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Reactions between pairs of atoms are ubiquitous processes in chemistry and physics. Quantum
scattering effects on reactions are only observed at extremely ultracold temperatures, close to the
s-wave regime, with a small number of partial waves involved. At higher temperatures, the different
phases associated with the centrifugal barriers of different partial waves average-out quantum in-
terference to yield semi-classical reaction rates. Here we use quantum-logic to experimentally study
resonant charge-exchange reactions between single cold pairs of neutral 87Rb atoms and optically-
inaccessible 87Rb+ ions far above the s-wave regime. We find that the measured charge-exchange
rate is greatly suppressed with respect to the semi-classical prediction. Our results indicate for the
first time that quantum interference persists and effects reaction rates at very high temperatures,
at least three orders of magnitude higher than the ultracold s-wave regime.

I. INTRODUCTION

Studies of chemical reactions between pairs of atoms
are of great applicable and fundamental importance in
chemical and physical sciences. At ultra-cold tempera-
tures, the wave-like nature of the reactants plays a ma-
jor role in determining the likelihood and pathways of
a reaction. Quantum-mechanical effects such as shape
resonances [1] or Feshbach resonances [2, 3] can en-
hance or suppress the reaction rate, provide control over
the interaction strength, and allow for precise experi-
mental calibration of the molecular potentials that are
otherwise hard to compute. Beyond their fundamental
importance, quantum scattering resonances practically
provide control over interactions in quantum simulators
[4–6] or used to push the limits of precision quantum
sensors [7, 8]
Quantum scattering effects between pairs of atoms

however are mostly limited to ultra-cold temperatures,
where only few partial waves are involved [9–15]. The
matter-wave length scale for entering the s-wave regime
in atomic collisions of neutral atoms is typically a few
nm which for typical atomic masses translates to an en-
ergy scale of 100’s µK for entering the quantum scatter-
ing regime. This limitation originates from the fact that
the range of the Van der Waals interaction; by which in-
elastic or reactive scattering processes are governed; is
on par with that of centrifugal forces which are partial
wave dependent. The phases acquired when colliding on
different partial waves are largely different and the ef-
fect of multiple partial wave interference on the reaction
cross-sections, averages to yield a semi-classical result.
Collisions between a neutral atom and a charged ion

on the other hand, are governed by the long-range po-
larization potential which requires a matter-wave length

∗ Corresponding author: or.katz@duke.edu

scale of 100’s nm in order to enter the s-wave regime,
and therefore a sub-µK temperature for most atom-ion
pairs [13, 14, 16–19]. The other side of the long-range
interaction is that here centrifugal forces act at nuclei
separations in which inelastic or reactive processes do no
occur at all, while at molecular distances in which chem-
istry does occur centrifugal forces are negligible. It has
been thus predicted that resonant inelastic and reactive
processes, such as the exchange of electronic spins or
the exchange of charge between identical nuclei [20, 21]
could feature quantum signatures that persist at much
higher temperatures, even up to 100’s mK. This mech-
anism, coined as the partial-wave phase-locking mecha-
nism, originates from the fact that the scattering phases
of many partial waves are the same as that of the s-wave,
leading to s-wave behaviour and quantum interference
phenomenon far outside the s-wave regime.

Hybrid atom-ion platforms provide great experimen-
tal control with resolution of single collision events be-
tween pairs of atoms [16, 22–43], and are therefore
good candidates to study the matter-wave phase-locking
mechanism and unveil quantum signatures far from the
quantum regime. Most studies of resonant processes
between atoms and ions to date were carried out ei-
ther at very hot temperatures [44–46], or at conditions
for which the absolute collision rate was subject to un-
certainty, hence quantum effects far from the s-wave
regime have yet to be reported in any ultracold system.
It should be noted that the matter-wave phase locking
mechanism is intrinsic to longer range interactions and
not specific to atom-ion systems.

