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The 133Ba+ ion is a promising candidate as a high-fidelity qubit, and the 137Ba+ isotope is promising as a
high-fidelity qudit (d > 2). Barium metal is very reactive, and 133Ba+ is radioactive and can only be sourced
in small quantities, so the most commonly used loading method, oven heating, is less suited for barium and is
currently not possible for 133Ba+. Pulsed laser ablation solves both of these problems by utilizing compound
barium sources while also giving some distinct advantages, such as fast loading, less displaced material, and
lower heat load near the ion trap. Because of the relatively low abundances of the isotopes of interest, a two-step
photoionization technique is used, which gives us the ability to selectively load isotopes. Characterization of the
ablation process for our BaCl2 targets are presented, including observation of neutral and ion ablation-fluence
regimes, preparation and conditioning, lifetimes of ablation spots, and plume velocity distributions. We show
that by using laser ablation on BaCl2 salt targets with a two-step photoionization method, we can produce and
trap barium ions reliably. Furthermore, we demonstrate that with our photoionization method, we can trap 137Ba+

with an enhanced selectivity compared to its natural abundance.

DOI: 10.1103/PhysRevA.105.033102

I. INTRODUCTION

Ion traps have been studied extensively as a promising
platform for quantum computing [1,2]. Trapped ions as qubits
have been demonstrated with many different elements [3–13],
and the barium isotopes, 133Ba+ and 137Ba+, show much
promise for high-dimensional quantum information [9,14,15].
However, barium presents some unique difficulties as an
atomic source because of its metal form’s chemical properties
and 133Ba+ sourcing limitations. To use these isotopes for
quantum information, a reliable method must be developed
for selectively trapping specific isotopes using barium-salt
targets. In this paper, we describe such a method which uses
ablation and two-step photoionization. We carefully charac-
terize the process of preparing our ablation targets and present
quantitative selectivity enhancement results. Furthermore, we
investigate the ablation dynamics from barium-salt targets and
observe a surprisingly large plume temperature.

Loading ions into an ion trap requires the generation of a
flux of the desired atoms through the center of the trap along
with a method to ionize the atoms. The most commonly used
method for generating the atomic flux is Joule heating of an
oven source [4,16–23].

In recent years, laser ablation has become a more com-
mon method for loading ions [14,24,25]. This method uses
a pulsed laser with a high pulse energy to ablate atoms from a
source [26–30], and it can result in less contamination [31,32],
a lower pressure rise at the trap center [31], and a lower
overall heat load to the vacuum chamber [33]. The major
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disadvantage of ablation is the high variance of neutral flux
from shot to shot and for different spots on a target. Com-
pared to ovens, which require metal sources (excepting special
setups [18]), the source target in laser ablation can be either
a pure metal or a compound and requires less material. This
amelioration solves the problem of generating 133Ba atoms,
which can only be obtained in microgram quantities (due to its
radioactive properties) and is typically obtained in the form of
a chemical compound, such as BaCl2. Furthermore, ablation is
useful for the element barium, in general [14,25,34], which, in
metal form, oxidizes within seconds in air [18,22]. For these
reasons, we focus on laser ablation in our experiment.

Using laser ablation, charged ions can be generated di-
rectly [14,25,26,32,35–44], or ablated neutral atoms can
be ionized by electron-impact ionization [45–47]. Unfortu-
nately, this method is significantly less efficient than other
methods, such as photoionization [17,48], and neither of
these ionization methods discriminate between different iso-
topes. Resonant photoionization [16,17,19–22,24,33,49–60]
in which multiple lasers are used to excite a valence electron
and then eject it completely is commonly used to selectively
load ions. Isotope selectivity is important for applications like
quantum computing, which require the deterministic loading
of ten or more specific isotopes. This is a particularly salient
point in the case of barium because of its large number of
abundant naturally occurring isotopes.

