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Inelastic processes have long captured great scientific and appli-
cable interest. When two atoms are brought into close prox-
imity, they can change their physical state and convert their 

internal energy into an increase or decrease in their kinetic energy. 
Traditionally, these processes are studied by measuring variations in 
average thermodynamic properties such as the temperature, energy 
and pressure of macroscopic samples comprising many atoms.

At the microscopic scale, the dynamics and outcome of such pro-
cesses are governed by the rules of quantum mechanics. Short-range 
chemical forces typically produce many-body correlations in the 
electronic state of the atoms that comprise a molecular complex1. As 
modest molecular complexes typically consist of tens to hundreds 
of electrons, and as the necessary computing power for an exact ab 
initio computation scales exponentially with the number of elec-
trons, accurate calculation of a single collision outcome remains a 
great computational challenge2,3. Consequently, accurate theoretical 
modelling often requires an experimental calibration of several free 
parameters.

The advent of ultracold atomic gases enabled the study of collisions 
in the ultracold regime between neutral atoms. In these systems, res-
onant scattering phenomena such as Feshbach and shape resonances 
enable coherent and efficient interactions between atoms4,5, as well 
as the precise experimental calibration of the molecular potentials.

Hybrid systems of laser-cooled trapped ions and ultracold neu-
tral atoms offer pristine experimental tools for the study of colli-
sions of a single ion–atom pair6,7. These systems enable us to explore 
cold collisions as ions can be laser cooled near their motional 
ground state and atoms to temperatures below the millikelvin 
range. Various inelastic processes were studied with these systems 
including spin exchange8–11, spin relaxation12, charge exchange13–17, 
excitation exchange18, molecular association and dissociation19,20 
and elastic processes21,22. Although hybrid atom–ion systems pro-
vide exquisite control over the physical state of both the atom and 
the ion, the necessary degree of control in their preparation and 
detection often severely limits the range of investigated atomic and 
molecular species, as well as the internal states involved.

Quantum logic techniques can alleviate these experimental limi-
tations, and enable the preparation and measurement of atomic and 

molecular species to which access is inefficient or challenging23. 
These methods are widely applied in spectroscopy of atoms and 
molecules24–27, in precision measurements28,29 in quantum informa-
tion30 and in search of new physics beyond the standard model31. 
For trapped ion systems, a typical realization consists of a pair of 
different species, whose motion is coupled by the strong coulomb 
force. The transitions of one (spectroscopy) ion are investigated 
by coupling their optical properties with the collective motion of 
the crystal (for example, by sideband transitions23 or via multiple 
photon recoils32,33). The other (logic) ion qubit can be initialized, 
manipulated and detected by optical means. Quantum logic is man-
ifested in the mapping of the motional state of the crystal onto the 
quantum state of the logic ion qubit, thus enabling the deduction of 
whether the spectroscopy ion has or has not undergone a transition 
when interacting with light.

Several works employed or proposed elements of quantum logic 
to detect and study collisions. Charge exchange rates between an 
ensemble of molecular ions and an ensemble of ultracold atoms 
were measured using sympathetic cooling and logic mass spec-
troscopy via co-trapped ions34. Another study traced the molecular 
association of a single cold molecular ion with a room-temperature 
gas using quantum logic35. Other recent works suggested using a 
variation of quantum logic for coherent manipulation of the mol-
ecule using phonon resolved transitions36, and studying the Al+ 
optical clock transition during its interaction with ultracold atoms37. 
Quantum logic has not yet been applied to measure the inelastic 
processes of a single pair of cold atoms that are optically inaccessible.

Here we present and experimentally demonstrate a quantum 
logic method to study elastic, inelastic and reactive processes of a 
single pair of atoms. Our technique enables us to measure inelastic 
collision of a chemistry ion in a single shot with high efficiency via 
its effect on the motion of another logic ion. We demonstrate the 
technique via measurement of cold hyperfine-changing exother-
mic collisions between a 87Rb atom and a singly ionized Sr ion. We 
explore the interaction for all four stable isotopes (84Sr+, 86Sr+, 87Sr+ 
and 88Sr+) as a chemistry ion using additional 88Sr+ as a logic ion. 
This method opens new avenues for the study of quantum chemis-
try, with potential applications in measuring reaction cross-sections, 
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quantum resonances, collisional cooling of atoms and molecules, 
and reactions dynamics of optically inaccessible reactants.

Results
Quantum logic technique. To describe the quantum logic tech-
nique, we consider a two-ion crystal composed of a logic ion that 
can be manipulated and detected efficiently, and a chemistry ion 
whose interaction with background atoms we would like to study. 
Our method is applicable to the study of processes in which energy 
is released to, or removed from, the motion of the colliding bodies. 
We focused our analysis on exothermic processes and analysed logic 
detection of endothermic and elastic processes in the Methods.

An exothermic process requires the collision entrance channel 
to be above the absolute ground state of the molecular complex. 
For simplicity, here we analysed the case in which the atom is ini-
tially prepared in an excited state with a non-zero internal energy 
Ea > 0, and that the chemistry ion has an internal energy Ei as pre-
sented in Fig. 1a. We assume that the internal states of the logic and 
neutral atoms can be efficiently initialized, that the atom is laser 
cooled and that the ions are trapped and cooled near the motional  
ground state.

When the neutral atom approaches the chemistry ion at a dis-
tance R, it is attracted by its polarization potential −1/R4, and spirals 
inwards towards a short-range (Langevin) collision38 as shown in 
Fig. 1b. During the collision, short-range chemical forces that are 
specific to the interacting atom–ion pair correlate the quantum state 
of the complex on different molecular potential energy curves39. For 
the current discussion, we assumed that the molecular complex dis-
sociates following the collision. The final state of the colliding parties 
depends on their initial states and on the amplitudes of the scatter-
ing matrix characterizing the collision. As energy is conserved, the 
internal energy difference between the initial and final states of the 
colliding atoms, ΔE = Ea ± Ei, is converted into kinetic energy. In  
the centre-of-mass frame an energy of rΔE is released into the 
kinetic motion of the chemistry ion, where r = ma/(ma + mi), and ma 
and mi are the masses of the chemistry atom and ion respectively.

