structure evident in Fig. 1(b) is due to the
azimuthal symmetry of the multipolar interaction between the
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Rydberg electron and the ion within the molecular reference
frame.

The PECs without optical coupling or with weak optical
coupling follow from diagonalizations of Eq. (2) within the
subspaces {|λ,mJ〉} for fixed mJ . The procedure is performed
on a dense grid of the internuclear separation R, and for all
desired choices of mJ . The interaction V̂int,mJ is [33,64,66] (in
atomic units):

Vint,mJ (r̂e;R) = −
lmax∑
l=1

√
4π

2l + 1

r̂le
Rl+1

Yl0(θ̂e, φ̂e). (3)

Here l is the multipole order of the Rydberg atom, the position
operator r̂e is the relative position of the Rydberg electron
in the neutral atom, and Yl0(θ̂e, φ̂e) are spherical harmonics
that depend on the angular position of the Rydberg electron.
The basis is truncated in energy by setting lower and upper
limits of the effective quantum number, nmin � neff � nmax,
typically covering a range of nmax − nmin between 5 and 10.
The interaction in Eq. (3) conserves mJ , with representations
in different subspaces {|λ,mJ〉 |mJ = const} being different
(which is why we use a subscript mJ on V̂int,mJ ). The adiabatic
molecular states of the RAIMs without optical coupling are
|k,mJ〉 = ∑

λ cλ,mJ ,k|λ,mJ〉, with conservedmJ , and the index
k serving as a counter for PECs of the RAIM states.

The sum over the multipole order l in Eq. (3) starts at 1,
because the Rydberg atom has no electric monopole moment,
and is truncated at a maximal order lmax. The selection rules
for the matrix elements 〈n′, �′, J ′,m′

J |V̂int,mJ |n, �, J,mJ〉 are
|�′ − �| = lmax, lmax − 2, . . . , 0 or 1, and |J ′ − J| � lmax and
m′

J = mJ . Since all atomic states with � < n are included
in the Hilbert space anyways, a larger lmax only increases
the number of nonzero interaction matrix elements, but does
not increase the dimension of the state space. Here we use
lmax = 6, which is sufficient for convergence at a practical
level.

Since the quantization axis is given by the internuclear
separation vector, mixing of different mJ states only occurs
via coherent, laser-induced electric-dipole coupling through
the initial-state subspace {|λg,mg〉}. The optical coupling ma-
trix elements are contained in the off-diagonal �mJ blocks
in Fig. 1(b) and are visualized by arrows in Fig. 1(c). In the
following sections, we consider the distinct cases of weak and
strong optical coupling.

In the regime of weak optical coupling, discussed in
Secs. II B (theory) and III B (results), the Rabi frequencies
� between initial-state levels and Rydberg states are negli-
gible against Rydberg- and initial-state decay (and possibly
other sources of decoherence). In this case, coherences and
optically-induced splittings between PECs and RAIM states
with different mJ are negligible. This regime corresponds to
conditions suitable for spectroscopic measurements aimed at
experimental observation of RAIMs and resolving their vibra-
tional states.

In the regime of strong optical coupling, discussed in
Secs. II C (theory) and III D (results), laser intensities are high
enough that the optically induced couplings between mani-
folds of Rydberg states with different mJ are not negligible, or
may even become dominant at certain internuclear separations
R and molecular energies. One then finds modifications of the

PECs and changes in the molecular dynamics. The strong-
optical-coupling regime covers applications such as optical
shielding [59,60]. Also, the study of coherent vibrational wave
packets can require laser excitation pulses that are in that
regime.

It is, generally, noted that the multipolar interaction of a
Rydberg atom with an ion is less complex than that between a
Rydberg-atom pair [33,64,66]. Since ionic multipoles beyond
the monopole are negligible, the calculation resembles that of
a Stark-effect calculation for a Rydberg atom in an electric
field, with the addition of a large number of nondipolar matrix
elements that account for the interaction of the atom with
the inhomogeneity of the ion electric field. The Hilbert space
remains, however, a relatively small single-atom space, as
opposed to a product space of two atoms [33,64,66]. As a
consequence, in the theory of RAIMs there are no significant
concerns about errors caused by basis-size truncation.

