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We study three-body recombination of Ba™ + Rb + Rb in the mK regime where a single 1*¥Ba*
ion in a Paul trap is immersed into a cloud of ultracold ¥ Rb atoms. We measure the energy
dependence of the three-body rate coefficient k3 and compare the results to the theoretical prediction,
ks E=3/* where For is the collision energy. We find agreement if we assume that the non-thermal

col

ion energy distribution is determined by at least two different micro-motion induced energy scales.
Furthermore, using classical trajectory calculations we predict how the median binding energy of the
formed molecules scales with the collision energy. Our studies give new insights into the kinetics of an
ion immersed into an ultracold atom cloud and yield important prospects for atom-ion experiments

targeting the s-wave regime.

When three atoms collide, a diatomic molecule can
form in a three-body recombination (TBR) process. In
cold neutral atomic gases, TBR was investigated for spin-
polarized hydrogen as well as alkalis (see e.g. [IH3]). In
the context of Bose-Einstein condensation, TBR plays a
crucial role as a main loss mechanism. By now, the scal-
ing of TBR as a function of collision energy and scattering
lengths in neutral ultracold gases has been investigated
in detail [4]. When considering TBR in atom-ion sys-
tems, one can expect three-body interactions to be more
pronounced due to the underlying longer-range r~* po-
larization potential. Energy scaling of TBR in charged
gases was studied at temperatures down to a few K, es-
pecially for hydrogen and helium due to their relevance
in plasmas and astrophysics (e.g. [B [6]). Depending on
the studied temperature range a variety of power laws
was found but not a common threshold law. The recent
development of novel hybrid traps for both laser cooled
atoms and ions has opened the possibility to investigate
cold atom-ion interactions and chemical reactions in the
mK-regime and below. First experiments in such setups
studied elastic and reactive two-body collisions (e.g. [T~
14]). In accordance with the well-known Langevin theory,
the corresponding reactive rates were measured to be in-
dependent of the collision energy [8, [I0]. Very recently
we predicted a theoretical threshold law on the scaling
properties for cold atom-atom-ion three-body collisions
[15]. Understanding the scaling of reaction rates with
quantities such as the collision energy is crucial for fun-
damentally understanding TBR and for the prospects of
the experimental realization of ultracold s-wave atom-ion
collisions. Furthermore, as we will show here, studying
TBR allows for insights into the kinetics of an ion im-
mersed in a cloud of atoms. Experimentally, TBR in the
mK regime was recently observed for Rbt + Rb + Rb
[16] and Ba™ + Rb + Rb [17]. In the Ba™ experiments
TBR was already dominating over two-body reactions
even for moderate atomic densities of 10'? cm™3.

This letter reports on the combined theoretical and
experimental investigation of the energy scaling of three-
body atom-atom-ion collisions in the mK regime. We
measure the TBR rate coefficient k3 of Bat in an ultra-
cold Rb cloud as a function of the mean collision energy
of the ion, F., which we control via the excess micro-
motion (eMM) of the Paul trap. ks is formally distin-
guished from k3 which is the TBR rate coeflicient for a
precise collision energy E.o in the center of mass frame.
By averaging ks over the ion energy distribution ks is
obtained. We calculate k3 using classical trajectory cal-
culations (CTC) [15], 18] and derive its energy scaling,
ks o EC_O?/ 4 Agreement is found between theory and
experiment if we assume that the energy distribution of
the ion depends on multiple energy scales due to various
sources of excess micromotion. Besides the prediction of
ks, the CTC calculations also provide the binding en-
ergy distribution of the formed molecules and the scaling
properties of these distributions when the collision energy
is varied.

The experiments are performed in a hybrid appara-
tus that has already been described in detail elsewhere
[19]. After loading a single *®*Ba™ ion by isotope se-
lective, resonant two-photon ionization it is stored in
a linear Paul trap driven at a frequency of 4.21 MHz
with radial and axial trapping frequencies of (w,;w,) =
27 x (59.5; 38.4)kHz, respectively. There, it is laser cooled
to Doppler temperatures of ~ 0.5mK. In order to perform
our experiments in the electronic ground state we switch
off the cooling and repumper light, before immersing the
ion into the ultracold atomic cloud.