The energy release into the motion of the chemistry ion sympa-
thetically stimulates the motion of the mutually trapped logic ion, as 
shown in Fig. 1c. The energy is distributed between the six motional 
modes of the trap almost equally for ions with similar masses. 
Detection of the motion of the logic ion can be realized via vari-
ous optical thermometry techniques that rely on state-dependent 
fluorescence and the Doppler effect7,40. The particular detection 
technique realized in our experiment and shown in Fig. 1d enables 

single-shot detection of the inelastic collision using electron shelv-
ing as outlined below.

Experimental implementation. The experimental set-up consisted 
of a mixture of laser-cooled atoms and electrically trapped ions7, 
as shown schematically in Fig. 2a. We used a magneto-optical trap 
to laser cool and collect a cloud of 106 87Rb atoms that were effi-
ciently loaded into an off-resonant optical lattice. An absorption 
image of the trapped atoms is shown in Fig. 2b. We controlled the 
internal spin state of the atoms in the ground state, |F,M⟩Rb, using 
a sequence of microwave and optical pumping pulses. We then 
shuttled the cloud to the lower vacuum chamber by varying the 
relative optical frequencies of two counter-propagating optical lat-
tice beams. The quantum numbers of the total atomic spin of the 
rubidium atoms and their projection along the magnetic field axis 
are F and M respectively.

In addition, we trapped a two-ion crystal in a linear Paul trap 
located in the lower vacuum chamber. The crystal is composed 
of 88Sr+ as the logic ion (purple) and one of the stable isotopes 
84Sr+, 86Sr+, 87Sr+ or 88Sr+ as the chemistry ion (black). We realized 
isotope-selective loading via frequency tuning of the photo-ionizing 
laser. In Fig. 2c we present fluorescence imaging of the two ions, where 
the bright logic ion efficiently scatters photons of the detection laser, 
whereas the chemistry ion (86Sr+), is considerably off-resonant and 
therefore does not appear. We identified the isotope of the chemistry 
ion via mass spectrometry41 as shown in Fig. 2d. Here, we applied 
resonant electric fields (‘tickle’) that heated the mass-dependent axial 
motional mode of the crystal, and monitored the resulting decrease 
in the fluorescence of the logic ion due to heating. Further details of 
the neutral atom apparatus are given in Supplementary Note 1 and 
details of the ion set-up are provided in Supplementary Note 2.

During the shuttling of atoms towards the lower chamber, the 
logic ion was laser cooled to close to its ground motional state via 
sideband cooling, and its spin was optically pumped. The chemistry 
ion was sympathetically cooled to near its motional ground state 
by its Coulomb interaction with the laser-cooled logic ion, and its 
spin state was driven into a mixed state by sporadic absorption of 
off-resonant photons. As the sparse atomic cloud traversed through 
the ion trap, the atoms can be captured by the attractive long-range 
polarization potential of one of the two ions into a collision. To 
study the effect of single collision events, we set the probability of 
Langevin-type collisions of each ion per atomic cloud passage to be 
relatively small (about 30%) by controlling the cloud velocity and 
the loading time of the magneto-optical trap.
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Fig. 1 | Logic detection of exothermic processes. a, State initialization. The system consists of three bodies: a logic ion co-trapped with a chemistry 
ion, and a free neutral atom or molecule with which the chemistry ion interacts. The motional and internal states of the logic ion and the atoms can be 
initialized and coherently controlled (for example via cooling and optical pumping). b, Atom–ion collision. Long-range attraction forces lead to spiralling of 
the atom and chemistry ion, resulting in a cold Langevin collision. The state of the chemistry ion following the collision is determined by the short-range 
interaction with the atom. In exothermic collisions, scattering between molecular potentials results in a decrease in the total internal energy (for example 
ΔE = Ea + Ei) and an increase in the kinetic energy of the colliding bodies. Here, the chemistry ion gains a fraction r = ma/(ma + mi) of that energy. The effect 
of the presence of the logic ion on the atom–chemistry ion scattering is negligible. c, Sympathetic heating. Strong Coulomb forces between the two ions 
correlate their motion, as they share the same phononic modes of the trap. The kinetic energy of the chemistry ion is consequently distributed between 
these modes. For near-equal ion masses the energy is approximately equally distributed on average, such that each mode gains r′ ≈ 1/6 of the energy.  
d, Logic detection of motion. The occurrence of an inelastic collision is detected through the motional state of the logic ion. Different states of motion  
(hot/cold) of the crystal are mapped onto different internal states of the logic ion qubit (for example S or D electronically excited states) that are detected 
via state-selective fluorescence (bright or dark).
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Hyperfine-changing collisions. At the onset of a collision, the 
spin-dependent scattering channels of the atom–ion complex are 
dominated by the bare atomic states, determined by the atomic 
hyperfine coupling to nuclear spins and Zeeman coupling to the 
magnetic field. For 87Rb, the coupling of the electron to the 3/2 spin 
in its nucleus sets a large frequency gap between the lower (F = 1) 
and upper (F = 2) hyperfine manifolds of about 6.8 GHz (that is, 
an energy gap of Ea = kB × (328 mK) where kB is the Boltzmann 

constant), whereas even isotopes of Sr+ have zero nuclear spin 
and their Zeeman magnetic splitting in the experiment is small 
(Ei < kB × 1 mK). As the atoms spiral inwards to short distances, 
the two valence electrons of the atom–ion complex experience 
spin-dependent molecular interaction. The dominant short-range 
interactions in our experiment were spin exchange, correspond-
ing to the singlet and triplet molecular curves, and weaker spin 
relaxation that coupled the electronic spins to the orbital angular 
momentum of the complex. Both interactions can mix the spin 
channels of the isolated atoms, and alter their initial spin state  
after scattering.

