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ABSTRACT

Impurity physics is a traditional topicin condensed matter physics that nowadays is being explored in
the field of ultracold gases. Among the different classes of impurities, we focus on charged impurities
in an ultracold bath. When a single ion is brought in contact with an ultracold gas, it is subjected to
different reactive processes that can be understood from a cold chemistry perspective. In this work,
we present an outlook of approaches for the dynamics of a single ion in a bath of ultracold atoms
or molecules, complementing the usual many-body approaches characteristic of impurity physics
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within condensed matter physics. In particular, we focus on the evolution of a charged impurity in
different baths, including external time-dependent trapping potentials, and explore the effect of the
external laser sources present in ion-neutral hybrid traps on the reaction probability and evolution

of an impurity.
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1. Introduction

Cold chemistry focuses on the study of chemical
reactions at temperatures ImK < T < 1K [1-8]. At
these temperatures, atoms and molecules’ dynamics are
presumably dominated by pure quantum mechanical
behaviour, leading to intriguing phenomena on chemical

reactions such as resonance effects. In addition, the aver-
age kinetic energy of atoms and molecules is comparable
with the typical energy shifts caused by external fields.
Thus, it is possible to control the motion and interaction
of atoms and molecules efficiently. In particular, thanks
to the development of ion-neutral hybrid traps, one can
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study charged-neutral interactions in a controllable man-
ner, paving the way to the discovery and analysis of novel
reaction mechanisms [9-43].

Nowadays, ion-neutral hybrid traps serve a more
ambitious purpose (apart from cold chemistry): the study
of impurity physics of a charged particle in a sea of
neutrals .! Impurity physics is a traditional arena in con-
densed matter physics, based on the concept of quasi-
particle: an impurity-bath hybrid entity with particu-
lar dynamics. A prime example is Landau and Pekar’s
work [44,45], in which they realised that charge car-
riers (impurity) interact with the vibrations of the lat-
tice (bath), dressing the charge carrier with the subse-
quent formation of a quasiparticle known as polaron.
The polaron idea plays a crucial role in understanding
phenomena of condensed matter physics like colossal
magnetoresistance [46,47], charge transport in organic
semiconductors [48-50], and high-temperature super-
conductivity [51-53]. Indeed, it has been possible to
study the polaron model beyond the paradigm of mate-
rial science thanks to atomic and molecular systems at
ultracold temperatures [54-63].

In general, the study of few-body processes, like chem-
ical reactions (a few-body process per se), is seen as
a topic disentangled from condensed matter physics.
However, any many-body theory requires input from
few-body processes that can constrain, affect, and ulti-
mately control some of the system’s many-body aspects.
A prime example is a Rydberg impurity in an ultracold
gas [64-68]. In this scenario, the Rydberg atom induces
collective excitations in the ultracold bath during the
Rydberg atom’s lifetime. However, it was observed that
the Rydberg lifetime is much shorter when placed in a
bath than in vacuum. This was a mystery until it was
realised that the faster decay rate is a consequence of an
inelastic few-body process and a reactive one [69,70]. The
inelastic process is known as I-changing collision [71],
in which the Rydberg state ends up in a high angular
momentum state after colliding with a neutral atom. The
reactive process is the associative ionisation [72] (one
of the chemi-ionisation mechanisms [73]) in which the
Rydberg electron is ionised leading to the formation of a
molecular jon.

In ion-neutral hybrid traps, the longer range nature
of the charged-neutral interaction compared to neutral-
neutral one may lead to new and unexpected many-body
phenomena [74-78]. However, a more prominent long-
range interaction leads inexorably to chemical reactions,
which affects the state and lifetime of the impurity (if
it contains internal degrees of freedom), as it has been
recently shown [69,79,80]. Therefore, to have a compre-
hensive understanding of the many-body physics of a
charged impurity in an ultracold bath, it is necessary to

characterise the reactive and inelastic processes of the
system, which, frequently, is further complicated by the
presence of time-dependent trapping potentials.

In this New Views article, we present a few-body per-
spective into the physics of a charged impurity in an
ultracold bath, emphasising the role of cold chemical
reactions required for many-body models. In particular,
we highlight ion-atom-atom three-body recombination
reactions relevant for a single ion in an ultracold atomic
gas, which leads to the formation of weakly bound molec-
ular ions and the formation of molecular ions from a
single atomic ion in a bath of ultracold molecules, a
mainly unexplored arena. Moreover, we present our par-
ticular vision of the field and what it could be in its near
future, always keeping in mind that few-body and many-
body physics complement each other to understand the
microscopic world of atoms and molecules.

