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Single Ion as a Three-Body Reaction Center in an Ultracold Atomic Gas
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We report on three-body recombination of a single trapped Rb* ion and two neutral Rb atoms in an
ultracold atom cloud. We observe that the corresponding rate coefficient K3 depends on collision energy
and is about a factor of 1000 larger than for three colliding neutral Rb atoms. In the three-body
recombination process large energies up to several 0.1 eV are released leading to an ejection of the ion
from the atom cloud. It is sympathetically recooled back into the cloud via elastic binary collisions with
cold atoms. Further, we find that the final ionic product of the three-body processes is again an atomic Rb*
ion suggesting that the ion merely acts as a catalyzer, possibly in the formation of deeply bound Rb,

molecules.
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Early on in the quest for ultracold quantum gases, three-
body recombination played a crucial role as a limiting
factor for Bose-Einstein condensation. It was first inves-
tigated in spin-polarized hydrogen [1] and somewhat later
for alkali atoms [2,3]. Recently, three-body recombination
was investigated with single atom resolution [4].
Combining ultracold atoms with cold trapped ions is an
emerging field where large scattering cross sections natu-
rally come into play due to the comparatively long range
1/r* polarization interaction potential. Two-body colli-
sions between atoms and ions in the low energy regime
have been recently studied [5—11]. In this Letter, we report
on three-body collisions involving two ultracold 8’Rb
atoms and a ’Rb™ ion at mK temperatures. The ion in
our experiment can be regarded as a reaction center, facil-
itating molecule formation through its large interaction
radius.

For the work presented here, it is essential that we work
with ions and atoms of the same species. This renders
charge transfer reactions irrelevant, which otherwise would
strongly constrain our measurements. As Rb* is not ame-
nable to laser cooling and cannot be imaged, we detect the
ion and investigate its dynamics in an indirect way, i.e.,
through its action on the atom cloud. In our experiments,
we place a single ion into the center of an atomic sample
resulting in a continuous loss of atoms due to elastic atom-
ion collisions. This behavior is interrupted when a highly
energetic three-body process ejects the ion from the atom
cloud. By examining the statistics of ion-induced atom loss
in hundreds of repetitions of the experiment, we can in-
vestigate a number of important details of the three-body
process, such as its quadratic density dependence, the
energy that it releases, its rate coefficient K3, the depen-
dence of K5 on collisional energy, and its reaction prod-
ucts. Furthermore, our measurements also demonstrate
sympathetic cooling of an ion from eV energies down to
about 1 mK using an ultracold buffer gas.
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The atom-ion collision experiments are conducted in a
hybrid apparatus (for details see Ref. [12]) where a single
87Rb™ ion, trapped in a linear Paul trap, is brought in
contact with an ultracold cloud of spin polarized 3"Rb
atoms (F = 1, mp = —1). The atom cloud is previously
prepared at a separate location from where it is transported
to the Paul trap and loaded into a far off-resonant crossed
optical dipole trap. The dipole trap is at first spatially
separated from the trapped ion by about 50 wm. To start
the atom-ion collision experiments, it is then centered
on the ion with wm precision within a few 100 ms. At
this point the atom cloud consists of N, =~ 4.0 X 10*
atoms at a temperature of 7,, = 1.2 wK and a peak density
ng = 1.1 X102 cm™3. At trapping frequencies of
(190, 198, 55) Hz this results in a cigar shaped cloud
with radial and axial extensions of about 10 and 35 um,
respectively.

The single Rb™ ion is confined in a Paul trap driven at a
frequency of 4.17 MHz resulting in radial and axial trap-
ping frequencies of 350 and 72 kHz, respectively. As the
trap is about 4 eV deep, the ion typically remains trapped
for thousands of experimental cycles. It is initially pro-
duced by photoionization of an atom from a cold Rb cloud
in the Paul trap [13]. Typical kinetic energies E;,, of the ion
after sympathetic cooling in the atom cloud are about a few
mK - kg. This energy scale is mainly set by two quantities:
(1) The excess micromotion [14] in the Paul trap whose
main part we can control by compensating stray electric
fields [13]. (2) Heating effects induced by the interplay of
micromotion and elastic collisions [15-17].