In this work we focused on hyperfine-changing collisions, in 
which the rubidium, initially in one of the |F = 2,M⟩ states, is scat-
tered to the F = 1 manifold. As the mass of rubidium and strontium 
is nearly equal (r ≈ 1/2), the chemistry ion typically gains half of the 
internal energy kB × (164 mK). This energy is distributed between 
the phononic modes of the two-ion crystal, heating each mode by 
kB × (27 mK) on average, thus setting the logic ion in motion.

Logic detection. To characterize the inelastic rate, we measured the 
occurrence probability of a single hyperfine-changing collision by 
detecting the change in motion of the logic ion.

Various ion thermometry techniques have been developed to 
characterize and detect the motion of trapped ions. Sideband and 
carrier Rabi thermometry are mostly sensitive at low ion tempera-
tures below a few millikelvin per mode, whereas Doppler cooling 
thermometry is mostly sensitive at temperatures above hundreds of 
millikelvin per mode7. However, these techniques are relatively inef-
ficient at single-shot detection of motion of tens of millikelvin per 
mode, as occurs in heating by a single hyperfine-changing collision. 
Here we realized and numerically characterized a different coher-
ent electron-shelving technique, which maps a hot ion qubit to the 
S ground state but shelves a cold ion qubit to the D electronically 
excited state.

Our method uses the following operations after the interaction 
of the ions with the atomic cloud. First, we applied optical pumping 
pulses to initialize the logic ion in a particular spin state to enable 
the detection of its motion irrespective of its spin state. Then, we 
applied two π pulses of narrow-band 674 nm light, tuned on reso-
nance with the carrier of two different optical transitions between 
the S1/2 and the D5/2 manifolds, as shown in Fig. 1d for a single tran-
sition. When the ion was cold and in the absence of collisions, we 
succeeded in transferring it to the D state with above 99% fidelity. 
In contrast, when the logic ion was heated, it oscillated in the trap 
with large amplitude and modulated its position with respect to 
the optical wavefront of the shelving beam. The periodic motion 
compromised the coherent shelving operation, lowered its success 
probability and thus left a hot ion in the S state. We then discrimi-
nated between the hot (S) and cold (D) ion cases by state-selective 
fluorescence on the S1/2 → P1/2 strong dipole transition. Numerical 
characterization of this shelving technique and extensions to other 
configurations are presented in the Methods and in Extended  
Data Fig. 1.

Rate measurements. In Fig. 3 we present the probability that the 
logic ion appeared bright (Pbright) after the atomic cloud passage. To 
characterize and account for direct heating of the logic ion by colli-
sions, we first characterized collisions of 87Rb in the F = 2 manifold 
with a crystal of two 88Sr+ ions whose spins were initialized either 
in |↓⟩ (Fig. 3a) or |↑⟩ (Fig. 3b). As both ions could be efficiently 
detected, we characterized the probability of the two ions appear-
ing bright as p2 and the probability that only a single ion appeared 
bright as p1. The results presented exclude the effect of technical 
errors and micromotion-induced heating38,42 by subtracting the 
small probability that the ion appears bright when the experiment is 
repeated with the Rb cloud in F = 1 (Methods). Therefore, all bright 
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Fig. 2 | Experimental set-up. a, Set-up schematics. A cloud of neutral 
atoms is laser cooled and loaded into an off-resonant optical dipole trap. 
A pair of ions is loaded in a linear Paul trap and cooled to near the ground 
state. The dilute atomic cloud is optically shuttled across the ions in the 
trap at velocity va, and during its passage, a spiralling collision between one 
atom in the cloud and one of the ions can occur. MOT, magneto-optical 
trap. b, Absorption imaging of the atomic cloud in the top chamber.  
c, Fluorescence imaging of a two-ion crystal composed of a logic ion (88Sr+) 
and a chemistry ion (86Sr+), which is always dark. The two orderings of  
the two-ion crystal are shown to exemplify the presence of the dark ion.  
d, Verification of the chemistry ion isotope. We selectively loaded a 
particular isotope, and verified its mass by measuring the resonance 
frequency of the centre-of-mass mode. The latter is inferred from 
the decrease in the logic ion’s fluorescence to resonance with a 
time-dependent external electric field (tickle). Dashed lines mark the 
analytically calculated frequencies of the different ion pairs by equation (7) 
in the Methods.
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events in Fig. 3 are associated with hyperfine-changing collisions 
with the Rb atom.

It is apparent that collisions in which the atomic and ion spins 
are anti-parallel are more probable, and that the brightness of the 
two 88Sr+ ions is correlated (p2 > p1). The former observation agrees 
with the dominance of the spin-exchange interaction between Sr+ 
and Rb, whereas the latter is associated with the strong sympathetic 
heating of the ions and the relatively high detection efficiency of our 
scheme η = p2/(p1 + p2) ≈ 0.8.

In Fig. 3c we present the brightness of the logic ion for each of 
the three isotopes 84Sr+, 86Sr+ and 87Sr+ when the logic ion was pre-
pared in |↓⟩. The linear polarization and unresolved spectrum of 
the cooling light in our experiment rendered the initial spin dis-
tribution of the chemistry ion to be symmetric for up and down 
permutations (that is spin unpolarized), denoted ↔. As 84Sr+ and 
86Sr+ have two spin states in their electronic ground state, they were 
initialized in a completely mixed spin state whose density matrix is 
(|↑⟩ ⟨↑|+ |↓⟩ ⟨↓|)/2 but 87Sr+ has a nuclear spin I = 9/2, and there-
fore multiple spin states. We estimated that it was optically pumped 
to its lower F = 5 hyperfine manifold due to residual scattering of 
the logic ion’s cooling light, and was also symmetric to spin up/
down permutations. We also present the case of one of the 88Sr+ 
ions being in a completely mixed spin state, constructed from the 
data in Fig. 3a,b as detailed in Methods. The notable decrease in the 
hyperfine-changing probability for decreasing values of M is a result 
of the spin-down orientation of the logic ion.

