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Evidence for sympathetic vibrational cooling of
translationally cold molecules
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Compared with atoms, molecules have a rich internal structure
that offers many opportunities for technological and scientific
advancement. The study of this structure could yield critical
insights into quantum chemistry1–3, new methods for manipulating
quantum information4,5, and improved tests of discrete symmetry
violation6,7 and fundamental constant variation8–10. Harnessing this
potential typically requires the preparation of cold molecules in
their quantum rovibrational ground state. However, the molecular
internal structure severely complicates efforts to produce such
samples. Removal of energy stored in long-lived vibrational levels
is particularly problematic because optical transitions between
vibrational levels are not governed by strict selection rules, which
makes laser cooling difficult. Additionally, traditional collisional,
or sympathetic, cooling methods are inefficient at quenching molecular vibrational motion11. Here we experimentally demonstrate
that the vibrational motion of trapped BaCl1 molecules is quenched
by collisions with ultracold calcium atoms at a rate comparable to
the classical scattering, or Langevin, rate. This is over four orders of
magnitude more efficient than traditional sympathetic cooling
schemes11. The high cooling rate, a consequence of a strong interaction potential (due to the high polarizability of calcium), along
with the low collision energies involved12, leads to molecular
samples with a vibrational ground-state occupancy of at least 90
per cent. Our demonstration uses a novel thermometry technique
that relies on relative photodissociation yields. Although the
decrease in vibrational temperature is modest, with straightforward
improvements it should be possible to produce molecular samples
with a vibrational ground-state occupancy greater than 99 per cent
in less than 100 milliseconds. Because sympathetic cooling of molecular rotational motion is much more efficient than vibrational
cooling in traditional systems, we expect that the method also
allows efficient cooling of the rotational motion of the molecules.
Moreover, the technique should work for many different combinations of ultracold atoms and molecules.
Precision control over the quantum states of atoms has allowed
tremendous advances in both applied and fundamental physics, ranging
from ultraprecise clocks13 and gravity gradiometers14, to stringent tests
on discrete symmetry violations15 and the production of exotic phases
of matter such as degenerate Bose and Fermi gases16. Extension of these
studies to the next simplest such physical system, that is, a diatomic
molecule, promises even further progress. Typically, the starting point
for these studies is the production of an ultracold sample, which in the
case of atoms is usually attained by laser cooling. Applying this technique to molecules, however, is technically challenging, owing mainly
to the molecular vibrational degree of freedom, which has no associated angular momentum. Thus, unlike transitions between different
rotational and electronic levels, transitions between vibrational levels
of a molecule are not governed by strict selection rules. As a result, in
general, a molecule simply cannot scatter the necessary number of
photons needed to enter the ultracold regime before spontaneously
decaying to long-lived vibrational levels that are out of resonance with
the cooling lasers. Although it does seem that a subset of molecules
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are potentially amenable to laser cooling, as has been recently demonstrated for SrF (ref. 17) and YO (ref. 18), a more general cooling
technique is highly desirable. One promising, general method is to
use a sample of laser-cooled ultracold atoms to collisionally, that is,
sympathetically, cool a co-trapped sample of molecules to ultralow
temperatures. Particularly attractive for this technique are charged
molecules, which, in contrast to neutral molecules, can be trapped
over a broad temperature range for extended periods of time in
radio-frequency ion traps, allowing ample time for sympathetic cooling to occur.
So far, sympathetic cooling of charged molecules has been demonstrated with both laser-cooled atomic ions and cryogenic buffer gases11.