In this paper, we use laser ablation to generate neutral-
barium atoms and two-step photoionization to ionize them.
We characterize ablation from a barium-salt target, describ-
ing the steps to prepare the target, and the best parameters
we found for trapping ions consistently. A crucial step was
“conditioning,” where fresh spots on the target first needed to
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FIG. 1. (a) and (b) Experimental setup for laser ablation trapping. Ablation targets point directly towards the trap center. The ablation
laser enters through the top view port. To use the low-volume target, the ionization beams’ directions are swapped. (c) and (d) High- and
low-density targets, respectively. (e) Relevant energy structure of neutral barium: A two-step photoionization process with 554- and 405-nm
lasers [21,50,61–65] is used to eject a valence electron from neutral barium, ionizing it. (f) Relevant energy structure of ionized barium: a
493-nm laser drives the S1/2 ↔ P1/2 transition to Doppler cool the ion and a 650-nm repump laser drives the D3/2 ↔ P1/2 transition. These
cooling lasers are co-propogating with the first-step photoionization (554-nm) laser. (g) A chain of four trapped 138Ba+ ions with ∼13 μm
distance between them.

be ablated with a high fluence before they gave a sufficient
atomic flux using a lower fluence. We present results of time-
resolved spectroscopy on the resonant step of photoionization,
giving an estimation of the velocities of ablated atoms. We
find that the ablation plume from a barium-salt target has a
significantly higher temperature than that of metal targets.
Finally, we demonstrate trapping of 137Ba+, present loading
rates, and show isotope selectivity for the ion of interest
137Ba+. We also discuss results from a low-volume ablation
target intended for trapping 133Ba+, and we give a likely
explanation for its insufficiency.

II. EXPERIMENT

The layout of our experiment is shown in Figs. 1(a)
and 1(b). The ion trap is a four-rod Paul trap with needles
as end caps [66]. Around 5–10 V is applied to the needles
to confine ions axially. An rf voltage of |Vrf | ≈ 66 V is ap-
plied to all four rods with each set of diagonal rods having
opposite polarity to confine ions radially. The ablation targets
are aluminum cylinders with recessed ends containing barium
chloride (BaCl2), which are mounted inside the vacuum cham-
ber below the side view ports. The targets are angled directly
towards the trap center, and the recessed surfaces are concave
hemispheres radially matched to the distance to the trap center
in order to maximize the flux of trappable atoms. The distance
from the targets’ surfaces to the trap center is 14.6 mm. The

high-volume natural-abundance target (see Table I) is used as
a source for most isotopes of barium, whereas the low-volume
target is used as a source for 133Ba.

Since barium metal oxidizes within seconds in air, we
instead use barium salt. For the high-volume target, we mixed
natural-abundance BaCl2 with a small amount of de-ionized

TABLE I. Natural abundance and first-step photoionization tran-
sition frequencies of barium isotopes.

Isotope Abundance Isotope shift (MHz)a

132 0.1% 167.9

−23.3 (J ′ = 1/2)
133b 0%

373.8 (J ′ = 3/2)

134 2.4% 142.8

547.3 (J ′ = 5/2)
135 6.6% 326.7 (J ′ = 3/2)

121.6 (J ′ = 1/2)

136 7.9% 128.02

549.5 (J ′ = 5/2)
137 11.2% 326.7 (J ′ = 3/2)

63.4 (J ′ = 1/2)

138 71.7% 0

aRelative to 138Ba transition.
bRadioactive isotopes need enriched targets. Odd isotopes have
nonzero nuclear spin and different excited states J ′.
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water to form a paste, which we applied to the recessed end of
the ablation target, giving a high-volume natural-abundance
30-mg BaCl2 target. The low-volume target was made from
a solution of hydrochloric acid (HCl), with approximately
0.4 mCi of 133Ba. Because HCl corrodes aluminum, we fit
a tantalum foil over the tube’s end. To apply the solution
to the target, we dropped 10 μL in the target cup (which is
sitting on a 250 ◦C hotplate), let it evaporate, leaving 200 ng
of BaCl2 salt on the surface, and repeated this process until
we had ∼10 μg on the substrate. With such a low volume, the
deposited salt is imperceptible on the substrate tantalum foil
[see Figs. 1(c) and 1(d)].