The logic technique enabled accurate comparison of inelas-
tic processes between different scattering channels and between  

different species. In Fig. 3d we present the inelastic 
hyperfine-changing rate of the chemistry ion, averaged over the 
five magnetic states of the Rb atoms in F = 2 after subtracting the 
probability of a hyperfine-changing collision of the atom with the 
logic ion. Determination of the absolute scale of the rate, however, 
requires additional calibration of the probability of a Langevin col-
lision. We used the calibration of ref. 9 to determine this scaling. 
Owing to the uncertainty of this scaling, the absolute uncertainty of 
the rate coefficient (orange) is greater than the relative uncertainty 
of the logic measurement (black) (see Methods for further details). 
It is evident that the even isotopes have similar hyperfine-changing 
rate coefficients, whereas the odd isotope, 87Sr+, has a rate that is 
almost two times smaller.

Discussion
The measured hyperfine-changing rates can be used to calibrate ab 
initio calculations and determine the molecular potentials of 87Rb 
with the different isotopes of Sr+. Furthermore, previous works 
suggested that quantum signatures of the ultracold s wave scat-
tering (about a hundred nanokelvin for Rb–+Sr) would impact 
the measured rate at the millikelvin range due to a phase-locking 
mechanism9,43. The measured rates of the different isotopes, and in 
particular the variation between the even and odd isotopes of stron-
tium, might provide evidence for this mechanism and unveil the 
ultracold regime of atom–ion interactions that is otherwise inacces-
sible with standard ion traps11,38.

The presented technique could potentially be applied to various 
other neutral and ionic pairs of atoms or molecules to calibrate their 
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molecular potentials, determine cross-sections and observe quan-
tum signatures such as Feshbach or shape-type resonances11,44,45. It 
is important to note that the logic ion is located several microme-
tres away from the chemistry ion and has a negligible effect on the  
collision process.

Our scheme could also be applied to study the sympathetic cool-
ing of motional and internal state energies of molecules via colli-
sions with an ultracold atomic bath. Via imprint of the motion of a 
logic ion, the time trajectories and inelastic pathways of quenching 
of rotational state can potentially be studied in a non-destructive 
manner, and prepare the molecules in the ground state.

Finally, the logic technique could enable the study of collisions 
with atomic species that lack optical transitions. One example is 
studying the spin-dependence of resonant charge exchange reac-
tions between a closed-shell ion (for example 87Rb+) and its parent 
atom (for example 87Rb). In these reactions, the release of hyper-
fine energy by Rb atoms prepared in F = 2 can be monitored via 
electron-shelving detection of an additional logic ion. Alternatively, 
transitions of Rb+ nuclear spin between different magnetic levels 
through collisions with Rb atoms prepared in F = 1 could be moni-
tored by sideband spectroscopy of the logic ion.
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Methods
Numerical model of electron-shelving detection. The demonstrated 
electron-shelving technique enables the motion of the logic ion to be characterized 
using its coherent interaction with photons. In the presence of an optical field, the 
interaction Hamiltonian of the trapped ion is given by

HI =
1
2Ω

(

e−iδteik·Rσ+ + eiδte−ik·Rσ−

)

. (1)

Here σ− = σ†
+

= |g⟩ ⟨e| denotes the transition operator between a single ground 
state |g⟩ in the S1/2 manifold to a particular excited state |e⟩ in the D5/2 manifold. 
k denotes the wavenumber vector of the shelving beam, δ denotes the frequency 
detuning of the optical field from the atomic line, Ω denotes the Rabi angular 
frequency of the quadruple transition, and R(t) denotes the position of the logic ion 
in the trap at time t.

For a finite shelving pulse of time T starting at t0, the state of the ion evolves by 
the unitary operator

UI = T exp
(

−i
∫ t0+T

t0
HI(t′)dt′

)

, (2)

where T  denotes the time-ordering operator. Notably, the ion motion renders the 
Hamiltonian in equation (1) non-commuting with itself at different times. For an 
ion initially in the ground state |g⟩, we characterized the probability of measuring a 
bright ion (that is, in the S manifold) after a single π pulse using P(1) = ∣〈g∣U(Tπ)∣g〉∣2, 
where the π pulse time Tπ = π/Ω is determined by the laser power and the transition 
strength. In our experiment we used Tπ = 5 μs for the first shelving pulse and 
Tπ = 12 μs for the second. We also considered the probability of measuring a bright 
ion using two independent pulses P(2) of different transitions. Here we present the 
case in which the effect of each pulse is similar (that is P(2) ≈ (P(1))

2), which is 
relevant in the experimentally realized limit of Tπωz1 ≫ 1, where ωz1 = 2π × 480 kHz 
is the in-phase axial motional frequency.

Between collisions, the trapped logic ion oscillates and its mean secular 
position follows

Ri(t) =

Nions
∑

j=1
bijAij cos(ωijt + ϕij), (3)

where bij are the mode participation factors of the logic ion in the chain 
(|bij| = 1/

√
2 for a two-ion crystal with nearly equal masses), i ∈ {x, y, z} index 

the trap axes, j ∈ {1, 2} index the two eigenmodes in each axis and ωij are the trap 
secular frequencies of motion. In our experiment the single ion trap frequencies 
were 0.4 MHz and 1 MHz for the radial modes. The phases of motion ϕij were 
randomly distributed in every experimental realization, whereas the amplitudes Aij 
depended on the phonon distribution in each mode.