Unfortunately, neither of these methods can produce molecules that
are simultaneously ultracold in both their internal and external degrees
of freedom. On the one hand, sympathetic cooling with co-trapped,
laser-cooled atomic ions quickly cools molecular ions to very low
translational temperatures, but, owing to the long-range nature of
the Coulomb interaction, the method yields little internal-state relaxation of the molecules at low collision energies19. To overcome this
limitation, techniques of optical pumping20,21 and state-selective
photoionization of neutral molecules22 have been used in tandem with
atomic ion sympathetic cooling to produce translationally cold molecular ions in the lowest few rotational states. Despite their impressive
results, these techniques lack generality because they are restricted to
certain classes of molecule and require molecule-specific lasers. On the
other hand, sympathetic cooling with helium buffer gas has been
demonstrated to yield cooling of both the translational and internal
states of molecules owing to the short-range nature of the ion-neutral
collision; however, the method can only be used at temperatures above
,300 mK, the point at which the vapour pressure of 3He becomes
negligibly small. Additionally, it is relatively inefficient as a result of
the low polarizability of the helium atoms.
An alternative to these methods is sympathetic cooling with ultracold, laser-cooled atoms, which both allows access to submillikelvin
translational temperatures and is predicted to be very efficient at cooling the internal degrees of freedom because their polarizabilities are
more than 100 times greater than that of helium atoms. Although this
scheme uses proven technologies that have existed for decades, it has
not previously been implemented, possibly owing to the misconception that molecular ions cannot undergo primarily elastic collisions
with neutral atoms that are amenable to laser cooling, but instead
undergo charge-exchange chemical reactions leading to energetic,
neutral molecules. Previously, we have shown that, on the contrary,
many combinations of molecular ions and neutral laser-cooled atoms
(including the combination of species used here) can coexist without
undergoing a chemical reaction when colliding23. Here we present
evidence of internal-state cooling of trapped molecular ions due to
sympathetic cooling collisions with ultracold atoms co-located in a
magneto-optical trap (MOT). Although the demonstrated degree of
cooling is modest, the method is found to be extremely efficient, with a
vibrational quenching rate constant on the order of the classical, or
Langevin, atom–ion scattering rate constant. Thus, straightforward
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where Eh is the Hartree energy, e is the charge of the electron, a0 is the
Bohr radius, a is the fine-structure constant, h is Planck’s constant, hn
is the photon energy, e is the energy of the continuum wavefunction
and v is the vibrational quantum number of the X state. The rovibrational wavefunctions of the ground state, 1S1, and first electronic
excited state, 1P (Fig. 1a), are respectively denoted jXæ and jAæ, with
rotational quantum numbers J and J9, which have
z-axis
 space-fixed
pﬃﬃﬃﬃﬃ
projections of M and M9. The quantity hAjdz jX i ea0 Eh is dimensionless and contains both the radial and angular parts of the dipole
moment, d. Because the continuum wavefunctions associated with
solutions of the A1P molecular potential are highly oscillatory, the
expectation value of the dipole moment operator can be accurately
approximated by considering only the nature of jAæ near the classical
turning point, RC. Thus, if the repulsive potential is approximated as
being linearly dependent on R, with slope dVA/dR, near R 5 RC, these
wavefunctions are well described by Airy functions and the vibrational
photodissociation cross-section is given by
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where wv are the real-valued vibrational wavefunctions. Because RC is
linearly related to the photon energy, the shape of the photodissociation cross-section directly reflects the squared probability amplitude of
the molecular vibrational wavefunction.
Implementing the photodissociation thermometry technique to be
discussed requires knowledge of a photodissociation transition from
which an accurate determination of the wv can be obtained. Recently,
we identified such a photodissociation transition in BaCl1 (ref. 24).
However, to implement the thermometry technique, it was necessary to measure the shape of the photodissociation cross-section to
higher precision. To this end, we have developed a novel, compact
time-of-flight apparatus25, which enabled us to measure the photodissociation spectrum of BaCl1 about 1,000 times more precisely than in
ref. 24. From this data (Fig. 1c), slight adjustments to the molecular
potentials determined in ref. 24 have been made, and the contributions
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improvements in the apparatus should allow production of molecular
samples in the vibrational ground state in less than 100 ms. In what
follows, we detail a novel technique that we have developed to measure
relative populations of molecular vibrational levels, briefly describe the
apparatus and experimental approach used to sympathetically cool
BaCl1 molecules, and present data detailing the measured vibrational
sympathetic cooling rate.
