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M Check for updates

The control of physical systems and their dynamics on the level of individual quanta
underpins both fundamental science and quantum technologies. Trapped atomic and
molecular systems, neutral' and charged?, are at the forefront of quantum science.

Their extraordinary level of control is evidenced by numerous applicationsin
quantum information processing®* and quantum metrology>®. Studies of the
long-range interactions between these systems when combined in a hybrid atom-ion
trap”® have led to landmark results® . However, reaching the ultracold regime—where
quantum mechanics dominates the interaction, for example, giving access to
controllable scattering resonances’*?'—has so far been elusive. Here we demonstrate
Feshbach resonances betweenions and atoms, using magnetically tunable
interactions between *®Ba*ions and °Li atoms. We tune the experimental parameters
to probe different interaction processes—first, enhancing three-body reactions*?*
and therelated losses to identify the resonances and then making two-body
interactions dominant to investigate the ion’s sympathetic cooling' in the ultracold
atomic bath. Our results provide deeper insights into atom-ion interactions, giving

access to complex many-body systems

simulation?®73°,

2427 and applications in experimental quantum

Atultracold temperatures, the collisions between particles reveal their
quantum mechanical nature. Considering a classical collision between
two spheres, adecrease in temperature resultsinreduced velocities and
lower reaction rates. However, in the quantum regime, where wave-
particle duality becomes dominant, alower temperature resultsinan
expansion ofthe particles’ de Broglie wavelength. In asimplified way,
therelatedincrease in overlap leads to a possible enhancementin the
collisionrates. In fact, Wigner threshold laws predict afinite reaction
rate even atzero temperature. For small but finite energies, the quan-
tization of angular momentum /leads to the emergence of centrifugal
barriers, which prevent the scattering into channels of higher partial
waves. This allows for a simplified view based on a small number of
parameters. Here, the particles’ wavefunction is well defined by its
energy and a global phase. In the case of elastic collisions of atoms
or molecules, the kinetic energy in the centre-of-mass frame remains
conserved. Thus, only the phase of the scattered wave function can
be altered. It experiences a phase shift, which can be related to the
scattering length a. This single parameter determines cross-sections
and, for given densities, collision rates. Furthermore, a can be tuned
and resonantly enhanced, if the free state of the colliding particles
matches the energy and couples to a quasibound molecular state.
Ifthe magnetic moments of the free and quasibound states are different,
magnetic fields can be exploited to tune these into resonance using
the differential Zeeman shift. This phenomenon is known as magnetic
Feshbach resonance.

During the past two decades, Feshbach resonances have become a
powerful and versatile tool to control the short-range contact inter-
action in homonuclear and heteronuclear alkali atomic mixtures®-?,
alkali-closed-shell atomic combinations® and atom-molecule sys-
tems®*. Theapplication of Feshbach resonances to longer-range inter-
particle interactions has so far been limited to few highly magnetic
lanthanide atoms*?¢. It has been proposed that the combination of
atomsandionswould be a suitable candidate tointroduce anisotropic,
1/r*interaction potential to the quantum toolbox. Here ris the intera-
tomicdistance. Its large characteristic range of thousands of Bohr radii®,
is predicted to enable novel applications in quantum simulation®** and
quantum information processing??°. Hybrid atom-ion systems have
beenwidely studied and typically combine radiofrequency (RF) traps
fortheionwith optical dipole traps for the atoms. However, Feshbach
resonances have not been observed in such systems for two reasons.
On the one hand, the s-wave scattering regime for atom-ion systems
is energetically at least two orders of magnitude lower than for the
neutral counterpart®. On the other hand, the ion trap’s oscillating RF
fields heattheionduringelastic collisions, resulting inkinetic energies
oftheion exceedingthe atomic temperature by several orders of mag-
nitude™**°, The combination of both effects prevents the atom-ion
mixture fromreaching the few-partial-wave regime—acritical prereq-
uisite for the observation of Feshbach resonances. However, it has been
conjectured® that few atom-ion combinations, such as *®Ba*-°Li or
yb*-°Li, would be suitable to reach the few-partial-wave regime in
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Fig.1|Experimental setup and concepts. a, We store asingle **Ba*ionina
linear segmented RF trap, optionallyinan ODT in absence of any RF fields.
Simultaneously, we prepare an ultracold °Li ensemble inan xODT. Polarizing
thespins of the fermionicLiatoms suppresses mutual atom-atominteractions
viathe Pauli exclusion principle. By using aset of Helmholtz coils, we apply a
homogeneous magnetic field B.b, We control the atom-ioninteractions by
magnetic Feshbachresonances. Here, two particles collidinginan open
channel atenergy E couple to aclosed-channel molecular bound state £, of
relative magnetic moment 8p.. Tuning B or choosing various nand ¢;, allows the
observation of different processes, such as elastic two-body collisions
(illustrated by quantum mechanical wave packets) and inelastic TBR (classical
hard spheres). Although the former permits sympathetic cooling of the ioninto
the few-partial-wave regime where the particles behave as waves, the latter can
lead to the formation of weakly bound molecularions followed by loss.

ahybrid trap, as the RF-induced heating is substantially reduced for
systems of large ion-to-atom mass ratio. Recently, collision energies
that allow access to the single-partial-wave regime have been demon-
strated for Yb*-Li (ref. ).