To characterize the detection efficiency of this technique, we numerically 
simulated the dynamics of a trapped ion crystal following a single instantaneous 
collision with a cold neutral atom moving at a velocity vatom in the lab frame. Before 
and after the collision, the positions of the ions evolved according to the formula in 
ref. 46, taking into account both inherent and excess micromotion due to stray static 
fields. We assumed that a collision occurred at tc and accounted for the effect of an 
exothermic collision by updating the coefficients Aij and ϕij in equation (3) to new 
values at tc. The update was determined by finding the amplitudes and phases that 
maintained the positions Ri(tc) but varied the velocity of the colliding ion at tc in 
the lab frame by

vion → (1 − r + αrR(φ)) (vion − vatom) + vatom. (4)

Here μ = mami/(ma + mi) is the reduced mass, r = μ/mi, R is the rotation matrix 
and φ is the scattering angle, randomly generated for Langevin-type collisions47. 
The unitless factor α =

√

1 + 2rΔE/(mi|v̄ion|2) describes the increase of the ion’s 
speed v̄ion ≡ r(vion − vatom) in the centre-of-mass frame, gaining kinetic energy via 
exothermic processes.

Following the collision dynamics, we calculated the detection probabilities 
P(1) and P(2) by numerically solving equation (2) with the discrete Suzuki–Trotter 
expansion. At this stage, we substituted the coherent evolution of the ions positions 
from equation (3) into the Hamiltonian (equation (1)) for t0 > tc, as we measured 
the ions many motional cycles after the collision time (experimentally waiting 
a few milliseconds after the cloud passage). As the exact trap frequencies are 
incommensurate, the stochastic timing of the collision effectively randomizes 
the phases ϕij used in the detection stage at t0. We repeated the calculations and 
averaged the results presented for the random collision parameters, including φ, 
ϕij and Aij. The latter are randomly sampled, following a thermal distribution in a 
harmonic trap with an average temperature of 1 mK.

Detection efficiency. The electron-shelving technique is sensitive to motion 
along the optical axis of the shelving beam as realized by equation (1) through the 
inner product between k and R. The detection efficiency depends on two type 
of unitless parameter ξij = ki∣bij∣Aij and ζij = ωijTπ. The parameters ζij quantify the 
number of motional cycles of each mode during the π pulse time. It is notable that 

the variation in Tπ corresponds to simultaneous changes in the pulse duration 
T = Tπ and the Rabi frequency Ω = π/Tπ (for example, via the beam intensity) to 
meet the π pulse criterion. The parameters ξij determine the modulation indices of 
the shelving operation for each harmonic component of the ion’s secular motion 
in the trap. It is directly associated with the number of phonons Nij in each mode 
(indexed by ij) and their Lamb–Dicke parameters ηij = ki

√

h̄/(2miωij) by 
ξij = ηij

√

2Nij .
In the regime where the ion motion is dominated by the released inelastic 

energy (α ≫ 1), the number of phonons in each mode Nij =
√

rr′ijΔE/(h̄ωij) 
depends on the coefficients 0 ≤ r′ij ≤ 1, which describe the relative distribution 
of the chemistry ion’s energy between the motional modes of the crystal, satisfying 
∑

ijr
′

ij = 1 and yielding

ξij = 2bijηij

√

rr′ijΔE
h̄ωij

. (5)

For the atomic species we considered, the masses are almost equal and the 
energy-distribution coefficients are r ≈ 1/2 and ⟨r′ij⟩ ≈ 1/6.

We first discuss a simplified configuration in which the beam, tilted with an 
angle θ with respect to ẑ, is co-aligned with the chain’s axis (θ = 0°), and then 
discuss the experimentally realized configuration in which θ = 45°. In Extended 
Data Fig. 1a, we present the numerically calculated brightness of the ion P(1) for 
θ = 0° as a function of 〈ξz1〉 and ζz1 (that is, the unitless parameters associated 
with the in-phase axial mode) for the carrier transition (δ = 0). Note that this 
configuration is sensitive only to 〈ξzj〉 and ζzj, where the averaged j = 2 coefficients 
are directly determined by the j = 1 coefficients for the two-ion crystal. With a 
sufficient number of motional oscillations within a π pulse, the ion appears bright 
for energetic collisions, whereas it is efficiently shelved to the D manifold and 
appears dark otherwise. In the low-laser-power limit (ζzj ≫ 1), the modulated 
spectrum of the ion is spectrally resolved, and the phase modulation manifests as 
a reduction of the Rabi frequency by the product of zeroth-order Bessel functions 
ΠijJ0(ξij) (ref. 48), yielding the single-shelving detection probability

P(1)
= cos2

( π
2ΠijJ0(ξij)

)

(6)

for narrow-line-width transitions. In Extended Data Fig. 1b, we present the 
probability of double shelving for θ = 45° as realized experimentally compared 
with the co-aligned case (θ = 0°). It is evident that the variation of the detection 
probability spans over a smaller range of collision energies for non-zero θ 
compared to the co-aligned case. This is due to the non-zero contributions of ξij of 
the radial modes in equation (6) that reduce the Rabi frequency of the hot ion.  
This is similar to the configuration that was used experimentally; black arrow 
indicates the predicted probability of detecting a single hyperfine-changing 
collision in the experiment.

Detection of other collisional processes. The shelving-detection method  
can be applied for the logical detection of various collisional process and 
configurations. Here we examined several processes for a single exemplary 
configuration for which the beam is co-linear with the trap axis (θ = 0°) and 
the shelving beam intensity is low (ζzj ≫ 1). In this configuration, the detection 
efficiency of a single shelving pulse P(1) simply follows equation (6), and depends 
solely on two unitless parameters ξz1, ξz2 given in equation (5). For mass-balanced 
configurations ⟨ξz2⟩ = ⟨ξz1⟩/

√
3, the analysis reduces to a single unitless 

parameter ξz1.

