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We observe a series of conical intersections in the potential energy curves governing both the collision
between a Rydberg atom and a ground-state atom and the structure of Rydberg molecules. By employing
the electronic energy of the Rydberg atom as a synthetic dimension we circumvent the von Neumann–
Wigner theorem. These conical intersections can occur when the Rydberg atom’s quantum defect is similar
in size to the electron–ground-state atom scattering phase shift divided by π, a condition satisfied in several
commonly studied atomic species. The conical intersections have an observable consequence in the rate of
ultracold l-changing collisions of the type RbðnfÞ þ Rbð5sÞ → Rbðnl > 3Þ þ Rbð5sÞ. In the vicinity of a
conical intersection, this rate is strongly suppressed, and the Rydberg atom becomes nearly transparent to
the ground-state atom.
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The Born-Oppenheimer approximation is a cornerstone
of chemical and molecular physics. It provides us with the
adiabatic separation of the fast electronic from the slow
vibrational motion, resulting in adiabatic potential energy
surfaces (PES) determined by the electronic structure for a
given nuclear geometry [1]. When PES become degenerate
at a conical intersection (CI), nonadiabatic interaction
effects are important and the Born-Oppenheimer-based
intuition developed in molecular physics breaks down
[2–4]. CI occur frequently in larger molecules with many
vibrational degrees of freedom, for example in the nucle-
obases [5], and play a key role in photosynthesis [6]. CI are
responsible for ultrafast radiationless decay mechanisms on
the femtosecond time scale [2,7,8]. A controlled environ-
ment to study CI can be provided by external optical fields
[9,10] or by ultracold interacting Rydberg systems [11,12].
Diatomic molecules provide here an exception. Generally,
the von Neumann–Wigner noncrossing theorem forbids
the crossing of potential energy curves (PEC) in diatomic
systems, which are determined by a single vibrational
parameter, the internuclear coordinate R [13,14].
Excited electronic states are key players in the appear-

ance of CI. A particular, highly excited, diatomic system,
the collisional complex consisting of a Rydberg atom and a
ground-state atom, has attracted significant interest since
nearly the advent of quantum physics [15–19]. The
interaction between these two atoms, as described by the
Fermi pseudopotential, is primarily determined by the
s-wave electron-atom scattering phase shift δs [15,16].
The resulting Born-Oppenheimer PEC can be labeled by
the principal quantum number n and angular momentum
quantum number l of the Rydberg atom. These PEC can be

sufficiently attractive to support bound states, known as
ultra-long-range Rydberg molecules [20–23]. At positive
energies, they are responsible for the collisional dynamics
between the two highly asymmetrically excited atomic
partners. Just as the characteristics of a Rydberg atom are
smoothly varying polynomial functions of n, so too are the
typical molecular properties, for example the potential
depths, dipole moments, and bond lengths.
For this reason, it is illustrative to imagine that this

diatomic system evolves along a two-dimensional potential
energy surface, where the principal quantum number n
plays the role of an additional synthetic dimension. In many
other contexts, the introduction of synthetic dimensions
provides a means to control the dimensionality of a system
by mimicking additional degrees of freedom. Synthetic
dimensions have been realized in optical lattices [24,25],
and have applications in the study of gauge fields [26],
quantum simulation [27], and photonics [28].
In the present work, we utilize the synthetic dimension n

to circumvent the noncrossing theorem, and in doing so, we
show that CI can appear in the Rydberg–ground-state atom
PES. These CI occur when the Rydberg atom is initially in
a state jnl0i whose fractional quantum defect μl0 is similar
in size to δs=π, which is typically satisfied in states with
higher than d-wave angular momentum l0. We highlight
results for Rb, where l0 ¼ 3, since interest in such a state
has recently grown due to its importance for the preparation
of circular Rydberg states in the scope of quantum
simulation and quantum computing based on neutral-atom
platforms [29–32].
Similar to how CI in more traditional molecular systems

provide fast radiationless decays between electronic states,
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the synthetic CI can facilitate fast dynamics in Rydberg–
ground-state atom collisions. In particular, we demonstrate
that they dramatically suppress the l-changing collision
rate, which is otherwise a dominant process in this
collision. This provides a clear experimental observable,
heralding the presence of synthetic CI in several different
atomic species.
The interaction between the two atoms is given by

