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Molecular-ion trap-depletion spectroscopy of BaCl+

Kuang Chen,1 Steven J. Schowalter,1 Svetlana Kotochigova,2 Alexander Petrov,2,* Wade G. Rellergert,1

Scott T. Sullivan,1 and Eric R. Hudson1,†
1Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA

2Department of Physics, Temple University, Philadelphia, Pennsylvania 19122, USA
(Received 24 January 2011; published 9 March 2011)

We demonstrate a simple technique for molecular-ion spectroscopy. BaCl+ molecular ions are trapped in
a linear Paul trap in the presence of a room-temperature He buffer gas and photodissociated by driving an
electronic transition from the ground X 1�+ state to the repulsive wall of the A 1� state. The photodissociation
spectrum is recorded by monitoring the induced trap loss of BaCl+ ions as a function of excitation wavelength.
Accurate molecular potentials and spectroscopic constants are determined. A comparison of the theoretical
photodissociation cross sections with the measurements shows excellent agreement. This study represents an
important step toward the production of ultracold ground-state molecular ions.
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Ultracold molecular ions in the rovibronic ground state
hold immense promise for fundamental research in physics
and chemistry. Of particular interest are novel applications to
quantum chemistry [1]; a better understanding of interstellar-
cloud formation [2] and the identification of potential carriers
of the diffuse, interstellar bands [3]; the implementation of
scalable quantum-computation architecture [4]; and precision-
measurement tests of fundamental physics [5]. In pursuit of
these goals, several groups have recently initiated work [6–9]
to realize samples of cold, absolute ground-state molecular
ions. In fact, Refs. [7–9] have already reported the demonstra-
tion of species-specific cooling methods to produce molecular
ions in the lowest few rotational states.

While these molecular-ion cooling efforts, which include
ultracold atom sympathetic cooling [6], rovibrational optical
pumping [7,8], and state-selective ionization [9], are diverse
in approach, they share the common need for detailed spec-
troscopic understanding of diatomic ions. However, compared
to that of neutral molecules, spectroscopic data for molecular
ions are scarce. This can be attributed to the typically short
lifetimes of molecular ions due to fast ion-molecule reactions
and rapid diffusion under the influence of small electric
fields [10]. A systematic review of the available spectroscopic
data for simple diatomic ions was carried out by Berkowitz
and Groeneveld [11] in 1983. In recent years, interest has
shifted toward large molecular ions, atomic and molecular
clusters, and multiply charged ions [12]. Thus, for ultracold
molecular-ion research to realize its full potential, a new effort
in small-molecular-ion spectroscopy is required.

Here, we report the use of a simple and general technique to
record spectroscopic data for BaCl+ — the molecular ion that
we have proposed to cool in Ref. [6]. As an ionically bonded
molecule composed of two closed-shell atomic ions, Ba2+ and
Cl−, BaCl+ exhibits reduced chemical reactivity compared
to other ions and is energetically forbidden from undergoing
two-body chemical reactions with the ultracold calcium atoms
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proposed for use as a sympathetic coolant in Ref. [6]. Further,
its large dipole moment and convenient rotational splitting are
promising for cavity QED experiments [4]. Thus, these results
are important not only as the demonstration of a technique for
recording molecular-ion spectroscopy, but also as an important
step toward the use and application of a generic, robust method
for the production of cold ground-state molecular ions.

Spectroscopic data are taken using a trap-depletion ap-
proach. BaCl+ ions are trapped in a linear Paul trap in the pres-
ence of a room-temperature He buffer gas and photodissociated
by driving an electronic transition from the ground X 1�+ state
to the repulsive wall of the A 1� state. Ion-trap parameters
are carefully chosen to ensure that the photodissociation
products are not trapped. The photodissociation spectrum
is then recorded by simply monitoring the induced ion-trap
loss as a function of excitation energy. This technique,
which we estimate should be easily applicable whenever the
photofragments’ mass-to-charge ratios differ by �15% from
the parent molecular ion, may be a simple alternative to both
photofragment mass spectrometry [13] and storage-ring-based
photodissociation spectroscopy [14].