Here we study resonant charge-exchange reactions be-
tween ultra-cold 87Rb atoms and a cold 87Rb+ ion.
While 87Rb+ has no optical transitions that allow for
its direct cooling or detection, we measure its reac-
tion by applying a recently developed quantum-logic
technique using an auxiliary 88Sr+ logic ion [47]. We
further develop a method to determine the Langevin-
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Figure 1. Atom-ion cold collisional processes and spin
structure. (a) nuclear spin structure of 87Rb+ (left), hy-
perfine structure of 87Rb in its electronic ground-state (mid-
dle) and ground and first excited state manifolds for spin
1/2 88Sr+ (right). (b) Resonant charge-exchange reactions
between 87Rb-87Rb+ (left) and spin-exchange collisions be-
tween 87Rb-88Sr+ (middle) can both change the hyperfine
state of the neutral atom and convert the internal hyperfine
energy Ehpf into kinetic motion of the bodies. Elastic col-
lisions of an ion with a neutral atom (right) conserve the
total momentum of the pair but change the trapped ion’s
momentum.

collision probability the ion experiences via measure-
ment of momentum-changing collisions, which in turn
enables estimation of the reaction probability in terms
of Langevin collision rate. The observed reaction rate
is suppressed by 12-fold with respect to the semi-
classical value, even though the collision energy is more
than three orders of magnitude higher than the s-wave
regime. Our results provide a unique view on proper-
ties of the quantum s-wave regime at temperatures that
are more than three orders of magnitude away, with
techniques that can be readily applied to study other
processes, species and systems.

II. ATOM-ION COLLISIONS

The interaction between a neutral atom and a singly-
ionized ion at an inter-nuclear distance R is composed
of two different terms which dominate at complemen-
tary regimes. At long distances, the electric field of the
ion’s charge induces an electric dipole moment of the
neutral atom and results with an attractive polariza-
tion potential that scales as −1/R4, and depends only
on the neutral atom polarizability [16]. If the initial
angular momentum is not too large, in a semi-classical
picture this attractive potential leads to inward spiral-
ing of the pair, coined as Langevin collisions, until a
close contact is made [17, 48].
At short inter-nuclear distances, non-universal chem-

ical forces dominate the interaction. These forces

originate from significant overlap of the atomic wave-
functions which can efficiently change the momentum,
internal state or chemical composition of the colliding
bodies [16]. In cold atom-ion systems, scattering events
that involve a considerable change in the external or in-
ternal properties of the complex are typically correlated
with Langevin collision events. Therefore, the rate of
such processes typically takes a fraction of the Langevin
rate.

A. Resonant charge-exchange

Charge-exchange collisions are reactions in which the
nuclei of the ion and neutral atoms are exchanged. This
exchange originates from a differential scattering phase
shift between the gerade and ungerade components of
the wave-function of the colliding nuclei, the total nu-
clear spin of which is odd and even respectively [49, 50].
For hetero-nuclear species, the charge exchange rate
is attenuated by the ionization energy mismatch be-
tween the two species [22]. For homo-nuclear species
on the other hand, the aforementioned energy mis-
match vanishes and the process is considered resonant
and is expected to be very efficient. At cold tempera-
tures which are yet far from the s-wave energy (above
Es = 79 kB×nK for 87Rb+ −87 Rb [17]), when many
partial waves (L � 1) contribute to the exchange, the
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Figure 2. Experimental Apparatus and Protocol We
trap neutral 87Rb atoms in the right chamber and short
crystals of 87Rb+ and 88Sr+ ions in the left chamber. The
ion crystal is laser-cooled near the motional ground-state.
We load an atomic cloud into an off-resonant optical lattice
dipole trap and shuttle it through the ion’s Paul trap to allow
for a collision. In measurement of hyperfine changing colli-
sions excess micromotion is compensated but in measure-
ment of momentum-changing collisions a time-independent
electric field Edc pushes the ions from the RF null of the
trap, giving them excess micro-motion energy along the RF
field lines.
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Figure 3. Hyperfine changing collision probability and Logic detection . (a) Raw measured probability of hyperfine
changing collision by at least one ion in a 87Rb+-88Sr+ crystal (dark green) or 88Sr+-88Sr+ crystal (purple). (b) We use
the raw data to distinguish between hyperfine changing collisions of 87Rb that originate from a collision with the 88Sr+

ion (purple) or from collision with the 87Rb+ ion (green) using the quantum logic technique (see text and Methods). The
probability in (b) is given per ion per passage of the cloud through the trap. Bars represent 1σ binomial uncertainties.

cross section is given approximately by [20]

