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Ultracold '7*Yb™ ions and “°Ca atoms are confined in a hybrid trap. The charge exchange chemical
reaction rate constant between these two species is measured and found to be 4 orders of magnitude larger
than recent measurements in other heteronuclear systems. The structure of the CaYb* molecule is
determined and used in a calculation that explains the fast chemical reaction as a consequence of strong
radiative charge transfer. A possible explanation is offered for the apparent contradiction between typical
theoretical predictions and measurements of the radiative association process in this and other recent

experiments.
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Interactions between cold ions and atoms have been
proposed for use in implementing quantum gates [1], prob-
ing quantum gases [2], observing novel charge-transport
dynamics [3], and sympathetically cooling atomic and
molecular systems which cannot be laser cooled [4,5].
Furthermore, the chemistry between cold ions and atoms
is foundational to issues in modern astrophysics, including
the formation of stars, planets, and interstellar clouds
[6], the diffuse interstellar bands [7], and the post-
recombination epoch of the early universe [8]. However,
as pointed out in Refs. [9,10], both experimental data and a
theoretical description of the ion-atom interaction at low
temperatures, reached in these modern atomic physics
experiments and the interstellar environment, are still
largely missing.

Of particular interest in cold ion-atom physics are binary
charge exchange reactions, which limit the performance of
the aforementioned proposals and are important inputs to
astrophysical models. Binary charge exchange reactions
occur via three mechanisms: (i) nonradiative charge
transfer (nRCT), A" + B — A + B™, (ii) radiative charge
transfer (RCT), A" + B— A + B' + v, and (iii) radiative
association (RA), A* + B— (AB)" + v. Because of the
scarcity of reaction data and full quantum calculations, a
number of approximation techniques for these processes
have been developed, e.g., approximating all RA rate con-
stants by 107 % cm3s~! [11], Landau-Zener theory [12],
the Demkov coupling method [13], and the semiclassical
optical potential method [14]. These techniques, which
have varying degrees of accuracy depending on the domi-
nant charge exchange pathway, must be experimentally
verified as demonstrated by a recent measurement where
a factor of ~100 discrepancy was found with experiment
[10,15].

Total charge exchange rate constants have recently been
measured for two ultracold ion-atom species [16—18]. In
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the first system the charge exchange rate constant for the
resonant, homonuclear case of Yb™ + Yb was measured
by Grier et al. to be ~6 X 107 cm?s™! [16], in good
agreement with a subsequent theoretical calculation
[19]. On the other hand, a measurement of the rate constant
for the nonresonant, heteronuclear case of Yb'™ + Rb
by Zipkes et al. yielded ~3.5 X 107 cm?s™! [17]; an
experiment on Ba® + Rb appears to have yielded
similar results [20]. Finally, a calculation of the heteronu-
clear case Ca* + Na yielded 2.3 X 10710 cm3s™! [4,21].
These values agree well with conventional wisdom
for resonant versus nonresonant charge exchange.
Interestingly, although the RA process is typically pre-
dicted to be the dominant mechanism for low-temperature,
nonresonant charge exchange [22-24], none of the
experiments observed the formation of a molecular
ion. Further, Zipkes et al. found the ratio of the rate of
nRCT to RCT to be K,rcr/Krer = 2.3, while most cal-
culations predict K,gcer/Krer = 1072 in the ultracold
regime [22-24].

Here we report the first measurement of the charge
exchange chemical reaction rate constant, K, for the non-
resonant, heteronuclear case of a closed-shell atom, *°Ca,
with an open-shell ion, '"Yb*, in a hybrid trap.
Interestingly, though conventional wisdom says that
closed-shell species are less reactive, we find a reaction
rate of K =2 X 10719 cm3®s™!, 4 orders of magnitude
larger than measured in open-shell systems. In addition,
by monitoring the production of CaYb* molecular ions in
the hybrid trap, we place an apparent upper bound on the
branching ratio of the RA process, under the assumption
that the produced molecular ions do not experience further
chemical reaction. We have also constructed molecular
potential curves for the CaYb™ molecule that describe
the individual pathways for the reactions and we explain
this rate as a consequence of an avoided crossing and
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similar neutral atom polarizabilities, which yield a large
transition dipole moment and large Franck-Condon fac-
tors. In what follows, we describe the experimental setup,
results, and theoretical model. We conclude with a possible
explanation for the apparent contradiction between typical
theoretical predictions and measurements of the RA pro-
cess in this and other experiments [17].