In the remainder of this Rapid Communication, we first
give a detailed description of the experimental apparatus and
technique. This is followed by the presentation of spectro-
scopic data for the BaCl+ molecular ion. We continue with
ab initio calculations of the BaCl+ molecular structure and
thermalized photodissociation spectra, which we compare to
the experimental observations.

Our apparatus, shown in Fig. 1, consists of a linear Paul trap
housed in a vacuum chamber with a background gas pressure
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FIG. 1. (Color online) Schematic of the depletion spectroscopy
apparatus based on a linear Paul trap.
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FIG. 2. (Color online) Effect of the PDL light on BaCl+ and
Yb+. Each data point represents the mean of eight measurements
with error bars reflecting the corresponding standard error. A single
exponential decay curve is fit to the BaCl+ data to calculate the
photodissociation rate.

of 10−8 mbar. The ion trap is designed to allow radial loading of
ions via laser ablation of a solid target, axial ejection of trapped
ions into a channel electron multiplier for ion detection, and
axial optical access for a spectroscopy beam. The ratio of
the electrode radius re to field radius r0 is re/r0 = 0.401.
A pressed, annealed target of BaCl2 mounted below the ion
trap is ablated by a ∼1-mJ, 10-ns pulse of 1064-nm laser
radiation to create BaCl+ molecular ions, which are trapped
via the technique presented in Ref. [15]. A sample of Yb is
mounted alongside the BaCl2 target and is ablated to produce
and trap Yb+ ions, which are used as a control (described later).
A leak valve is used to insert up to 10−3 mbar of He buffer
gas into the chamber to enhance the trapping of high-energy
ablated ions through sympathetic cooling. The spectroscopy
beam is generated by a frequency-doubled pulsed dye laser
(PDL), which is capable of photon energies up to 49 000 cm−1

with pulse energies of ∼1 mJ at a 10-Hz repetition rate.
Ablation is a complicated process that creates a plume of

atoms, molecules, and clusters in various charge states [16],
all of which can potentially be loaded into the ion trap. For
this experiment, it is critical that BaCl+ is the only ablation
product stable in the trap. Further, we require that the possible
photodissociation products, i.e., Ba and Cl ions, are not
trapped. To ensure the exclusivity of the trapping process, we
record ion-trap stability as a function of trap radio-frequency
(rf) voltage and dc offset voltage at a rf driving frequency
of � = 2π × 200 kHz. Based on the measurement of the
trapped-ion signal and the comparison to theory [17], trapping
parameters are chosen outside the stability region of Ba+. The
presence of singly charged ions heavier than BaCl+ is ruled
out by the lack of significant ion detection when operating
the trap for heavier ions. To further confirm the exclusivity
of BaCl+ in the trap, the resonant excitation spectra [17] of
BaCl+ and Yb+, both with mass-to-charge ratio of ∼173, are
recorded and compared.

This work contains the only spectroscopic information
for BaCl+ that we know of, beyond a prior estimate of
the ground-state dissociation energy D0 from a ligand field

theory calculation [18], which suggests D0 = −38 500 ±
1 100 cm−1. Using this energy as the minimum direct dis-
sociation energy, we search for photodissociation using trap-
depletion spectroscopy. During each measurement, BaCl+
ions are loaded into the trap via ablation, where collisions
with the He buffer gas cool the ions’ translational motion
to ∼300 K in �1 ms based on classical collision theory
[19]. Next, the spectroscopy beam is unshuttered, potentially
photodissociating the trapped BaCl+ ions into untrapped Ba+
and Cl atom fragments. After a variable exposure time, the
spectroscopy beam is reshuttered, and the remaining ions are
axially ejected from the trap by grounding one of the end-cap
electrodes. The ejected ions are then detected by a channel
electron multiplier. The resulting ion signal is normalized to
a control signal, for which the spectroscopy beam is always
shuttered, in order to measure the fraction of ions remaining
for a given exposure time. By repeating this procedure for a
range of exposure times, a decay profile is measured and fit to a
single exponential decay curve to obtain the photodissociation
rate �PD. Typical data are shown in Fig. 2.