2. A necessary preamble

Before going into this article’s topic, we think it is essen-
tial to emphasise that cold chemistry, as stated in the
introduction, stands for any chemical reaction occurring
at temperatures between 1K and 1 mK, where quantum
mechanical effects may play a significant role on different
scattering observables. Indeed, the relevance of quan-
tum mechanical effects in a given range of temperatures
depends on the underlying inter-particle interaction. For
instance, let us assume that the long-range interaction
between two particles is given by —C,/R", where n > 3
and C, is the long-range coefficient. The number of par-
tial waves, Iscatt, contributing to any scattering observable
at given collision energy, Ey, is given by?

n—

n—2
(2 \” 1n "5
Iscatt = —1 Gy ES (1)

where p is the reduced mass of the colliding partners.
Therefore, the inter-particle interaction potential sets the
number of partial waves relevant for scattering observ-
ables at a given collision energy.

Assuming that at I ~ 20 quantum mechanical
effects are probably averaged over, we have computed
the lowest collision energy at which a classical approach
is reliable (through Equation (1)) and the results for
alkali-alkali and alkali-alkali ion collisions are presented
in Figure 1. As a result, we notice that quantum mechan-
ical effects dominate cold chemistry processes involving
neutrals. However, at the same regime, ion-atom interac-
tions in ion-neutral hybrid traps are well-suited scenarios
for a classical trajectory approach [8,82].
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Figure 1. Lower collision energy at which 20 partial waves con-
tribute to the scattering observable. The lines starting at the left
of the markers refer to ion-neutral interaction, whereas the rest
of the lines refer to neutral-neutral interactions. The upward-
pointing arrows indicate the region of validity of a classical tra-
jectory approach for the scattering observables. Figure adapted
from Ref [81].

3. An atomicion in a bath of ultracold atoms

A single ion trapped in a sea of ultracold atoms is the
prototype arena for the study of exotic impurity physics,
and it has been extensively studied mainly from a many-
body perspective [74-78]. As a result, it is predicted that
a single ion in a bath of ultracold atoms may form a
bound state with the surrounding atoms leading to the
formation of a ‘mesoscopic molecular ion’ [74,76-78].
Most of the literature about this topic focuses on the sys-
tem’s ground state properties and dynamics neglecting
the motion of the ion, with the exception of the work of
Schurer et al. [76], in which the motion of the ion in a
harmonic trap is included.

An ion, AT, in contact with a high-density gas of
ultracold atoms experiences three-body collisions with
the atoms of the bath, B, leading to the formation of
molecular jons

AT +B+B— ABT + B, (2)
or neutral molecules
AT +B+B— B, + A", (3)

through ion-atom-atom three-body recombination. In
three-body collisions involving charged and neutral
particles, the charged-neutral interaction surpasses the
neutral-neutral interaction in the energetic pooling
towards three-body recombination, which translates into
two important features. The first is that molecular
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ions are preferentially formed in comparison to neu-
tral molecules [81,83,84], as it is sketched on panel (i)
of Figure 3. In other words, reaction channel (2) is
dominant for ion-atom-atom collisions. The prepon-
derance of molecular ions as the final product state has
been experimentally confirmed [85] and partially sup-
ported through full quantum mechanical calculations
regarding the formation of molecular anions in some sys-
tems [86,87]. Therefore, it seems that our investigations
at the cold regime may be extensible, under proper cir-
cumstances, to the ultracold realm. The second is that the
ion-atom-atom three-body recombination rate shows a
threshold behaviour as a function of the collision energy
as [83]

ks(Ep) o B>/, (4)

where Ej denotes the collision energy. Equation (4) has
been derived assuming a classical trajectory approach in
hyperspherical coordinates [88], which is well suited to
study the dynamics of atom-ion systems at cold tem-
peratures as explained in Section 2. In particular, the
motion of the nuclei is governed by the electronic poten-
tial energy surface (coming from quantum chemistry cal-
culations) through the solutions of Hamilton’s equations.
The validity of Equation (4) has been experimentally cor-
roborated for Ba™ + Rb + Rb collisions [85] for Ej ~
10 mK.