B. Weak optical coupling

If the elements of the six �mJ blocks in Fig. 1(b), which
represent the optical Rabi frequencies from the initial state,
are small relative to the decay and decoherence rates of
the system, we separately diagonalize the six HmJ blocks in
Fig. 1(b) to obtain the PECs and adiabatic molecular states
for the desired mJ value(s). The calculation yields the PEC
energies, Wk,mJ (R), of the molecular states |k,mJ〉, and their
excitation rates, Tk,mJ . The latter are calculated using Fermi’s
golden rule:

Tk,mJ (R) = 2π

h̄

Jg∑
mg=−Jg

ρ p(mg) S(k,mJ ,mg), (4)

which depend on the PEC indices k and mJ , the internuclear
separation R, and other quantities as follows. We assume that
the laser bandwidth is the dominant broadening source. In this
case, the energy density of states, ρ, is approximately given by
the inverse of the FWHM energy bandwidth of the excitation
laser (for all PECs). The p(mg) are statistical weights for the
atom populations in the magnetic sublevels of the initial state,
mg, which are given in the laboratory (excitation-laser) frame
of reference. The signal strengths S(k,mJ ,mg) are related to
the optical transition matrix elements

A(k,mJ ,mg, θ ) = 〈k,mJ |D̂y(θ ) �̂|λg,mg〉. (5)

Here, D̂y(θ ) is the operator used for rotating from the labora-
tory frame, defined by the excitation-laser geometry, into the
molecular frame, defined by the internuclear axis. Equation
(5) can be explicitly written as

A =
∑

λ

∑
m̃

c∗
λ,mJ ,k d

(J )
mJ ,m̃

(θ ) 〈λ, m̃|EL ε̂ · r̂e|λg,mg〉 (6)

with the excitation-laser electric field EL and its polarization
vector in the laboratory frame, ε̂. The first sum is going over
the base Rydberg states |λ,mJ〉, with the shorthand λ for the
Rydberg-state quantum numbers n, �, and J , and the second
over a Rydberg-state magnetic quantum number m̃ in the lab-
oratory frame. The electric-dipole matrix element is between
a Rydberg state |λ, m̃〉 and an initial state, |λg,mg〉, with both
magnetic quantum numbers m̃ and mg in the laboratory frame.
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The rotation from the laboratory into the molecular frame
is affected by elements of reduced Wigner rotation matrices,
d (J )
mJ ,m̃

.
The optical transition matrix elements A(k,mJ ,mg, θ )

given by Eq. (6) depend on θ through the rotation operator
matrix elements d (J )

mJ ,m̃
(θ ), which rotate the optically excited

Rydberg level |λ, m̃〉 from the laboratory into the molecu-
lar frame. The excitation signal strength S(k,mJ ,mg) of the
PEC for |k,mJ〉, from the initial-state level |λg,mg〉 then is a
weighted average of Eq. (6) over the alignment angle θ of the
molecules relative to the laboratory frame:

S(k,mJ ,mg) ∝
∫ π

0
P(θ )|A(k,mJ ,mg, θ )|2 dθ, (7)

where P(θ ) is the probability weighting function. For an
isotropic atomic sample with random molecular alignment,

P(θ ) = sin(θ )

2
. (8)

In the presented excitation signal-strength calculations for the
case of weak optical coupling, we assume a sample with
random molecular alignment, and with equal populations of
p(mg) = 1/(2Jg + 1) in all magnetic sublevels of the initial
state. Equations (4) to (8) yield the excitation rates Tk,mJ (R) of
the PECs for |k,mJ〉.

C. Strong optical coupling

In the case of strong optical coupling, the Rabi frequen-
cies contained in the �mJ blocks in Fig. 1(b) become larger
than decay and decoherence of initial and Rydberg levels.
Strong coupling is, for instance, required for optical shielding
[59,60], where the passage behavior of the Rydberg atom -
ion system through optically induced anticrossings has to be
adiabatic for the shielding to be effective. In the cases studied
in the present paper, the optical Rabi frequencies necessary
for strong coupling are �10 MHz.

In the strong-coupling case, the matrix elements in the �mJ

blocks are given by the electric dipole couplings

〈λ,mJ |�̂mJ ,g|λg,mg〉
=

∑
m̃

d (λ)
mJ ,m̃

(θ )〈λ, m̃|EL ε̂ · r̂e|λg,mg〉 (9)

with mJ in the molecule frame, and mg and m̃ in the laboratory
frame. The optical coupling has up to three components (σ+/−
and π ), corresponding to different values of m̃ − mg. The
matrix elements are now explicitly included in the �mJ blocks
of the total Hamiltonian in Fig. 1(b). Due to the rotation,
generally all matrix elements in the �mJ blocks are different
from zero. In effect, all Rydberg states that correspond with
the different HmJ blocks become coupled to each other in
second order of the optical interaction. Hence, in the regime
of strong optical coupling the entire Hamiltonian in Fig. 1(b)
has to be diagonalized.

In our calculation, the Hamiltonian is expressed in an
interaction picture, with a number of 2Jg + 1 dressed [67]
initial-state levels, |λg,mg〉, intersecting with Rydberg PECs,
|k,mJ〉, at energies and internuclear separations that depend
on the excitation-laser detuning from the Rydberg nPJ -levels.
The diagonalization of the full Hamiltonian of Fig. 1(b) yields

optically perturbed and mutually coupled PECs of all mJ ’s at
once. Generally, the PECs belonging to different mJ ’s become
coherently mixed in second order of the optical coupling via
the initial-state sublevels. The mixing tends to be fairly lo-
calized in R and energy (see Fig. 4 below), because the optical
couplings are typically much smaller than the energy variation
of the PECs.