Here we demonstrate the observation of Feshbach resonances
between a single **Ba* ion and °Li atoms. We find a total of eleven
resonances and identify four of them as s-wave resonances. Varying
the atomic density n, we find three-body recombination to be the pre-
dominantloss channelforionsinthe vicinity of a Feshbach resonance.
Reducing n allows us to tune the atom-ion sympathetic cooling rate.
To confirm this, we exploit optical trapping of the ion*"**—paving the
way for acommon optical confinement of atom-ion ensemblesinthe
absence of detrimental RF fields**.

Experimental protocol

Weload and confine single *®Ba*ions deterministically in the RF trap*
(trap frequency Q= 21t x 1.433 MHz and secular frequencies
Xy ,=21mx {123,122,7.6} kHz). We cool theions close to the Doppler
limit 7, = 365 pK, compensate stray electric fields down to 3 mV m™
and prepare them in an incoherent spin mixture of |65/, ;s°* =1/2,
mB¥ =+1/2) through optical pumping, where s and m;, are the elec-
tronic spinangular momentum and its projection onto the quantiza-
tion axis (for the electronic-level scheme, see Extended Data Fig. 1).
Wethendisplace the Ba'ion fromthe trap centre by applying dc con-
trol fields. Next, we create and store a cloud of 11 x 10°-33 x 10%°Li
atomswithatemperature 7;;=1-3 pK and adensity n=5x10"-33 x 10"
inacrossed optical dipole trap (xODT) at the RF trap centre (Methods,
Fig.1a). We then apply a tunable magnetic field B of up to 320 G and
return the ionto the trap centre where it is Iocated inside the atomic
cloud. We choose Li in the hyperfine state|2) = |f =1/2, mf =-1/2),
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where fand are the total angular momentum and the respective
projectiononto the quantlzatlon axis, allowing for efficient polariza-
tion of Ba'into thelsBa =1/2, mBa =-1/2) magnetic sublevel during
the first few collisions, similar to refs. ***%, For the ground state
1) = lfL' =1/2, m? =+1/2), spinrelaxationis forbiddento first order.
Theion and atoms are allowed to interact for a variable interaction
duration ¢, € [100,300] ms . Finally, we use fluorescence detection
toderive thesurvival probability P, of the Ba" inthe RF trap (Methods).
Instead of detecting the ion’s state in the RF trap, we may transfer it
to a single-beam optical dipole trap (ODT) for 500 ps, in complete
absence of Liand RF fields. As the ODT is chosen to be relatively shal-
low, itenforces an energy cut-off for ions exceeding a dedicated kinetic
energy limit. Asaresult, we obtain afinite optical trapping probability
Pop: (ref. *%), allowing us to benchmark the sympathetic cooling effi-
ciency via the atoms. Finally, we may optionally detect the Li atom
number and temperature with absorptionimaging around B,;= 293 G.

Locating atom-ion Feshbach resonances

As we operate with a large number of atoms (N, > 10*) and a single
ion, atom loss through atom-ion interactions is negligible. Therefore,
to perform loss spectroscopy, we search for Feshbach resonances by
probingthe Ba* loss, which we detect with near-unity efficiency. Unlike
inloss spectroscopy with atomic quantum gases, where the particles
areirretrievably lost from the trap, the comparatively deep RF trap can
store some ionic reaction products. The details of how these reaction
products are distinguished can be found in Methods.

Forguidance, abinitio electronicstructure calculations and multichan-
nel quantum scattering calculations (MCQSC) are used to predict the
number of resonances, their mutual distances and their approximate
width A'°°", However, the prediction of their absolute magnetic field
location BY'®" requires input from experimental observation.
For our system, we expect relevant contributions of partial waves for/<2
(s,pand d). MCQSC forecasts about 5(1) Feshbachresonances, including
s-,p-and d-wave resonances, for B € [70, 330] Gwith AT"®°"=1G. For this
calculation, we considered regular, that is, spin- projection-conserving
electronicinteraction only (6m; = Owithmy = mf + mBa )-

To reveal these resonances experimentally, we performed a
point-by-pointsearch of B5* with astep size of about 400 mG (Fig. 2).
For each located resonance, we adapt ¢, to obtain P,,,< 50% on reso-
nance. Despite investigating only parts of the range B € [70, 330] G,
we already observe 11 resonances (Extended Data Table 1). It is noted
that ®Li prepared in spin state|2) with no Ba* present does not feature
any resonances within the investigated B-field ranges.