Figure 1 shows the hybrid magneto-optical and ion trap
system used in these experiments [5]. Yb™ ions, created by
laser ablation of a solid Yb target, are trapped in a radio-
frequency linear quadrupole trap (LQT) [25] (250 kHz =
fi =400 kHz, V; = 300 V) and laser cooled using laser
beams (A = 369, 935 nm) aligned along the trap axis. A
voltage-gated channel electron multiplier (CEM) provides
a species nonspecific method of ion detection. Ultracold Ca
atoms are produced and held in a magneto-optical trap
(MOT) constructed with laser beams (A = 422, 672 nm)
that intersect at the LQT center. Fluorescence images of
both the Ca MOT and the Yb™ ion cloud from two separate,
nearly orthogonal camera angles allow a 3D reconstruction
of the ion and atom clouds. An example of such images and
the reconstruction is shown in the inset of Fig. 1.

The typical MOT atom number, density, and temperature
are measured by absorption and fluorescence imaging
and found to be N, = 3.7 + 0.5 X 10° atoms, pc, = 7 *
1X10° cm™3, and T, =4 * 1 mK, respectively. Ion
number and temperature are determined by observing
ion fluorescence while scanning the 369 nm laser (f =
500 MHz/s) and fitting the resultant truncated Voigt profile
[26]. When operating the LQT in a region where both Ca™
and Yb" ions are stable, a large heat load on the laser-
cooled Yb™ ions is observed due to the ionization of Ca
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FIG. 1 (color online). MOTION trap schematic. Yb* ions and
Ca atoms are laser cooled and trapped in the central region.
Typical images of the ultracold clouds, shown in the upper left of
the figure, are used for a 3D reconstruction that yields the degree
of overlap. Ions are also detected with a voltage-gated CEM.

atoms in the 4 ! P state by the Yb™ cooling laser. To elimi-
nate this effect, we modulate the intensity of the 422 and
369 nm lasers out of phase. Additionally, this effect is
eliminated if the LQT is operated where Ca* ions are not
trapped.

In absence of the Ca MOT, the trap lifetime of the laser-
cooled Yb™ ions, measured by monitoring the ion fluores-
cence, is ~240 s. However, when an overlapped MOT is
introduced, the ion lifetime decreases to ~10 s, as shown
in Fig. 2(a). This induced ion loss is also confirmed visu-
ally by imaging the ion cloud during the decay, as well as
observing a decreased number of detected ions using the
CEM. The inset in Fig. 2(a) suggests that the loss of ions is
not due to ion heating, as such an effect would increase the
ion cloud size. From data such as these we calculate a loss
rate constant using K = (ov) = chp’ where I is the mea-

sured fluorescence decay rate, p is the peak density of
the MOT, and ® a factor that quantifies the degree of
overlap of the atom and ion clouds. We define ® =
[ pca(P)p,(F)dF, where pc, is the unit-peak normalized
Ca atom density and p; is the unit-integral normalized
Yb™ density, thus 0 < ® < 1.

To verify that kinematic effects were not responsible
for the loss of Yb" ions from the trap, we measured the
loss rate constant while varying only ¢, the Mathieu pa-
rameter, which determines the ions’ stability and micro-
motion amplitude in the LQT [25], as well as when only
varying the trap depth, T [see Fig. 2(b)]. As the rate
constant appears independent of these fundamental trap-
ping parameters, it is unlikely that the loss is due to kine-
matic effects in the LQT. In addition, we performed
an experiment where BaCl* ions, produced by laser abla-
tion of an additional target (see Fig. 1), were sympatheti-
cally cooled by cotrapped, laser-cooled Yb" ions. We
then compared, after 20 s of interaction with the MOT,
the number of ions remaining in the trap and found that
while the Yb* ions had decayed away, the BaCl™ ions
remained. As BaCl" ions are energetically forbidden to
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FIG. 2 (color online). (a) Yb™ ion trap lifetime in the presence
of the MOT (solid curve) compared to the lifetime without a
MOT (dashed curve). Dotted curves are single exponential decay
fits. Inset: Images of the Yb* ion cloud in the presence of the
MOT at various times. (b) Loss rate constant as a function of the
Mathieu stability parameter q and the trap depth T)p.
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charge exchange with Ca atoms [5], we conclude the loss
of Yb* ions is due to a charge exchange reaction.

After these systematic checks the loss rate constant
was measured as a function of kinetic energy, as shown
in Fig. 3(a). For these measurements the MOT temperature
was held at 4 mK and the ion temperature was varied by
changing the cooling laser detuning and intensity. The
horizontal “error bars’ of this figure represent the contri-
bution of the coherent radial micromotion, not measured
by the Doppler fluorescence technique, to the total ion
kinetic energy [27]. The micromotion amplitude grows
with radial position in the ion cloud and varies from zero
on the axis of the trap to the value given by the rightmost
tip of the “error bar” at the edge of ion cloud. The
observed rate constant is roughly 4 orders of magnitude
larger than typical nonresonant, heteronuclear charge
exchange values and is constant within experimental error
over all measured temperatures.

