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ABSTRACT

Atoms and molecules often react at different rates depending on their internal quantum states. Thus,
controlling which internal states are populated can be used to manipulate the reactivity and can lead
to a more detailed understanding of reaction mechanisms. We demonstrate this control of reac-
tions by studying the electronically excited state reaction Ca* + 0, — CaO™ + O. This reaction is
exothermic only if Ca™ is in one of its excited electronic states. Using laser-cooling and electrody-
namic trapping, we cool and trap Ca™ at millikelvin temperatures for several minutes. We can then
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change the fraction of time they spend in each of the two excited states by adjusting the detunings
of the cooling lasers. This allows us to disentangle the reactions that begin with Ca™ in the 2P, S2-state
from the ones where Cat isin the 2 D3>-state. Using time-of-flight mass spectrometry, we determine
independent reaction rate constants for Ca™ in both electronically excited states.
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1. Introduction

The study of cold, controlled molecular reactions and
collisions in the gas phase is a steadily growing field,
offering many opportunities for detailed studies of inter-
actions [1-4]. Several different experimental pathways
are currently used to explore cold molecular interactions
with neutral molecules. These include, but are not limited
to, crossed-beam experiments using a Stark decelerator
[5,6], merged-beam experiments [7,8], co-trapped atoms
and molecules [9,10], buffer-gas cooled molecules inside
magnetic traps [11], trapped Rydberg molecules [12],
laser-cooled molecules [13-17] and ultracold bi-alkali
atom molecules [18,19]. Another set of experiments uses
laser-cooled atomic ions confined in radio-frequency (rf)

traps as reactants, or as a cold bath to sympathetically
cool molecular ions for reaction studies [20,21].

While most of these experiments benefit from reduc-
ing the translational motion via cooling to temperatures
below T < 1K, controlling the internal states of the reac-
tants can offer additional insights into understanding
the reactions. Preparing the reactants in a single quan-
tum state [22-25] could elucidate the state’s influence
on reaction pathways. There have been some experi-
ments that explore cold reactions where the internal
states of the atomic reactant have been controlled includ-
ing, but not limited to, Ca® + O, [26], Ca™ + H; [27],
Ca® 4 H,0 (28], Cat + Rb [29], Yb* + Rb [30], Ba™ +
7Rb [31], or Cat + (CH3F, CH,F,, or CH3Cl) [32],
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Cat+ °Li [33], YbT + °Li [34], and Bet 4+ H,O [35].
Theses experiments take advantage of the control of
electronic states of the atomic ion using cooling lasers.
However, preparation of pure state-selective molecular
samples is significantly more challenging [12,36,37].
Here, we explore the reaction between laser-cooled
Ca™ ions and neutral O,, where the reaction can proceed
only when Ca™ is in one of two excited electronic states
(?P; /2 Or ’Ds /2).- We control the relative populations in
the different quantum states by the wavelengths of the
cooling lasers. Although the reaction of Ca* + O, has
been observed previously [26], no details on the reaction
kinetics or the influence of the quantum states of Ca™
have been reported. In this work, we present a detailed
study on the reaction Ca™ + O; — CaO™ + O, includ-
ing the absolute reaction rate constants for reactions
starting with Ca™ in either the 2p, /2-state or 2Ds /2-state.
In this paper, we begin by discussing the energetics
of the reaction (Section 2) before discussing the exper-
imental setup (Section 3). Next, we present results of the
reaction measurements and the dependence of the rates
on the quantum state of Ca™ (Section 4). We then discuss
the implications of our results (Section 5), and conclude
by giving an outlook for future experiments (Section 6).

2. Ca* + O3 reactions

In the experiments presented here, we show measure-
ments of the reactions between Ca™ ions, which have
been laser-cooled to millikelvin temperatures, and O;
molecules at room temperature. This leads to an average
collision energy of ~ 160 K. This estimation neglects the
effect of the micromotion on the collision energy. Based
on the images of our ion crystals and previously pub-
lished values for the temperature of similar sized crystals
[38], we estimate an upper limit to the effective kinetic
temperature from micromotion to be < Egy > /kp <
10K. Although the inclusion of micromotion slightly
increases the effective kinetic temperature of the ionic
reactants, its value is still negligible compared to the
energy of the O, molecules.