σex ≈ ξ
( 1
L

L∑
l=0

sin2(δ(l)
g − δ(l)

u )
)
σL. (1)

Here σL is the Langevin cross-section, δ(l)
g and δ

(l)
u

are the gerade and ungerade scattering phase shifts of
the l partial wave, and the factor 0 ≤ ξ ≤ 1 hosts the
spin dependence of the colliding bodies, depending on
the initial spin states and the output channels being
considered. Under the classical rapid-phase approxima-
tion [21, 51], the average contribution of each partial
wave in Eq. (1) is 1/2, yielding the classical cross-section
σex = ξσL/2 [20, 22, 46, 50]. If the colliding atoms have
no nuclear spin, or if the transition to all final channels
is allowed, then ξ = 1 (See Methods).
While resonant charge-exchange collisions do not

change the specie of the ion, they can be observed
via change of external or internal degrees of freedom.
Resonant charge-exchange collisions are typically ob-
served at high collision energies (above 100 kB×K for
87Rb+ −87 Rb), via efficient exchange of momentum
[44–46] or spin [52, 53]. The former can enhance the
cooling rate between a hot ion and a cold atomic bath
by tunneling that occurs during elastic (glancing) colli-
sions [46] and the latter allows for efficient orientation of
the nuclear spin of the ions. At colder energies however,
identification of such charge-exchange processes by their
induced momentum change is challenging [54].
We probe charge-exchange collisions between cold

87Rb+ and 87Rb pairs via their induced change of the
spin state. 87Rb+ has a nuclear spin 3/2, and four spin
levels that are very weakly spilt in energy owing to the
weak nuclear gyro-magnetic ratio [55]. Neutral 87Rb
has an additional electron spin 1/2 which is strongly
coupled to the nuclear spin via the hyperfine interac-
tion (Ehpf = 328 kB × mK). This interaction renders

the total atomic spin of the rubidium atoms and their
projection along the magnetic field axis to be good quan-
tum numbers, denoted by F,M . The level structure of
these atoms in the electronic ground state is shown in
Fig. 1.

During a charge-exchange collision, the nuclear spin
of the Rb ion is abruptly exchanged with that of the
neutral Rb, which could lead to projection of the neutral
Rb from the upper hyperfine manifold into the lower
one. This transition is accompanied by release of the
internal hyperfine energy, and its conversion into kinetic
energy of the colliding bodies as shown in Fig. 1. We
estimate the probability for such hyperfine transition
during a cold charge-exchange collision using the semi-
classical Degenerate Internal State Approximation and
find that ξ = 3/8 (see Methods). The overall classical
cross-section for hyperfine change via charge exchange
in this configuration is thus σex = 3σL/16.

Experimental determination of the absolute scale of
the charge-exchange rate therefore requires calibration
of the probability of a Langevin collision in an experi-
ment.

B. Langevin collisions

Standard techniques estimate the Langevin probabil-
ity via characterization of the atomic number-density
n(r) of the neutral cloud at position r as well as estima-
tion of the effective interaction time τ [14, 16, 21, 22, 31].
Assuming an energy-independent Langevin rate coeffi-
cient in free space allows for experimental estimation of
the Langevin rate κL. However, such technique is typi-
cally prone to systematic uncertainties primarily in the
atomic number-density and in the Langevin rate coeffi-
cient, whose value depends on the trap parameters [18].

We consider a different technique to estimate
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Figure 4. Momentum changing collisions can convert micromotion energy of an ion into secular motion, and be detected
with probability Pb per passage of the cloud. (a) Single ion crystal of 88Sr+. (b) Two ion crystals of 88Sr+ −88 Sr+ (purple)
and 88Sr+ −87 Rb+ (green). Dashed lines correspond to numerically simulated values which reveal an average Langevin rate
of κL = 0.29 ± 0.02 per passage of the cloud. Bars represent 1σ binomial uncertainties.

the Langevin probability using the ions, based on
momentum-changing collisions [56, 57] which are elastic
scattering events whose scattering angle is not near zero
[58] as schematically shown in Fig. 1b. These collisions
lead to redistribution of the kinetic energy of the col-
liding bodies that is approximately isotropic, and are
usually considered in the context of buffer-gas cooling
[56, 59] or ions mobility [49]. Momentum-changing col-
lisions are correlated with Langevin collisions, and their
rate coefficient is almost identical to the Langevin col-
lision rate coefficient [56, 59]. Therefore, measurement
of momentum-changing collisions allows for direct esti-
mation of the Langevin probability.