Moreover, it has been possible to derive a first-
principle thermal-averaged three-body recombination
rate for AT + A + A, where A is a noble gas atom, given
by [81]

k3(T) ! /ook(E)Ez *fkaTdE

872 I'(9/4)314 ()4 )
15 V2(kgT)¥/* m ’
where « is the polarisability of the noble gas atom, m is
the mass of the noble gas atom, kg is the Boltzmann con-
stant, T stands for the temperature of the gas and I'(x) is
the Euler gamma function of argument x. Equation (5)
correctly describes the dependence of the three-body
recombination rate as a function of the noble gas atom
properties.
For three-body collisions, the collisional time can be
estimated as

1
i p?ks’
where p is the density of the gas (in the case of
ion-atom-atom three-body recombination is the density
of atoms). For Ba* + Rb + Rb collisions at cold tempera-
ture, the three-body recombination rate is ~ 10724 cm®/s
[85] and assuming a typical atomic density of an atomic

(6)
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gas close to quantum degeneracy (p ~ 10'*cm?), the
collisional time is ~ 100 . s. In other words, after 100 u
s the ion impurity will evolve into a molecular ion, thus
given an upper limit to the lifetime of the impurity and
hence constraining any many-body phenomena occur-
ring in the system.

3.1. Aweakly bound molecular ion in an ultracold
bath of atoms

The resulting molecular ion after ion-atom-atom three-
body recombination appears in a weakly bound vibra-
tional state whose binding energy correlates with the
collision energy [85]. The molecular ion may further col-
lide with atoms of the bath ; thus, it can be seen as a new
class of impurity. The dynamics of this new impurity can
be studied from a quasi-classical trajectory (QCT) per-
spective in which Newton’s law of classical mechanics
describes the motion of the nuclei in the potential energy
surface. In contrast, the initial conditions for the tra-
jectories are chosen according to the colliding partners’
quantum state through the Wentzel, Kramers, and Bril-
louin (WKB) or semi-classical approximation. The same
methodology is applied to map the final values of position
and momenta of the trajectories within the phase-space
into quantum states of the system at hand [8,82,89,90].

A weakly bound molecular ion colliding with an atom
leads, apart from the expected elastic collisions, to three
possible outcomes. First, vibrational quenching mediated
by an efficient translational-vibrational energy trans-
fer as AB(v)T +B — AB(V)T + B, with v/ # v where
v stands for the vibrational state of the molecular ion
as sketched in panel (ii) of Figure 3. Second, molecular
formation through an exchange reaction as AB™ + B —
B, + AT, asitis depicted in panel (iii) of Figure 3 assum-
ing that the charge is located at atom A and that the
dynamics occur in a single potential energy surface. In
other words, charge transfer reactions are not considered.
Third, dissociation of the molecular ion leading to two
free atoms and one ion as AB(v)™ +B — AT + B+ B,
which is schematically shown in panel (iv) of Figure 3.
From all these possible reaction channels, the most rel-
evant at cold temperatures is the vibrational quench-
ing followed by the dissociation, which is only active as
long as the collision energy is larger than the molecular
ion’s binding energy. However, the formation of neutral
molecules is not relevant at cold temperatures.

As an example, the vibrational quenching cross-
section computed via a QCT formalism for RbBa™ (v) +
Rb as a function of the collision energy for different
vibrational states is shown in Figure 2. In this figure, it
is noticed that the vibrational quenching cross-section
is mostly independent of the vibrational state of the

N
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Figure 2. Quenching cross-section for the collision BaRb™ (v) +
Rb — BaRb™ (V' # v) + Rb as a function of the collision energy
(Ex). The different binding energies (E,) of the vibrational states v
are denoted by different symbols as indicated on the legend. The
dashed line represents the Langevin cross-section. The vertical
dashed lines stand for the binding energy of the initial vibrational
states of the molecular ion. Figure adapted from [81].

molecular ion, and its tendency agrees with the predic-
tions based on the Langevin capture model, o (E) =
7 o/2a/Ey, [91], which is represented as the black dashed
line. The regions where the QCT results deviate from
the Langevin prediction correspond to collision energies
larger than the molecular ion’s binding energy, denoted
as the vertical dashed lines in Figure 2. Indeed, the agree-
ment between the vibrational quenching cross-section
and the Langevin prediction translates into a very effi-
cient vibrational-translational energy, which can be ratio-
nalised in terms of the adiabaticity parameter [8,82,92].

3.2. Therole of external laser sources

Every single ion-neutral hybrid trap experiment requires
different laser sources to laser-cool ions and to trap, hold
and manipulate ultracold atoms. These laser sources are
generally assumed to have a little impact on the dynamics
of asingleion in a bath of ultracold atoms. However, it has
been shown that the trapping lasers of a magneto-optical
trap holding ultracold atoms may lead to an enhancement
of the rate of charge-transfer reactions [9,20,32,93,94].
Therefore, laser sources may play a relevant role in the
study of a charged impurity in a bath of ultracold atoms.