The reaction of Ca' with O, is highly endother-
mic (+1.7eV) when Ca™ is in the ground 28, /2-state
[39], but becomes feasible when the excited states of
the atomic cation are involved. With the %P, /2 state, the
reaction is exothermic, and for 2Ds /2, it is thermoneu-
tral to within the accuracy of a high-level calculation.
The numbers here are based on a thermochemical cycle
that involves the bond energy (4.202 eV) and ionisation
potential (6.895 eV) of CaO, the bond energy of O,, and
the ionisation potential and relative cation energies of the
Ca atom. The numbers associated with CaO are from
high-level theory, and are taken from a previous study

CaO* + 0O

--1.7eV

2S|/2 ”””””””””””””””” 0eV

Figure 1. Diagram of the Ca™ energy structure and product
channel energy (energies are not to scale). The main laser cooling
transition for Cat at 397 nm excites the ion to the 2P1/2-state. The
ion can decay to the ground 251/2- or the excited 2D3/2-state. A
second laser at 866 nm repumps population that accumulates in
the dark 2D3/2—state back into the cooling cycle. Here, A3g7 and
Agee represent the detuning of the cooling lasers with respect
to the two cooling transition frequencies. The reaction with O, is
energetically possible in either of the two excited states, but not
in the ground state.

[40], while the others are precise and well-established
numbers from the literature.

Ca*(°P, ) + 0,— > CaO* + 0O
AE = —1.43(2) eV (1)
Cat(’D;,) + 0,— > CaO" + 0
AE = +0.01(2) eV (2)

We note that the endothermicity of the 2D; /2-State reac-
tion is comparable to the uncertainty in the calculated
energy. However, the collision energy is observed to be
sufficient to counter this endothermicity, if indeed it is
present. Thus, the reaction rate for Ca™ + O, will depend
on the population of both excited states of Ca™.

We control the relative populations of Ca™ in its two
excited states by adjusting the detuning of both the main
cooling laser at 397 nm and the repump laser at 866 nm
(Figure 1). To determine the fraction of the time the Ca™
spends in each of its three electronic states, we use the
8-level optical Bloch equations (OBE) calibrated to the
magnitude of the fluorescence from the Coulomb crystal
following the method described in [32]. Once calibrated,
the 8-level OBE are used to predict the populations in
each state based on the detunings of both lasers used for
laser cooling. An example set of curves for the three states
is shown in Figure 2. Here, the repump laser detuning is
fixed, while the main cooling laser detuning is varied.

3. lon trap apparatus

Details of the experimental setup for measuring reac-
tions between cations and neutrals have been described
recently [40,41]. In the following, we present a short
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Figure 2. Predictions of the state distribution of the Ca™ ion from
the 8-level OBE with a fixed 866 nm detuning (+-42 MHz). The state
populations for the 2Sq 5, 2Py 2, and 2D, states are shown. The
vertical lines represent the parameters used for three measure-
ments used to determine the rate constants presented in Section 4
(see Table 1). To obtain the other state distributions shown in
Table 1, we also changed the 886 nm laser detuning.

description of the apparatus with an emphasis on aspects
relevant for the present experiment.

Ca™ ions are created from non-resonant photo-
ionisation of calcium atoms at 355 nm (7 mJ/pulse, 10 Hz,
beam diameter A 1mm?) and trapped using a seg-
mented, linear quadrupole ion trap [40]. The trapped
Ca™ ions are laser cooled [42] to secular temperatures
close to the Doppler cooling limit resulting in the for-
mation of Coulomb crystals [43]. Laser cooling is per-
formed on the 2S; /2—2P1 /2 transition, driven at 397 nm by
a fibre-coupled diode laser (NewFocus, 3.5 mW, 600 um
beam diameter). A second fibre-coupled diode laser
at 866 nm (NewFocus, 9 mW, 2 mm beam diameter) is
used to repump the ions back into the cooling cycle
on the 2Py /,-?Dj3), transition.! Both laser frequencies
are measured and locked using a wavemeter (HighFi-
nesse/ Angstrom WSU-30) with a precision of +-2.5 MHz
around the centre frequency. The wavemeter is calibrated
daily to a 780 nm laser, locked to a transition in 8’Rb by
saturation absorption spectroscopy.

Detection of the trapped ions is done by two dif-
ferent methods. We can image the fluorescence from
the Coulomb crystal onto an intensified CCD camera
or eject the ions into a time-of-flight mass spectrome-
ter (TOF-MS), which is radially coupled to the linear
ion trap [40]. Optical detection has the advantage of
being non-destructive, but is sensitive to only Ca™. Non-
fluorescing ions can be inferred only by a change in
the shape of the Coulomb crystal in combination with
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results from molecular dynamics simulations [44]. In the
present experiment, we use the optical detection of pure
Ca™ crystals to determine the initial number of trapped
atomic ions by fitting the area of the crystal and know-
ing the density of ions in the trap [40]. To accurately
determine the number of all trapped reactant and prod-
uct ions, we eject all ions in the trap into the TOF-MS.
This allows us to determine the absolute number of ions
at each mass in a single shot [40]. Thus, we can study the
reactions by the increase of products, as well as by the loss
of reactants.