As described in Ref. [8], an ion immersed in an ultracold
atom cloud leads to atom loss by expelling atoms from the
shallow optical trap (= 10 uK - kg trap depth) via elastic
collisions. The radio frequency (rf) driven micromotion is
a constant source of energy which drives these loss-
afflicting collisions. Figure 1(a) shows such a decay of an
atom cloud at relatively low densities (= 10'! cm™3) and
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FIG. 1 (color online). Decay of the atom cloud under influence
of a single trapped ion. (a) Remaining atom numbers after
interaction time 7 for an ion with E;,, = 35 mK - kg [18] and
ny =~ 10" cm™3. The solid line indicates the decay of the mean
atom number. (b) Same as (a) but E;,, = 0.5 mK - kg [18] and
ng = 1.1 X 102 em™3. (c) Histograms containing the data
shown in (b).

relatively high ion energies (= 35 mK - kg [18]). Plotted is
the number of remaining atoms after an atom-ion interac-
tion time 7. Each data point corresponds to a single mea-
surement. Overall, the plot shows a relatively smooth
decay of the atom cloud with a relative scatter of the
atom number of less than 10%. This changes drastically
when we carry out the experiments at low ion energies
(= 0.5 mK - kg [18]) and larger densities (= 10'> cm™?)
[Fig. 1(b)]. Here, the scatter dramatically increases with 7
and is on the order of the number of lost atoms. In Fig. 1(c)
histograms are shown which contain the data of Fig. 1(b).
With increasing time 7, the initial Gaussian distribution
develops a striking tail towards large atom numbers. At the
tips of the tails we find cases where even after interaction
times of several seconds barely any atoms have been lost, a
signature of missing atom-ion interaction. Apparently,
sporadically the ion is ejected from the atom cloud and
promoted onto a large orbit for a period of time during
which atom-ion collisions are negligible [Fig. 2(a)]. In
principle, this is reminiscent of the energy distributions
with high energy tails that have recently been predicted for
trapped ions immersed in a buffer gas [15,16]. However, it
turns out that such an explanation is inconsistent with our
observations on the grounds of energetics and scaling.
Rather, we find that it is a three-body recombination pro-
cess involving the ion and two neutrals that ejects the ion
from the cloud. Due to the large trap depth the ion is not
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FIG. 2 (color online). (a) Illustration of an atom-atom-ion
collision. (I) Two atoms simultaneously enter the interaction
radius of the ion and a three-body process takes place. (I) The
three-body reaction ejects the ion onto a trajectory much larger
than the atom cloud. (b) Illustration of our simple model. Left:
Various possible time traces for the atom number. If only binary
atom-ion collisions occur the atomic sample decays exponen-
tially (Trace T}). Three-body events (E,, E3) interrupt the atom
loss until the atom is recooled and reenters the sample at point
R, (Traces T, and T3). Right: Atom number histogram from
Fig. 1(c) (7 = 8 s) and the corresponding simulation result (solid
black line). (c) Plot of the probability Pyee-pogy fOr initial atomic
densities (1.8, 1.1,0.7,0.3) X 102 cm™ and atom numbers
(6.5,4.0,2.8, 1.6) X 10*, respectively. The solid lines are results
of the numerical simulation.

lost in such an event, but it is recooled back into the cloud
through binary collisions after some time.

