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ABSTRACT
The detachment loss dynamics between rubidium atoms (Rb) and oxygen anions (O−) are studied in a hybrid atom–ion trap. The amount
of excited rubidium present in the atomic ensemble is actively controlled, providing a tool to tune the electronic quantum state of the system
and, thus, the anion–neutral interaction dynamics. For a ground state Rb interacting with O−, the detachment induced loss rate is consistent
with zero, while the excited state Rb yields a significantly higher loss rate. The results are interpreted via ab initio potential energy curves and
compared to the previously studied Rb–OH− system, where an associative electronic detachment reactive loss process hinders the sympathetic
cooling of the anion. This implies that with the loss channels closed for ground-state Rb and O− anion, this system provides a platform to
observe sympathetic cooling of an anion with an ultracold heavy buffer gas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082734

I. INTRODUCTION

Anion–neutral reactions play a key role in diverse fields rang-
ing from organic chemistry studying SN2 reactions1–3 to Earth’s
atmosphere4–6 and the interstellar medium.7,8 Over the last years,
many techniques were developed to study anion–neutral chem-
istry, including flow and drift tubes,9–11 crossed beam apparatus,12–14

guided ion beams,15–17 and ion traps.18–20

Recent developments in the field of hybrid atom–ion traps
have further facilitated the study of cold and controlled ion–neutral
reactions.21 These works demonstrate the influence of the nuclear
spin configuration22,23 or the valence orbital on reaction rates, as
well as deviations from classical capture models at low collision
energies.24,25 With a large amount of control and tunability, these
hybrid traps provide a platform for investigating the dynamics of
ion–neutral systems.

A class of ion–neutral interactions unique to anionic sys-
tems are electronic detachment processes. Due to the small binding

energy of the electron, these detachment processes are frequently
observed and can occur via different channels.26–28 One of the most
extensively studied processes is the associative electronic detach-
ment (AED) reaction.28–30 Here, the excess electron is detached from
the reaction complex to stabilize the formation of a neutral molecule.
This class of reactions is one of the main destruction mechanisms
of anions in the interstellar medium and plays a relevant role as an
intermediate step in the creation of other molecules.7,31–33

The system Rb–OH− has been of particular interest for
theoretical and experimental studies while investigating AED
reactions.29,30,34,35 A recent comprehensive study on this system36

investigates the dynamics of electronic quantum-state dependent
AED reaction, where the reaction proceeds via a dipole-bound
intermediate complex. In the case of an excited state rubidium,
an unstable intermediate is formed, but for a ground state rubid-
ium, this complex is stable. The probability that the reaction takes
place is determined by the crossing between the anionic and neu-
tral potential energy curves (PECs). The important implications of
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these results were to identify the effective core potentials (ECPs) suit-
able to investigate such anion–neutral collisional dynamics and also
to quantify AED reaction as the main loss channel in the Rb–OH−

system. The latter is of key consequence in determining the fea-
sibility of sympathetic cooling of the anion via collisions with the
ultracold buffer gas of laser-cooled rubidium atoms. Sympathetic
cooling of atomic and molecular ions to ultracold temperatures via
a neutral buffer gas has paved way for multiple areas of research
particularly in cation–atom systems21 but is not as extensively inves-
tigated in anion–atom systems. In the Rb–OH− system, there is a
finite probability, even for Rb in its ground state to undergo AED
with OH−, making the cooling of the molecular anion rather ineffi-
cient. It can be inferred that limiting the loss from both the ground
and excited state channels is crucial to observing sympathetic
cooling.37

In order to study a system where the detachment loss channels
are potentially suppressed, we extend our work to investigate the
electronic quantum state-dependent detachment reactions between
Rb atoms and O−. With a mass ratio quite similar to Rb–OH−, the
cooling dynamics in this system will also be primarily influenced
by the presence of reactive processes. Based on the electron affinity
of Rb (0.49 eV38) and O (1.46 eV39), the only energetically possible
channel for ground state rubidium interacting with O− is the AED
process where Rb +O− → RbO + e−.

Analogous to the Rb–OH− case, in addition to AED, several
channels open for the reaction of O− with excited state Rb, which
has an energy of ∼1.6 eV higher than Rb in its ground state. As a
result, the following loss channels are also energetically accessible:

● Penning detachment (PD),

Rb∗ +O− → Rb +O + e−.