Detection of low-energy-release processes. The energy dependence of the  
detection efficiency is encapsulated by the unitless parameter ξz1. Exothermic 
processes with low values of ΔE can be efficiently measured at other configurations 
if a large ξz1 value is maintained by scaling some other parameters, for example  
the centre-of-mass trap frequency ωz1. In this case, the scaling is given by 
ξzj ∝

√

ΔE/ω2
zj , taking into account the frequency dependence of the 

Lamb–Dicke parameter in equation (5). Consequently, control over the axial trap 
frequencies (by variation of the electrostatic potential) enables the detected energy 
range to be scaled with quadratic sensitivity. In Extended Data Fig. 1c we verify this 
scaling numerically and present the single shelving-pulse detection efficiencies for 
three co-linear configurations with different axial trap frequencies. The blue curve 
configuration in Extended Data Fig. 1b is similar to the blue curve in Extended 
Data Fig. 1c except for the number of shelving pulses applied in the detection (that 
is P(1) instead of P(2)). In the two additional configurations, the static potentials 
were reduced to decrease ω1z → ω1z/3 (green) and ω1z → ω1z/10 (dark blue), showing 
that the detection range was scaled by about one and two orders of magnitude 
respectively. It is evident that decreasing the axial trap frequency to about 50 KHz 
increases the sensitivity to exothermic processes, even those whose released energy 
is below kB × (1 mK).

Mass-unbalanced configurations. The method is also applicable to different mass 
combinations of the three bodies. Different masses act predominantly to alter ξzj 
via the two ratios mc

i /mL
i  and ma/mc

i  where ma, mc
i  and mL

i  denote the mass of the 
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atom, chemistry ion and logic ion respectively. The ratio ma/mc
i  between the atom 

and chemistry ion masses determines the fraction of energy r = ma/(mc
i + ma) 

that the crystal gains from the process, which hinders detection only when 
the atom is too light: ma ≪ mc

i . In contrast, the ratio between the two ions 
μcL = mc

i /mL
i  changes the motional frequencies of the crystal and the distribution 

of energy between the different modes. We estimated these effects by using the 
solution in ref. 49 for a two-ion crystal. The two axial frequencies j = 1, 2 are  
given by

ωzj = ωz

√

1 + μcL + (−1)j
√

1 − μcL + μ2
cL

μcL
(7)

where ωz is the axial frequency of the logic ion absent the chemistry ion.  
We found the average mode distribution for the case where the logic and  
chemistry ions are at rest before a collision between the atom and chemistry ion, 
yielding r′z1 = b2z2/3 and r′z2 = b2z1/3, where the mode participation factors for  
the logic ion are

bz1 =

√

1 − μcL +
√

1 − μcL + μ2
cL

2
√

1 − μcL + μ2
cL

, (8)

and bz2 =
√

1 − b2z1 .
In Extended Data Fig. 1d, we show the scaling of ξz1 and ξz2 for two 

configurations with unbalanced mass ratios, and compare their scaling with 
respect to the mass-balanced configuration (ma = mc

i = mL
i ), whose parameters 

are denoted by ξbalz1  and ξbalz2 . In the top plot we vary ma with fixed mc
i = mL

i ,  
and in the bottom plot we vary mc

i  for a fixed mL
i  and a constant ratio ma = mc

i . 
It can be seen that the logic technique is near optimal for logic and chemistry 
ions of equal masses. For unbalanced masses, ξz1 and ξz2 are reduced with respect 
to the mass-balanced configuration, compromising the sensitivity with respect 
to low-energy-release processes. Nevertheless, decreasing the static potential 
can readily increase ξz1 and ξz2 and enable practical extension of the technique to 
mass-unbalanced configurations.

Logic detection of elastic collisions. The logic technique can also be used to detect 
momentum-changing collisions. Here, the overall kinetic energy of the three 
bodies is conserved, but the net momentum and energy of the crystal varies via 
exchange with the atom. Here we considered an exemplary configuration for 
which the crystal is cooled to the ground state but the atom is shuttled with a 
well-defined kinetic energy Ea, moving perpendicular to the shelving-beam axis. 
In this configuration, elastic scattering with either of the ions would generate 
motion along the chain’s axis, provided that the scattering angle ϕ is non-zero. In 
Extended Data Fig. 1e we present the detection efficiency for a single spiralling 
Langevin collision (solid line) as a function of the atom’s kinetic energy, using the 
same configuration parameters as the blue curve in Extended Data Fig. 1b,c (but 
no inelastic processes, setting ΔE = 0). Momentum-changing collisions can be 
detected in a similar manner to exothermic collisions. The atom’s kinetic energy 
is redistributed in the collision, transferring about r2Ea/3 of that energy to motion 
of the ions along the beam, thus generating motion of the logic ion, enabling 
detection. Note that the exact distribution of energy between the different  
modes depends strongly on the atomic beam direction and moderately on the 
distribution of ϕ.

Logic detection of endothermic processes. The logic technique can be used to  
detect endothermic processes for which kinetic energy is converted to internal 
energy. For two-body collisions, endothermic processes with ΔE < 0 can occur 
only if the colliding pair has sufficient initial kinetic energy. Here we considered 
an exemplary configuration similar to that presented in the previous section, 
for which a 87Rb atom with kinetic energy Ea and initially in F = 1 collides with 
a chemistry Sr+ ion, and scatters at F = 2. In Extended Data Fig. 1e we plot the 
detection efficiency (dashed line) as a function of the kinetic energy of the 
atoms, assuming the occurrence of a single collision hyperfine-state changing 
endothermic process for any Ea > 2∣ΔE∣ (note that Ea is defined in the lab frame, 
hence the factor of 2). Endothermic collisions suppress elastic momentum transfer, 
and enable efficient logic detection of such processes following calibration of the 
elastic process.