To ablate the targets, we use a Nd:YAG pulsed laser at
wavelength 532 nm and a pulse width of 3–5 ns. We focus
the ablation laser to a radius of 98 and 82 μm onto the high-
and low-volume targets, respectively. With this beam size,
we estimate that there are on the order of 500 distinguish-
able spots on the targets. The fluence is typically set from
0.2 to 0.5 J cm−2. In this paper, data are collected from ab-
lation of the high-volume target unless otherwise noted. The
beam comes in from the top view port at 56 ◦ from the
high- and low-volume target normals. Two servomotors on
a mirror mount in the ablation-laser path allow for precisely
moving the ablation laser or sweeping over an area during an
experiment.

A two-step photoionization process, depicted in Fig. 1(e),
is used to ionize ablated neutral atoms at the trap center.
The first step uses a 553-nm laser to drive one of the va-
lence electrons of neutral barium into the 1P1 state. Since
the first-step transition in neutral barium is resonant and has
different frequencies for different isotopes, these peaks are
discernible [50,61,62] for a sufficiently low laser linewidth.
Therefore, in principle, this laser frequency can be varied to
selectively ionize and load. This laser is oriented perpendicu-
lar to the flux of neutral atoms in order to minimize Doppler
broadening and shifting. The second-step photoionization
laser at 405 nm is oriented perpendicular to the first-step laser
to restrict the volume of ionization to be near the trap center,
minimizing the potential energy of ions that are trapped and
reducing the cooling time for hot newly captured ions. The
laser used to drive the first step of photoionization has a
saturation power of Psat = 0.57 μW [67] (ionization lasers are
focused at a 35-μm radius).

Upon being ionized, ions begin to fluoresce from the 493-
and 650-nm lasers, which are both co-propogating with the
554-nm laser. The 493-nm laser is used to Doppler cool the
ion and a 650-nm repump laser is used to repump out of
the 5D3/2 state. Once the ion has been cooled sufficiently,
it crystallizes in the center of the ion trap. Trapped ions are
imaged with an imaging objective with a numerical aperture
of 0.26.

The photons collected by the objective are read out us-
ing a photomultiplier tube (PMT) if the experiment requires
measurement of the overall brightness of ions or using a
complementary metal-oxide semiconductor camera to spa-
tially discriminate between ions in a crystallized chain. The
PMT can also be used to collect neutral fluorescence from an
ablated neutral-atom (flux) or ion flux.

All data used for the results in this paper can be found in
the repository in Ref. [68].

III. ABLATION CHARACTERIZATION

In this section, we describe preparation of fresh spots on
the ablation target and the different regimes in which neutral
atoms or ions are generated by ablation of our targets. Fur-
thermore, we characterize spatial and temporal variations of
atomic flux and the typical number of pulses in which a single
spot will give a significant atomic flux through the trap center.

We assess the atomic flux of neutral (or singly ionized)
barium atoms ablated through the trap center based on the
fluorescence collected while the atoms transit through the
554- (or 493-nm) laser beam, respectively. The laser powers
are set around 100–200× saturation, and the laser frequencies
are set to the resonance frequencies of the 138Ba+ isotope.
Fluorescence is quantified by the number of PMT counts in
a 55-μs time window beginning 3 μs after the ablation-laser
pulse is incident on the ablation target. As shown in Fig. 4,
this time window spans the majority of the observable neutral-
fluorescence signal. Note that applying very high fluence
on the order of 1 J/cm2 results in an appreciable amount
of excited-state neutral atoms (or other fluorescing material)
passing through the trap center as discussed further in the
Supplemental Material [69]. For all results reported in this
paper, we use laser fluences well below the threshold where
this confounding signal appears.