Figure 2(b) illustrates in a simple picture how the decay
of the atom number over time can follow different paths.
The solid trace T shows the case when only binary atom-
ion collisions occur. Such traces result in the narrow
Gaussian peak of the atom number distribution shown on
the right of Fig. 2(b). Traces T, and T exhibit three-body
collisions at points £, and E5. At point R, the ion reenters
the atom cloud after an interruption time ¢,,. Rare three-
body events and long times ¢, result in a long tail of the
distribution. We can reproduce the histograms in Fig. 1
with a simple Monte Carlo type simulation (for details see
Supplemental Material [19]). We assume an initial
Gaussian distribution of the atom number which then
decays exponentially with the binary atom-ion collision
rate K,n,. Here, K is a rate constant given by the product
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of the elastic cross section and the ion velocity. A three-
body event, occurring at a rate K3n2, interrupts this decay
for a period 7,,. As the ion can only be recooled by the
atomic sample, we assume the rate for reentry of the ion
into the atom cloud to be proportional to the number of
atoms 1/{t,y) = N/ Coue With ¢y being a constant that
depends on the trap parameters. Figure 2(b) (right) shows
exemplarily that the model can describe well the histo-
grams in Fig. 1. In the following, we continue the analysis
by studying Piyree-nody Which is the probability that at least
one three-body process takes place within time 7. For each
7 we determine Piyee-pogy from our histograms. Piyree-pody
is the count number of the tail of a histogram divided
by the histogram’s total count number (for details see
Supplemental Material [19]). Figure 2(c) shows these
data for four atomic densities, including the data in
Fig. 1(c). All four data sets have in common that the
number of three-body events first rapidly increases and
subsequently levels off. The levelling off is mainly due to
the fact that the probability for a three-body reaction is
strongly density-dependent. Surprisingly, in the beginning
of the interaction (7 =< 1 s) only very few three-body
events are detected for the lower density samples. We
explain this delay by an initial phase of sympathetic cool-
ing of the Rb* ion which experiences significant heating
during the preparation (e.g., rf evaporative cooling) of
the atom cloud. From numerical calculations similar to
Ref. [16] we estimate that recooling times of about 1 s in
atom clouds with n, = 10'> cm™3 correspond roughly to
ion kinetic energies of a few 100 K - kg. The ion will
typically undergo several thousand binary collisions with
cold atoms until it is sympathetically recooled to mK - kg
energies. We are able to describe all four data sets in
Fig. 2(c) consistently with our simple Monte Carlo model
(continuous lines) [20]. From a fit to the data sets we obtain
rate coefficients K, = 5.0(5) X 107 cm?/s and K; =
3.3(3) X 1072 cm®/s and the reentry parameter co, =
1.7 X 10° s. The errors given exclude systematic uncer-
tainties in the atomic density. We note that the value for our
atom-atom-ion K; rate coefficient is more than three orders
of magnitude larger than the three-body coefficient for
three colliding neutral 8’Rb atoms [2]. The value of K,
roughly agrees with previously obtained results [7,8]. For
the typical atom numbers used here the obtained value of
Coue Tesults in several seconds of negligible atom-ion inter-
action following each ejection of the ion.

In order to challenge our analysis we have attempted to
model the events that send the ion into orbit as two-body
processes. The corresponding linear density dependence of
the event rate yields inconsistent fit results such that we can
exclude two-body interactions as an explanation for our
data (for details see Supplemental Material [19]). As a
cautionary note, we point out that three-body recombina-
tion processes to weakly bound molecular states with bind-
ing energies < 10 meV are not detected in our experiments

as the ion will not leave the atom cloud. Thus, the true three-
body coefficient may even be significantly larger.

In a further experiment, we quantify the kinetic energy
gained by the ion in a three-body event. The idea is to lower
the depth of the ion trap such that an ion with an energy of
afew 0.1 eV escapes while a cold ion remains trapped. The
experiment is performed as follows. We prepare a first
atom cloud which we bring to interaction with an ion for
4 s. Similar to the previously described experiments, we
measure the ion-induced atom loss from which we judge
whether or not the ion has participated in a three-body
event. Directly afterwards, the ion trap depth is reduced to
one of 5 values U,y by lowering one of the end cap
voltages of the Paul trap within 300 ms. The voltage is
held at this value for 200 ms and ramped back up within
200 ms. Subsequently, we probe the ion’s presence in the
trap via the loss it inflicts on a second atom cloud. This
cloud is prepared within 40 s and contains about 5 X 10*
atoms. Figure 3(a) shows the remaining atom number of
the atom cloud after 6 s of interaction time [21]. An atom
number < 1 X 10* indicates the presence of an ion while a
number around 4.5 X 10* shows its absence. The clear
splitting of the two groups of data allows for ion detection
with an efficiency close to unity. Figure 3(a) contains two
different plot symbols, distinguishing two classes of ions.
Black squares correspond to ions that have participated
in a three-body event within the first atom cloud while grey
circles correspond to ions where only binary collisions
were detected. We now analyze the data points of
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FIG. 3 (color online). (a) Probing the ion’s presence using an
atom cloud. A low (high) remaining atom number N, signals the
presence (absence) of an ion. For better visibility, we have
slightly offset in energy the black squares corresponding to
ions that have participated in a three-body process from the
grey circles corresponding to ions where purely binary collisions
were detected. (b) Ion loss probability P, calculated from the
data in (a). The continuous lines are fits to the data using a
broadened step function. The trap depths U4 are determined for
our Paul trap geometry using methods detailed in Ref. [22] for
both Rb* (bottom abscissa scale) and Rby (top). A trap with
negative trap depth value is nontrapping.
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FIG. 4 (color online). () Pyree-boay as @ function of the exter-
nal electric field. (b) Double-logarithmic plot of Pee-pody @S @
function of the ion energy E;,, [18]. A scale for the three-body
coefficients K3 as derived from the simulation is also given (see
text for details).