Theoretical resonance assignment

The observed number of resonances (11) exceeds the initial prediction
by MCQSC (about 5(1)). This indicates that additional coupling terms
besides regular electronic interaction have to be considered, such as
the second-order spin-orbit coupling (SOC). As SOC can substantially
mix theinternal spins (mg) with the rotational motion (/, m,), the number
of resonances would be increased*®. Note that m;-changing couplings
can also split and shift higher partial-wave resonances***’, whereas
s-wave resonances remain unaffected to first order. Here we use the
term [-waveresonancesif the entrance collision channelis coupled to
an [-wave molecular level.

Asaninitial step towards acomplete partial-wave assignment, we first
attempttoidentify the s-wave resonances with|6m;| = {0, 1, 2}, the posi-
tions of which depend only on the singlet and triplet scattering lengths
asand a;. Thefirst nine discovered resonances were used to obtain best-fit
values for agand a; from the asymptotic bound-state model (Methods).
From this, three s-wave resonances (all 5m; =1) were identified and an
additional one with 6m; =1was predicted around Btheor =172 G.Subse-
quently, we observed a resonance at By =173. 0(2) G, whichis strong
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Fig.2|Detection of atom-ion Feshbachresonances by
magnetic-field-dependentionloss spectroscopy. The dependence of P,,, for
asingle**Ba*ion embedded into 20(2) x 10*spin-polarized °Liatoms on Band
given t;,.. The experimental data (circles) representan average of at least

20 experimental realizations and the error bars denote the loconfidence
interval. The datawere takeninrandomorder for agiven resonance. We obtain

evidence for correct s-wave assignment. We find a5 = 0.236R, and
a;=-0.053R, (R, = 69 nm) using all four s-wave resonances (Methods).
Note that one canderive the scattering length afrom asand a;. The pre-
sented accuracy of the assignment is comparable to those typically
achieved for Feshbach resonances of neutral atoms. To provide an assign-
mentfor/>1, arefined modelis currently under investigation.

Atomic-density-dependention loss

Independent of the current assignment, we further examine the nature
of the Ba* loss processes and their dynamics. To study the number of
atomsinvolvedintheloss process of theionand the related timescales,
we probethe dependence of P,,, on t;, for five different n. We selected
the Feshbach resonance at 296.31G, as it lies closest to B,;. Here we
derive n with the highest accuracy, while we avoid larger changes of
the Bfield, potentially sweeping over atom-ion resonances not yet
identified. For each time evolution, we fit an exponential decay
e tindloss  with [, being the 1/eion loss rate (Extended Data Fig. 2).

The results for I (n) areillustrated in Fig. 3. We model the data by
Foss(n) = kon + ksn?, with k, and k; representing the two-body and
three-body loss rate coefficients. We derive k; =7.813:2 x 10 % cm®s™
whereas k, remains consistent with zero. Alternatively, we fit the exponent
cof [} 4 (n) = n€, resulting in c=2.02(29). We conclude that theionlosses
are dominated by three-body recombination (TBR)**?, The increase of
TBRin the vicinity of a Feshbach resonance is directly related to the
enhancement of two-body interaction. Note that TBR occurs despite
operating with aspin-polarized fermionic atomic ensemble obeying the
Pauli exclusion principle. In a simplified picture, the Fermi wavelength
andtherelated Paulirepulsion are significantly reduced as the atomslides
down the 1/r* potential and gains substantially in kinetic energy.

The process of TBR and the related width of a resonance is strongly
temperature dependent*®. Resolving Feshbach resonances downtoa
full-width at half-maximum (FWHM) of 0.4(1) G, we can estimate an
upper bound for the collision energy E.,, in the two-body centre-of-mass
frame. Here we assume that 45 ' solely results from temperature broad-
ening and we take the maximal differential magnetic moment for a
two-valence-electron system (61 =4, where p1; is the Bohr magneton).

the centre position of the resonances B5* and their FWHM 45" (Extended
Data Table 1) by fitting asum of Lorentzian functions to the data points (black
curve). We assign four s-wave resonances (red data points). Their theoretical
positions BY'¢*"are represented by the red vertically dashed lines. It is noted
thatwe canindependently characterize the atomic cloud by high-field
absorptionimagingaround B,;=293G.
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Fig.3|Dependenceoftheionlossrate onthe atomic density at the
Feshbachresonance at296.31G. The vertical errors represent the lo
confidenceinterval of the fit. The horizontal errors represent the systematic
uncertainty of the atomic density, due to fluctuations inatom-ion overlap and
atomnumber. The red solid line shows the best fit for I (1) = k,n + ksn* = kyn?
obtained by bootstrapping. Toemphasize the deviation of alinear dependency
onn,whichisthe expectedscaling for two-body loss channels, we also present
alinearscaling (dashed black line).