Fermi’s pseudopotential,

Vðr;RÞ ¼ 2πaðkÞδ3ðr − RÞ; ð1Þ

where aðkÞ ¼ − tan δsðkÞ=k ¼ að0Þ þ παk=3 is the low-
energy s-wave scattering length, α is the ground-state
atom’s polarizability, and the wave number k is determined
semiclassically by k2=2 − 1=R ¼ −1=2n2. Higher partial
waves can be neglected because the electron energy is close
to zero at the large internuclear distances considered here.
Since Vðr;RÞ is a weak perturbation to the Coulomb
potential, we calculate the PEC by diagonalizing Vðr;RÞ
within a restricted basis. This includes only the initial state
jnl0i, whose energy we take as the reference energy, and
the degenerate manifold of hydrogenic l > l0 states with
vanishingly small quantum defects. These are blue detuned
by a shift Δ from the initial state. The l < l0 states can be
ignored since they are far detuned, Δl<l0 ≫ Δ, and states
with l > l0 have very small detunings relative to Δ, and can
be subsumed into the degenerate manifold.
Two adiabatic PEC result from this diagonalization,

V�ðn; RÞ ¼
1

2

�
qþ tþ Δ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqþ tþ ΔÞ2 − 4qΔ

q �
; ð2Þ

where

qðn; RÞ ¼ aðkÞ 2l0 þ 1

2

u2nl0ðRÞ
R2

; ð3aÞ

tðn; RÞ ¼ aðkÞ
Xn−1

l¼l0þ1

2lþ 1

2

u2nlðRÞ
R2

; ð3bÞ

and the hydrogen atom’s radial wave functions are unlðrÞ.
We have confirmed the accuracy of the PEC quantitatively
with large-scale diagonalizations involving many more
Rydberg states [20,33]. Alternatively, Green’s function
methods [34–36] or local frame transformation techniques
[37] may be employed.
The PEC are shown in Fig. 1(a) using scaled distances

and energies for several principle quantum numbers
n ∈ f40; 50; 60; 70g. They represent the key ingredient
for the investigation of the collisional dynamics between
the Rydberg atom jnl0i and a ground-state atom, which
is initialized at large R with the ground-state atom propa-
gating freely with velocity v along the asymptotically
flat potential V−. The degenerate manifold is strongly

perturbed by the ground-state atom, causing an attractive
potential Vþ to descend. At large R, its adiabatic electronic
state ψþ is a superposition of high-l states known collo-
quially as the trilobite state (see inset wave function). Level
repulsion induces an avoided crossing at R ¼ R0 ≈ 1.9n2,
and as a result V− sharply bends away.
From this picture, we see that, if the collision is purely

adiabatic, the Rydberg atom’s electronic state will change
from its original electronic state (see upper inset) into the
trilobite state (see lower inset) as the ground-state atom
drops into the attractive potential of V−. This is illustrated
in Fig. 1(b), which shows how the trilobite- and jnl0i-state
components of the corresponding adiabatic state ψ− reverse

(a)

(b) (c)