To rule out systematic effects due to species-nonspecific
loss processes, such as collisions with spectroscopy-beam-
induced photoelectrons that result when scattered uv light
impinges on the metallic trap electrodes, we also observe the
spectroscopy beam’s effect on Yb+ as shown in Fig. 2. For the
range of photon energies used, we do not expect the PDL to
induce a loss of Yb+ through one-photon processes due to its
high ionization potential Vion(Yb+) = 98 207 cm−1 [20]. For
all photon energies used, we do not observe any significant
change in the Yb+ trap population, indicating the observed
loss of BaCl+ is species specific.

To rule out systematic effects due to species-specific
loss processes other than direct photodissociation, such as
multiphoton ionization of BaCl+, we measure the depen-
dence of �PD on the pulse energy and find a strong, linear
relationship, shown in Fig. 3, indicative of a one-photon
process. One-photon photoionization is ruled out by the high
ionization energy of BaCl+, Vion(BaCl+) ∼ Vion(Ba+) >
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FIG. 3. Measured BaCl+ photodissociation rate versus PDL
pulse energy. The linear dependence is indicative of a one-photon
photodissociation process. Each point is the result of a decay rate fit
shown in Fig. 2 with error bars reflecting the fitting error.
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FIG. 4. (Color online) Experimental and theoretical cross-section
values for the A1� ← X1�+ transition as functions of the photon
energy. Each data point is associated with a set of data similar to that in
Fig. 3. The theoretical curves are thermally averaged for temperatures
of 300 K and 1 mK.

80 000 cm−1. These data, combined with the results of our
ab initio calculations, confirm that the observed loss is due to
single-photon photodissociation through the A 1� ← X1�+
transition.

The photodissociation cross section is calculated as

σPD(ν) = hν
�PD

I
= hνA

r

(
�PD

E

)
,

where �PD/E is the fitted slope in Fig. 3, A is the PDL
elliptical beam area, and the average light intensity for the
r = 10-Hz repetition rate PDL is I = rE/A. The measured
photodissociation spectrum for a range of photon energies is
shown in Fig. 4 alongside the results of our ab initio calculation
(described later).

Statistical error in the measurement of the photodisso-
ciation cross section arises from the measurement of the
photodissociation rate and the average intensity of the PDL
light. Error in the photodissociation rate is determined by a
nonlinear fitting algorithm and is typically <10%. The error
in the average intensity is experimentally manifested in the
measurement of the PDL pulse energy (<∼10%) and PDL beam
area (typically 10%–20%). Ultimately, the total statistical error
for photodissociation cross-section values is <30%.

The majority of the systematic error in the measurement
is attributed to deviations from optimal overlap between the
trapped ions and the PDL light, which leads to systematically
underestimating the photodissociation rate. To counter this
problem, we ensure alignment of the beam such that the
photodissociation rate is maximized—however, optimization
is limited by the variation in the ablation yield. We estimate a
total systematic error �40%.

To interpret the recorded photodissociation spectrum, we
have calculated the ground and lowest-excited electronic
potentials of the BaCl+ molecular ion, shown in Fig. 5, using
a nonrelativistic multiconfigurational second-order perturba-
tion theory (CASPT2) implemented in the MOLCAS software
suite [21]. The potential curves relevant to the experimental
observation have solid lines and are labeled X 1�+ and
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FIG. 5. (Color online) Potential energy curves of the BaCl+

molecular ion as a function of the internuclear separation R. Solid,
labeled curves indicate the potentials that are involved in the
photodissociation scheme. Other 1�+ (1�) potentials are shown
by dashed or dash-dotted lines. The vertical arrow indicates the
A1� ← X1�+ single-photon photodissociation transition.