When aligned to a fresh spot on the target, no neutral-atom
production is observed for fluences below 0.3 J/cm2. With a
higher fluence of 0.3 to 0.75 J/cm2, neutral-atom fluorescence
of 100–400 counts starts to be observed. Upon returning to
low fluence, neutral-atom flux may then be observable. We
call this process of applying high-fluence pulses with the
purpose of activating neutral-atom production at low fluence
conditioning. New spots do not always give observable neu-
tral fluorescence at high fluence, and even ones that do are
not guaranteed to produce a significant neutral-fluorescence
signal at low laser fluence as shown later in this section.
Conditioning can allow access to a regime in which neutral
atoms are produced, but ionized atoms are not. As shown
in Fig. 2, neutral atoms are generated with a fluence above
0.1 J/cm2, whereas ions are generated above 0.25 J/cm2. The
data in Fig. 2 were collected while sweeping the ablation laser
over a 300 × 700-μm2 area which was previously conditioned
with on the order of 100 pulses at 0.50 J/cm2. Mean, maxi-
mum, and standard deviations are computed for data collected
over two sweeps with 120 pulses per sweep. We observe that
the ion-fluorescence signal is well correlated spatially with the
vacuum-chamber pressure spikes. The neutral fluorescence
plateaus near the onset of ions where there is much less spacial
variation over the sweep than at lower fluence. In practice, it
is desirable to use spots that produce neutral atoms below the
ions regime to reduce excess charge buildup on electrodes and
to more easily build chains of ions (see Sec. V). Because of the
extreme variation during a sweep in this neutral-atom regime,
the remaining data sets in this paper were collected with the
ablation laser fixed on a single spot.

The conditioning process has highly variable outcomes
(see Supplemental Material [69]), but three common behav-
iors emerged, illustrated in Fig. 3(a). In these experiments,
each fresh spot was exposed alternately to ten conditioning
pulses (0.48 J/cm2) and ten low-fluence pulses (0.20 J/cm2).

033102-3



BRENDAN M. WHITE et al. PHYSICAL REVIEW A 105, 033102 (2022)

FIG. 2. Neutral-atom and ion production regimes. Diagonally
hatched areas denote conditioning fluences. (a) Neutral-atom fluo-
rescence vs pulse fluence. (b) Ion fluorescence and vacuum chamber
pressure spikes vs pulse fluence.

The neutral fluorescence at low and conditioning fluences is
plotted against the number of conditioning pulses for three
spots exhibiting the most common behaviors. Out of 17 fresh
spots near the target center (see the Supplemental Mate-
rial [69] for the remaining data sets), five (29%) were high
yield with over 50 counts, four (24%) were moderate yield
with 10–50 counts, and eight (47%) were low yield, never
exceeding ten counts. Typically, neutral-atom flux at low flu-
ence plateaus after approximately 200 conditioning pulses. In
a separate set of experiments, we observe that fluences below
the threshold for ion production will not condition a fresh spot
to produce neutral atoms even after several thousand pulses.
We also observe that spots towards the edge of the target are
much less likely to yield significant neutral-atom flux (see the
Supplemental Material [69]).

Even for high-yield spots, there is significant temporal
variation in the ablated atomic flux with the spot eventually
giving no observable neutral-fluorescence signal. Therefore,
an important metric is the lifetime of a single spot, i.e., the
amount of pulses before the neutral-fluorescence signal re-
duces to near background. As shown in Fig. 3(b), using a
fluence of 0.15 J/cm2 and a pulse repetition rate of 2 Hz, the
average spot lifetime is ∼10 000 pulses. Often, reconditioning
a used-up spot revives it, but the lifetime after reconditioning
is typically under 2000 pulses.

On the low-volume target, a much higher fluence of
0.6 J/cm2 is needed before neutral fluorescence is observable.
This signal diminishes to background levels after just tens of
pulses (see the Supplemental Material [69] for details). Con-
trary to the natural-abundance barium target, reconditioning
an area where the atomic flux is reducing never restores it but
instead speeds up the reduction. We interpret these observa-
tions, performed for several large sweeps, as indications that
the ablation completely depletes the source of neutral barium

FIG. 3. Ablation spot lifetimes and conditioning. First-step pho-
toionization laser power is ∼150 × Psat . The inset circles represent
the target with the specific spots corresponding to the data labeled.
(a) Low-fluence at 0.20 J/cm2 (top) and conditioning at 0.48 J/cm2

(bottom). At low-fluence, some spots were high yield, giving over
50 counts. Most spots gave a moderate yield with over 10 counts
measured. The remaining spots were low yield, giving counts very
near background. (b) Neutral fluorescence spot lifetime for several
spots.

atoms. This is supported by observations with similarly pre-
pared targets that laser ablation causes thin layers of BaCl2 to
fragment and flake off their substrate material.