III. RESULTS AND DISCUSSION

A. Determination of lmax

In Figs. 2(a) and 2(b), we show RAIM PECs calculated
within the Rydberg subspace {|λ,mJ〉 | 38.9 � neff �
46.1 and � = 0, 1, . . . , n − 1 and J = � ± 1 and mJ = 1/2}
of Rb as a function of the internuclear separation, R, for
lmax = 1 and 6 in Eq. (3), respectively. This subspace is
centered around the atomic states 45PJ . For lmax = 1, the
plot is identical with the diagram of Stark states of Rb in a
homogeneous electric field, E , given by the ion’s electric field
at the Rydberg-atom center, E = 1/R2 (in atomic units). For
both values of lmax, the PECs exhibit well-defined minima in
the intersection regions between the ion-electric-field-mixed
45PJ -PECs coming in from R = 1.5 μm (marked in Fig. 2),
and a fan of many slightly curved, approximately parallel
PECs in the lower-left halves of the plots. For lmax = 1, the
latter are identical with the set of linear Stark states [61] of the
n = 42 manifold of Rb. The absence of narrow anti-crossings
in the lower potential well (at the lower tips of the arrows)
indicates the existence of bound RAIM states that are stable
against decay via nonadiabatic coupling to unbound PECs.
The observed potential minima are deep enough to support
several tens of vibrational states (see Sec. III D).

Comparing Figs. 2(a) and 2(b), we observe a significant
influence of lmax on the calculated PECs. This is due to
the strong inhomogeneity of the ion electric field, which
necessitates the inclusion of several higher-order multipole
contributions in Eq. (3). Several qualitative differences be-
tween the results for lmax = 1 in Fig. 2(a) and lmax = 6 in
Fig. 2(b) are apparent. Including more terms in Eq. (3) leads
to an increase in �W , defined as the splitting between the
PECs that asymptotically connect with the nPJ fine-structure
components at the location of the relevant PEC potential min-
ima. The minima of the PECwells that asymptotically connect
with the 45P1/2 and 45P3/2 atomic states occur at different
internuclear distances, separated by a difference �R, as seen
in Fig. 2(b). In Fig. 2(d), we show the convergence of �W and
�R as a function of the number of multipole orders included.
One can see that the inclusion of the l = 2 term is particularly
important; this is because the coupling between the 45PJ fine-
structure components is l = 1-forbidden but l = 2-allowed.
Indeed, the energy scale of the matrix elements in Eq. (3)
between nP1/2 and nP3/2 states near the relevant PEC potential
minima is on the same order of magnitude as the fine struc-
ture splitting between these states, and therefore generates
significant level repulsion. Thus the quadrupolar term, l = 2,
is particularly important to include, because it causes level
repulsion between the nPJ fine-structure components. This has
a large effect on both �W and �R. Successively higher orders
have increasingly smaller effects, as seen in Fig. 2(d). In our
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FIG. 2. Rydberg-atom-ion molecules (RAIMs) for a case in rubidium. (a) PECs as a function of internuclear separation, R, calculated for
lmax = 1 in Eq. (3). The plotted PECs are relative to the atomic ionization potential. The width of the red backdrop lines is proportional to the
single-atom PA rate for the excitation geometry shown in (e) and details explained in the text. The PA rate on the outer slope of the lower PEC
well is ≈3.7 × 105 s−1. (b) Same as (a), but with lmax = 6. Deviations from (a) are due to higher-order multipolar effects associated with the
inhomogeneity of the ion’s electric field. The PA rate on the outer slope of the lower PEC well is ≈2.6 × 105 s−1. (c) Same as (b), but with
the PA rates calculated for excitation from the 5P3/2 initial state. The PA rate on the outer slope of the lower PEC well is ≈0.61 × 105 s−1.
(d) Effect of lmax in Eq. (3) on the PEC fine-structure splitting, �W , and the differential internuclear separation, �R, as defined in (b) and
(c), between the two most prominent minima in the relevant PECs (�W and �R do not depend on initial state). (e) Qualitative energy-level
diagram and excitation-laser geometry used for the PA-rate calculations in (a)–(c).

further calculations, we set lmax = 6, allowing for sub-MHz
and sub-nm accuracy in the energies and locations of the
minima on the PEC surfaces, respectively.