To quantify the degree of sympathetic cooling of the molecular
internal levels, it is necessary to measure the population distribution
of rotational and vibrational levels. Typically, this measurement is
accomplished with spectroscopic techniques, such as predissociation
or multiphoton ionization/dissociation spectroscopy; however, as for
most molecular ions, the detailed spectroscopic information necessary
for these techniques is not yet known for BaCl1. To overcome this
challenge, we develop a new route to demonstrate vibrational spectroscopic thermometry experimentally, which uses broadband molecular
photodissociation and as such does not require detailed molecular
structure data. This novel and general method is applicable to any
molecule that can be directly photodissociated and allows an accurate
measurement of the molecular vibrational temperature, as long as the
internal-state population can be probed on a timescale shorter than or
comparable to the vibrational relaxation time. The method exploits
the fact that, although the photodissociation cross-section is broad,
the individual vibrational levels have unique frequency responses for
photodissociation, which are given by24
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Figure 1 | Photodissociation thermometry of BaCl1. a, Potential energy
curves for the X1S1 and A1P electronic states and a schematic diagram
indicating the photodissociation thermometry method described in the text.
The different shapes of the v 5 0 and v 5 1 wavefunctions give rise to the
different frequency responses of the two levels to the photodissociation laser.
cBBR, redistribution rate due to black-body radiation; cPDL, transition rate due
to the photodissociation laser given the cross-section sPD. b, The permanent
dipole moment (PDM) of BaCl1 calculated as described in Methods.
c, Improved data (errors, s.e.) obtained for the cross-section of the
A1P r X1S1 photodissociation transition in BaCl1 using a separate ion trap
and time-of-flight system. The dash–dot line is the thermally averaged crosssection at 300 K. Also shown are the improved calculations of the individual
vibrational-level contributions of the v 5 0 and v 5 1 levels. Although our
model (Methods) incorporates the lowest four vibrational levels, here we show
only the v 5 0 and v 5 1 levels, for clarity.

of the individual vibrational states to the total photodissociation crosssection can be identified, the lowest two of which (that is, v 5 0 and
v 5 1) are shown as solid lines in Fig. 1c.
With the individual vibrational-level cross-sections in hand, the
crux of the thermometry technique can be understood as follows.
Once equilibration has been established with the vacuum apparatus,
which operates at 300 K, ,79% of the molecules are in the v 5 0 level,
,15% are in the v 5 1 level and the remaining population is essentially
all in the v 5 2 and v 5 3 levels. Although the model introduced later
incorporates all of these levels, for illustrative purposes it is sufficient
to consider only the v 5 0 and v 5 1 levels. Because the wavefunction
of the v 5 1 level has a zero crossing (Fig. 1a) the photodissociation
cross-section contains a node (Fig. 1b), which occurs at l 5 225 nm
(n/c 5 44,400 cm21). A laser tuned to this wavelength will photodissociate molecules in the v 5 0 level, but will not affect molecules in the
v 5 1 level. Furthermore, as can be inferred by thermally averaging
equation (1), at the temperatures relevant to this work the rotational
distribution does not change the resulting cross-sections. As a result,
if collisions with the ultracold Ca atoms quench the vibrational motion
of the molecules, this quenching will be signalled by an enhanced
photodissociation rate at this wavelength. Conversely, by tuning the
photodissociation laser (PDL) closer to one of the maxima of the v 5 1
cross-section, MOT-induced quenching will instead be signalled by suppression of the observed photodissociation rate as molecules are being
cooled to the v 5 0 level, lowering the total cross-section. As a result, we
can infer the change in vibrational temperature from the change in
photodissociation rate at different photodissociation wavelengths.