● Charge transfer (CT),

Rb∗ +O− → Rb∗− +O.

● Electronic to kinetic energy transfer (leading to loss of the
ion from the trap),

Rb∗ +O− → Rb +O− + Ekin.

Here, the loss channels PD and CT are exo-energetic, cor-
responding to an energy difference of ΔE ≈ −0.14 eV and ΔE
≈ −0.63 eV, respectively. For Rb–OH− system, these channels were
shown to be negligible in comparison to AED. However, these
results cannot be straightforwardly extrapolated to the Rb–O− sys-
tem. In particular, the Penning detachment reaction channel, closed
in the Rb–OH− case, is an additional loss channel that will compete
with AED and is likely to be comparable with the latter.26 Together,
all these channels contribute to the ion losses from the trap.

In this work, we experimentally investigate the electronic quan-
tum state-dependent detachment processes between Rb atoms and
O− anions in a hybrid atom–ion trap, where the fraction of electron-
ically excited rubidium in the atom ensemble is precisely controlled.
The atom-induced ion losses are measured as a function of this
excited state fraction, which yields a loss rate coefficient for ground
state and excited state rubidium interacting with O−. The possible

loss channels are discussed, and the measured experimental results
are interpreted via ab initio potential energy surfaces describing the
most relevant AED process. Finally, the implications of these results
on the sympathetic cooling of O− ions in such hybrid atom–ion traps
are discussed.

II. EXPERIMENT
The experimental setup uses a hybrid atom–ion trap as shown

in Fig. 1(a). The ions are produced in a plasma discharged source,
from a mixture of argon gas and water vapor. The time of flight of
ions depends on the mass to charge ratio and is separated in the time
domain as they traverse through the Wiley–Mclaren spectrometer.
The ions are then mass-selected to only load the O− ions into the
octupole radio-frequency wire-trap. The multipole trap configura-
tion provides a nearly field-free region, which decreases ion heating
caused by collisions in the radio-frequency field. The use of wires
in place of the conventionally used thicker cylindrical rods provides
the optical access needed for cooling or diagnostic laser beams. In
order to ensure stable trapping of O− ions, a peak-to-peak radio-
frequency voltage of 340 V is chosen at an angular frequency of
ω = 2π ⋅ 6.8 MHz. The trapped ions are then thermalized for 200 ms
with a pulse of the helium buffer gas at room temperature. The
length of the buffer gas is chosen such that ions exhibit a thermal
behavior in their time-of-flight distribution. The temperature of the
ions is determined by mapping their temperature to their time of
flight during extraction from the trap. The temperature of the ion
cloud, after interaction with the helium buffer gas, is estimated to
be 370(12) K. Since the time-of-flight distribution is well-described
by a Gaussian distribution with no high-energy tails, we conclude
that the energy distribution of the trapped ions is thermal. A more
detailed description of the setup including an explanation of the used
thermometry method can be found in Ref. 40. The same method is
also used to measure the ion temperature after interaction with the
rubidium atoms. The spatial distribution of the ions is determined
via photodetachment tomography via a far-threshold laser beam.41

In the axial direction, the ions exhibit a Gaussian distribution due to
the harmonic trapping potential in this direction. Radially, the spa-
tial distribution of ions is governed by the r6 radial potential of an
octupole trap.