IV. PLUME CHARACTERIZATION

Several characteristics of the ablated plume of neutral-
barium atoms are illuminated by performing a time-resolved
spectroscopy experiment [58] in which neutral-atom fluores-
cence is collected in 1-μs time bins for different first-step
photoionization laser frequencies. From these data, we ob-
serve the Doppler shift of ablated atoms, generate a first-step
photoionization spectrum showing resolved isotope peaks,
and generate a velocity distribution.

The time-resolved spectrum is shown in Fig. 4(a). In this
experiment, each point is the average of neutral fluorescence
from five pulses, and each measurement is calibrated by a ref-
erence neutral-fluorescence measurement before and after it to
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FIG. 4. Time-resolved spectroscopy. First-step photoionization laser power 12 × Psat , ablation fluence 0.25 J/cm2. (a) Neutral fluorescence
collected from our natural-abundance target for different first-step photoionization frequencies and time-window starts. Two spots on the target
were used for the data sets with the second spot used for f � 3315 MHz. Doppler shifts for a range of angles 0–1.7◦ are shown (relevant
transitions 138Ba and 137Ba are purple and others in pink) with the fit curves as solid lines. The dotted-purple line denotes the boundary for slow
atoms used to generate (b). (b) First-step photoionization spectrum from integrating over the times for slow atoms in (a) [50,61,62]. Subscripts
on isotopes denote different transitions; (a)–(c) denote J ′ = 1/2, 3/2, 5/2, respectively (see Table I). (c) Overall time-of-flight distribution from
integrating over all frequencies in (a). (d) Velocity distribution generated by scaling the time-of-flight data in (c) appropriately and converting
to velocity (see the text). The dotted line indicates the highest velocity an atom can be trapped with, based on our estimation of trap depth (see
the Supplemental Material [69]).

control for the temporally varying signal. For the calibration
steps, the laser frequency is set to the 138Ba peak, and a 55-μs
time window is used, starting at 2.5 μs after the ablation pulse.
Photons collected in time bins closer to the moment of the
laser pulse come from faster atoms in the ablation plume.

Only slow atoms with a lower kinetic energy than the trap
depth can be confined in the Paul trap. From the full time-
resolved spectrum, the first-step photoionization spectrum for
slow atoms is generated as shown in Fig. 4(b). Most iso-
topes’ peaks are distinguishable, including the well-isolated
137Ba (J ′ = 3/2) peak we use for trapping this isotope. A fit is
performed using the known theoretical transition frequencies,
transition strengths of different barium isotopes [61,62,64],
and the isotopic abundances.

Integrating the time-resolved spectrum over frequency re-
sults in the time-resolved distribution in Fig. 4(c). Using
the fixed distance from the ablation target to the trap center

d = 14.6 mm and scaling by 1/τ , where τ is the time after
the ablation pulse (to account for the transit time through
the imaging- system field of view), results in the velocity
distribution in Fig. 4(d). A Maxwell-Boltzmann distribution,

fv (τ ) = A

τ
e−(md2 )/(2τ 2kbT ) (1)

is fit to extract a plume temperature of 37 000 (1000) K. Here,
A is an amplitude-scaling parameter, v is the atom velocity, m
is the average mass of natural-abundance barium, and kB is
the Boltzmann constant. The peak velocity of the distribution
is 2 600(50) ms−1.

If the first-step photoionization laser were perfectly per-
pendicular to the ablation plume, one would expect the laser
frequency to have a global influence on the brightness in the
time-resolved spectroscopy data. In the case where the two
are an angle θ off from perpendicular, high-velocity atoms
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see the laser frequency Doppler shifted. Therefore, the peak
frequency for different speeds of ions are Doppler shifted as
follows:

fob = fs

(
1 + d sin θ

cτ

)
, (2)

where fs is the laser frequency and c is the speed of light.
A two-dimensional fit to the time-resolved spectrum is per-
formed using this model in conjunction with Eq. (1) and the
model used to describe the spectrum in Fig. 4(b) (see the Sup-
plemental Material [69]). The Doppler shifts resulting from
this fit are shown as the black and green curves in Fig. 4(a)
with a fit angle of θ = 0.7 ◦. For this data set, the specific spots
on the ablation target were ∼200 μm from the target center.
Assuming the ablation target and first-step photoionization
laser are well aligned to the viewport axes, the angle between
the atomic beam and the laser is ∼1 ◦, very near the fit result
of 0.7 ◦.