The hybrid atom–ion apparatus, which we call the MOTion trap,
used to measure these effects is similar to the one used in refs 26, 27
(a detailed schematic diagram can be found in Supplementary Information). Typical data obtained to demonstrate vibrational cooling
is plotted in Fig. 2a. To begin, BaCl1 molecules created by laser ablation are trapped in a linear quadrupole ion trap (Fig. 2a, i), which is
co-located with a MOT that can be loaded with ultracold Ca atoms.
Notably, without any cooling, the initial internal and translational
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Figure 2 | Measurement of MOT-induced vibrational quenching of BaCl1
ions. a, Example traces of the Ba1 ion fluorescence measured during the
experimental sequence. Initially the trap is loaded with a pure BaCl1 sample
(pink) (i). The PDL is then turned on to create a mixed sample of BaCl1 and
Ba1 ions (green) (ii). Once the Ba1 ions have been laser-cooled, the MOT
(blue) is optionally turned on and the BaCl1 ions are collisionally cooled by the
ultracold Ca atoms (iii). Following that, the BaCl1 ions are probed with the
PDL to determine the amount of vibrational relaxation due to the MOT (iv).
The ratio of the numbers of Ba1 ions created in each instance of
photodissociation with the MOT respectively on or off is then calculated. The

top and bottom panels are data for PDL wavenumbers of 41,500 and
44,675 cm21, respectively. a.u., arbitrary units. b, The average of all data points
(errors, s.e.) obtained, as described in Methods, is plotted for various
photodissociation wavenumbers. The blue points are cooling data and the grey
points are a control analysis that should be consistent with unity (Methods).
The curves are the expected result from a rate equation model of the
experimental sequence described in Methods. The agreement with the data
shows that the BaCl1 sample has been cooled to a ground-state vibrational
population of ,90% in the average case.

temperatures of the BaCl1 molecules are determined by different
mechanisms and are established in the first few seconds after the trap
is loaded. Internally, the BaCl1 molecules thermalize to 300 K owing
to black-body radiation emitted by the room-temperature vacuum
apparatus, while translationally the temperature is set by the ion
dynamics in the trap. To attain measurements with the high signalto-noise ratio necessary to demonstrate vibrational cooling, the system
requires the use of an ion cloud composed of ,103 BaCl1 molecules.
At these numbers, the initial translational temperature of the BaCl1
molecules is primarily set to ,1,000 K by collisional heating through
micromotion interruption, which results when collisions between
ions disrupt the stable ion trajectories in the trap allowing the radiofrequency confining potential to do net work on the ions28. Therefore,
for this experiment, we use additional translational cooling of the
BaCl1 molecules by sympathetic cooling with co-trapped, laser-cooled
Ba1 ions. These Ba1 ions are loaded into the trap with 100% efficiency
by photodissociating a fraction of the BaCl1 molecules using a pulsed
dye laser as discussed in ref. 24 (Fig. 2a, ii), and, once laser-cooled,
sympathetically cool the BaCl1 molecules to millikelvin translational
temperatures19.
These atomic ions also provide an important diagnostic, because
their fluorescence is used both as a means of determining overlap of
the MOTion trap26 as well as the initial, proportional number of
BaCl1 molecules.
Once the BaCl1 molecules are translationally cold, as indicated by
the steady-state value of the Ba1 ion fluorescence and camera images
of the ion cloud, the MOT is turned on (Fig. 2a, iii) and short-range
collisions with the highly polarizable, neutral Ca atoms result in
internal-state cooling. To measure the effect of the cooling, the PDL
is then turned on once again (Fig. 2a, iv) and the increase in fluorescence yields the number of Ba1 ions produced, thus allowing an
inference of the ground-state vibrational population of the BaCl1
molecules.
Several sources of systematic error can be eliminated (for example
the variable number of BaCl1 molecules produced in the loading
process and possible inaccuracies in the absolute cross-section value,
the PDL intensity or both) by taking the ratio of the final number of
Ba1 ions produced to the initial number, Ron 5 N2/N1 (Methods and
Fig. 2a). We then repeat this measurement sequence without turning
on the Ca MOT and determine the same ratio, which we denote Roff.