Once in the cloud, there is a complicated interplay of
elastic two-body atom-ion collisions and the driven mi-
cromotion of the Paul trap. This interplay leads to a
non-Maxwell-Boltzmann distribution of the ion’s kinetic
energy Ey, [8, 20H22] with an equilibration time on the
ms timescale [23]. The average kinetic energy Ey, of



the ion in the atom cloud is then determined by the
available energy sources for the ion, such as the eMM
energy [§]. In our experiment we can adjust Eyin by
controlling one part of the eMM energy, Egnmv, which is
set via static electric fields. Concretely, we can write
Fun = Cdyn(Eﬂ\/[M + Fmin), where the offset energy
Fnin contains all other energy contributions, e.g. phase
micromotion (¢MM) [24] or residual collisional effects
21, 22]. The proportionality factor cgy, ~ 5.0, which
depends on the atom-ion mass ratio and the trap pa-
rameters, is extracted from a MC calculation similar to
[25]. We can tune Fpqy accurately between 5uKxkp
and 100mK xkpg. Fi,, on the other hand, is not known
precisely. From independent measurements and MC cal-
culations based on the scaling of elastic atom-ion colli-
sions, we estimate E,;n to be in the range between 200
and 800 uKxkp.

The cloud consists of N ~ 1.2 x 10° 8’Rb atoms at
a temperature of T, ~ 700 nK with a peak density of
na 19 x 10t em™3. It is cigar shaped with a radial and
axial size of roughly 10 pm and 50 pum respectively. The
atoms are spin polarized (F' = 1,mp = —1) and con-
fined in a far off-resonant crossed optical dipole trap at a
wavelength of 1064nm with a trap depth of ~ 10 uKxkp.
We shift the ion into the cloud over a distance of 120 um
within 2 ms by changing the endcap voltage of the linear
ion trap. After an interaction time of 7 = 300 ms, during
which the Ba™ ion is typically lost with a probability of
up to 65 %, we separate the two traps again and detect
whether the Ba™ ion is still present. For this, we shine a
laser cooling beam focused to a waist of 20 ym through
the Paul trap center and collect the possible fluorescence
on a EMCCD camera for 100 ms. If no Ba™ is detected,
we conclude that a reaction must have taken place during
T [26]

Repeating the single ion experiment roughly 170 times
we extract the probability p that Ba™ is still present.
For the given experimental settings the ion loss is well
described by an exponential decay of the form p =
exp(—I'7). This can be seen in the inset of Fig.
where we plot p as a function of interaction time 7 mea-
sured at Eppy ~ 8 pK. Fig. [I] plots the loss rate ' as
a function of Epp. A Ba' ion in our experiment is
lost either by a two-body charge transfer or by a three-
body event [I7]. The corresponding loss rate T' of the
ion is I' = —nky — n?ks. The charge transfer rate coef-
ficient ko has been previously measured for Bat + Rb,
ks = 3.1(6)(6) x 10~ *3cm3 /s (statistical and systematic
errors in parentheses) [I7] (see also [9, 27]), and con-
tributes less than 1s~! to the loss rate I' for the given
atomic density. Also, it has been verified that ko is en-
ergy independent [7, [8, [T0], in consistency with Langevin
theory. By subtracting this constant ks-loss from I' and
dividing by the (constant) density n? we obtain k3 (see
Figs. 1 and 3b). Clearly, k3 is energy dependent. As we
will discuss later, we expect a scaling of k3 with a power
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FIG. 1. (color online) Double-logarithmic plot of the mea-
sured loss rate I' for Ba™ as a function of the tuned eMM en-
ergy Emviv. Red circles are the experimental data, the curve
represents a fit of Eq. (1) (see text for details). The corre-
sponding values of ks are indicated on the right hand side.
(inset) Logarithmic plot of decay curve of the Ba™ ion. p is
the probability to recover Ba™ after interacting with Rb. The
straight line is an exponential fit to the data. (sketch) The
sketch shows the ion orbit in the atom cloud. With increasing
ion energy its orbit becomes comparable to the atom cloud
size.