Fig. 3(a) by calculating the probability for ion loss Py for
each trap depth (P, = Number of lost ions/Number of
trials). The result is shown in Fig. 3(b). As expected, ions
that were previously involved in a three-body recombina-
tion process can in general escape from deeper traps than
ions only involved in binary interactions. To obtain a more
quantitative measure of the ion energy we fit broadened
step functions of the form 1/[1 + exp{(U,eq — Uloss)/d}] t0
the data. The width of the steps d is on the order of 0.15 eV.
From the energy offset between the two fit curves we
estimate the gained energy AU, =~ 0.4 eV. We note
that for trap depths U,q = 0.25 eV the probability of
loss is high in general. This suggests that the stability of
our trap is compromised at shallow trap settings. In fact,
lowering the voltage of only one of the two end caps
renders the trap quite asymmetric. This degrades the ideal
quadrupole field configuration and thus the stability of the
ion trap. As a consequence, the accuracy with which we
can determine the energy released in the three-body pro-
cess is limited. Still, we find a clear splitting between the
step functions of 0.4 eV in Fig. 3(b). Thus, a resolution of
the measurement on the order of 0.1 eV seems plausible.
Mainly two recombination processes come into consid-
eration. In a reaction of the type Rb + Rb+ Rb" —
Rb, + Rb* the formation of a neutral molecule is cata-
lyzed by the ion which carries away 2/3 of the energy
released. If deeply bound Rb, molecules are produced,
binding energies of up to ~0.5 eV are released, in agree-
ment with the measurement. A second possible recombi-
nation process, Rb + Rb + Rb™ — Rb; + Rb, produces a
molecular ion and a neutral atom. However, as indicated in
Fig. 3, the molecular ion, due to its higher mass, experi-
ences a significantly shallower trap than the atomic ion and
would immediately be lost for our parameter range. We

thus infer that the ion at hand is Rb™. However, we cannot
completely exclude the formation of an intermediate
molecular ionic state which may subsequently dissociate.

In a third type of measurement, we study the dependence
of the three-body coefficient on the ion kinetic energy
which we can tune by controlling the ion micromotion.
For this we apply a static electric field & perpendicular to
the axis of the Paul trap and let the ion interact for 7 = 8 s
with an atom cloud with n, =~ 1.0 X 10'> cm™3. We find
Pipree-body t0 Increase roughly by a factor of 5 when reduc-
ing € from 3.25 V/m to 0 V/m [Fig. 4(a)].

In order to express the electric field values in terms of
kinetic energy, we make use of the relation Egyp =
cmpe2 + E, with ¢, being a constant that depends on
the trap configuration and the ion mass [14]. E ., stands for
residual uncompensated micromotion energy. The ion en-
ergy can be expressed as Ej,, = cqynEpmm [18]. cqyp 15 @
constant which depends on the atom-ion mass ratio and the
spatial extension of the atom cloud and for our experiments
can be estimated to be about 2 [16]. We attempt to describe
our data with a power-law dependence of the form K5 «
E  within our simulation. Good agreement with the data
is achieved for @ = —0.43, E,, =370 uK - kg and a
maximal value for K5 of 2.75 X 1072 c¢m®/s [solid trace
in Fig. 4(b)]. For comparison, curves for exponents
a = —0.5 and a = —0.33 (dashed and dotted traces, re-
spectively) are shown as well. A residual energy E., =
370 uK - kg is a reasonable value for our current setup and
in agreement with other measurements of ours [13].

In conclusion, we have studied three-body recombina-
tion involving a single trapped ion and two of its parent
atoms at collision energies approaching the sub-mK re-
gime. With a relatively simple model we can understand
the two- and three-body collision dynamics and extract
corresponding rate coefficients. We observe an increase
of the three-body rate coefficient with decreasing collision
energy, a behavior that can be expected to become crucial
for future experiments targeting even lower temperatures.
After a three-body event, ion energies on the order of
0.4 eV were measured, indicating that deeply bound mole-
cules have been created. Since we have not observed Rby
ions, the formation of Rb, seems probable. The ion would
then act as an atomic size catalyzer at mK temperatures.
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