It is straightforward to show that in the linear regime in which we
operate, the ratio Ron/Roff is equivalent to the ratio of the total crosssections in each case, that is, son/soff. This sequence is repeated several
times at several PDL wavenumbers. The analysed data (Methods) are
plotted in Fig. 2b. These data are compared with a control analysis
at each wavelength, which compares measurements for which the
MOT remained on or off for both points, and the computed ratio
should thus be consistent with unity (Methods). From this comparison, it is clear that the deviation of the actual data is the result of MOTinduced vibrational relaxation.
To quantify the degree of cooling, we use a simple rate equation
model that incorporates both the continual redistribution of the molecules’ internal states due to black-body radiation throughout the
experiment and the MOT-induced vibrational relaxation when the
MOT is present (Methods and Supplementary Information). Because
the MOT density and overlap with the ions vary for each of the data
points in Fig. 2b, a best-fit line using the rate equation is unsuitable.
Rather, using the calculated effective density26 for each data point, along
with the rate equation model, we determine an average vibrational
quenching rate constant of k < 1 3 1029 cm3 s21. Using this rate constant with the typical peak MOT atomic density of ,1 3 109 cm23 and
a typical overlap factor of 0.2 (Methods), we calculate the average
expected values of Ron/Roff as predicted from the rate equation model
(Fig. 2b, blue curve). Because the data agree well with this curve, we use
the rate equations to extract the vibrational ground-state population,
which in the case of sympathetic cooling by the Ca MOT is found to
be Pv50 $ 90%, set by the competition of sympathetic cooling and
black-body radiation heating from the chamber walls. In contrast, if
the MOT had provided no cooling, the data would have been consistent with the black line in Fig. 2b, which corresponds to a vibrational
ground state population of ,79%.
To our knowledge, rigorous quantum scattering calculations of the
vibrational quenching rate have never been performed in any similar
system. However, the large value of the rate constant, which is more
than 104 times that observed in traditional sympathetic cooling
schemes, is probably due to the strong, long-range C4/R4 interaction
potential between Ca and BaCl1 (C4 5 2aCae2, where aCa is the polarizability of Ca). Classically, particles colliding on this potential with
energy
E and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ an impact parameter less than the Langevin length,
bL ~ C4 =E undergo violent collision trajectories that rapidly spiral
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inward towards R 5 0. Quantum mechanically speaking, the system
forms a three-body collision
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ complex with reduced mass m at the
Langevin rate, kL ~p 2C4 =m, which facilitates redistribution of the
original molecule’s vibrational energy between all three particles. Thus,
when the collision complex predissociates back into its parent constituents, this energy is carried away by the sympathetic cooling partner, leaving the molecule in a lower vibrational state. The fact that
the observed rate constant is of the same order as the Langevin rate
(k < kL/5) supports this interpretation12 and suggests that sympathetic
cooling of molecular internal degrees of freedom will be possible with
any collision partner that gives rise to long-range interactions conducive to collision complex formation, for example dipole–dipole and
monopole–dipole collisions.
Additionally, we have observed no evidence of any chemical reactions between BaCl1 and electronically excited Ca atoms in the MOT,
even though such reactions are energetically allowed. This supports the
arguments of refs 27, 29, which state that these collisions are suppressed because the long-range atom–ion interaction shifts the atom
out of resonance with the atomic cooling laser at large atom–ion
separations and thus prevents atoms in their electronically excited
state from colliding with the molecular ions. This also provides an
important simplification to the originally proposed method23, because
it eliminates the need for an optical dipole trap for the ultracold atoms.