B. Weak optical coupling

After confirming that the emergence of the RAIMs is
robust against lmax in Eq. (3), we discuss how one could
probe RAIMs optically. We first consider the excitation of Rb
RAIMs in the regime of weak optical coupling, as described
in Sec. II. The atoms are initially in the initial state 5D3/2

[Figs. 2(a) and 2(b)] or 5P3/2 [Fig. 2(c)] and are located at
a distance R from a Rb+ ion. The photoassociation (PA) laser
is assumed to be linearly polarized and to have an intensity of
109 W/m2, corresponding to a field amplitude of 868 × 103

V/m. The angle θ between EL and the molecular axis is
random, as visualized in the inset in Fig. 2(e), and the ini-
tial atoms are evenly distributed over the magnetic sub-states
|λg,mg〉. The width of the red backdrop lines behind the PECs
in Figs. 2(a) and 2(b) is proportional to the average PA rate for
a single atom, calculated by means of Eqs. (4)–(8). The energy
density of states for resonant PA is ρ = 1/(

√
2πhσL ), with

a full width at half maximum of the laser spectral intensity
versus frequency of σL

√
8 ln 2 = 1 MHz.

Most importantly, it is seen that the PA rates are high on
the PECs that form the potential wells, indicating feasibility of
exciting and observing RAIMs via excitation from low-lying
atomic levels. The PA rates are high on the outer slopes of
the PEC wells, where the adiabatic states have substantial P
character, while the rates are small on the inner slopes of the
wells, where the adiabatic states resemble linear Stark states
with small low-� character. The electric-dipole selection rules
for the laser excitation then largely explain the distribution of
oscillator strength over the PECs. The essential physics here

is similar to that of the Stark effect in alkali Rydberg atoms
with large quantum defects (Rb and Cs) [68]. Since the PA
rates in the PEC wells are strongly lopsided towards the outer
slopes, almost all PA of vibrational RAIM states will occur
near the outer turning points of the wells. This fact is expected
to enable initialization of vibrational RAIM wave packets at
the outer turning point via pulsed PA (see Sec. IVB).

Further examination of Figs. 2(a) and 2(b) shows that for
lmax = 6 the PA rates into the PECs asymptotically connected
with the 45PJ states become redistributed between the J =
1/2 and 3/2 states, and become near-identical. The redistri-
bution does not occur in the case lmax = 1. This qualitative
difference in behavior results from the fact that the l = 2-
terms in Eq. (3) strongly mix the fine-structure components
and thereby tend to average out their oscillator strengths. If the
l = 2-terms were left out, such as in Fig. 2(a), the calculation
fails to account for the redistribution of oscillator strength
between the nPJ fine-structure pairs.

Since the ion electric field mixes some S and D character
into the PECs that asymptotically connect with the nPJ states,
PA of RAIMs from 5P3/2 as an initial state also is fairly
efficient. This is shown in Fig. 2(c), where we employed
Eqs. (4)–(8) to compute the PA rates from 5P3/2. For the PA
laser intensity and other conditions identical with those in
Fig. 2(b), for the 5P3/2 initial state we expect a PA rate that
is about 1/5 of that for the 5D3/2 initial state. Comparing
Figs. 2(b) and 2(c), it is further noted that the lopsidedness
of the PA rates between the inner and outer slopes in the
PEC wells is greater for the 5P3/2 initial state than it is for
5D3/2. Finally, since the decay rate of 5P3/2 is about ten times
higher than that of 5D3/2, when using 5P3/2 as an initial state
one would consider two-photon, off-resonant PA of RAIMs in
order to reduce or eliminate decay and decoherence from the
5P3/2 decay.
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Rb 54PJ (a) Cs 55PJ (b)

∆WFS

∆W

∆WFS

∆W

FIG. 3. PECs relative to the atomic ionization potentials as a
function of internuclear distance R, for rubidium (a) and cesium (b).
Both atomic species exhibit similar RAIMs, with mild variations in
potential depth, fine-structure splitting and bond length.

C. Comparison of Rb and Cs

Before we proceed to discuss the strong optical coupling
regime, in this section we provide a comparison between
Rb and Cs. We calculate the PECs of RAIMs near the 54PJ
and 55PJ Rydberg states of Rb and Cs [Figs. 3(a) and 3(b),
respectively]. These states allow for a comparison at similar
energies, because the P quantum defects in Rb and Cs differ
by ∼1. The general shapes of the PECs neither depend on n
nor on type of atom (Cs or Rb). A key finding therefore is that
the RAIM bound states are expected to be observable near nPJ
Rydberg states in both Rb or Cs, over a wide range of n. Due to
the similarities in the noninteger parts of the quantum defects,
both cases exhibit PEC minima at similar locations within the
spectra. Hence, similar RAIMs are predicted to exist in both
Rb and Cs.

We find several minor differences, which result from the
different quantum defects and ne-structure coupling constants
of Rb and Cs. First, the depth �W of the lower wells, marked
by the dashed circles in Fig. 3, relative to the next-higher PECs
is slightly deeper in Rb than in Cs (by ∼8%). Second, the
binding length of the circled potential well for Cs (2.08 μm)
is slightly smaller than that of Rb (2.12 μm). Further, the
splittings �WFS between the close-by pairs of PEC wells for
|mJ | = 1/2 and |mJ | = 3/2 are larger in Cs than they are in
Rb (see �WFS marks in Fig. 3), which is due to the larger
fine-structure coupling in Cs. Finally, the curvature of the
circled PEC well in Cs is less than that in Rb, indicating
stronger coupling and level repulsion between the P-like and
the linear-Stark-state-like PECs in Cs than in Rb. This means
that nonadiabatic decay of bound vibrational states into disso-
ciating states on the PECs that resemble linear Stark states is
less likely in Cs than it may be in Rb.