III. EXPERIMENTAL STUDY

A. Apparatus

We study the interaction between neutral 87Rb atoms
and 87Rb+. Two vacuum chambers positioned 25 cm
apart are used to trap and laser-cool a cloud of 87Rb
atoms at a few µK (right chamber), and short chains
of ions cooled near their ground-state in a Paul trap
(left chamber) as shown in Fig. 2. The neutral cloud is
initially trapped into a magneto-optical trap and subse-
quently loaded into an off-resonant optical lattice, where
the spin state |F,M〉 of the Rb atoms is determined us-
ing optical pumping and microwave pulses.
Owing to the closed electronic shell structure of

87Rb+, it lacks the necessary optical transitions which
could enable its direct cooling and detection. Instead,
we load and trap a two ions crystal that is composed
of one 88Sr+ and one 87Rb+ via subsequent photo-
ionization of a neutral Sr and neutral 87Rb gas. We

use the 88Sr+ ion to laser-cool and sympathetically cool
all motional modes of the crystal near the ground-state,
to compensate for excess micro-motion, to enable logic
detection of exothermic processes of 87Rb+ and for cal-
ibration of the Langevin collision rate. We routinely
verify the masses of the two ions via mass spectrome-
tery. Further details on our experimental apparatus can
be found in Refs. [47, 60, 61].

The experiment follows the sequence presented in
Fig. 2. We shuttle the neutral cloud towards the Paul
trap by varying the relative optical frequencies of two
counter-propagating optical lattice beams. This allows
for interaction between an ion and on average one atom
during the passage of the sparse atomic cloud through
the Paul trap.

B. Logic detection of hyperfine changing collisions

We measure the hyperfine changing probability per
passage of the atomic cloud using the quantum-logic
technique developed in Ref. [47]. We initialize the 88Sr+

spin upwards, and prepare the 87Rb spins at each of the
five |F = 2,M〉 states (integer |M | ≤ 2) in a random-
ized manner and assume that the spin of 87Rb+ is in a
complete mixed state. We measure the collision-induced
heating of the crystal via carrier shelving thermometery;
This technique maps hot (cold) motional states of the
crystal into a bright (dark) state of the logic ion, that
is subsequently detected via state-dependent Floures-
ence. We use the same experimental parameters as in
Ref. [47], which feature high sensitivity to energy release
of the hyperfine energy Ehpf at hundreds of kB × mK,
but reduced sensitivity to trap-induced heating at about
. 1 kB ×mK.

In Fig. 3a we plot the probability that the logic ion
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in a 88Sr+−87 Rb+ crystal is bright (hot) after one pas-
sage of the cloud (grey). Here, heating associated with
release of hyperfine energy by a neutral 87Rb atom is as-
sociated with either a collisional process with the logic
88Sr+ ion (mainly via spin-exchange) or with a colli-
sion with the 87Rb+ ion (via charge-exchange). To mea-
sure the statistics of these two processes, we additionally
measure the hyperfine release probability for a different
configuration, a crystal of two 88Sr+ ions. In Fig. 3a we
present the total probability that at least one of these
ions is bright (purple bars). Using the logic procedure
detailed in Methods, we can discern between the hy-
perfine changing probability per passage of the neutral
cloud P̄hpf with the 88Sr+ ion or with the 87Rb+ ion, as
shown in Fig. 3b. Evidently, the hyperfine-changing col-
lision probability between a single pair of 87Rb+−87 Rb
(green bar) is almost an order of magnitude smaller than
the hyperfine-changing probability between a single pair
of 88Sr+ −87 Rb (purple bar).