V. ION LOADING AND SELECTIVITY

With a reliable source of neutral barium, it is straightfor-
ward to photoionize and confine ions within the trap. To pick
a specific isotope of barium, the 554-nm laser frequency is
parked on the desired peak in Fig. 4(b). The 405-nm laser
then fully ejects a valence electron of the selected isotope,
resulting in an ion confined within the pseudopotential well of
our trap. If the kinetic energy of the ionized barium is below
the trap depth potential, it will remain within the well. Cooling
laser beams at 493 and 650 nm with frequency configuration
depending on the chosen isotope cool newly confined ions
until they become crystallized within a small area at the center
of the trap. In this section, we present results for the loading
rates and selectivities for both 138Ba+ and the less-abundant
isotope 137Ba+.

We define the loading rate as the average number of
ions trapped for each ablation pulse. Using a first-step
photoionization-laser saturation of s = 150, the loading rate
for 138Ba+ is measured to be very close to 1 ion/pulse (out
of 20 pulses). Using the same parameters, the 137Ba+ loading
rate is measured to be 0.1 ion/pulse (out of 53 pulses), very
close to the expected loading rate based on comparing isotopic
abundances and transition strengths between the two isotopes.

A dual-bandpass filter is used in our imaging system, al-
lowing for measurement of both neutral-atom fluorescence
during ablation and ion fluorescence of trapped ions. We
observe that the neutral-fluorescence signal of slow atoms,
measured after the slow-atom cutoff in Fig. 4(a), is well
correlated with the loading rate (see the Supplemental Mate-
rial [69]). Using this correlation, the expected loading rate can
be actively monitored without needing to perform a statistical
trapping experiment.

To quantify the ability to choose isotopes using the two-
step photoionization method, we define the selectivity psel as
the probability of loading an isotope. We also define pnat as the
natural selectivity, given by the isotope’s natural abundance.
We further define the selectivity enhancement as

εsel = ln

(
psel

1 − psel

)
− ln

(
pnat

1 − pnat

)
. (3)

FIG. 5. Selectivity of 137Ba+. Theoretical loading probabilities
for isotopes of barium using two-step photoionization pth

sel are cal-
culated by comparing their Gaussian curves to the total line shape.
Experimentally measured pexp

sel are shown as points. s1 and s2 denote
5× and 10× saturations, respectively.

Here, each natural logarithm is the logit function. This mea-
sure compares an achieved selectivity to the selectivity for a
unbiased loading method, which traps according to an iso-
topes’ pnat. A selectivity enhancement of zero corresponds to
no selectivity, and a selectivity enhancement of near one is
roughly a halving of the number of unwanted isotopes com-
pared to the desired isotope. In our setup, we have the ability
to discriminate between all naturally abundant isotopes of
barium except for 135Ba+. In order to measure the percent of
desired ions loaded, considering all trapped atomic or molecu-
lar ions, chains of 137Ba+ are trapped and the number of bright
137Ba+ ions is compared to the number of dark ions. In Fig. 5,
the expected theoretical selectivities for 138Ba+ and 137Ba+

are shown as a function of the first-step photoionization laser
frequency, and for different saturations of the transition (i.e.,
different transition linewidths). The experimentally measured
selectivities are also shown in this figure with the 137Ba+

selectivity enhancement increasing from ε = 1.3 to ε = 1.5
by lowering the transition linewidth, and 138Ba+ giving a
selectivity enhancement of ε = 0.8. In all cases, the achieved
selectivity is lower than the theoretical. However for 137Ba+,
the selectivity does improve with a lower transition linewidth
as expected.

No isotope-selective loading experiments were performed
with the low-volume ablation target, owing to the inability to
reliably produce neutral atoms.