Once the ions are loaded in the trap and thermalized with the
helium buffer gas pulse, a laser-cooled cloud of ultracold 85Rb atoms
is created at the center of the ion cloud. The energy level scheme is
shown in Fig. 1(b). The atoms are loaded from a 2D magneto-optical
trap into a dark spontaneous-force trap (darkSPOT). In this config-
uration, the intensity of the repumper laser beam is suppressed, thus
reducing the number of atoms pumped into the cooling cycle and
increasing the number of atoms in the ground state F = 2. There-
fore, by tuning the intensity of the repumper laser beam, the number
of atoms pumped into the cooling cycle can be controlled. This is
quantified as the excited state fraction, defined as the ratio of num-
ber of atoms in the excited state (F′ = 4 + F′ = 3) to the total number
of atoms (F′ = 4 + F′ = 3 + F = 3 + F = 2). The former is determined
via fluorescence imaging and the latter is determined via saturation
absorption imaging.42 The control on the amount of excited rubid-
ium provides a tool to investigate the electronic state-dependent
reaction dynamics of this system.
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FIG. 1. (a) Hybrid atom–ion trap setup. The ions are produced in the source chamber and loaded into the radio-frequency ion trap. The trap electrodes are shown in
different colors. The spatial distribution of the trapped ion cloud (purple cloud) is performed via photodetachment tomography with a far-threshold laser beam (shown in
green). The ions are concentrically overlapped with a laser-cooled 85Rb atom cloud (orange). After interaction with the atoms, the ions are guided toward the detector and
their temperature is extracted from their time of flight to the detector. (b) Energy level scheme for 85Rb. The cooling and repumper transitions are shown in red and green,
respectively. In the darkSPOT configuration, the population of the state F = 2 is increased by spatially reducing the intensity of the repumper laser beam. This provides a
tool to control the electronic state configuration of the atomic ensemble, by changing the amount of rubidium present in the excited state 52P3/2 or the ground state 52S1/2.

III. DETERMINATION OF RATE COEFFICIENTS
Once the loading of the atoms in the trap (at the center of the

ion cloud) starts, the atoms and ions undergo elastic and reactive
collisions. The elastic collisions transfer kinetic energy from the hot-
ter species, resulting in the sympathetic cooling of the ions. In this
case, O− anions are cooled sympathetically via elastic collisions with
ultracold rubidium. The reactive collisions result in the loss of the
anions due to the formation of rubidium monoxide. The ion num-
ber and their time-of-flight distribution are recorded for different
interaction times with the atom cloud. The time t = 0 represents the
start of the loading of the atoms in the trap.

The overlap Φ(t) between the two clouds depends on their
density distribution and is defined as

Φ(t) = ∫
t

0
ρion(x, y, z, T(t))ρatom(x, y, z, t)dxdydz. (1)

Here, ρatom and ρion are the time-dependent density distributions of
the atom and ion cloud, respectively. The time-dependence of the
atom cloud distribution is described as

ρatom(t) = ρatom, 0(1 − exp(−t ⋅ L)), (2)

where ρatom,0, the peak atom density, and L, the loading rate, are the
fit parameters obtained by fitting the measured data to Eq. (2). The
measured loading of the atom cloud and its corresponding fit and fit
parameters are shown in Fig. 2(a). The atom density distribution is
experimentally determined via saturation absorption imaging. The
initial density distribution of ions (at t = 0) is determined via pho-
todetachment tomography. This density distribution is dynamically
altered due to elastic collisions with the atoms. As the ion tempera-
ture changes, the spatial distribution of ions also evolves accordingly.
The ion temperature after interaction with the atom cloud is shown

in Fig. 2(b) (purple points). The interpolation of the ion temperature
as a function of the interaction time is calculated (purple curve), rep-
resenting the time-evolution of the density distribution of ions. After
the time-dependent density distributions of the atom and ion cloud
are estimated, the overlap is calculated via Eq. (1), and the evolution
of the ion number N i(t) is described as

Ni(t) = N0 ⋅ exp(−k∫
t

0
Φ(t′)dt′) exp(−kpdt). (3)

Here, N0 is the initial number of ions at t = 0, k is the reactive rate
coefficient, and kpd is the background photodetachment loss. The
photodetachment threshold of O− (≈1.46 eV) is lower than that of
the cooling light needed for cooling 85Rb (≈1.6 eV). The ion loss rate
due to the photodetachment of the anion is determined via an inde-
pendent measurement (blue points in Fig. 2(c)], where the atoms are
not loaded into the trap but the cooling (and repumping) laser beams
are switched on. An exponential fit to the ion number recorded after
the interaction time with these laser beams yields the photodetach-
ment rate kpd [blue curve in Fig. 2(c)]. With all these parameters
pre-determined, the measured ion losses due to the varying inter-
action time with the atoms [red points in Fig. 2(c)] are fitted with
Eq. (3) [red curve in Fig. 2(c)], yielding the reaction rate coefficient
k for a given excited state fraction.