C. Langevin probability estimation

We developed a technique that enables estimation of
the Langevin probability per passage of the cloud via
measurement of momentum changing collisions. We ap-
ply a constant electric field Edc which pushes the ions
from the RF-null line, and by that increases their ex-
cess micro-motion along the RF field lines, as shown
schematically in Fig. 2. Owing to the high micro-motion
frequency compared to the trap secular frequencies, and
to the micro-motion axis being perpendicular to both
the cooling and shelving light, the secular motion is ef-
ficiently cooled even at large micro-motion amplitudes.
A momentum changing collision with a neutral atom

redistributes the ion’s micro-motion energy and heats
the secular modes of motion [48]. Carrier-shelving ther-
mometery, which is mostly sensitive to the ion’s secular
motion, can then detect this heating.
We apply this technique and measure the probability

of hot events Pb (ion appears bright after two shelv-
ing attempts) per passage of the cloud as a function
of the micromotion energy (see Methods for details).
The neutral atoms are prepared in their lowest ground
state |1, 1〉Rb to suppress heating via release of inter-
nal energy. In Fig. 4a we present this probability for a
one ion crystal of 88Sr+. Gray-shaded area indicate our
false-alarm probability (0.5%) measured in the absence
of the atomic cloud. We repeat the experiment for two
additional configurations, a 88Sr+−88 Sr+ crystal and a
88Sr+ −87 Rb+ crystal as shown in Fig. 4b. Evidently,
the greater the micromotion energy, the more efficiently
momentum-changing collisions are observed.
We numerically simulated the dynamics of a

trapped ions crystals with excess micromotion follow-
ing Poissionian-distributed collisions, and calculated the

data

semi-classical

Figure 5. Quantum Suppression of charge exchange.
The probability for hyperfine de-excitation during a resonant
charge-exchange reaction (green bar) is 12-fold suppressed
with respect to the semiclassical value σex = 3σL/16 (see
text). Dash green line is an upper bound on the measured
value if the effect of the trap on the dynamics is uncorrected.
Bars represent 1σ binomial uncertainties.

shelving probability as detailed in Methods. We obtain
the numerically-calculated black curves using only two
free parameters: the ion’s effective temperature T at
the onset of a collision, and the average number of col-
lisions κL per passage of the cloud per ion. The former
(latter) predominantly determines the shelving proba-
bility at very low (high) micromotion energies. We
obtain good agreement with the theoretical model for
T = 0.6 ± 0.1 mK and κL = 0.29 ± 0.02. We also find
from Fig. 4b that κRb+

L /κSr+

L = 0.97 ± 0.06 which is in
excellent agreement with the theoretical value near 1.

D. Absolute rate estimation

Using the rate of Langevin collisions per passage
of the cloud κL and the data in Fig. 3, we can di-
rectly estimate the probability of a hyperfine-change
via charge exchange reaction (per one Langevin col-
lision), pex,L = (0.053± 0.04) which is approximately
pex,L ≈ P̄hpf/κL (see Methods).
Owing to the presence of the ion trap, binary colli-

sions of the atom-ion pair can efficiently form weakly
bound states with the trap assistance [62]. At cold
temperatures, the bound-states enhance the measured
inelastic rate by increasing the number of events for
which the pair interacts at short-range. We follow
the methodology in [62] and show that the charge ex-
change rate corrected for the formation of bound-states
is σex = (0.015 ± 0.012)σL which is greatly suppressed
compared with the semi-classical value of 3σL/16 (for
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ξ = 3/8), as shown in Fig. 5. Notably, the bound-state
formation can only enhance the measured rate and can-
not reverse a reaction, because the hyperfine-energy re-
lease of a charge exchange collision efficiently breaks the
weakly-bound molecule. The probability pex,L, which
is uncorrected for the bound-state formation, therefore
casts an upper bound on the measured charge-exchange
rate, as shown in dashed green line. Evidently, even
this upper-bound is well suppressed with respect to the
semi-classical value.

IV. DISCUSSION AND OUTLOOK

In this work, we analyzed resonant charge-exchange
collisions between atom and ion pairs of 87Rb−87 Rb+

by monitoring exothermic spin change via a 88Sr+ logic
ion. We probed momentum changing collisions to es-
timate for the Langevin collision rate in our setup and
to obtain an absolute scale for the resonant charge ex-
change rate. Our results show significant suppression
of charge-exchange reactions for channels that change
their hyperfine state with respect to the semi-classically
predicted value.
The suppressed measured value of resonant charge-