A prime example of this phenomenology is a sin-
gle ion immersed in a high density ultracold atomic
gas [80]. In this scenario, as explained above, a weakly
bound molecular ion emerges due to an ion—-atom-atom
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Figure 3. Collision channels (radiative and non-radiative) of a
weakly bound molecularion in a high-density ultracold gas. Panel
(i) represents ion-atom-atom three-body recombination; panel
(ii) stands for a vibrational quenching of a molecular ion, panel (iii)
is a substitution chemical reaction in which a molecule appears
as the product state; panel (iv) represents a dissociation process,
panel (v) is a spin-flip collision, panel (vi) is associated with a
photo-dissociation process; and panel (vii) stands for a radiative
decay process. The right panel shows the potential energy curves
relevant for the different radiative-assisted process in BaRb™.
Solid line shows the possible photodissociation transition for 1064
nm light, whereas the broken solid lines show possible photodis-
sociation transitions for 493 and 650 nm light. The dashed arrow
indicates radiative relaxation to the electronic ground state. Figure
taken from [80].

three-body recombination reaction. The resulting weakly
bound molecular ion may be dissociated by the external
light sources, as is shown in panels (vi) and (b) of Figure 3.
This figure shows the different processes and relevant
potential energy curves that play a role in the dynamics of
a weakly bound molecular ion, BaRb™, in a sea of ultra-
cold Rb atoms (the black dashed line below the origin of
energy represents the vibrational state of the molecular
ion). The trapping light (in this case of 1064 nm is rep-
resented as the black arrow) couples weakly vibrational
states of BaRb™ to dissociative electronic states induc-
ing its photo-dissociation. However, photo-dissociation
needs to compete with vibrational quenching, dissoci-
ation and substitution chemical reaction, introduced in
Section 3.1 and depicted in panels (ii-iv), as well as with
spin-flip transitions, which may transfer the molecular
ion into the metastable triplet electronic state, (1)>%7.
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Figure 4. Asketch of the dynamics of an atomicion colliding with
a molecule. Panel (a) stands for the molecular ion formation pro-
cess, panel (b) for the dissociation of the molecule and panel (c)
represents the vibrational quenching of the molecule.

Moreover, the weakly bound molecular ion may decay
into a highly vibrational state of the (X)! =T ground elec-
tronic state via spontaneous emission. Finally, the molec-
ular ion can relax into deeply bound vibrational states
thanks to vibrational quenching collisions or radiative
decay processes, and finally, it can be photo-dissociated
by the lasers employed to laser-cool Bat. The role of each
of the radiative and non-radiative processes has been
studied using QCT results for the vibrational quenching,
dissociation and substitution reactions, a semi-classical
approach for the spin-flip transitions and a full-quantum
treatment of the photo-dissociation cross-section [80].
This complex cold reaction network is experimentally
corroborated by looking at the relevance of different ionic
species as a function of time [80]. Finally, we would like
to point out that the role of external laser sources on
few-body processes has also been observed in molecular
ion-atom systems [11,95].

4. An atomicion in a bath of molecules

The study of an atomic ion’s dynamics in an ultracold
bath of molecules has received little attention. Indeed,



6 (& J.PEREZ-RIOS

only recently, Hirzler et al. have addressed the dynam-
ics of a single ion colliding with ultracold molecules [79].
In that work, the dynamics of a single Yb™ in a bath of
ultracold molecules is studied within a QCT approach,
including the time-dependent trapping potential of an
ion in a Paul trap. The bath consists of a gas of ultra-
cold Li, Feshbach molecules whose binding energy can
be tuned through an external magnetic field. A single
ion in a bath of molecules shows three different reaction
pathways, which are depicted in Figure 4:

e Molecular ion formation: Yb™ + Li, — YbLi™ + Li.

e Vibrational quenching of the molecule: Yb™ + Liy(v)
— Yb' + Liy(v/) with v #£ v/

e Molecular dissociation: Yb™ + Li — Yb™ + Li + Li.

Among them, molecular ion formation and molecu-
lar dissociation are the most relevant processes depend-
ing on the collision energy and binding energy of the
molecule, whereas vibrational quenching is irrelevant for
typical conditions in ion-neutral hybrid traps [79].