As previously mentioned, by tuning the intensity of the
repumper laser beam, it is possible to vary the amount of excited
rubidium in the atomic ensemble, i.e., the excited state fraction. The
reaction rate coefficient, k, is determined for various excited state
fractions, and the observed dependency is plotted in Fig. 3. From
a linear fit (green line) through the experimentally measured data
(black points), the reaction rate coefficient in the case of an excited
state rubidium interacting with O− anion is measured as kes = (1.8
± 0.1) ⋅ 10−9 cm3 s−1. In the case of a system with ground state
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FIG. 2. Temporal evolution of atom density, ion temperature, and normalized
ion number are shown. The statistical errors of the measured data (points) are
smaller than their point size. (a) The measured time-evolution of the atom den-
sity is shown (orange points). This is fitted with the function in Eq. (2) yielding
the atom cloud loading rate, L = 0.87(3) s−1, and the peak atom density, ρatom,0

= 4.42(5) ⋅ 1010 cm−3 (orange curve). (b) The measured time-evolution of the
ion temperature due to interaction with an ultracold buffer gas is shown (purple
points). The interpolation function for the ion temperature as a function of the
interaction time (purple curve) provides the corresponding change in the density
distribution of ions. (c) The measured normalized ion losses as a function of the
atom–ion interaction time. Here, the background loss rate, kpd = 0.339(6) s−1, is
determined without the presence of atoms (blue points), fitted with an exponential
decay function (blue curve). For an exemplary excited state fraction of 0.113(5),
the ion losses with the atoms (red points) fitted with Eq. (3) (red curve) yield
the reaction rate coefficient k = 1.95(4) ⋅ 10−10 cm3 s−1. The uncertainty due
to systematic errors is estimated to be ∼40%.

rubidium, the extrapolation of the fit to zero (fit intercept) yields
the reaction rate coefficient as kgs = (−0.8 ± 3.1) ⋅ 10−11 cm3 s−1.
The systematic errors are estimated at ∼40% and attributed to the
errors in the characterization of the atom cloud diagnostics via
fluorescence imaging and saturation absorption imaging.

IV. INTERPRETATION
Experimental results show that the loss rate coefficient for the

ground state Rb interacting with O− is consistent with zero. As dis-
cussed earlier, the AED channel is the only energetically possible loss
channel in the Rb–O− system, where Rb is in the ground state. AED
reactions occur if the potential energy curves for the anionic and
neutral systems cross, thus enabling a transition between the two
systems. If such crossings are not energetically accessible, the detach-
ment can only be triggered through non-adiabatic couplings,43 for
which the rate of electron detachment is several orders of magnitude
smaller than for the former mechanism.44

In order to confirm if such crossings are present along the
ground state reaction path, the potential energy curves (PECs)
that correlate with the entrance channel Rb(2S) + O− have been

FIG. 3. Electronic state-dependent reaction dynamics. The reaction rate coeffi-
cients for different electronic configurations of the atomic ensemble are plotted
as a function of the corresponding excited state fractions of the atom cloud. The
experimentally measured data (black points) is fitted with a linear function (green
line). The error bars of the data points represent the Gaussian propagated statisti-
cal errors. The slope (intercept) of the linear fit yields the reaction rate coefficient
of O− interacting with excited (ground) state rubidium. The green shaded region
shows the 95% confidence bands of the true fit.

calculated using ab initio methods. All calculations have been per-
formed with the MOLPRO program.45 The Davidson corrected
multi-reference configuration interaction with single and double
(MRCISD +Q) method46 is applied to a set of state-averaged molec-
ular orbitals obtained using the complete active space self-consistent
approach (CASSCF). The active space includes 6 σ and 2 π orbitals,
corresponding to valence orbitals and inner-valence shells of the
Rb atom (4s and 4p orbitals). The multiconfiguration Dirac-Fock
(MDF) electron core potential and the corresponding spdf
segmented valence basis set,47 augmented by a set of 3s, 2p, and
1d even-tempered diffuse functions, have been used to describe the
28 core electrons and the 9 outer electrons of Rb, respectively. The
oxygen atom has been described by the quadruple zeta augmented
valence correlation-consistent Dunning basis sets48 (AVQZ). The
calculated PECs are depicted in Fig. 4. The main panel shows the
four molecular RbO− states that correlate with the ground state
entrance channel Rb(2S) + O−: 1Σ+, 3Σ+, 1Π, and 3Π. Their energy
ordering follows the trend seen in other alkali oxides.49,50 All anionic
states are valence bound states that are all stable against autodetach-
ment, i.e., their respective detachment energies (energy gap between
anion and neutral PECs at their respective minimum) are positive.
This is predicted to be about 1.2 eV, as compared to about 0.3 eV
for the case of Rb–OH−,30 and the AED reaction is predicted to
be exo-energetic (ΔE ≈ −1.1 eV). In addition, no crossing between
anion and neutral PECs can be seen along the reaction path. Due
to the large reduced mass and rather large detachment energies, the
non-adiabatic detachment rate is expected to be orders of magni-
tude smaller than the Langevin rate of 4.4 ⋅ 10−9 cm3 s−1.51 This is in