exchange likely originates from suppression at the ul-
tracold s-wave regime (below 79 kB×nK), which is con-
jectured to persist at our higher experimental energies
(hundreds of kB × µK from the fits in Fig. 4a-b) via
the partial-wave phase-locking mechanism [20, 21]. Re-
markably, the long range of the polarization-potential
interaction which sets the s-wave limit to a very low
temperature, also rendered the quantum nature of the
reaction robust to the presence of many partial waves.
It is expected that multi-channel quantum scattering
analysis can utilize our results to calibrate for the dif-
ferential scattering shift of the molecular potentials and
to extend the study of the phase-locking mechanism.
Application of the two techniques used in this work,
namely accurate calibration for Langevin collisions rate
and quantum logic technique for measurement of in-
elastic cross-sections, can potentially extend the range
of processes and hybrid atom-ion systems that can be
studied experimentally.
While the exchange between 87Rb −87 Rb+ is sup-

pressed in the cold regime, other isotopes or pairs of
alkali ions and their parent neutral atoms would ex-
hibit different cross-sections [20]; owing to the sinusoidal
dependence of the cross-section on the phase shift in
Eq. (1), it is expected that most atoms would devi-
ate from the semi-classical value if the differential phase
shift of different atoms is uniformly sampled, thus fea-
turing suppression or enhancement [20]. An enhanced
coupling can potentially allow for efficient preparation
and detection of the nuclear spin state of cold alkali ions,
which is otherwise inaccessible owing to its great isola-

tion from the environment. Intriguingly, this isolation,
which originates from the closed electronic shells and
the small gyromagentic ratio, is expected to grant long
spin-coherence times which could potentially be used in
metrology or quantum information applications [63–65].
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Methods
HYPERFINE CHANGE DURING CHARGE

EXCHANGE

In this section we estimate the probability for a hy-
perfine change during a charge exchange collision within
the Degenerate-Internal-State Approximation (DISA).
The scattering we consider here involves three different
sets of spin operators S for the electron, I1 for the nu-
cleus associated with the neutral atom pre-collision and
I2 for the nucleus associated with the ion pre-collision.
Within the DISA formalism, the initial and final states
we consider are given in terms of the hyperine state of
the neutral atom (and spin state of the ion) whereas the
transition between them is manifested by the exchange
operator.
The charge exchange operator is given by [53]

Πex = 1S ⊗ (Pg − Pu) , (2)

where 1S is the electron spin identity matrix and

Pg =
∑
I odd

I∑
Iz=−I

|I, Iz〉〈I, Iz|, (3)

is the projection operator over the gerade subspace,
casted with the quantum numbers of the total nuclear
spin (I = I1 + I2) where I is the total nuclear spin
number of the complex and Iz is the projection along
the quantization axis. The projection over the ungerade
subspace is Pu = 1I1 ⊗ 1I2 − Pg where 1I1 ,1I2 are the
identity operators of the two nuclear spins.
In terms of the uncoupled basis |I1z, I2z〉 (where

I1z, I2z are the quantum numbers for the projection
along the quantization axis of the operators I1, I2 re-
spectively) the matrix elements of the charge exchange
operator take a simple form

〈I1z, I2z|Πex|I ′1z, I ′2z〉 = δI1z,I′
2z
δI2z,I′

1z
, (4)

where δ is the kronecker delta function.
To consider hyperfine changing collisions we cast the

two projection operators by

PF =
(

F∑
M=−F

|F,M〉〈F,M |

)
⊗ 1I2 (5)

where F,M are the quantum numbers associated with
the total spin operator F = S + I1 of the neutral atom,
which can be represented in the uncoupled basis |Sz, I1z〉
cia the Clebsch-Gordan transformation.
Here we consider a 87Rb −87 Rb+ pair with S =

1/2, I1 = I2 = 3/2. We consider the neutral 87Rb atom
in a statistical mixture in the upper hyperfine manifold

ρ1 = 1
5

2∑
M=−2

|F = 2,M〉〈F = 2,M |, (6)

and the nuclear spin of the ion in a completely mixed
state

ρ2 = 1
4

3/2∑
m=−3/2

|m〉〈m|, (7)

composing the total spin density-matrix ρtot = ρ1 ⊗ ρ2.
We can estimate the spin parameter xi using the semi-

classical Degenerate-Internal State Approximation [66–
69], which gives the transition probability from an initial
state to a final state by the exchange operator Πex. For
our configuration this operator is given by

ξ = Tr
(
P1ΠexρtotΠexP1

)
= 3

8 , (8)

where the projection operator P1 constraints the final
state to be in the lower hyperfine manifold (F = 1), to
account for the experimental configuration in which the
Rb atom changes its hyperfine by the collision.