law, ks oc ES,. Neglecting the atom motion due to ul-
tracold temperatures we can express Fq in terms of the
ion kinetic energy Fyin, Eeol = (1 — W)EEH We
attempt to describe the scaling of the measured k3 with

a power law ks E&n by fitting the expression
E?) = E?),min [(Eﬂ\/IM + Emin)/Emin]a 5 (1)

to the data. Here, E,;n and a are free parameters.
The constant k3 min = 1.04(4)(45) x 10~24cmb/s is ks
at Fevim = 0 and was determined in a parallel study
[I7]. For the fit we discard data points above Enmny >
20 mK x kg, as for such energies, the ion is not localized
well enough in the center of the cloud. It probes areas
of the atomic cloud at lower densities, hence decreasing
the observed loss rate (see sketch in Fig. 1). The fit
yields & = —0.46(9) and Ep;, = 410(180) uKxkp (green
dashed line in Fig. [I)), with the errors denoting a 1o sta-
tistical uncertainty of the fitted values. Interestingly, in
our previous study of TBR of Rb*™ + Rb + Rb [16] we
observed a similar scaling exponent of o = —0.43.

We now turn to investigate the scaling of TBR the-
oretically with a classical trajectory calculation (CTC)
formalism. A classical treatment of the collision dy-
namics is appropriate, since the experiments described
here in general involve much higher energies than the
threshold energy of ~ 50 nK x kg for entering the s-wave
regime of Bat-Rb. We have adapted a recently developed
method for the calculation of three-body recombination
cross sections based on classical trajectories [I5] [I8] for
the study of atom-atom-ion recombination. The method
employed relies on mapping the three-body problem into
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FIG. 2. (color online) (a) A typical trajectory at a collision
energy of 100 uKx kg associated with the three-body collision
Ba™ + Rb + Rb that leads to the formation of BaRb™*. Shown
the distances r;; between the particles as indicated in the
sketch. (b) Double log plot of k3 obtained with CTC for Ba™
+ Rb + Rb as a function of the collision energy E.o (circles).
The straight line shows the analytically predicted power law

dependence k3 o< EC_O?M

a 6-dimensional configuration space, described in hyper-
spherical coordinates, after separating out the center of
mass motion [I§]. Since the kinetic energy of the ion
is typically several orders of magnitude higher than the
temperature of the ultracold neutral atoms we fix one of
the hyperangles associated to the ratio of the atom-ion
versus the atom-atom initial momentum, guaranteeing
that in the center of mass coordinate system 95 % of the
collision energy F.q is along the direction of the ion. In
the classical trajectory calculations only Rb-Rb collisions
in triplet states are considered and spin flip transitions
are neglected. For the Rb-Rb pair interaction we employ
the a3X; potential of Strauss et al. [28]. On the other
hand, the Ba™-Rb interaction potential is taken to be
—Cy(1 — (ry/r)*/2) /7%, where Cy = 140 a.u. denotes
the experimental long-range value of the interaction and
7m represents the position of the minimum of the poten-
tial, taken from Ref. [29].

The TBR rate for Ba®™ + Rb + Rb has been com-
puted by running 10° trajectories per collision energy.
We checked that during the simulation the total energy
and angular momentum is conserved up to the fifth deci-
mal place. Details about the numerical method employed
to solve Hamilton’s equations of motion, in conjunction
with the sampling of the initial conditions, can be found
in [I8]. Fig. shows a three-body trajectory that re-
sults in a recombination event with a collision energy of
100 uKxkg. This particular trajectory leads to large size
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FIG. 3. (color online) (a) Calculated ion energy distri-

butions P(FEeo1, E) each with a single energy scale E. An
energy of EY = Epvum = 1mK (20mK) was used for the green
(red) distribution. Choosing Ef = Egvu = 1 mK produces
the blue distribution, which has a different shape compared
to both previous distributions. (b) Comparison of the experi-
mental (full circles) k3 data as a function of Ervy with the full
calculation (blue line). The red line is the same calculation
but multiplied by 1.1.

(~ 800 ag), very weakly-bound molecular ion. Counting
the fraction of trajectories that lead to molecule forma-
tion we can extract the TBR rate coefficient ks for Bat
+ Rb + Rb. Fig. [2p plots ks as a function of colli-
sion energy F.,. We compare these CTC calculations
(diamonds) with an analytically derived scaling law [15]

where k3 o< E;O?/ 4 (dashed line in Fig. and find very
good agreement.