Generally, the existence of RAIM states of the type dis-
cussed here is related to the existence of low-� Rydberg
states that red-shift in an external electric field, equivalent
to a positive DC polarizability, and that intersect with blue-
shifting linear Stark states [61,68]. Further, sufficient coupling
between the low-� and linear Stark states is required, so as
to suppress nonadiabatic coupling of bound RAIM states to
states on dissociating PECs. The existence of these features
relies on the low-� quantum defects, which have to be suffi-
ciently large to produce substantial coupling between low-�

and linear Stark states, and which must have noninteger parts
between ∼0.5 and ∼0.8. Suitable cases include alkali atoms
of K, Rb and Cs, but there likely exist other cases among a
wider variety of Rydberg atoms.

D. Strong optical coupling

In certain applications, one seeks optical coupling
strengths that exceed the decay and dephasing rates of the
involved initial and Rydberg states, such as, for instance,
in blue shielding [59,60] and in pulsed excitation of RAIM
wave packets. When the initial state is strongly coupled to the
Rydberg state, such that Rabi frequencies exceed decay and
dephasing rates, we utilize a dressed-atomic-state picture [67]
to calculate PECs. In this case, a diagonalization of the full
Hamiltonian in Fig. 2(b) is performed, because all levels are
coherently coupled to each other.

In Fig. 4(a), we show the results for RAIM PECs of Rb as
a function of internuclear distance R for a case of strong op-
tical coupling between the initial states {|5D3/2,mg〉} and the
RAIM states. The PA laser is σ−-polarized, has an intensity
of ≈1.33 × 109 W/m2 corresponding to a field amplitude of
EL = 1 × 106 V/m, and propagates at an angle of θ = 45◦
along the internuclear axis. This is a case in which all �-
couplings visualized in Fig. 1(c), between all pairs of mJ and
mg, are allowed. The RAIM system is, in general, driven into a
coherent superposition of states from different mJ subspaces.
The mJ -mixing is, however, effective only in the immediate
vicinity of the crossings between dressed initial-state levels
and RAIM PECs, such as within the small red box in Fig. 4(a).
Outside these regions, the optical coupling is ineffective, and
the PECs are not mJ -mixed.

In Fig. 4, we consider a case in which a Jg = 3/2 ←→
J = Jg − 1 = 1/2 optical coupling is the dominant drive, as
seen from the energy location of the initial-state dressed levels
relative to the Rydberg 45PJ states. In this case, the presence
of dark (uncoupled) states is inevitable. In Fig. 4(b), we pro-
vide a zoom-in of the relevant intersection region marked by
the red box in Fig. 4(a). The magnification clearly shows that
there are four optically coupled levels and two dark states. The
uncoupled states exist for any choice of θ .

The optical coupling strengths are evident from the split-
tings between the repelling dressed-state pairs in Fig. 4(b).
The optical Rabi frequencies are given by the minimal values
of the level splittings as a function of R, as indicated by the
arrows in Fig. 4(b). The Rabi frequencies depend on the laser
polarization and the angle θ between the molecular axis and
the laser frame’s z axis. The latter is parallel to the laser
electric field for linear and parallel to the laser propagation
direction for circular polarizations. In Fig. 4(c), we show the
Rabi frequencies for the same laser intensity as in Fig. 4(b),
for the indicated laser polarizations versus θ . The Rabi fre-
quencies for linear and circular polarizations exhibit opposite
trends as a function of θ , and there are no angles at which
the optical coupling vanishes. For linear polarization, the pairs
of optically coupled dressed states have degenerate Rabi fre-
quencies. It is further seen that for circular polarization the
dark states are very weakly optically coupled, a behavior that
is attributed to small admixtures of |mJ | > 1/2 states in the
optically excited PECs.
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(a)

(b)

(c)

dark states

Ωσ,< Ωσ,>

2 x degenerate

Ωπ

Ωσ,<

Ωσ,>

θ=45EL

R σ–

45P 3/2

45P 1/2

FIG. 4. Rydberg-atom-ion molecules (RAIMs) of rubidium in
the case of the strong optical coupling. (a) Dressed initial-state and
RAIM PECs as a function of internuclear distance R, for a fixed
atom-field detuning of 5.957 GHz relative to the field-free atomic
45P3/2 resonance. The system is driven by σ−-polarized light prop-
agating at θ = 45◦ with respect to the molecular quantization axis
as shown in the inset and with intensity of ≈1.33 × 109 W/m2

corresponding to electric-field amplitude of EL = 1 × 106 V/m.
(b) Magnified view of the region of intersection between the dressed
PECs of the initial-state and the RAIM PEC that asymptotically
connects with the 45P1/2 state. Optical Rabi frequencies are indicated
by vertical arrows. (c) Optical Rabi frequencies for linear (�π ) and
circular laser polarizations (�σ,>, �σ,<) versus θ , for EL = 1 × 106

V/m (linear) or 1 × 106/
√
2 V/m (circular). The circles show the

case of Fig. 4(b).