FIG. 1. (a) Illustration of the atomic collision and the corre-
sponding adiabatic (solid, red Vþ, and blue V−) and diabatic
(dashed, purple t, and gray q) PEC for different principle
quantum numbers n ∈ f40; 50; 60; 70g (increasing n is plotted
with increasing opacity). At large internuclear distances, the
difference of the potentials Δ is determined by the quantum
defect of the state with angular momentum l0. The axes are
rescaled in order to shift the curves onto the same energy scale.
A semiclassical ground-state atom propagating on V− can either
adiabatically follow the potential and pick up orbital angular
momentum to form a trilobite state, the electronic density of
which is shown at the bottom, or hop to the potential Vþ and
continue with an f-state electronic orbital depicted at the top.
(b) The eigenvector components ψ− corresponding to V− and
(c) the nonadiabatic coupling matrix element P with varying
(scaled) R for different n.
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after the crossing is traversed. This has observable conse-
quences, as it induces an l-changing collision at a rate
γ ¼ σρv, where σ is the collisional cross section and ρ the
density of ground-state atoms [38,39]. Since the Rydberg
state changes character nearly at the outer turning point of
the Rydberg orbit due to the steep potential curve arising
from the strong perturbation of the degenerate manifold, we
take σ ¼ πR2

0. This purely adiabatic rate γ holds unless the
velocity or the nonadiabatic coupling are large enough for a
nonadiabatic transition to occur, in which case the ground-
state atom hops across onto Vþ, preserving the electronic
character of the Rydberg atom which continues through
diabatically. In particular, at a CI, where V� become
degenerate, the nonadiabatic couplings diverge.
We search for CI in the PES, functions of both the real

adiabatic parameter R and the synthetic parameter n, by
employing the closed-form summation of tðRÞ [23,34],
and then allowing n to become a continuous variable by
replacing the hydrogenic radial wave functions with
Whittaker Coulomb functions valid for noninteger n.
Figure 2 shows these potential surfaces over a range of n.
In this region, the potentials are smoothly oscillatory
functions of R and n, but CI appear near the n values
n1 ¼ 79, n2 ¼ 99, and n3 ¼ 111. Here, we must include
the effects of nonadiabatic coupling and interactions.
In a beyond Born-Oppenheimer treatment, the non-

adiabatic effects are manifested in the vibrational
Schrödinger equation as derivative coupling elements of
first and second degree. For the electronic two-state
problem, an analytical unitary transformation UðnÞ exists
such that the derivative terms are eliminated.U represents a

rotation about the angle φðn; RÞ ¼ R
∞
R dR0Pðn; R0Þ, where

the nonadiabatic derivative coupling matrix element
Pðn; RÞ ¼ hψþj∇Rψ−i quantifies the coupling between
the adiabatic states. ∇R represents the gradient operator
with respect to R. Applying this transformation results in a
nondiagonal potential in the diabatic representation [2],

Vdiabaticðn; RÞ ¼
�

q
ffiffiffiffiffi
qt

p
ffiffiffiffiffi
qt

p
tþ Δ

�
: ð4Þ

The diabatic PEC q and tþ Δ are shown as dashed curves
in Fig. 1(a). The position R0 of the avoided crossing of the
adiabatic potentials is characterized by a local maximum
of P, which is illustrated in Fig. 1(c). It typically coincides
with a crossing of the diabatic PEC, which occurs at a
position R0 obtained from dðn; R0Þ ¼ 2

ffiffiffiffiffi
qt

p
, where

dðn; RÞ ¼ jVþ − V−j is the energy gap between the adia-
batic potentials. From the diabatic representation, the
positions of CI can be obtained easily as the ðn; RÞ values
where the off-diagonal coupling vanishes and the diagonal
elements become degenerate. This is possible due to the
oscillatory character of the potentials, since q vanishes
at a node of the jnl0i wave function. If, simultaneously,
t ¼ −Δ, then the gap vanishes limR0→Ri

dðni; RÞ ¼ 0, and
the derivative coupling diverges limR0→Ri

Pðni; RÞ ¼ ∞.
This is characteristic for a CI [3]. Here, the Born-
Oppenheimer approximation clearly breaks down. With
the aid of the principle quantum number n, we can tune q
and t such that a CI can be realized.
We account for the probability of a nonadiabatic

transition between the adiabatic potential surfaces at
the avoided crossing via the semiclassical hopping
probability [40],