An experimental sequence starts by loading a Ca*
Coulomb crystal into the ion trap and removing any
impurity ions by varying the trapping fields. Next, an
image of the crystal is taken to determine the initial
number of Ca™ ions. At this point, O, is introduced
into the chamber through a leak valve for a predeter-
mined length of time. After the set reaction time has
been reached, all trapped ions are ejected into the TOF-
MS and a mass spectrum is produced. The total number
of ions (product + reactant) is also determined from the
full mass spectrum [40] at each time point to ensure the
number of ions remains constant during a reaction mea-
surement and ions are not lost from the trap. To test
the conservation of ions in the trap, we sum the num-
ber of ions in every mass channel and compare this sum
at each time step in the reaction to the initial number of
Ca™ ions. This check is especially important when mea-
suring the highly exothermic, excited-state reaction of
Ca™ + Oy, where the charged products may have > 1 eV
of kinetic energy.

There is one notable improvement to the apparatus
compared to our previous work [40], which concerns
how we introduce the neutral reactant. Instead of hav-
ing the O, present during the trap loading sequence, we
now implement a pulsed-leak valve [45]. The valve con-
sists of an all-metal leak valve (Kurt Lesker LVM series)
with a 3-way solenoid valve (Parker Hannifin) connected
to the input port. The 3-way valve connects the input port
of the leak valve to either a roughing pump or a bottle of
O, diluted to 60% in N,. In this configuration, the leak
valve is held open at a desired leak rate at all times and
the 3-way valve controls whether or not O, flows into
the chamber. Using the 3-way valve to initiate the intro-
duction of O, into the trapping chamber, we achieve a
stable background O, pressure in around 1-2 seconds.
This time sets the uncertainty in the initial time for the
reactions.We note that the pressure of O, was measured
using an ion gauge, which can give readings that are accu-
rate to within only a factor of 2-3. This systematic will not
affect the relative rates between the two states, however.

Although care is taken to introduce pure O, gas into
the vacuum chamber, there is always the possibility that
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contaminants can be entrained in the gas flow. Since
all trapped ions are detected in the TOF-MS spectrum
simultaneously, we can measure any background reac-
tions between Ca' and H,O (the dominant contami-
nant), which lead to the production of CaOH™. There-
fore, we can account for parasitic background reactions
in our modelling of the reaction rates.

4. Reaction rate constant measurements

We model the reactions in our experiment using pseudo-
first-order kinetics, where we assume that the density of
O, does not change during a reaction measurement. We
model the system by including reactions that start with
the Ca™ in the two excited states. Equation (3) describes
the growth of the charged product, CaO™.

[Ca0+] = [Ca0+](1_e _keff[oz]t) (3)

Here, [CaO1] is the number of CaO ions as a function
of reaction time, t, [Ca(f] is the initial number of trapped
Ca™ ions, keﬁr is the effective reaction rate constant, and
[O2] is the oxygen concentration in the chamber. The
effective reaction rate constant, kg, is given by

ke = kpfp + kpfp, (4)

where kp(kp) is the rate constant for reactions with Ca™
in the P (D)-state, and fp(fp) is the fraction of the Ca™
ions in the P (D)-state.

To extract the quantum-state dependent reaction rate
constants, we first measure k. at several different state
populations. We accomplish this by varying the detun-
ings of the cooling lasers, while maintaining a constant
O, concentration. An example of one such rate measure-
ment is shown in Figure 3. With our experimental param-
eters, the 2Py ,-state population can be varied between
4% and 16%, while the 2Ds /2-state range is between 8%
and 50%. We are not able to work outside this range, as
either the heating rates become too large such that we can
not maintain a stable Coulomb crystal due to the energy
imparted by collisions with the background gas or the
population is not possible due to the coupling in an eight-
level system. A summary of the determined k. for the
different state populations is given in Table 1. We perform
a two-dimensional fit to these data using Equation (4) as
the model to extract two fit parameters, kp and kp. The
data and the fit can be seen Figure 4. The measurements
are shown as diamond points, where the colour repre-
sents k. The fit is shown as contour lines of constant
kes. The rate constants from the fit are given in Table 2.
The rate constant for Ca™ in its*Dj /2-state is about three
times lower than®P; /2-state reactions.