E. Vibrational states

The wells within PECs are typically several GHz deep,
such as in Fig. 4(a), and support many vibrational states. This
makes RAIMs attractive for laser-spectroscopic study and for
time-dependent wave-packet studies.

FIG. 5. A magnified view of the lowest PEC minimum in the box
in Fig. 4(a). The lowest 18 vibrational states in this PEC well are
shown.

In Fig. 5, we show a magnified region of the lower PEC
well associated with 45PJ , outlined by the green box in
Fig. 4(a), together with the squares of the vibrational wave-
functions for the lowest 18 vibrational states. The vibrational
level structure is that of a perturbed harmonic oscillator in
which the vibrational frequency intervals follow fn = f0 +
α1ν + α2ν

2 . . . , with the lowest frequency interval f0, the in-
dex ν = 0, 1, 2 . . . , and only the lowest two dispersion terms
shown. Fitting the lowest ten levels in Fig. 5, one finds f0 =
18.2 MHz, α1 = −0.61 MHz, and α2 = 0.020 MHz for the
first- and second-order dispersion coefficients. This finding
could be tested, in the future, via laser spectroscopy.

This structure also lends itself to studies of vibrational
wavepackets of RAIMs, including collapse and quantum re-
vivals of wave packets [69,70]. We use the results in Fig. 5
to estimate the dephasing and revival times for vibrational
wave packets near the bottom of the potential well. Neglecting
second- and higher-order dispersion, the dephasing time is
∼0.5/(N |α1|) and the revival time ≈1/|α1|, with the above
lowest-order dispersion coefficient α1, and with the number
of coherently excited states N . For wave packets ranging in
bandwidth from N = 5 to 10 vibrational states, the dephasing
time ranges from about about 300 ns to 700 ns, while the
bandwidth-independent revival time is ≈1.6 μs. These times
are shorter than the RAIM lifetime, which should scale with
the Rydberg-atom decay time (estimated at ∼100 μs), and
should therefore be observable. A detailed theoretical study
on the dynamics of vibrational RAIM wave packets can be
an interesting topic for future investigations. These could also
extend to the rotational structure of RAIM. We estimate the
frequency interval of rotational energy levels to be in the range
of 1–10 kHz, which would require quite sophisticated laser
setups to be spectroscopically resolved, as well as lower ion
velocities.

The stability of RAIM vibrational states as shown in Fig. 5
may be limited by nonadiabatic coupling between the PECs.
An initial estimation can be made based upon the Landau-
Zener (LZ) formula [71]. The gaps at the avoided crossings
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Rb (a) (b)

45PJ 

Cs

45D5/2

45D3/2

100 MHz

6S1/2

5S1/2

2 GHz

FIG. 6. (a) Soft potential barrier for Rb atom-ion collisions,
affected by strong optical coupling of the atomic ground state to Ry-
dberg PECs slightly below the 45PJ states. The barrier is ∼h × 100
MHz high. (b) Soft potential barrier for Cs atom-ion collisions,
affected by strong optical coupling of the atomic ground state to
blue-shifted PECs with 45D5/2 character. The barrier is ∼h × 2 GHz
high.

between the RAIM PECs and neighboring PECs in Fig. 3
indicate coupling strengths a ∼ h × 150 MHz and differential
slopes of the PECs of �F ∼ 10−17 N, while the vibration
velocity for the lowest RAIM states in Fig. 5 is v ∼ 0.3
m/s. The LZ tunneling probability Pd = exp(−2π�) with
� = a2/|h̄ v �F | then is < exp(−100), which is favorable.
We stress that the conditions for applicability of the LZ model
are very poorly satisfied. Improved estimates of nonadiabatic
decay rates require simulations of the vibrational quantum
dynamics on multiple coupled PECs, which is beyond the
scope of the present work.

F. Collisions on Rydberg-atom-ion PECs

The RAIM formalism for PECs in the strong optical cou-
pling regime, described in the present paper, also directly
applies to an analysis of certain optical shielding methods for
atom-ion collisions. With the following examples we exhibit
the close relationship between RAIMs and shielding of atom-
ion collisions via strong optical coupling to Rydberg states.