J. Chem. Phys. 156, 094304 (2022); doi: 10.1063/5.0082734 156, 094304-4

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 4. The main panel shows the potential energy curves (PECs) describing the
four molecular states that correlate with the Rb (2S) + O− ground state channel
(colored lines) and the neutral ground state RbO (black line). The smaller inset
shows the anion PECs around the potential well. The dashed line corresponds to
the energy at the ground state entrance channel.

agreement with the previously determined negligible rate coefficient
for the ground state.

The collisions of O− with excited Rb lead to losses with a mea-
sured rate coefficient of kes = (1.8 ± 0.1) ⋅ 10−9 cm3 s−1. Even con-
sidering the systematic error of 40%, this value is significantly lower
than the Langevin rate of 7.4 ⋅ 10−9 cm3 s−1. Such a discrepancy was
also observed in the previous work investigating the Rb–OH− case.36

These results indicate the presence of other processes in the system,
which suppress the coupling into the autodetachment manifold. The
reduced loss rate from the excited channel could be explained by the
presence of higher-lying excited states that are stable against autode-
tachment, thus providing reaction paths that avoid the loss channels.
In addition, some dynamical stabilization processes may occur, lead-
ing to non-unity detachment probability when the autodetachment
region is reached. This could result in an overall reduced loss rate. A
thorough theoretical investigation of the stability of the higher-lying
excited states against autodetachment is needed to quantitatively
explain the observed deviation for the excited state.

V. CONCLUSION
We have measured electronic quantum state-dependent loss

rates in a hybrid ion–atom trap involving ultracold Rb atoms and
trapped O− anions. The energetically allowed electron detachment
processes are identified as associative electronic detachment (AED)
for the ground state Rb(2S) +O− channel and AED, charge-transfer,
and Penning detachment for the excited state Rb(2P) + O− chan-
nel. A detailed theoretical description of the structure, dynamics,
and stability of the excited state of the Rb–O− system and an exper-
imental framework to distinguish these different loss channels is
required. In this work, we observed a vanishingly small loss rate for

the reaction with Rb in its ground state. The potential energy curves
are calculated using ab initio methods. The AED channel is pre-
dicted to be exo-energetic. However, all anionic states are found to
be stable against autodetachment, and no crossings into the autode-
tachment region are seen, supporting the experimentally observed
vanishing rate coefficient. For reactions involving excited Rb, a rate
significantly lower than the Langevin rate is observed, indicating the
presence of dynamical stabilization processes. This discrepancy is
similar to the one observed in the Rb–OH− case.

From the results obtained for the ground state rate coefficient,
it can be inferred that it is possible to minimize the O− ion losses by
confining rubidium atoms only in their ground state, for example,
in a dipole trap. Additionally, a far-detuned dipole trap would also
suppress photodetachment losses, which would result in a higher
number of elastic collisions, resulting in a more efficient sympathetic
cooling of the ions.

Besides the atom-to-ion mass ratio, the key properties that gov-
ern the dynamics of ion sympathetic cooling in the trap are the
ion–ion thermalization rate, the atom–ion elastic collision rate, and
the atom–ion reactive collision rate. The ratio of atom–ion elas-
tic to reactive collision rate is critical in determining the cooling
efficiency.52,53 Considering the measured loss rate, this elastic to
reactive collision ratio is estimated to be an order of magnitude
larger in the Rb–O− system as opposed to the Rb–OH− system,36

making it feasible to observe anion sympathetic cooling in this sys-
tem. The first signatures of anion sympathetic cooling are already
seen in this work [see Fig. 2(b)] and will be further investigated in
the future.
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