0.15 T T T T T

©

-
T
L

Normalized CaO” Number

0 L L L L L
0 10 20 30 40 50 60

Time(s)

Figure 3. Example reaction measurement showing the growth
of CaO™ product ions, normalised by the initial number of Ca™
ions (~ 800). The fraction in the 2P; /,-state is 0.16 and 2Dj3 -
state is 0.22, with an O, density of 8.9 x 107 cm~3. The solid line
is a fit using Equation (3), where ke is the only free parameter.
The error bars correspond to the standard error of the mean of 7
measurements at each time point.

Table 1. Measured reaction rate constants for pairs of Ca™
excited state populations shown in Figure 4. The fractional pop-
ulations in the 2P ,-state (fp) and 2D3;-state (fp) are shown
with the corresponding measured effective rate constant (kef).
The data point numbers correspond to measurements shown in
Figure 4.

Data point fp fp ke (10~ em3 s~ 1)
| 0.13 0.32 4.1(7)
1l 0.16 0.22 3.5(4)
1] 0.15 0.28 4.1(6)
\% 0.08 0.15 2.3(1)
\' 0.04 0.08 1.4(1)
Vi 0.07 0.50 3.6(4)

5. Discussion

There are two possible explanations as to why the rate
constants for the different quantum states are not the
same. The first, and most likely, of these is related to
the energy of the 2Dj,-state. The calculated energy of
the Cat (’D3 /2) + Oy entrance channel is coincident, to
within the estimated uncertainty, to that of the CaOt +
O outgoing channel. If the reaction is indeed endother-
mic by an amount comparable to the collision energy,
then only a portion of the Boltzmann distribution of the
O, molecules have enough energy to react. Assuming the
ions are at rest and the O, is at 300 K, the estimated col-
lision energy is 160 K. To have a reduction of the rate
constant by a factor of three (i.e. only one-third of the
collisions have enough energy to react), an energy bar-
rier of ca. 15meV would have to exist. Given that this is
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Figure 4. Dependence of the effective rate constant, ks, on the
2p, s2-and 2D3/2-state populations of Ca*. The experimental mea-
surements are shown as diamonds, where the colour of the point
represents the value of kes. For all data shown, the O, concen-
tration was kept constant at 8.9 x 107 cm~3. We perform a two-
dimensional fit to the data using Equation (4), which allows us to
extract kp and kp. The contour lines represent constant kg values
of the fit.

Table 2. The resulting rate constants kp (kp) for the three quan-
tum states of Cat. Uncertainties are from the 90% confidence
interval for the fit parameters, kp (kp).

Cat state k(1070 cm3s )
251/2 0

2Py 1.8(4)
2Dy, 05(2)

in quantitative agreement with the calculated energy, this
is an entirely plausible explanation for the observations.
However, the uncertainty in the calculation includes the
possibility that the reaction is actually exothermic, so one
needs to be conservative in making such an assertion.

If the possible endothermicity of the reaction involv-
ing Ca™(°Ds /2) is not the explanation for the slower rate,
then a mechanistic rationalisation is needed. The associ-
ation of the calcium ion and O, will involve some sort
of intermediate complex, and thus it is necessary to con-
sider the full triatomic potential energy surface. Given
that the reaction involves an excited state calcium atom,
the lowest electronic states of ‘CaOj " lay well below the
energy of the entrance channel, and a reaction pathway
involving many highly excited electronic states is likely.
While a detailed theoretical study of such a process is
well beyond the scope of this paper, some indication
of the structures and electronic states involved can be
gleaned from Figure 5. This displays calculated energet-
ics obtained with coupled-cluster theory based on single,
double, and perturbative triple excitations (CCSD(T))
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Figure 5. An energy-level diagram featuring electronic states of
reactants, intermediates, and the observed CaO" + O(3P) prod-
uct channel. All energies calculated at the CCSD(T) level, apart
from those levels involving excited states of molecular oxygen,
that use experimental excitation energies.

[46,47] together with the cc-pCVTZ basis set [48]. This
level of theory is somewhat less rigorous than that used
to calculate the reaction energetics documented earlier,
differences are likely small (i.e. +0.01eV for the effec-
tively thermoneutral channel v. —0.02 with CCSD(T)/cc-
pCVTZ) and the results are expected to be accurate to
within ca. 0.02-0.04 eV for the states shown in the figure.
Only the lowest doublet and quartet states of various
symmetries are shown, all of which are both bona fide
minima on the potential energy surface and qualitatively
described by a single Slater determinant (thus treated well
by CCSD(T)).