VI. CONCLUSIONS

Many of the observations about the varying neutral-
fluorescence signal can be explained by the result that the
majority of atomic flux is directed perpendicular to the sur-
face of the ablation target [70–72]. Due to this effect, if the
surface normal vector of a spot on the target is unsuitably
shaped, atomic-flux density directed through the trap center is
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expected to be lower. We hypothesize that conditioning a spot
or an area changes the surface profile, transforming the shape
to be more suitably directed towards the trap center in addition
to the common belief that conditioning serves to purge away
a surface layer of contaminants [25,31].

Others groups have opined that temporal reduction of
neutral-fluorescence signal is the result of an extreme-pitting
process where the severely angled ablation laser has dug a
hole into the target such that the ablated spot no longer has line
of sight to the center of the trap [26,32,73]. However, Ref. [31]
showed that for calcium-metal targets, the depth of pitting
from ablation using low-pulse fluence is negligible. Since we
see no visible difference in a used spot on our target, we
instead suspect the temporal reduction is due to a less severe
surface-profile change. We see further evidence towards this
explanation (see the Supplemental Material [69]), but whether
these effects are from a changing surface geometry is uncer-
tain at this point.

The time-resolved spectroscopy results indicate that
plume temperatures from ablating the barium-salt targets
are high, at around 37 000 K. Most other groups have
measured a neutral-atom ablation plume temperature of
1000 to 10 000 K [24,33,58], but some have measured sim-
ilar temperatures as us [58,74]. Our barium-salt target could
be exhibiting different plume dynamics, or the contrast may
partly be explained by a difference in data analysis. In order
to take into account Doppler shift, a time-resolved distribution
should be collected over a spectrum as performed in this paper
and Ref. [58]. If the distribution is only collected for one fre-
quency and Doppler shift is present, the velocity distribution
will appear to give a lower temperature.

During data collection, we calibrate the wavelength of the
553-nm laser to the first-step photoionization 138Ba+ peak be-
fore every experiment (including the selectivity experiment).
We perform a frequency scan, collecting slow-atom neutral
fluorescence (with a collection window starting 17 μs after
the ablation pulse with a 55-μs width). The calibration helps
alleviate slow drifts in the measured peak frequency, which we
attribute to the wavelength meter used for locking the laser,
but because of Doppler shift, the found peak may be up to
10 MHz from the actual peak.

As shown in Fig. 5, we were unable to achieve the expected
selectivity for 137Ba+. One mechanism that may be affecting
selectivity for this isotope is charge exchange [51,52,55,75].
When trying to trap more ions, an already selectively trapped
137Ba+ ion can experience an electron-transfer collision,

137
+

Ba + 138Ba → 137Ba + 138
+

Ba, (4)

resulting in a trapped-138Ba+ ion instead. Because of its rel-
atively large abundance, this charge exchange is likely to
result in more 138Ba+ trapped, reducing the selectivity of
other isotopes. Mortensen et al. [75] demonstrated this effect

strikingly, using it to swap out most of a large crystal of 44Ca+

ions with the much more abundant 40Ca+ isotope.
Another observation is that our selectivity enhancement

for 138Ba+ was lower than for 137Ba+ (i.e., it was less se-
lective). During selective trapping of 138Ba+, our Doppler
cooling lasers also cool the other unwanted even isotopes,
making them easier to be accidentally trapped. This effect
could be causing this reduction in the selectivity enhancement
compared to for 137Ba+.

One simple method of improving selectivity, if only one
isotope is needed, is to acquire an isotope-enriched target.
However, often more than one of the isotopes are used in
an experiment. In addition, current techniques used to source
133Ba+ targets leave equal amounts of 132Ba+ and 133Ba+

with no further separation, so the other selectivity techniques
are still needed. To improve on the photoionization presented
in this paper, a different photoionization path could be em-
ployed with the first step of photionization exciting to the
6 3P1 state using a 791-nm laser [19,20,22]. This scheme has
larger isotope shifts and has already been used to selectively
load 137Ba+ ions [20]. Other methods have been employed
to improve selectivity further by postloading distillation
[51,55,76–80]. These methods involve heating the un-
wanted isotope out of the trap using either the cooling
lasers [51,55,76–78] or by applying an additional rf to the trap,
exciting the secular motion [79,80].