This coarse estimate based on the Breit-Wigner formulaindicates that
such narrow resonances only become detectable for E_;; < 50 pK x kg
(where kg is the Boltzmann constant), regardless of their partial wave
character. Note that E.,; amounts to the height of the centrifugal barrier
of d-wave scattering (E; = 77.4 x k) and is on the same order as our
experimental conservative upper bound (<90 pK x kz; Methods).

Magnetic tunability of cross-sections

Tostudy the predicted versatility of atom-ion Feshbach resonances, we
investigate the prospects of controlling our experimental parameters
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Fig.4 |Enhanced sympathetic coolingin the vicinity of the Feshbach
resonance at296.31G. After interacting for ¢;,,=150 ms with the

Liatoms, we transfer the Ba* ioninto the shallow ODT with fixed trap depth
UPT=620(113) pK x kzand record the p,,,dependence on B. The data points
areanaverage of up to 86 independent realizationsand wererecorded in
randomorder. Theerror bars denote the lo confidence interval. In the vicinity
of the Feshbach resonance at B§** = 296.31(19) G (vertical dashed line with
respective error bars denoted as the shaded area), we observe amaximum for
Pop» Whichis strong evidence for enhanced sympathetic cooling owing toan
increase of the elastic cross-section o,. Fitting the datawith aphenomeno-
logical Lorentzian function (black solid curve) resultsin a centre position of
296.3(2) Gand aFWHM of 4.6(1.1) G, which is consistent with B§®".

to mitigate TBR losses while enhancing the sympathetic cooling of the
Ba*ion by elastic two-body collisions with the Liatoms. For adirect com-
parison of two-body and three-body collisions, we again operate close
toB5® = 296.31G.Wedecrease nand ¢;,,t05.5(2.0) 10" cm=and 150 ms,
respectively, resulting in an ion survival probability P,,, 0f95.7"21% for
identical RF confinement in the hybrid trap. Under these conditions,
we probe the dependence of the sympathetic cooling efficiency on B.
Following theinteractionwith theatoms, we transfer the Ba*ioninto the
ODToftrapdepth USPT = 620(113) pK x kg.Itis noted that after the inter-
action, the actual energy distribution of the ion deviates from an ideal
Boltzmanndistribution, for example, astheion has not reached its kinetic
steady state for the chosen ¢, and as RF-heating effects typically result
innon-thermal Tsallis distributions*°. As a consequence, we cannot derive
atemperature representing the ion’s kinetic energy F+as presented in
ref. . Nevertheless, the optical trapping probability p,,. is directly related
to Eg,, thatis, for lower Ey; we expect higher p,,, and vice versa.

Running the experimental protocolin absence of atom-ioninterac-
tion, we observe p,,, < 5%. Operating withatom-ioninteraction detuned
by|B - By*'| > A5 from resonance, we record p,, = 30% (Fig. 4). Tun-
ing to BS™™", we observe a further increase towards Pope = 65%. We see
this as evidence for enhanced sympathetic cooling related to an
increase of the elastic two-body cross-section g,(B), akey attribute of
Feshbach resonances.

Conclusions and future perspectives

We have observed magnetically tunable Feshbach resonances between
asingleion and an ultracold atomic gas. Depending on the atomic
density, we found the tunable atom-ioninteractions to be dominated
by either two-body or three-body collisions.

Movingbeyond this demonstration, we will extend the control over
the interactions of choice by coherently controlling the electronic
degrees of freedom of *®Ba* including deterministic state-preparation
andinvestigating °Liinits hyperfine ground state. Further optimizing
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the sympathetic cooling might enable an all-optical approach**, where
the ion(s) and atoms are confined in an optical trap simultaneously,
in the absence of disturbing RF fields and their detrimental heating
mechanisms. This is predicted to permit studying chemistry in the
s-wave regime, where molecularions canbe formed coherently by mag-
neto or RF association®, as well as stored and analysed after exothermic
reactions, for example, via deep box-shaped RF potentials®. Further
experimental dataon certain resonances will allow forimprovements to
the accuracy and detail of predictions from MCQSC. This might provide
deeperinsightinto the molecular structure at short range, where addi-
tional interactions, such as SOC, shift and split resonances*®. Further-
more, exploiting Feshbach resonancesinageneric atom-ion ensemble
might find applicationin many-body systems, such as polaron®?* and
impurity physics? as well as experimental quantum simulations®®,
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Methods