A 1� for the ground and first-excited states, respectively—the
spectroscopic constants are given in Table I. To our knowledge,
there exist no BaCl+ electronic potentials derived from
experimental observation. Comparing our theoretical energies
at large internuclear separations to the experimental energies
of the Ba+ and Cl atoms, we find differences of approximately
300 cm−1. In addition, our value for D0 = De + ωe/2 =
−38 891 cm−1 for the v = 0,J = 0 level of the X state is
consistent with the value D0 = −38 500 ± 1 100 cm−1 of
Ref [18]. Conservatively, we estimate a 3% uncertainty in
our spectroscopic constants. Other 1� (dashed lines) and 1�

(dash-dotted lines) potentials that are shown in Fig. 5 are
presented for completeness. A detailed description of these
and other symmetry potentials will be given in a forthcoming
presentation [22].

Using these potentials, we have developed a quan-
tum mechanical model of the photodissociation pro-
cess BaCl+(X1�+,vJM) + hν → BaCl+(A1�,EJ ′M ′) →
Ba+(6s) + Cl(3p5) with photon energy hν and kinetic
energy release E . Based on the Franck-Condon principle, the
absorption of a photon occurs for an internuclear separation

TABLE I. Theoretical CASPT2 molecular spectroscopic con-
stants of BaCl+. The estimated uncertainty is 3%.

Re De ωe ωexe Be

State (units of a0) (cm−1) (cm−1) (cm−1) (cm−1)

X1�+ 4.85 −39 055 328.3 −1.56 0.0918
A1� 6.42 −2075 90.53 −1.26 0.0524
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where the kinetic energies in the initial and intermediate states
are the same [23]. Figure 5 shows this separation by a vertical
arrow for the v = 0 vibrational level of the X 1�+ state to the
continuum or scattering states of the A 1� potential, leading
to a Ba+ ion and Cl atom. For the photon energies used in this
experiment, this is the only viable dissociation pathway. Thus,
the photodissociation cross section for each rovibrational
level vJ of the X 1�+ state, assuming equal population in
projections M and linear photon polarization, is [24]

σvJ (ν) = 4π2αa2
0

hν

EH

1

2J + 1

×
∑

J ′MM ′

|〈A,EJ ′M ′|dz|X,vJM〉|2
(ea0/

√
EH )2

(1)

where EH is the Hartree energy, a0 is the Bohr radius,
and α is the fine-structure constant. The quantity
〈A|dz|X〉/(ea0/

√
EH ) is dimensionless and contains both the

radial and angular parts of the dipole moment. To evaluate
the dipole matrix element, we have used a multireference
configuration interaction (MRCI) electronic-structure method,
developed in Ref. [25]. For reference, at Re of the X 1�+
state, the dipole moment is ∼0.2ea0, which is solely due to
the Ba2+Cl− character of the electronic wave function.

For comparison with experimental data, we thermally
average the photodissociation cross section as

σPD(ν) = 〈σ (ν)〉T = 1

Z

∑
vJ

(2J + 1)σvJ (ν)e−EvJ /(kT ),

where Z and k are the partition function and the Boltzmann
constant, respectively. In Fig. 4, the agreement between
the experimentally observed and the theoretical T = 300 K

photodissociation cross sections is shown to be good, indi-
cating that the dissociation energy, dipole moment, and the
slope of the A state potential at Re of the X state potential are
accurate.

The thermalized photodissociation cross section for a
temperature of 1 mK is also presented in Fig. 4, where a
weak dependence of the cross section on T is evident. Thus,
it would be difficult to use photodissociation spectroscopy
to probe the internal molecular-ion temperature. However,
with the experimentally verified molecular potentials, we
have identified a strong predissociation channel between
the first-excited B 1� and A 1� states, which we are now
investigating. It is expected that the rovibrational resolution
afforded by predissociation spectroscopy will allow us to
efficiently measure molecular-ion rovibrational temperatures
[26], a crucial step in the demonstration of the method
proposed in Ref. [6].

In conclusion, we have demonstrated a simple technique
for molecular-ion trap-depletion spectroscopy and used it to
record experimental spectroscopic data for BaCl+. We have
also performed ab initio calculations of the BaCl+ structure
and found good agreement with experimental data. From
these results, we have reported spectroscopic constants for
BaCl+ and suggested assignments for the BaCl+ molecular
potentials. Finally, as BaCl+ is a leading candidate for
ultracold molecular-ion experiments, this work represents a
necessary step toward these important goals.
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