As one example, lowering the dressed-initial-state detun-
ing in Fig. 4(a) from−61.36 to−61.393 cm−1, using an initial
state of 5S1/2, a laser intensity ≈2.12 × 1012 W/m2 (electric-
field amplitude of EL = 4 × 107 V/m), θ = 45◦, and linear
polarization, results in the PEC landscape shown in Fig. 6(a).
In a cold-collision scenario, the configuration introduces a
soft energy barrier at about 1.3 μm that is about h × 100
MHz high. In cold-atom systems, the barrier can be used to
prevent deep, inelastic collisions between Rb atoms and ions,
as described in detail in Refs. [59,60] for a lower Rb nPJ
Rydberg level.

In Cs, efficient shielding of inelastic atom-ion collisions
can likely be achieved using the blue-shifting mJ = 1/2 Stark
component of nD5/2, which is fairly unique among alkali
Rydberg atoms due the fact that the P and D quantum defects
both have similar noninteger parts near 0.5. The proximity
of the nP and nD levels to each other results in strong level
repulsion in the ion electric field, with nD levels shifting up

762
nm

795 
nm

1260
nm

1251
nm

Rydberg atom
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FIG. 7. Energy level diagram (not to scale) with relevant wave-
lengths for the experimental realization of RAIM with Rb (a) and
Cs (b). The lower stages of the Rydberg-atom transitions are driven
off-resonantly. See text for details.

[see Fig. 6(b)]. At the same time, the field-free nD levels
are quite distant from the next-higher hydrogenic manifold,
allowing large blue shifts of the nD levels before mixing with
hydrogenic levels occurs. Interplay of these effects results in
unusually high potential barriers in Cs, conducive to efficient
collisional shielding. As an example, in Fig. 6(b), we employ
the RAIM-PEC formalism to find the PECs for collisions be-
tween Cs atoms and ions with the coupling laser tuned above
the atomic 45D5/2 resonance. The initial (dressed) atomic
state 6S1/2 is tuned to −60.52 cm−1, the laser field is linearly
polarized and has an intensity ≈3.32 × 1012 W/m2 (electric-
field amplitude of EL = 5 × 107 V/m), and θ = 45◦. The
configuration introduces a comparatively tall, soft collisional
barrier that is located at about 1.7 μm and is about h × 2 GHz
high.

IV. EXPERIMENTAL CONSIDERATIONS

In the following, we discuss two possible approaches
to study RAIMs. The first, and arguably easier, method is
to perform high-precision spectroscopy measurements with
quasi-continuous narrow-band (�1 MHz) lasers. The second
method is to excite vibrational wave packets with pulsed
lasers in the strong optical coupling regime discussed in
Sec. III E. The first approach requires simpler laser setups
(several diode lasers should suffice), and it could be used
for proof-of-principle experiments for RAIM formation. The
second approach has great experimental potential, as it can be
used to explore the vibrational dynamics of the molecules.

A. Laser spectroscopy with narrow-band lasers

In this section, we discuss experimental methods to prepare
RAIMs of Rb or Cs via high-resolution laser spectroscopy
with quasicontinuous lasers. For Rb, some details are visual-
ized in Fig. 7(a). The 5S1/2 → nPJ ground-to-Rydberg direct
transition is less frequently used than multiphoton schemes,
as it would require a laser with a wavelength of ∼300 nm.
A method of preparing Rb atoms in Rydberg P-states with
an all-infra-red laser system is to first excite atoms via a
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low-lying D-state into Rydberg P-states. For instance, in
Rb the following three-step excitation can be used: 5S1/2 →
5P1/2 at 795 nm, 5P1/2 → 5D3/2 at 762 nm, 5D3/2 → nPJ
at 1260 nm. These three wavelengths can be attained with
conventional diode lasers and without frequency-doubling,
and the Rydberg-excitation stage has relatively large excita-
tion matrix elements and rates (see Fig. 2). The atoms are
photoassociated into RAIMs by seeding the atom cloud with
ions that have a kinetic energy low enough to avoid line broad-
ening by more than a fraction of the vibrational energy level
spacing. Due to ion recoil, the photoionization (PI) energy
in Rb should be within about 100 GHz to 1 THz above the
PI threshold in order to be able to resolve vibrational states
with spacings as in Fig. 5. This corresponds to wavelengths
of 0.5 nm to 5 nm less than the Rb 5D3/2 PI wavelength of
1251.52 nm.

A corresponding level diagram and excitation scheme for
Cs is displayed in Fig. 7(b). Two-photon excitation at 885 nm,
utilized in previous experiments [72,73], can be used to pre-
pare Cs atoms in the 6D3/2 state. Then, a laser at 1144 nm can
be used to photoassociate nPJ RAIMs of Cs. At the same time,
the excitation region can be seeded with low-energy ions by
PI of atoms in the 6P3/2 state, accessed via the 852-nm Cs D2
line, and a 508-nm PI laser. To keep the ion kinetic energy low
enough to be able to resolve vibrational levels, the upper-laser
wavelength should be between 0.2 and 2 nm below the 6P3/2
PI threshold, which is at 508.28 nm.