Preparation of spin-polarized °Li ensemble

To prepare our °Li ensemble, we first load a magneto-optical trap and
thentransfer the atomsinto an xODT. During the transfer into the xODT,
we optically pump the Li atoms into the lowest two hyperfine states
=" =1/2, m}=+1/2)and [2) = |f"' =1/2, m"}=-1/2), producing an
incoherent 50/50 mixture. We then switch to higher magnetic fields
B=345.9 Gtoincrease the elastic cross-section between the °Li atoms®.,
Gradually lowering the power of the xODT over 900 ms as in ref. *?,
we evaporatively cool the atomic cloud and obtain approximately
40 x 10*°Li atoms with final temperatures on the order of 1-3 pK.
For the lowest temperatures, we obtain typical trapping frequencies
w';(ily,z =2n x{1.77(10),1.94(10), 0.19(1)} kHz. Finally, we prepare the Li
ensemble in spin state|2) through spin-selective absorption imaging
of state|1)for100 psat B=345.9 G. We detect the Liatomsin spins state
[2) by applying high-field absorptionimaging at B=293 G. We can fur-
ther determine the temperature of the atomic ensemble T;; by
time-of-flight thermometry*.

Thecrossed dipole trap

The xODT is created by acommercial solid-state laser at 1,064 nm with
a maximum output power of 50 W. The trap consists of two linearly
polarized laser beams with orthogonal polarization crossing at anangle
of about 14°. Here both k vectors intersect the X-2 plane and the ion
trap’s principal axis 2 at an angle of about 7° and about 31°, respectively.
The foci of the two beams are overlapped and the beam waists are
30(3) um. We superimpose the centre of the xODT with the ion by
maximizing the a.c. Stark shift caused by the xODT on the ion. We
validate the atom-ion overlap withanindependent reference measure-
ment. Similar to ref. ', we probe the atomic density profile by record-
ing theionlossrate for aBa"ion being prepared in the 5D, manifold.
We find consistency between the two methods.

Optical trapping of *®Ba’ions in the ODT

After the atom-ion interaction, we can transfer the Ba"ion into the
single-beam ODT. The ODT is operated at 532 nmand propagates along
the Z axis of the RF trap (2). The beam waists equal w,=4.5(2) pm and
w,=4.0(2) um at the location of the ion. It is noted that the ODT acts
attractively for Ba* prepared in the 6S,,, manifold*, whereas it is
blue-detuned, and thus repulsive, for the Li atoms. Independent cali-
bration measurements show that the presence of the atoms does not
influence the ion’s optical trapping probability p,,, as the repulsive
ODT separates the ensemble from the ion on timescales of less than
100 ps. Transferring the ion into the ODT and turning off the RF fields
follows the experimental protocol as in ref. **. At the end, we transfer
theionbackintothelinear RF trap and detect it viafluorescence imag-
ing while Doppler cooling. If we detectanioninthe RF trap, we consider
the optical trapping attempt successful. If we observe no ion, the ion
wasirretrievably lost from the ODT and the attempt was unsuccessful.
Repeating the protocol, we obtain the optical trapping probability p,.
Itis noted that we do not record asignificant changein p,,. by applying
an external magnetic field up to 300 G.

Calculating the electro-optical trap depth

Unlike for neutralatoms where the potential trap depth predominantly
depends on the a.c. Stark shift**, the Ba* ion is subject to the Coulomb
interaction and therefore very sensitive to electric fields*. The
electro-optical potential is therefore given by three contributions: (1)
thea.c. Starkshift, (2) residual stray electric fields and (3) d.c. defocusing
curvatures. During an optical trapping attempt, we confine theionalong
the ODT’sk vector (k||2) using d.c. contributions. Itisnoted that an axial
d.c.confinementinevitably results in defocusing in the radial X- y plane®.
Independent calibration measurements reveal radial stray electric fields
and radial defocusing d.c. curvatures of £5< 3 mV m™and mg, w3, with

Mg, being the ion mass and w2, = - (2 x 6.5(1))>kHz>, respectively.
Knowingthe beam waist and the electrical contributions, we derive the
electro-optical trap depth USP as presented in ref. 2,

Probing the ion survival probability

During the atom-ion interaction, the Ba* ion might undergo various
processesinthe hybrid trap. Theion can collide elastically, meaning it
remains in the 6S,,, electronic ground state while exchanging energy
with the Li atoms, acting as cooling agent. In contrast, the ion might
undergo aninelastic spin-changing collision or TBR*%%%8 The latter
predominantly results in the formation of weakly bound molecular
ions*®** followed by loss. The losses can be partially explained by a
combination of collisional quenching and light-assisted dissociation.
For the latter, the ion can gain significant kinetic energy, change its
electronicstate or undergo a non-radiative charge exchange resulting
inneutralBaandinchargedLi*. Except for the case of charge exchange,
the Ba" ion remains within the deep trapping volume of the Paul trap
and its presence can be detected by fluorescence imaging. Similar
observations have recently been reported for Ba*-Rb (ref. ¢°). However,
the exact mechanism remains to be investigated for Ba'-Li.