Strikingly, the theory prediction of o = —0.75 does
not seem to agree well with the experimentally observed
value of & = —0.46(9) from the fit of Eq. [I| to our data.
We explain this discrepancy as follows. In contrast to
the theoretical approach where k3 is determined for a pre-
cisely defined collision energy E.o, in the experiments we
observe k3, an average over a distribution P(Ec1, {E7})
of collision energies, calculated as

Fs({ES}) = / ko(Boot) P(Eeots {ES}) dBwr. (2)

Here, {E?} is a list of the relevant energy scales that
determine the distribution, such as the experimentally
tuned Eniv or Egvmm. We extract these distributions
with a MC calculation based on [25]. If only a single scale
E7 is present, the energy distributions can be expressed
as functions of the ratio E.,1/EY,

P(Eeol, EY)dEco) = P(Eeo/EY)dEco/EY. (3)
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FIG. 4. (color online) (a) Logarithmically binned histogram
of the binding energies at collision energies of 100 uKxkg
(blue) and 10 mKxkg (red). The second histogram is mag-
nified by a factor of two. (b) Double-logarithmic plot of the
typical binding energy of the formed molecule as a function
of the collision energy. The dashed line represents a power
law fit.

Fig. shows three calculated distributions each with
its own scale EY. The distributions P(Eco), Exnm) for
Emniv = 1 mK (green) and 20 mK (red) have the exact
same shape, a consequence of Eq. The third distri-
bution P(Eco1, Egnm = 1 mK) (blue), generated with a
phase micromotion has a somewhat different shape. Us-
ing Eq. one can show that distributions which sat-
isfy Eq. translate the power law k3 o EC_O?M into
ks o< (E)~3/%. In our experiment, however, where at
least two energy scales, Eniv and iy, occur, this trans-
lation of the scaling breaks down and Eq. [If cannot be
used in the data analysis anymore. Instead, we calculate
ks with Eq. to directly compare theory and exper-
iment. The choice and magnitude of E., is the only
free model parameter. Here, we assume that E;, is en-
tirely determined by phase micromotion, Enin = Fgmm-
The phase micromotion is chosen to be shared equally be-
tween both pairs of opposing radio frequency (RF) driven
electrodes [24]. Fig. shows the experimental k3 (full
circles), together with the calculation (blue solid line)
with Egym = 790 pK, [30]. The shape of the theory
curve describes the experimental data quite well, apart
from an overall factor of about 1.1 (see blue and red solid
lines). In general, the overall magnitude and energy de-
pendence of k3 is reproduced by the presented ab initio
CTC treatment down to the mK-Regime, which is re-
markable as F,i, is the only free parameter.

We now turn to briefly discuss the molecular prod-
ucts after TBR. In a previous study of TBR for He, it
was suggested that the binding energy of the products is
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correlated with the collision energy [18]. We find again
the same behavior for TBR of an ion with two atoms.
Fig. [@h shows two logarithmically binned histograms of
molecular binding energies after TBR. The maximum of
each histogram can be considered the typical binding en-
ergy and is shown in Fig. as a function of the colli-
sion energy F.o. A fit to a power-law dependence gives
Epinding ~ E?“J?Sio‘oz for the energy range investigated
here. Thus our calculations suggest that the formation
of deeply bound molecules after TBR should be highly
improbable at low collision energies.

The present CTC results also suggest that BaRb*
should be the dominant product state of the three-body
recombination in the collision energy range considered
here. Indeed, we have observed the formation of BaRb™
ions in our experiment. However, collisional or light in-
duced secondary processes lead to short lifetimes. A de-
tailed study of the initial TBR products and involved
secondary reactions is currently in progress and needs to
be discussed elsewhere.

In conclusion, we have investigated the energy scaling
of three-body recombination in an atom-ion system down
to mK energies. Single Ba™ ions in contact with ultracold
Rb atoms have been used to measure the TBR rate coef-
ficient k3. Utilizing classical trajectory calculations, we
numerically accessed the TBR rate coefficient k3 for the
Ba™ + Rb + Rb system for various collision energies. We
find a power law scaling of the form k3(FEco) o< ES; with
an exponent « = —3/4. Our experimental and theoret-
ical studies indicate that the presence of several energy
scales gives rise to energy distributions of the immersed
ion which impede a direct application of scaling laws to
the measured data. The obtained energy scaling pro-
vides an important insight for prospects of atom-ion ex-
periments in the ultracold regime, as the already strong
TBR rate observed here will increase by another three
orders of magnitude once the s-wave regime at 50 nK is
reached.
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