Furthermore, it implies that the rate at which sympathetic cooling
collisions occur can be increased without loss of molecules. Several
straightforward experimental modifications, such as modifying the ion
trap geometry such that the ion cloud is fully contained inside the Ca
MOT and replenishing the Ca atom source, are expected to increase
the effective Ca MOT density and, as a result, the sympathetic cooling
collision rate by a factor of ,250. Such improvements would produce
a vibrational ground-state population greater than 99% in less than
100 ms, and would potentially render the currently used Ba1 translational sympathetic cooling unnecessary.
Finally, owing to incomplete spectroscopic information on the
BaCl1 molecule, direct measurement of rotational energy quenching
is currently not possible. However, because all evidence from sympathetic cooling systems used so far shows that collisional quenching of
the rotational energy proceeds at a much higher rate than vibrational
quenching, it is likely that molecules have been cooled rotationally as
well; experiments are currently underway to prove this. Ultimately, the
minimum rovibrational temperature attainable with this method will
be set by the ion radial micromotion, which determines the lowest
collision energy with the Ca atoms. This collision energy can be estimated from the amplitude of thepmicromotion,
which is given as a
ﬃﬃﬃ
function of electric field as amm ~ 2eE(r)=mvV, where v and V are
respectively the secular and drive frequencies30. The average micro2
motion kinetic energy (mvmm
=2~m(amm V)2 =2, where m is the ion
mass and vmm is the component of the ion velocity due to micromotion) over a typical cloud profile in our apparatus for typical trap
parameters (that is, a radial pseudo-potential of depth ,10 eV), is
,1 K, whereas the maximum possible micromotion contribution to
a collision (for ions residing at the edge of the cloud) is ,10 K. Because
the BaCl1 vibrational splitting corresponds to ,500 K, this energy is
inconsequential for vibrational cooling. However, the BaCl1 rotational
splitting is ,0.5 K, meaning that in the present experiment the lowest
few rotational levels could still be populated. Therefore, future experiments aiming to produce samples of molecules purely in the rovibrational ground state should use smaller samples of molecular ions, so
that the cloud size and, thus, the micromotion are reduced to the point
where collision energies are below the molecular rotational splitting
energy. In the present experiment, we estimate that this regime can be
reached by working with a sample of order one-tenth the size of the
current cloud.
We have demonstrated a broadly applicable, general technique
to cool the vibrational motion of polar molecules. We have also
developed a general technique, photodissociation thermometry, for

probing molecular vibrational states, which we have used to determine the vibrational quenching rate constant and the vibrational
ground-state population. This result opens a new route to the production of ultracold molecules and is expected to enable myriad experiments
in quantum chemistry1–3, precision tests of fundamental physics31, and
quantum information and simulation4,5.

METHODS SUMMARY
The data acquisition system takes an alternating sequence of data points for which
the MOT is either on or off during the measurement, and acquires over 100 data
points at each PDL wavelength. For each wavelength, the ratio of successive points
(Ron/Roff) is computed to eliminate unidentified time varying systematic errors,
and the results are averaged. For the control analysis, the ratios between successive
data points of the same type (for example Ron,1/Ron,2, Roff,1/Roff,2 and so on) are
instead computed and the results are averaged. See Methods for details.
The production of Ba1 ions in the experiment is modelled using a simple rate
equation model that includes the lowest four vibrational levels of the BaCl1
molecules and accounts for population redistribution among the levels throughout
the experimental sequence. This redistribution of the levels is due to collisions with
the ultracold Ca atoms as well as spontaneous and stimulated emission and
absorption of photons by the molecules owing to the black-body radiation field.
Because knowledge of the dipole moment of the electronic ground state of BaCl1 is
necessary to determine the spontaneous and stimulated emission and absorption
rates, we calculated the dipole moment using a non-relativistic, multiconfigurational, second-order perturbation theory (CASPT2) implemented in the
MOLCAS software suite. The result is shown in Fig. 1b. See Methods for details.
Full Methods and any associated references are available in the online version of
the paper.