Pðn; vÞ ¼ exp

�
−πdðn; R0Þ
4vjPðn; R0Þj

�
: ð5Þ

The l-changing rate can now be extended to account for this
nonadiabatic process,

γðn; vÞ ¼ πR2
0ρv½1 − Pðn; vÞ�: ð6Þ

At the CI, Pðni; vÞ ¼ 1 and the analog of radiationless
transitions in polyatomic molecular systems occurs. Here,
the Rydberg atom becomes transparent to the colliding
ground-state atom.
Figure 3 shows the rate of l-changing collisions of

Rydberg f states as a function of n and across four decades
of temperatures for both rubidium (a) and cesium (b) gases.
The density, ρ ¼ 1.95 × 1012 cm−3, is typical for ultracold
atomic clouds. The temperature determines the mean
relative velocity of two atoms of the ensemble via
v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6kBT=M
p

, where kB is the Boltzmann constant
and M is the atomic mass. We focus first on the regime
where no CI are found in the PES, namely n < 75 in Rb

FIG. 2. The adiabatic potential energy surfaces, for which the
principle quantum number n of the Rydberg atom serves as a
synthetic parameter and dimension and the internuclear distance
R as the conventional parameter. Conical intersections occur at
n1 ¼ 79, n2 ¼ 99, and n3 ¼ 111, where the potentials become
degenerate. Each mesh line corresponds to an integer n. The inset
shows an enlargement of the region in the vicinity of n2.
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and n < 40 in Cs. Here, the splitting of the adiabatic
functions scales as the difference in energy between the
potential V− and the detuning Δ, satisfying dðn; R0Þ ∼ n−4.
Since no CI are present to induce rapid variation in the
derivative coupling, it remains approximately constant as a
function of n, Pðn; R0Þ ∼ p [compare Fig. 1(c)]. For low
temperatures, the hopping probability is heavily sup-
pressed, Pðn; vÞ → 0, since ðvn4pÞ−1 is large. In this limit,
we obtain the adiabatic rate, proportional to the geometric
cross section of the Rydberg atom ∼n4, while at high
temperatures, ðvn4pÞ−1 is small. Taking the first order
expression for Pðn; vÞ in this limit, we find that the rate
becomes independent of n and v. We note that in this high
temperature limit, our approach fails to account for many
other physical processes which contribute to l mixing and
are not included in our two-level approximation, such as the
effect of the ion-atom polarization potential, molecular ion
formation, and n-changing collisions. More comprehensive
studies applicable to this thermal limit can be found in
Refs. [16,17,19,41]. At larger n values, this same behavior
continues except for the notable exceptions around specific
n values, where the rate drops drastically and becomes
nearly independent of the temperature. These are the points
of collisional transparency induced by the synthetic conical
intersections, where l-changing processes are strongly

suppressed. Measurements of the l-changing collision rate
are routinely taken, typically via field ionization schemes,
and should be capable of directly probing these features. At
a CI the l-changing rate we describe here becomes slow
enough that other decay processes, such as l-changing due
to ion-atom collisions at small R values, collisions between
multiple atoms, and radiative decay will become the
dominant processes [21,39,42,43]. A more complete pic-
ture of the decay of the Rydberg state must take these
processes into account alongside the rate we calculate here.
The points of collisional transparency are relevant for the

preparation of circular Rydberg states, where the f state
provides the starting point for microwave sweeps to reach
l ¼ n − 1. Its stability over the time span required for the
adiabatic passage into circular states is therefore vital [44].
Experimental schemes attempting to build applications on
these high-l Rydberg states, must either be performed at
low densities or very low temperatures to avoid rapid decay
of the l0 state into higher-l components. Apart from their
fundamental interest, this gives the CI-induced collisional
transparencies a crucial application since they suppress this
rate over a wide range of temperatures and densities.
In Table I, we present estimates for the occurrence of