Comparison with Doppler cooling thermometry. A comparison of the present 
detection method with monitoring of Doppler cooling curves40 is useful, and 
supports its possible utilization in precision thermometry. During Doppler 
cooling, a hot ion scatters photons less efficiently due to the motion-induced 
phase modulation. Monitoring the number of scattered photons as a function 
of time enables the ion’s temperature to be inferred. Both Doppler cooling and 
electron-shelving methods detect motion via the phase modulation mechanism 
that imparts the optical excitation of a hot ion with respect to a cold one. In the 
optical Bloch sphere context, the mechanism corresponds to mapping the phase  
of the complex Rabi frequency to the rotation axis of the atom by the beam;  
a cold ion has a stationary phase and a static axis whereas a hot ion with a 
fluctuating phase would lead to a time-varying rotation axis and inefficient  

transfer from the south to north poles. However, Doppler cooling thermometry  
is often practically limited by the photon collection efficiency of the  
detection method. For low collection efficiencies, observation of the 
motion-dependent fluorescence requires scattering of numerous photons,  
which in turn cool the ion and render the detection less sensitive. Consequently, 
the motion-dependent signal has to overcome the photon shot noise at the 
detection stage, often limiting the sensitivity of a single event to temperatures 
above 1 K (ref. 7). In contrast, electron shelving requires absorption of a single 
photon to map the motional state of the ion to its electronic state, which can later 
be detected via fluorescence in a non-destructive manner. This method could 
potentially be used as thermometry and enable the detection of ΔE, for example  
by varying Tπ or trap frequencies, and calculating the likelihood with respect  
to the model.

Logic detection procedure. Subtraction of other heating effects. Several other 
processes and experimental imperfections could lead to false alarms by the 
detection method, in which a 88Sr+ ion is detected as bright in the absence of 
a hyperfine-state-changing collision. The experimental imperfections include 
detection errors associated with the shot noise of the detected fluorescence, as well 
as drifts of the shelving beam parameters. False alarms could also be generated 
by other atom–ion collisional processes. The finite temperature of the bodies, 
imperfect compensation of static electric fields (that generate excess micromotion) 
and micromotion-induced heating38 can lead to failure of the shelving process due 
to elastic atom–ion collisions.

We performed electron-shelving detection of 88Sr+ and recorded the probability 
that the ions appear bright P̃b(F,M) after passage of the Rb cloud, initialized in the 
state |F,M⟩Rb. To quantify the false alarm probability, we measured the scattering 
of the channels |1, 1⟩Rb or |1,−1⟩Rb in which hyperfine-changing collisions are 
suppressed due to energy conservation, except for the 87Sr+ isotope in its upper 
hyperfine manifold. Importantly, as P̃b(F = 1, M) ≪ 1, it includes both types of 
false alarm, the experimental imperfections and elastic collisional processes, in 
an additive manner. Moreover, as P̃b(F,M) are relatively small, to leading order 
we could correct for the averaged false-alarm probability by directly subtracting 
it from the data. Specifically, the probabilities Pbright(M) presented in Fig. 3a–c are 
given after the subtraction

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

for each of the M initial states of the 87Rb in F = 2. The data for the different 
channels were recorded alternately to suppress potential drift and render the 
subtraction useful.

In Supplementary Fig. 1a–c we present the average probabilities P̃b(1, 1) 
and P̃b(1,−1) for the configurations associated with Fig. 3a–c respectively. In 
Supplementary Fig. 1a,b most reading were associated with only one of the two 
88Sr+ ions being bright at a time (p1 ≫ p2), as expected from uncorrelated false 
alarms or low-energy changing events, and in contrast to the hyperfine-changing 
collisions that led to shelving failure of both ions. On average, the false-alarm 
probability associated with collisions with F = 1 atoms was about 2% per 88Sr+ 
ion in all configurations in Supplementary Fig. 1a–c. For 87Sr+ ions these results 
indicate that its initial state was predominantly in its lower hyperfine manifold 
at F = 5, since it has a large hyperfine splitting of about 5 GHz and collisions with 
F = 1 atoms could lead to increased heating of the crystal by changing the ion’s 
hyperfine state. For the other isotopes, the small variations between the bars mostly 
indicate variation in calibrations or the long-time stability of the system. The bars 
for 84Sr+ are moderately higher, probably as a result of the infrequent stray field 
compensation during its measurements; a consequence of its inefficient loading 
(see Supplementary Note 2).

Statistics for 88Sr+ in a completely mixed state. To compare the scattering between 
88Sr+ ions and the other isotopes, in Fig. 3c we present the calculated probability 
Pbright for a configuration in which one of the two 88Sr+ ions is polarized 
downwards and the second is in a completely mixed spin state denoted ↔. For 
this purpose, we used the data in Fig. 3a,b and denote the values of the presented 
bars p↓↓2,88(M), p↓↓1,88(M) and p↑↑2,88(M), p↑↑1,88(M) respectively. The corresponding 
heating probability per ion is simply related by p↓j,88(M) = p↓↓j,88(M)/2 
and p↑j,88(M) = p↑↑j,88(M)/2 for j = 1, 2. For each of the isotopes denoted by 
x ∈ {84, 86, 87, 88} in Fig. 3c, the measured value P x

bright(M) can be decomposed 
into heating of the logic ion and heating of the chemistry ion by

P x
bright(M) = (p↓2,88(M) + p↓1,88(M)) + p↔2,x (M), (10)

where the term p↔1,x is absent due to the indirect measurement of the chemistry ion. 
For x ∈ {84, 86, 88}, the completely mixed state is a 50:50 mixture of up and down 
spins, and therefore p↔2,x = (p↓2,x + p↑2,x)/2. Using this relation, we constructed the 
purple bars for 88Sr+ in Fig. 3c using P88bright = 3

4 p
↓↓

2,88 +
1
2 p

↓↓

1,88 +
1
4 p

↑↑

2,88.