The reaction rate for molecular ion formation and
dissociation for Yb' + Li, for fixed collision energy,
Er, as a function of the binding energy of the Li,
molecule is shown in Figure 5. Each reaction rate has
two results: one corresponds to the results assuming
the time-independent secular approximation (SA). The
other includes the time-dependent trapping potential
explicitly that the ion feels in the Paul trap (PT). In this
figure, it is noticed that for tightly bound molecules Ej, >>
Ej, the ion reacts with the molecule to form a molecular
ion at a rate similar to the Langevin prediction. Neverthe-
less, for weakly bound molecules, molecular dissociation
dominates the dynamics. It is also worth pointing out that
the inclusion of the time-dependent trapping potential
leads systematically to a lower molecular ion formation
rate compared with the SA results, translating into a
larger dissociation rate.

Exploring the dynamics of Yb* + Li, collisions for
different collision energies and magnetic fields, it is pos-
sible to draw a ‘phase-diagram’ of a single ion in a bath of
weakly bound molecules. As a result, it is found, as antici-
pated in Figure 6, that the nature of the impurity depends
on the binding energy of the molecules of the bath (con-
trolled via the magnetic field) and on the collision energy
(mainly controlled by the energy of the ion). In particu-
lar, an atomic ion impurity evolves into a molecular jon at
low collision energies and considerable molecular bind-
ing energies (smaller magnetic fields). Therefore, a single
ion in a bath of weakly bound molecules can be tuned
into a molecular ion in a bath of weakly bound molecules,
which opens up a new avenue for impurity physics, bring-
ing potentially new polaronic effects. In particular, when

N w S 6]

" [1079cm3s™!]
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107 100 10!
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Figure 5. Reaction rates for molecular ion formation (solid lines)
and dissociation (dotted lines) as a function of the binding energy
of the molecule for a collision energy Ex ~ 11 uK (dashed line),
corresponding to Tij, = 2K and Ty,+ = 100 wK. The results,
including explicitly the time-dependent trapping potential, are
labelled as PT, whereas the results within the time-independent
secular approximation are labelled as SA. The horizontal dashed
line is the Langevin collision rate for Li-Yb™. Figure adapted
from [79].
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Figure 6. The phase-diagram of a single ion in an ultracold bath
of weakly bound molecules. The magnetic field establishes the
binding energy of the molecules in the bath through a Fesh-
bach resonance, whereas the collision energy is determined by
the translational temperature of the ion in the trap. For higher ion
temperatures, the ion survives in the bath, whereas at lower ion
temperatures, the ion reacts with a molecule leading to the for-

mation of a stable molecular ion. The error bars are characteristic
of using a Monte Carlo approach for sampling the phase-space.

an ion is placed in an ultracold bath of polar molecules,
it is expected that some orientational effects play a sig-
nificant role in the dynamics leading to novel polaronic
effects.

5. Summary and concluding remarks

In summary, we have highlighted different scenarios in
which a single ion in an ultracold bath evolves differently



depending on the bath’s properties, the presence of exter-
nal laser sources, and time-dependent potentials. In par-
ticular, we have presented the most relevant few-body
processes within cold chemistry that play a role in the
dynamics and evolution of a charged impurity in an ultra-
cold bath of atoms or molecules. As a result, a single ion
in a high-density bath experiences an ion-atom-atom
three-body recombination reaction leading to the forma-
tion of a weakly bound molecular ion. This molecular ion
experiences two-body collisions with the bath’s atoms,
leading to its vibrational relaxation and ulterior photo-
dissociation by the laser holding the ultracold atoms.
On the other hand, a single ion in a bath of ultracold
molecules will transition into a molecular ion if the bath
molecules are tightly bound, whereas the ion will remain
unperturbed in the case of weakly bound molecules.
Indeed, it has been possible to draw a ‘phase-diagram’ of
an ion in a bath of Feshbach molecules, which shows the
nature of the impurity as a function of the ion energy and
applied magnetic field.

This New Views article’s primary goal is to empha-
sise that few-body processes are necessary to understand
many-body phenomena in ion-neutral hybrid traps.
Therefore, a full characterisation of the dynamics and
main properties of a charged impurity in a sea of ultra-
cold atoms requires, in our opinion, a hybrid approach in
which a many-body methodology incorporates few-body
processes. In other words, it is necessary to reduce the
artificial gap between few-body and many-body physics
to understand impurity physics in ion-neutral hybrid
traps properly.

Notes

1. We want to emphasise that there is an alternative to
create a charged impurity in a neutral bath. This can
be achieved by generating a Rydberg excitation in a
Bose-Einstein condensate, which is ulterior ionised with
appropriate pulse sequences [84].This method has been
experimentally proven for an ion in its parent gas, and
it may be extended to heteronuclear ion-atom systems
[96].

2. The highest partial wave contribution to the scattering is
obtained by equating the height of the centrifugal barrier
to the collision energy.
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