We have also experimentally verified that the measured
reaction rate constant is the value for ground state atoms
and ions. Reactions between excited state atoms and ions
have been ruled out by measuring the rate constant while
modulating the 422 and 369 nm cooling light out of phase.
Additionally, we performed measurements of the rate con-
stant as a function of the excited state fraction of both the
atoms and ions by separately varying the intensity of their
respective cooling lasers. In these measurements we ob-
served the rate constant to be constant within experimental
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FIG. 3 (color online). (a) Total experimental (points) and
theoretical (black line) charge exchange rate constants as a
function of ion kinetic energy. The horizontal location of the
data point is the value of the secular kinetic energy as measured
by the Doppler fluorescence technique. The horizontal ‘‘error
bars” represent the contribution of the micromotion to the
overall kinetic energy. Also shown are the calculated rate con-
stants for the three charge exchange pathways. (b) The X 237"
and A237" potential energy curves and (c) the corresponding
transition dipole moment of the CaYb"™ molecular ion as a
function of the internuclear separation R. The dotted curves
are the diabatized potentials constructed from these potentials.
The dashed curve gives the coupling constant between the
diabatic potentials.

error as a function of both atom and ion excitation fraction,
indicating that the reported rate is the value for ground state
reactions. It is possible that excited state atom collisions
are suppressed by the long-range atom-ion interaction,
which shifts the cooling lasers out of resonance before
the particles are close enough to react [16,28], however,
the possibly large micromotion velocity does weaken this
argument. Finally, the results of Ref. [28] do not apply to
the case of an excited state ion since the ground and excited
long-range potentials are similar, thus we speculate from
the constancy of the rate that excited and ground state ions
react at a similar rate, though more investigation is needed.

The charge exchange reaction products can in principle
be trapped, but due to the large mass ratio of Ca* (m =
40 amu) and Yb'T (m = 174 amu) ions, Ca™ ions are
heated by the cold Yb* ions [27]. This effect is exacer-
bated by the fact that trap operation in a mutually stable
region necessarily puts one or both ion species near a
boundary of their LQT stability region. As a result, at the
trap parameters used in this study, Ca® ions have a mea-
sured trap lifetime of only ~1 s. Given the comparatively
low production rate from charge exchange reactions with
Yb* ions, the equilibrium number of Ca™ ions in the trap is
= 2, which is below our current detection limit.
Conversely, the mass of the CaYb™ reaction product is
much closer to that of Yb" and does not suffer from these
effects. Therefore, neglecting further chemical reaction
with the Ca MOT, CaYb" ions are expected to have a
trap lifetime of at least that of uncooled BaCl" ions
(m ~ 173 amu) which we measure to be ~30 s. Thus, by
allowing the Yb™ ion fluorescence to decay to background
levels, measuring the number of ions remaining in the trap
using the CEM, and accounting for systematic effects such
as trap loss and mass dependence of the ion detection
efficiency, we place an apparent upper limit on the branch-
ing ratio for RA at 0.02, under the assumption that all
detected ions are CaYb™.

Also shown in Fig. 3(a) are the results of our theoretical
model for the charge exchange rate constant. Since the
structure of CaYb™ was previously unknown, we first
calculated the electronic potential surfaces that dissociate
tothe Ca + Yb* and Cat + Yb limits, and their transition
dipole moment [29], as shown in Fig. 3(b) and 3(c) (solid
curves), respectively. This approach worked well for the
structure of the BaCl™ molecular ion [30]. The CaYb™
X237 and A2X " states are asymptotically separated by an
energy splitting of 1136 cm™! [31] with an attractive long-
range —C,/R* behavior; C, is 71.5 a.u. for the X 23" state
and 78.5 a.u. for A23 7 state. The two potentials have an
avoided crossing near R = 15a, with a smallest separation
of 946 cm™!. Using these potentials, we calculated the rate
constant for the charge exchange pathways via a quantum
mechanical scattering calculation that assumed the parti-
cles collide on the A 23" potential and charge exchange to
bound or continuum states of the X 23" potential.
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Since the nRCT pathway occurs via a nonadiabatic tran-
sition near the avoided crossing, we determine its rate
constant by a coupled-channels method with diabatized
potentials—black dotted lines in Fig. 3(b). For the coupling
between these potentials, we assume a Lorentzian in R with
a maximum value equal to half the minimum splitting of the
adiabatic potentials. The width of the coupling matrix ele-
ment is chosen such that diagonalization of the 2 X 2 po-
tential matrix reproduces the original adiabatic potentials.
To characterize the nature of the coupling, we varied its
strength between the diabatic potentials by 20%. Although
the nRCT rate coefficient does increase with coupling
strength, it does not exceed a few times 1074 cm?s™!,
indicating that the scattering is almost adiabatic.