Rate coefficient estimation. To estimate the rate coefficient of hyperfine-changing 
collisions for the different isotopes, we first determined the effective probability of 
a hyperfine-changing collision for a 87Rb atom with a single chemistry ion (in the 
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absence of a logic ion). This probability, averaged over the five states of the 87Rb in 
F = 2 is given by

p x
hpf =

1
5

2
∑

M=−2

1
η

(

Pxbright(M) − (p↓2,88(M) + p↓1,88(M))
)

,

where we first subtracted the contribution of inelastic heating from collisions of the 
logic ion with 87Rb atoms, and then normalized by the detection efficiency η. The 
detection efficiency for the two-88Sr+-ion configuration is η = p↔2,88/(p↔1,88 + p↔2,88), 
and it is similar for all other crystal configurations because the chemistry ion 
and logic ion masses are nearly equal. To convert the measured probability 
pxhpf  into the rate coefficient khpf, we used the relation khpf = kL(pxhpf/pL) where 
kL = 2.4 × 10−9 cm3 s−1 is the Langevin rate coefficient and pL is the probability of 
a Langevin spiralling collision per passage of the Rb cloud. These two Langevin 
parameters are almost identical for all of the investigated isotopes. Hence, we can 
readily apply the results in ref. 9, which calibrated the Langevin ratio of a singular 
channel (p↓1,88(−2) + p↓2,88(−2))/pL = 0.079 ± 0.028; this ratio was estimated 
via measurement of the energy histogram of a single ion after multiple collisions 
with cold 87Rb prepared in |2,−2⟩Rb. In our case, this estimation yielded a typical 
Langevin probability per passage centred around pL ≈ 0.34, and its associated error 
is shown by the orange bar in Fig. 3.

Data availability
Source data are provided with this paper. Other data that support the findings of 
this study are available from the corresponding author on reasonable request.

References
	46.	Bermudez, A., Schindler, P., Monz, T., Blatt, R. & Müller, M. 

Micromotion-enabled improvement of quantum logic gates with trapped ions. 
N. J. Phys. 19, 113038 (2017).

	47.	Zipkes, C., Ratschbacher, L., Sias, C. & Köhl, M. Kinetics of a single trapped 
ion in an ultracold buffer gas. N. J. Phys. 13, 053020 (2011).

	48.	Berkeland, D. J., Miller, J. D., Bergquist, J. C., Itano, W. M. & Wineland, D. J. 
Minimization of ion micromotion in a Paul trap. J. Appl. Phys. 83,  
5025 (1998).

	49.	Wübbena, J. B., Amairi, S., Mandel, O. & Schmidt, P. O. Sympathetic cooling 
of mixed-species two-ion crystals for precision spectroscopy. Phys. Rev. A 85, 
043412 (2012).

Acknowledgements
We thank Z. Meir for useful comments on the manuscript. This work was supported by 
the Israeli Science Foundation, the Israeli Ministry of Science, Technology and Space and 
the Minerva Stiftung.

Author contributions
O.K., M.P., N.A. and R.O. contributed to the experimental design, construction, 
discussions and wrote the manuscript. O.K. collected the data and analysed the results. 
O.K. claims responsibility for all figures.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41567-022- 
01517-y.

Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41567-022-01517-y.

Correspondence and requests for materials should be addressed to Or Katz.

Peer review information Nature Physics thanks the anonymous reviewers for their 
contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Nature Physics | www.nature.com/naturephysics

https://doi.org/10.1038/s41567-022-01517-y
https://doi.org/10.1038/s41567-022-01517-y
https://doi.org/10.1038/s41567-022-01517-y
http://www.nature.com/reprints
http://www.nature.com/naturephysics


ArticlesNaturE PHySicS

Extended Data Fig. 1 | Detection efficiency of electron shelving technique and its extension to additional configurations. (a) The probability P(1) to 
measure the ion in the S, electronic ground-state, (bright) after a single shelving π-pulse of duration Tπ, following a single exothermic process releasing 
a total energy ΔE. For energetic processes (ΔE ≫ η2ℏω1z) and low beam power (ωz1Tπ ≳ 1) the detection of hot events approaches unity. Variation of the 
pulse duration Tπ implies simultaneous change of the Rabi frequency and pulse duration. (b) Detection efficiency of two pulses of electron shelving in 
the low beam power limit with the experimental parameters. A tilted beam (red) features sharper detection curve with respect to a beam co-linear with 
the trap axis (blue, denoted as the ‘base configuration’ in this analysis) that is sensitive to motion only along that axis. Black arrow marks the energy 
of hyperfine-changing collision studied in the experimental realization. (c)-(e) Extensions of the base configuration. (c) Variation of the the axial trap 
frequency enables detection of exothermic processes releasing energy below kB × (1 mK) at standard trap frequencies. (d) Configurations with unbalanced 
masses change the detection probability for exothermic process via scaling of the parameters ξz1, ξz2 [c.f. Eq. (5)-(6))]. Top: variation of the atom to 
chemistry-ion mass ratio for a fixed mL

i = mc
i . Bottom: variation of the chemistry-ion to logic-ion mass ratio for a fixed mL

i  and ma = mL
i . (e). Detection of 

elastic and endothermic collisional processes. An atom with kinetic energy Ea and moving perpendicular to the beam direction can scatter and generate 
motion of the crystal along the axis detected by the shelving beam (light-blue curve) in the base configuration. An endothermic process which converts 
a kinetic energy ΔE into internal one can be detected efficiently by varying the kinetic energy of the atom near Ea = 2∣ΔE∣ (brown curve). Data in (a)-(e) is 
calculated numerically.
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