To reliably discriminate between elastic and inelastic collisions,
we apply the following protocol. In a first step, we apply Doppler
cooling using laser light at 493 nm and 650 nm (see energy levels
and related transitions in Extended Data Fig. 1). Here, we operate the
493-nm cooling laser close to resonance, with a detuning of §=-2/3I"
with I'=21 x 15.2 MHz being the natural linewidth of the excited 6P,
state. For this detuning, we can detect cold Ba* ions populating the
6S,,, manifold. If detected, we consider this a survival event where
the ion interacted purely elastically with the Li atoms. To detect Ba*
of increased kinetic energy E,;,, for example, owing to photodisso-
ciation (>100 K x k;), we apply an additional far red-detuned cooling
laser with §=-14Ifor1s. This laser isable to cool theions of increased
Ey;n into the subkelvin regime, where they become detectable by the
nearer-detuned fluorescence imaging beam. Taking a second fluores-
cenceimage, we detect thoseions. As final measurement, we examine
whether the ion populates the metastable 5D;,, manifold. Here, we
apply laser light at 614 nm, optically pumping theioninto the electronic
ground state via the 6P, state (Extended Data Fig. 1). Taking a third
fluorescenceimage, we can detect these ions. In the case that we do not
detectanyion, we assume the Ba"to have undergone charge exchange.
For theion loss spectroscopy in Fig. 2, P,,, is defined by the number
of survival events divided by the total number of events (elastic and
inelastic). Inelastic events are the sum of ions of increased E,;,, ions
populating the 5Ds, manifold and non-detectable ions. Note that the
emergence of ions populating the 5Ds, amounts to about 50% of all
losses. We found that this ratio is dependent on the amplitude of the
magnetic field we apply.

To probe for the potential formation of weakly bound molecular
ions by TBR, we optionally apply an extended protocol. Here we apply
an additional ion loading cycle to provide anion Coulomb crystal for
sympathetic cooling of the molecularion viathe directly laser-cooled
crystal and allowing for its indirect detection, as well as vibrational
mass spectrometry. After loading, we included waiting durations of up
to several minutes; however, we were never successful in the observa-
tion of amolecularion.

Estimating alower and upper bound for the collision energy

The atom-ion interaction is carried out in presence of oscillating RF
fields. The collision energy is therefore given by the energy of the
respective particles (£,;and Eg,+) and the contributions of intrinsicand
excess micromotion (Eyy and Ey)™:

H H
Eoon=-PEit (B B+ Eenan) -
ol =y, i mM( ga+ Eimm * Eemm) )



Here u, my,+and my; are the reduced mass, the ion mass and the atom
mass, respectively. Applying time-of-flight thermometry, we obtain
E,i=3/2ky/T,;with T;;=1.3(2) uK. We estimate the ion’s average kinetic
energy Fyrinaseries ofindependent measurements. There we inves-
tigate the sympathetic cooling dynamics of asingleionembeddedin
the cloud of ultracold atoms by repeatedly transferring the ion into
the ODT while probing p,, for variable USP" (ref. ). For half the den-
sity,asusedinFig.2, we observe theiontoreachakinetic steady state
(about 100 pK x kg) within the first 100 ms. As a consequence, the
majority of the observed resonances were measured at the steady-state
already.

We can use these independent reference measurements to derive a
lower and upper bound of the collision energy. For the lower bound, we
make use of the energy scale of about 100 pK x k. Assuming that the
excess micromotion contributions are alike, we estimate alower bound
on the order of more than 17 pK x k. It is noted that this energy would
already allow the presence of p-wave resonances. For a conservative
upper bound, we use the energy of a single Doppler-cooled ion that has
not undergone sympathetic cooling (Eg,;+ < 3/2 x 600 pK % kg) . Again
assuming Ejym = Eenm S 600 pK x kg , we derive collision energies of
E.,1$ 90 pK x kg . It is noted that this value is on the same order as the
theoretical estimate <50 pK x k; and the centrifugal barrier of d-wave
scattering (E;=77.4 pK x k;). Furthermore, the presented energy scales
strongly indicate that the observedions ofincreased kinetic energy of the
previous subsection cannot be explained by micromotion-induced
heating.

Magnetic field calibration

Magnetic field calibrationis achieved by driving a resonant magnetic-
field dependent nuclear spin transition in °Libetween the states|1) © |2).
We determine and benchmark the magnetic fields using the Breit-Rabi
formula®. The calibration was carried out in the vicinity of all recorded
Feshbach resonances from Extended Data Table 1. Here we sampled
the entire magnetic field range of [80, 320] G with equidistant data
points andinterpolated intermittent values by a global linear fit func-
tion. We derive a systematic magnetic field uncertainty of 60 mgG,
including day-to-day drifts and minor deviations due to theinterpola-
tion. As an independent validation, we probed the |1)-|1) and |2)-[2)
atomic p-wave Feshbach resonancein°Liaround 159 Gand 215G, respec-
tively, finding agreement with previous publications®.