The ions must generally be prepared at a low enough
density to avoid Coulomb acceleration and expansion before
and during the photoassociation pulse. Other options that
could be explored to reduce ion energy include using an ion
trap to prepare laser-cooled ions. Ion velocities in the range
� 0.2 m/s, as proposed here, translate into photoassociation
times between 100 ns and 1 μs, leading to interaction-time
broadening of less than 10 MHz, which is sufficiently low to
resolve vibrational structure.

Figure 2(b) suggests RAIM production rates on the order of
105 s−1, which, for PA time windows in the range of hundreds
of nanoseconds, suggests a RAIM production probability in
the range of 3%. Using an experimental cycle rate of 100 Hz
[18], assuming several tens of ions embedded in a dense
atomic vapor, and estimating an ion detection efficiency of
30%, the count rate would be several 10 s−1. Considering that
the signal would be virtually free of background counts from
distant atomic lines, laser-spectroscopic RAIMmeasurements
appear quite feasible.

It is worth noting that mixed-species RAIMs between a Rb
or a Cs Rydberg atom and any pointlike positive ion have
structures similar to the ones considered in this paper, with
different vibrational spacings due to the different effective
masses. This includes commonly used clock ions such as Hg+,
Sr+, Yb+, etc. Since laser-assisted cooling of negative ions
has been demonstrated recently [74], we have also studied
RAIMs between negative ions and Rydberg atoms. Qualita-
tively, these do not differ greatly from RAIMs with positive
ions. However, quantitatively they have noticeably different
PECs, because the Rydberg-electron charge distribution of
the adiabatic Rydberg states on their PECs are shifted away
from the ion, into regions of diminishing electric field. This
contrasts to the case of positive ions, where the Rydberg-

electron charge distribution is pulled towards the ion, into
regions of increasing electric field. The resultant differences
in PECs and RAIM states could be a subject of a future
study.

B. Vibrational wave packets

In Sec. III E, we have provided estimates for dephasing
and recurrence times of vibrational wave packets consisting of
5–10 vibrational levels of 45PJ RAIMs. This number of vibra-
tional levels is large enough to form reasonably well-localized
wavepackets, and it is small enough to avoid the effect of
higher-order dispersion terms in the vibrational energy-level
series. As seen in Fig. 5, such a wave packet would cover a
spectral bandwdith of 100–200 MHz. Its realization requires a
transform-limited laser pulse with a duration of about 5–10 ns,
corresponding to the aforementioned spectral bandwidth. A
shorter (longer) laser pulse leads to the excitation of more
(fewer) vibrational levels and shorter (longer) wave-packet
dephasing times. Considering only lowest-order dispersion,
the revival time is independent of the number of vibrational
levels, and the revival remains strong even for large numbers
of coherently excited vibrational states.

We concentrate on Rb RAIMs to further discuss the
relevant requirements for the laser. The excitation scheme
for Rb RAIMs suggested in Sec. IVA would require ei-
ther continuous-wave or pulsed lower-transition lasers and
a high-intensity 1260-nm laser pulse. Presently, there are
no convenient choices for 1260 nm transform-limited pulsed
lasers with pulse durations in the range of 5–10 ns. An alter-
native approach would be to excite the atoms directly from
the 5S1/2 ground state into nP Rydberg state. In this case, the
excitation pulse would be centered at a wavelength of 297 nm,
which could be achieved by frequency-doubling of a pulsed
Rhodamine 6G dye laser pumped with a 532-nm Nd:YAG
laser. The frequency-doubling could be achieved, for instance,
with a beta barium borate or a lithium niobate crystal.

The wave-packet dynamics can be probed using pump-
probe schemes, the most basic version of which would be
to apply two coherent PA pulses with a variable delay time
and to measure the RAIM yield versus delay time [75,76].
Additional experiments, e.g., using quantum gas microscopy
[34,35], could be employed for spatiotemporal mapping of
the RAIM vibrational wave functions. Alternatively, the wave
functions could be studied in correlation measurements. In
this scheme, the RAIMs would be field-ionized and imaged
with a single-ion-resolving imaging system. Similar methods
have been used to study correlations in both Rydberg atom
and ion plasma systems [77,78].

V. CONCLUSION

We have shown through PEC calculations that it is pos-
sible to form Rydberg atom-ion molecules that are bound
by way of multipolar interactions between the two particles.
We have provided detailed results on several cases in which
a Rb or Cs neutral-atom initial state is optically coupled to
Rydberg-state manifolds. We have also discussed potential
experimental realizations of RAIMs, differences in forming
the molecules with rubidium versus with cesium, and the

023114-9



A. DUSPAYEV et al. PHYSICAL REVIEW RESEARCH 3, 023114 (2021)

possibility of preparing vibrational wave packets in these
molecules. Modern state-of-the-art experimental setups with
ultracold Rydberg atoms and trapped ions already possess all
necessary components to form and observe these molecules.
It may be anticipated that the observation of RAIMs will
open a new direction in the field of ultralong-range Rydberg
molecules and many-body physics.
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