This formalism allows also estimation of the param-
eter ξ in other configurations. For example, if we con-
sider the transition to all output channels possible then
ξ = Tr(ΠexρtotΠex) = 1, owing to the unitarity of the
scattering process. Alternatively, if we consider the spe-
cial case of atoms with no nuclear spin then Pg = 0 and
Pu = 1S ⊗ 1I1 ⊗ 1I2 then again ξ = 1 for any initial
density matrix.

LOGIC DETECTION OF CHARGE EXCHANGE
PROBABILITY

In this section, we present the logic analysis that al-
lows to associate the hyperfine-changing collision prob-
ability to each of the processes, following the technique
in Ref. [47].

We performed electron-shelving detection of 88Sr+

and recorded the probability P̃b(F,M) that at least one
88Sr+ ion appears bright after passage of the Rb cloud
(prepared in a spin state |F,M〉Rb). Additional pro-
cesses that are associated with technical errors as well
as trap induced heating could lead to a nonzero false
alarm probability that is superposed on the probabil-
ity of hyperfine changing collisions. We quantified this
false-alarm probability by measuring the scattering of
the two channels |1,±1〉Rb in which hyperfine-changing
collisions are suppressed due to energy conservation for
compensated micro-motion. We can then statistically
correct for this false-alarm by construction of the prob-
ability Pb(M)

Pb(M) = P̃b(2,M)− 1
2(P̃b(1, 1) + P̃b(1,−1)) (9)

as shown in Fig. 3a for the two configurations. Notably,
our false-alarm probability is small and almost constant
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per 88Sr+: P̃b(1, 1) = P̃b(1,−1) = 0.016± 0.002 for the
88Sr+−87 Rb+ crystal and is almost doubled P̃b(1, 1) =
0.041 ± 0.004 and P̃b(1,−1) = 0.035 ± 0.004 for the
88Sr+ −88 Sr+ configuration, owing to having a pair of
88Sr+ ions.

Taking into account our finite detection efficiency η =
0.8 for this trapping configuration [47], we can find the
average probability of hyperfine-changing collision per
passage of the cloud per one Sr ion by

P̄
(Sr)
hpf = 1

10η

2∑
M=−2

P
(Sr−Sr)
b (M), (10)

where P (Sr−Sr)
b (M) is the probability in Eq. (9) for the

configuration of two-Strontium ion crystal. The hyper-
fine changing probability for a single Rb ion is then given
by

P̄
(Rb)
hpf = 1

5η

( 2∑
M=−2

P
(Rb−Sr)
b (M)

)
− P̄ (Sr)

hpf , (11)

which are presented in Fig. 3b.

MICROMOTION DYNAMICS

In this section, we define the micromotion energy and
describe its experimental calibration. The average po-
sition of a trapped ion is determined by the Mathieu
equation. In the presence of time-independent electric
field EDC its solution is given by [70]

Ri(t) = (xi +Ai cos(ωit+ φi)) (1 + qi
2 cos(Ωt)) (12)

where ωi is the secular trap frequency for each axis
i ∈ x, y, z, Ω is the fast micromotion frequency, Ai is
the secular motion amplitude of the ion, φi is a ran-
dom phase and qi is the trap parameter determining
the inherent micromotion amplitude for that axis. For
sufficiently weak DC fields as we consider here, the offset
from the RF null is given by

xi = eEDC,i

mionω2
i

, (13)

where e is the electron charge and mion is the ion’s
mass. According to Eq. (12), the offset generates time-
dependent oscillations whose time-averaged kinetic en-
ergy is

EEMM =
∑
i

mionΩ2q2
i x

2
i

16 . (14)

We experimentally control for xi, by setting the volt-
age V on one of the electrodes in the trap. We calibrated
the linear dependence of xi(V ) via imaging of the ion

position at different voltages. In our segmented blade
trap qy = −qx ≈ 0.14 while qz is negligible. Ω = 26.5
MHz while 0.45 MHz ≤ ωi ≤ 1.5 MHz and the electric
field axis is along (x̂+ ŷ)

√
2.