synthetic CI in the alkaline atomic species. In each species,
a low-l state with angular momentum l0 is selected such
that its quantum defect μl0 comes closest to satisfying δs=π.
Note that two such states can satisfy this condition in Cs.
Depending furthermore on the zero-energy scattering
length að0Þ and the polarizability α, we can predict the
principle quantum numbers ni at which the corresponding
collisional transparency is achieved. At large n > 70, the
effect of collisional transparency tends to be more pro-
nounced in the sense that sub-μK temperatures are affected.
As the electronic density of states increases with n, it is
more likely that the synthetic CI, occurring in continuous n
space, occur at nearly integer values of n. At low n, this is a
matter of chance. However, by selecting appropriate fine
and hyperfine structure states (which are not accounted for
in our analysis), one may further tune the quantum defect to
achieve a stronger effect.

(a)

(b)

FIG. 3. The rate of l-changing collisions of Rydberg f states
in a (a) rubidium or (b) cesium gas, each with density ρ ¼
1.95 × 1012 cm−3 for different temperatures from 10 nK (circles)
to 10 μK (triangles). The dashed, gray line shows the asymptotic
behavior of the rates, proportional to n4, while the dotted, gray
line shows the radiative decay rate. Very rapid variations in the
rate as a function of n occur in rubidium (a) at n1 ¼ 79, n2 ¼ 99,
and n3 ¼ 111, where the rate decreases drastically and becomes
independent of temperature and in cesium (b) at n1 ¼ 61,
n2 ¼ 75, and n3 ¼ 85.

TABLE I. Table of alkaline atomic species and the occurrence
of collisional transparency at the lowest few principle quantum
numbers ni depending on the quantum defect μl0 [45–48], the
zero-energy scattering length að0Þ [49–52], and the atomic
polarizability α [53–56].

Species l0 μl0 að0Þ α ni

Li 2 0.002 129 −6.7 164.2 ∼200
Na 2 0.015 543 −5.9 162.7 31, 38, 44
K 3 0.010 098 −15 290.6 116, 144
Rb 3 0.016 5192 −15.2 319.2 79, 99, 111
Cs 0 4.049 425 −21.8 401 43, 54, 61, 67
Cs 3 0.033 392 −21.8 401 61, 75, 85
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In conclusion, we investigate low-temperature l-changing
collisions of ground-state atoms with Rydberg atoms based
on the analysis of the adiabatic Born-Oppenheimer PES
underlying this process. These collisions modify the lifetime
of Rydberg states, and along with the associated cross
sections, provide avenues to probe fundamental atomic
properties [38,57–59]. Emerging from the oscillatory char-
acter of both these PES and the corresponding nonadiabatic
coupling elements, we find that certain principle quantum
numbers ni exist where the l-changing rate is strongly
suppressed, independently of temperature, leading to colli-
sional transparency. This process can be explained by the
existence of hidden conical intersections occurring in the
vibrational coordinate R and the synthetic dimension n. This
unconventional mechanism for the occurrence of CI in a
diatomic setup provides a unique environment for tests of
fundamental quantum processes such as vibronic couplings,
radiationless decay, and geometric phases, with applications
in Rydberg quantum chemistry. Furthermore, our results
provide immediate opportunities for the control of lifetimes
of low-l Rydberg states as well as means to circumvent
unintended limitations in the preparation of these states and
of circular Rydberg states. The collisional transparency
allows also for precision measurements of quantum defects
and low-energy s-wave scattering lengths of the underlying
electron-atom interaction, because the positions of conical
intersections at specific ni depend sensitively on these
parameters. Although we have focused on the effect of
the conical intersections on collisions between Rydberg and
ground-state atoms, they will also be present in the potential
energy surfaces governing Rydberg molecule–ground-state
atom collisions and will play a role in the autoionization of
Rydberg molecules for vibrational states prepared in poten-
tial wells affected by these CI. Their implications for
molecular decay will therefore be interesting to study in
future work.
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