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LETTER RESEARCH
METHODS
To eliminate several sources of systematic error when comparing our data with the
rate equation model, for example the variable number of BaCl1 ions produced in
the loading process and possible inaccuracies in the absolute cross-section value,
the PDL intensity or both, we use the fluorescence as a measure of the number of
Ba1 ions created in each instance of photodissociation and calculate the ratio of
the final amount to the initial amount, Ron 5 N2/N1 (Fig. 2a). We then repeat this
measurement sequence without turning on the Ca MOT, and record the same
ratio, which we denote Roff. It is straightforward to show that in the linear regime in
which we operate the ratio Ron/Roff is equivalent to the ratio of the total crosssections in each case, that is, son/soff. We repeat this entire sequence .50 times
and thus obtain a series of data points Ron,1, Roff,1, Ron,2, Roff,2, …. To eliminate
monotonic, time-varying systematic errors, we compute and average the ratios
Ron,1/Roff,1, Ron,2/Roff,2, … as well as the ratios Ron,2/Roff,1, Ron,3/Roff,2, …. We then
average the two results and repeat the experiment at various photodissociation
wavelengths. These data are plotted as blue circles in Fig. 2b. Also plotted (black
circles) are the results of a control analysis in which we instead perform the same
calculation for the ratios Ron,1/Ron,2, Ron,3/Ron,4, … as well as Roff,1/Roff,2, Roff,3/
Roff,4, … and average the results. Because these controls are comparisons of the
same data type, they should yield results consistent with unity, and their variability
about this value can be used as an indication of the variability in the actual data.
Their close agreement with unity shows that the deviation from unity of the true
data is due to MOT-induced vibrational relaxation and is not a statistical coincidence.
The number of Ba1 ions created in each instance of photodissociation can be
obtained using the following rate equations:
dNi
si ðlÞI
~rWðkiz1,i Niz1 {ki,i{1 Ni Þ{
Ni
dt
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X
X
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Here Ni denotes the number of BaCl1 molecules in the ith vibrational
level (we have averaged over the rotational states) and NBa is the number of
Ba1 ions.
The first term in the expression for dNi/dt (equation (2)) is due to the MOTinduced quenching: ki11,i is the vibrational quenching rate constant for transition
from the (i 1 1)th level to the ith level, r is the peak density of the MOT and W is a
factorÐ that quantifies the degree of overlap of the atom and ion clouds. We define
^Ca ðr Þ
^Ca is the unit-peak normalized Ca atom density and
W~ r
rI ðrÞ dr, where r
I is the unit-integral normalized BaCl1 density. Thus, 0 , W , 1. In the liquid
r
phase in which we operate, W quantifies the effective MOT density experienced by
each ion as they move in the trap.
The second term in the expression for dNi/dt results from photodissociation (si
is the wavelength-dependent cross-section for the ith level, I is the PDL intensity
and n is the laser frequency). The last three terms are due to spontaneous emission
and BBR-induced stimulated emission and absorption written in terms of the
spectral energy density, r(v), and the Einstein A and B coefficients32.
Calculating these coefficients requires knowledge of the dipole moment of the
electronic ground state of BaCl1, Aij ~(2=3)(v3ij m2ij =e0 hc3 ), where mij 5 Æjjd(R)jiæ,
jnæ represents the rovibrational wavefunction of the nth rovibrational level
of the ground electronic state, vij is the angular frequency of the transition, e0 is
the vacuum permittivity and c is the speed of light. We calculated this dipole
moment function, which was previously unknown, using a non-relativistic,
multiconfigurational, second-order perturbation theory (CASPT2) implemented in the MOLCAS software suite. The result is shown in Fig. 1b. With
this in hand, the necessary rates are calculated according to ref. 32, and are
,1 Hz. Finally, we incorporate the lowest four vibrational levels into the
model and ignore terms where ji 2 jj . 1. This model, along with the calculated
effective density of the MOT26 for each data point, allows a determination of the
vibrational quenching rate constant, k, as well as the ground-state vibrational
population, Pv50.
32.
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