NUMERICAL SIMULATIONS

In this section, we detail the numerical simulations
which allow inference of the Langevin rate from the
data in Fig. 4. We describe the position of the ions
using the formalism in Ref. [70] which describes both
the secular motion by the trapping and Coulomb forces
as well as fast dynamics associated with inherent and
excess micro-motion induced by stray fields. The ini-
tial energy of the ion is randomly generated from the
probability distribution function [71]

f(E) = E2

2k3
BT

3 exp
(
− E

kBT

)
. (15)

with initial temperature T .
We assume that in a given passage of a cloud each ion

in the chain can experience Langevin collisions, whose
occurrence follows Poissionian statistics with an average
rate of κL that is assumed to be independent of the col-
lision energy. We consider a Langevin type collision as
an instantaneous elastic event in a random time where
the ion’s position is maintained but its instantaneous
velocity vi is updated to [47, 48]

vi → (1− r + rR(ϕL))(vi − va) + va, (16)

where va is the atom velocity which is randomly drawn
from a Maxwell-Boltzman distribution with tempera-
ture of 10µK. The masses ratio r = µ/mi ≈ 0.5 where
µ = mima/(mi +ma) is the reduced mass, and R is the
rotation matrix in the collision plane with scattering
angle φL that is randomly generated. We calculated
the distribution probability function f(φL) indepen-
dently by classical scattering dynamics [59], and found
that for spiraling collisions it is approximately given by
f(φL) = 0.384− 0.013φL − 0.014φ2

L for 0 ≤ φL ≤ π.
The instantaneous change of velocity by collisions

leads to distribution of the ion’s micro-motion energy
to all direction and to the secular motion. Denoting by
Ai the amplitudes of the secular motion of the Sr ion af-
ter the passage of the cloud, we calculate the detection
probability of a hot Sr ion by

Pb = cos2

(
π

2
∏
i

J0(kiAi)
)
, (17)

assuming a long detection pulse compared to the mo-
tional cycle. Here ki denote the componenets of the
shelving beam wavenumber, along the modes axes and
J0 is the zeroth order Bessel function. Notably, the sen-
sitivity of our experimental (and numerical) technique is
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Figure 6. Charge Exchange probability in the pres-
ence of the trap. Numerical calculation of the measured
hyperfine-changing charge exchange collisions per Langevin
collision pex,L in the presence of the ion trap with respect to
the free space value σex/σL. The enhancement of the mea-
sured charge-exchange reaction originates from trap-assisted
molecules that increase the interaction times at short ranges

limited to detection of secular motion along the shelving
beam axis.

We repeat the simulation about 5×104 times and av-
erage the results for each value of T and κL we consider.
We find a good correspondence with the measured data
for T = 0.6± 0.1 mK and for κL = 0.29± 0.02.

TRAP-ASSISTED BOUND STATES

Owing to the breaking of translation-invariance sym-
metry in the presence of the ion trap, short-lived bound
states can form in binary collisions of atom-ion pairs. In
such a bound state, a single atom-ion pair can spiral and
get into close contact n ≥ 1 times which could enhance
the measured inelastic rate over the charge exchange
rate in free space. We simulate the effect of bound states
using a numerical molecular dynamics simulation sim-
ilar to Refs. [17, 18, 71] and construct the probability
mass function of n, PMF(n) from ∼2500 Langevin col-
lisions for our experimental parameters.

Owing to the release of hyperfine energy in the con-
sidered charge-exchange collision, we can relate the free
space exchange probability σex/σL to effective measured
probability in the presence of the trap by

pex,L =
∑
n

PMF(n)
(

1− σex

σL

)n−1(
σex

σL

)
, (18)

as shown in Fig. 6.
Independent of the bound state analysis, the experi-

mental value pex,L can be related to the charge-exchange
probability per passage of the cloud P̄hpf by taking into
account the Poissionian distribution of collision events
of the trapped ions with different atoms at finite values
of κL. For small rates we can approximate this relation
by accounting for one or two collisions events through

P̄hpf = κLe
−κL

(
pex,L + κL

2 (2pex,L − p2
ex,L)

)
. (19)
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