Figure 5 shows that the association of Ca™ and O,
can potentially lead to states belonging to several mani-
folds of spin multiplicity and spatial symmetry, the lowest
of which lies very far below the association asymptote.
Favorable association of the 2P; /2 and ’Ds /2 states of the
atomic calcium ion with ground state O, correlates with
2A, and 2B, states of the C,, intermediate, where the
former arises from pairing of in-plane electrons (form-
ing a o bond) and the latter from a 7 interaction. The
lowest states of these symmetries will correlate adiabati-
cally with Ca™(2S) + 0, (*T), with higher-lying 2A, and
2B, states correlating adiabatically with the Cat(?P, /2)
or’Ds 2+ 0,(3X) reactants. The minimum-energy path
for the approach of the 2Py, state will be in C; symmetry
on excited 2A’ and 2A’ surfaces that correlates with 2B,
and %A, states of the favoured cyclic structure, respec-
tively; the approach of the 2D3,-state atomic cation is
symmetry allowed in Cj,. Although the excited states
that adiabatically correlate to reactants have not been
calculated in this cursory exploration, it is likely that
rapid internal conversion will produce vibrationally hot
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complexes associated with the lowest two electronic states
(Figure 5) that can then dissociate to observed prod-
ucts. Dissociation of complexes associated with these
cyclic geometries would certainly encounter a barrier, but
the complex will form with roughly 4-5eV of internal
energy, which should be sufficient to surmount it. How-
ever, the possibility remains that the barriers for these
processes are sufficiently great that they are above the
entrance channel associated with Ca™ (*D3 /2). If so, then
another state of the complex that might come into play is
the 2B, state of the open form, which likely dissociates
without a barrier. In such a scenario, the lower-energy
entrance channel would react by a completely differ-
ent pathway, and perhaps at the slower rate observed
experimentally.

Note that the possibility discussed above is based
on a very simple thermodynamic observation (the fact
that the 2B intermediate lies below products) and the
assumption that its dissociation to CaO™ and atomic oxy-
gen is barrierless. Taking a theoretical investigation of
the reaction process beyond this would involve a sig-
nificant amount of effort; it is perhaps more productive
to focus on reducing the uncertainty for the calculated
reaction energy for Ca* (2D3/2) + O,, the established
endothermicity of which could successfully account for
the difference in rate.

6. Summary

We measured the ionic products from the photo-induced
reaction of Ca™ + O, — CaO™ + O using laser-cooled
and trapped samples of Ca™ ions. The product ions were
trapped and sympathetically cooled by the atomic ions
and detected using a TOF-MS. The reaction is ener-
getically allowed only when the Ca® is in one of two
electronically excited states (2P, /2 or 2Ds /2). By adjust-
ing the detunings of the cooling lasers, the quantum-state
population of the Ca™ ions can be controlled. Using this
control, we were able to determine reaction rate coeffi-
cients for reactions starting in either the >P; /- or 2Ds -
state. The 2P, /2-state rate constant is a factor of three
larger than for the 2Ds,-state. We propose two possible
explanations for this difference. The ’Ds /2-state reaction
might be endothermic by a very small amount or, per-
haps, proceeds through a different mechanism involving
the 2B state of the charged CaO; intermediate.

In future work, we plan to extend these types of
measurements to more complex systems, such as reac-
tions with organic molecules, and with additional con-
trol over the neutral reactant using a Stark decelera-
tor. We will attach a travelling-wave Stark decelerator
[49,50] to the ion trap apparatus, similar to the experi-
ments of the Oxford group [51] and the recent proposal

by the Willitsch group [52]. This will allow us to tune
the velocity of the neutral reactant down to 10 ms™!,
enabling studies of ion-molecule reactions below 10 K. A
Stark decelerator can also produce molecules in a single
quantum state, thus enabling studies of the influence of
the internal molecular states on the reaction. Ultimately,
by introducing state-selective molecular ions into the trap
[53,54], fully quantum-state resolved molecular reactions
at cold temperatures will be possible.

Note

1. 0Ca™ has a second possible cooling scheme, which uses
the 251 /,-%P3; transition for cooling and the 2P3/,-*Ds,,
transition for repumping. The two transition wavelengths -
393 nm and 854 nm - are not within the bandwidth of our
laser systems. We therefore neglect these electronic states
for the scope of this work.
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