List of scanned magnetic field ranges

During our investigation, we scanned the following magnetic field
ranges: [5,100] G, [118,190]1 G, [265,280] G and [285,320] G. Figure 2
illustrates the magnetic field windows of the ranges within which
we identified Feshbach resonances. For the remaining parts, we
did not record any resonance with significant signal-to-noise
ratio. Here we typically scanned magnetic subsets of up to 10 G on
one day.

Electronic structure calculations

Potential energy curves for the singlet X'2* and triplet a>Z* molecular
electronicstates, resulting fromtheinteractionbetween aground-state
Ba'ionandaLiatom, are calculated using ab initio electronic structure
approaches, such as the coupled cluster method restricted to single,
double and non-iterative triple excitations and the multireference
configurationinteraction methodrestricted to single and double exci-
tations with aug-cc-pwCV5Z basis sets and ECP46MDF small-core
pseudopotential for Ba* toinclude scalar relativistic effects. Acompu-
tational scheme following ref. ' is employed.

The crossing between the a*x* and b’Mmolecular electronic states
below the collision atomic threshold is predicted (Extended DataFig. 3).
It provides a mechanism for large spin-orbit mixing and large
second-order spin-orbit interaction responsible for strong spin-
non-conserving scattering®¢*,

Multichannel quantum scattering calculations

Two-body collisions are studied using numerically exact multichannel
quantum scattering calculationsin free space®. The Hamiltonian used
for the nuclear motionincludes the singlet and triplet molecular elec-
tronic states, the molecular rotation, the hyperfine and Zeeman inter-
actions, and the interatomic spin-spininteraction resulting from the
magnetic dipolar and second-order SOCs. The total scattering wave
function is constructed in a complete basis set containing electronic
spins, nuclear spins and rotational angular momenta. Experimental
values of atomic parameters are assumed. The scattering lengths of
the calculated singlet (S) and triplet (T) potentials are adjusted by apply-
ing uniformscaling factors A, (withi={S,T}) to theinteraction potentials:
V(r) > AV(r). The scattering lengths are expressed in units of the char-
acteristiclengthscale for theatom-ioninteractionR, = ./pC,/h, where
C,and harethe potential coefficient and the reduced Planck constant,
respectively. The coupled-channel equations are solved using QDYN?
based on S-matrix formalism. Our theoretical approach neglects the
impact of the micromotion, trap confinement and Lorentz force on
atom-ion scattering. Therefore, the assigned singlet and triplet scat-
tering lengths should be considered as effective ones including shifts
by neglected effects.

Asymptotic-bound-state model

The spectrum of bound molecular levels and positions of Feshbach
resonances are obtained using the asymptotic-bound-state model
(ABM)®#¢, The same Hamiltonian and wave-function representation
asinthe multichannel quantum scattering calculations are employed.
The ABM modelis used for straightforward and fast assignment of
resonance positions and nature of underlying molecular levels.

Assignment of resonances

The positions of Feshbach resonances, B{"®°, are calculated for aset of
10* combinations of the singlet, as, and triplet, a5, scattering lengths
withinthe ABMmodel. A grid equidistant in the scattering phase shifts
between-1/2 and /2 is used. Resonances between the collision chan-
nel m=-1and all coupled channels are located.

Next the predicted theoretical positions of Feshbach resonances are
compared with measured positions Bf**". The singlet and triplet scat-
tering lengths corresponding to experimental data are derived by
minimizing the y*function

Nexpt
2
x*asap)= Y (BP"-B"(as, ay)), )
i=1
which quantifies how well our theoretical model reproduces the meas-
ured positions for N, datapoints. The related root-mean-square

deviationr.m.s.d.=. l)(Z/Nexpt canalso be used to measure the agree-
ment between theory and experiment.

For the initial assignment, we used resonances resulting from cou-
pling to s-wave molecular levels because such resonances are not
affected by the SOC in the first order of perturbation theory. Initially,
nine loss features at 80.47 G, 93.59 G, 143.29 G, 157.42 G, 270.86 G,
272.59 G, 296.31 G, 307.41 G, 316.31 G were measured, which were
more numerous than number of possible s-wave resonances instudied
magnetic field range. Therefore, we calculated x* for all possible sub-
sets of measured features and all combinations of scattering lengths.
Two-element subsets could be reproduced by several combinations
of scattering lengths and, thus, were insufficient to derive an unam-
biguous assignment, whereas four and more element subsets could
not be described by the used theoretical model. Among a few pos-
sible three-element sets, only one would require the existence of an
additional s-wave resonance around 172 G, which next was measured
around the predicted position. Finally, we found the best agreement
for four loss features at the 80.47 G, 143.29 G, 173.0 G and 316.31 G
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reproduced as s-wave resonances by the ABM model with x> = 0.78 G*
and r.m.s.d. = 0.44 G. The found optimal scattering lengths were
as=0.236R, and a; = -0.053R,. The second relatively small y* for four
s-wave resonances was 3.5 times larger than the optimal one. Other
possible assignments for alarger number of s-wave resonances would
resultinasignificantly larger >

The existence of higher partial-wave resonances was neglected in
this assignment but similar agreement for higher-wave resonances was
obtained with the optimal set of the scattering lengths, whereas other
assignments were not able to reproduce all the measured features.
A detailed study of higher partial-wave resonances will be presented
inthe future.