For the calculation of the RCT and RA rate constants, we
use Fermi’s golden rule for the spontaneous emission of a
photon by the diatom. In principle, both the initial and final
state wave functions are solutions of a two-channel calcu-
lation as for nRCT; however, since the scattering is nearly
adiabatic, we assume that the initial state is a scattering
solution of the A 23, potential and the final state is either a
bound or scattering state of the X 22" potential. Thus, the
total radiative rate coefficient for an initial Ca + Yb™
energy-normalized state |A, e€m) with collision energy e,
relative angular momentum quantum number ¢, and pro-
jection m is

Ks€m = w?f,egKX’fldlA; €€m>|2 (1)

272 4 ,
N ; 37
where « is the fine-structure constant, w is the reduced
mass, and all quantities are expressed in atomic units. The
sum is over final states f, which denote either a continuum
wave function |X, €/€'m’) leading to RCT or a ro-
vibrational state |X, v€/m’) of the X 22" potential leading
to RA. The quantity wy ., is the frequency difference
between the initial and final states and the operator d is
an abbreviation for d(R)C, q(ﬁ), where d(R) is the
R-dependent dipole moment between the X and A state,
C, q(ﬁ) is a spherical harmonic, R the orientation of
the molecule in a space-fixed coordinate system, and
g = m — m’ gives the polarization of the emitted photon.
The selection rules of the dipole moment ensure that
[€ —€'| <1 and |m — m'| = 1. Figure 3(a) shows the
thermalized radiative rate constants due to both RCT and
RA mechanisms versus temperature.

Figure 3(a) also shows the total rate constant which
agrees well with the data. Our calculations show that the
enhanced rate constant is the result of the avoided crossing
of the molecular potentials [Fig. 3(b)], which gives rise to a
large transition dipole moment due to the mixing of the
states [Fig. 3(c)]. Additionally, there is good Franck-
Condon overlap due to the similarity of the long-range
potentials. We speculate that similar systems with avoided
crossings (e.g., Ba+ Yb*, and Sr+ Yb") might show
enhanced rate constants as well.

Although there is satisfactory agreement with the total
calculated and measured rate constant, the predicted RA
branching ratio of ~0.5 strongly disagrees with the
measured value = 0.02. These ratios could be reconciled,
however, if the CaYb* further reacted with the Ca MOT
atoms via subsequent RA reactions, e.g., CaYb* + Ca —
Ca,Yb™ + v, to form heavier molecular ions, which, due
to technical constraints, are unstable in our LQT. Given
that RA will predominantly produce CaYb* in high-lying
vibrational states, which are typically very reactive, this
explanation seems quite plausible. Further, if the same
explanation is applied to the data of Ref. [17], the inter-
pretation of trap loss as evidence of nRCT could be re-
interpreted as evidence of RA, yielding a RA branching
ratio that agrees well with typical theoretical predictions.

In conclusion, we have presented an experimental and
theoretical investigation of the charge exchange reaction of
the Ca + Yb™ system. The total measured and calculated
rate constants are in good agreement and are surprisingly
large for a nonresonant, heteronuclear charge exchange
reaction. We have also offered a plausible explanation for
the apparent contradiction between typical theoretical pre-
dictions and measured rates of RA in this and other experi-
ments. However, the discrepancy between theory and
experiment clearly calls for future investigations into mo-
lecular ion formation. Given the importance of these types
of reactions for determining astrophysical processes, this
work highlights the need for fully quantum calculations on
a case-by-case basis and a renewed effort in laboratory
astrophysics. Finally, we note that chemical reactions such
as charge exchange could be a concern for the development
of many of the applications of hybrid atom-ion trap sys-
tems, and thus, when designing future experiments, the
choice of atomic and ionic species must be carefully
considered.
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AFOSR Grant. E.R. H. thanks Phillip Stancil for illumi-
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Note added.—Recently, the RA process was observed in
the CaRb™ system [32]. Evidence for further chemical
reaction of CaRb™ was observed, supporting our explana-
tion for the apparent lack of RA products in the open-shell
CaYb™" system.
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