Data availability

The experimental and theoretical data that support the findings
of this study are available from the corresponding author upon
request. Source data are provided with this paper.

Code availability

Theexperimental datawere analysed usingJupyterLab and aself-written
analysis script. Electronic structure calculations were performed with
the MOLPRO package of ab initio programs® and multichannel quan-
tum scattering calculations were realized with the extended version
of QDYN program®, AMB model results were obtained and analysed
with a self-written program and scripts in Mathematica and Python.
The simulation results can be generated using the numerical methods
described within Methods and the computer code developed, which
are available upon request.
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Extended DataFig.1|Electroniclevel scheme of *®Ba* (/=0). We label the
relevant electronic dipole transitions with their respective wavelength A and
naturallinewidthI. We Doppler cool theion driving the 6S, , ¢ 6P, and

5D;,, © 6Py, transition. Inelasticlosses, suchas TBR followed by light-assisted
dissociation, can partially resultin the ion’s population of the 5Ds,, manifold®°.
We detect these events through optical pumping with 614 nmlaser light,
followed by fluorescence detection while Doppler cooling.
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Extended DataFig.2|Time-dependent Ba" and Liloss for variable atomic
density naround 296.31G. (upper) lonsurvival probability while interacting
with the °Li cloud for various atomic densities n. Data points are an average of
atleast20independent experimental realizations. Error bars denote the upper
bound of the 1o-confidenceinterval of the underlying binomial distribution.
The solid lines are exponential fits (e ‘intloss)to the respective data. The fit
resultsandtherespective errorbars areillustrated as density-dependentloss
rate [} . (n)in Fig. 3. (lower) Normalized number of remaining °Li atoms
interactingwith asingle**Ba*ionin dependence ont;,. The markers and the
respective colorsindicate the association to the datainthe upper graph.
Liatomsare removed from the xODT by either spin-changing collisions or
elasticatom-ioninteractions. For the presented analysis, we exclude
experimentsresultinginionloss, to avoid systematic errors by inelastic
collisions. To mitigate the density uncertainty due to the decay of the atom
number, we choose interaction durations resultingin maximal atom loss of
<10%. We further indicate the atom number evolutionin absence of interaction
(black circlesand solid line).
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Extended DataFig. 3 | Potential energy curvesforaBa®ioninteracting with
aLiatom. Theinteractionbetweenground-state Ba"ionand Liatomresultsin
two molecular electronic states of the singlet X'Z (solid black line) and triplet
a*s* (solid red line) symmetries. The excited molecular electronic state of the
triplet b’n symmetry (dashed red line) originates from the interaction of Ba*
ioninthe lowest excited 2D stateand ground-state Liatom and crosses the a®z”
state atasmallinteratomic distance. This crossing combined with SOC
betweena’z'and b Mstates resultsin large second-order SOCinthe collision
channelsresponsible for the observed Feshbach resonances. Further
illustrated is a possible photodissociation transitioninduced by our xODT laser
operated at1064 nm. The observed TBR might resultin the formation of
weakly-bound molecularions. These can couple by laser light to higher
energetic asymptotes, resulting in the population of excited states, including
Ba'(5Ds),).
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Extended Data Table1| List of observed Feshbach resonances

for the entrance channel

Bo* (G) Ao™¥t (G) Bos" (G) tint (MS)
80.47(21) 42(1.1) 81.2 300
93.59(9) 1.6(4) 100
143.29(31) 5.3(1.3) 1433 300
157.42(19) 2.2(7) 300
165.4(4) 4.0(1.1) 300
173.0(2) 2.5(5) 1725 300
270.86(5) 0.76(24) 300
272.59(3) 0.4(1) 300
296.31(19) 3.4(7) 300
307.38(14) 1.6(5) 200
316.31(11) 1.3(5) 316.4 200

13E’Ba+|s'3a+ =1/2, mB =-1/2)+ OLi|f'i=1/2, m¥ = - 1/2). The presented errors equal the 1o
confidence interval of the fit. We can further assign an overall systematic error of 60 mG on
SB5™, including daily drifts and calibration uncertainties. We compare our measurements
with an ABM and can assign four s-wave resonances By%° for ag = 0.236 R4 and
ar=-0.053 Ry
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