We demonstrated that the low-density radioactive target
is unsuitable for producing neutral-barium atoms with laser
ablation, owing to the short timescale on which spots are
depleted. Our observed lifetime for neutral-atom production
is many orders of magnitude shorter than that measured in
Refs. [14,81] for direct Ba+ ion production. We further ob-
serve evidence that our lifetime for direct-ion production
(described in the Supplemental Material [69]) is significantly
shorter than that seen in Refs. [14,81]. We observed in sep-
arate experiments that melting and recrystallizing the BaCl2

before ablation, which was performed in Refs. [14,81] but not
in our paper, improves the mechanical integrity of a BaCl2

layer; we hypothesize that a high-temperature treatment may
extend the lifetime of direct-ion production from BaCl2 ei-
ther by adhering the salt to its substrate more securely or
by impregnating some of the barium atoms deeper into the
substrate [81,82]. Future work is needed to develop a reliable
source for neutral 133Ba atoms.

ACKNOWLEDGMENTS

This research was supported, in part, by the Natu-
ral Sciences and Engineering Research Council of Canada
(NSERC), RGPIN-2018-05253 and the Canada First Re-
search Excellence Fund (CFREF) (Transformative Quantum
Technologies), CFREF-2015-00011.

[1] L. M. Duan and C. Monroe, Colloquium: Quantum net-
works with trapped ions, Rev. Mod. Phys. 82, 1209
(2010).

[2] C. D. Bruzewicz, J. Chiaverini, R. McConnell, and J. M.
Sage, Trapped-ion quantum computing: Progress and chal-
lenges, Appl. Phys. Rev. 6, 021314 (2019).

033102-7

https://doi.org/10.1103/RevModPhys.82.1209
https://doi.org/10.1063/1.5088164


BRENDAN M. WHITE et al. PHYSICAL REVIEW A 105, 033102 (2022)

[3] C. Ospelkaus, U. Warring, Y. Colombe, K. R. Brown, J. M.
Amini, D. Leibfried, and D. J. Wineland, Microwave quan-
tum logic gates for trapped ions, Nature (London) 476, 181
(2011).

[4] M. R. Dietrich, N. Kurz, T. Noel, G. Shu, and B. B. Blinov,
Hyperfine and optical barium ion qubits, Phys. Rev. A 81,
052328 (2010).

[5] C. J. Ballance, T. P. Harty, N. M. Linke, M. A. Sepiol, and D. M.
Lucas, High-Fidelity Quantum Logic Gates Using Trapped-Ion
Hyperfine Qubits, Phys. Rev. Lett. 117, 060504 (2016).

[6] J. P. Gaebler, T. R. Tan, Y. Lin, Y. Wan, R. Bowler, A. C.
Keith, S. Glancy, K. Coakley, E. Knill, D. Leibfried, and
D. J. Wineland, High-Fidelity Universal Gate Set for 9Be+ Ion
Qubits, Phys. Rev. Lett. 117, 060505 (2016).

[7] Y. Shapira, R. Shaniv, T. Manovitz, N. Akerman, and R. Ozeri,
Robust Entanglement Gates for Trapped-Ion Qubits, Phys. Rev.
Lett. 121, 180502 (2018).

[8] A. E. Webb, S. C. Webster, S. Collingbourne, D. Bretaud,
A. M. Lawrence, S. Weidt, F. Mintert, and W. K. Hensinger,
Resilient Entangling Gates for Trapped Ions, Phys. Rev. Lett.
121, 180501 (2018).

[9] J. E. Christensen, D. Hucul, W. C. Campbell, and E. R. Hudson,
High-fidelity manipulation of a qubit enabled by a manufac-
tured nucleus, npj Quantum Inf. 6, 35 (2020).

[10] C. J. Ballance, V. M. Schäfer, J. P. Home, D. J. Szwer, S. C.
Webster, D. T. C. Allcock, N. M. Linke, T. P. Harty, D. P. L.
Aude Craik, D. N. Stacey, A. M. Steane, and D. M. Lucas,
Hybrid quantum logic and a test of Bell’s inequality using two
different atomic isotopes, Nature (London) 528, 384 (2015).

[11] T. R. Tan, J. P. Gaebler, Y. Lin, Y. Wan, R. Bowler, D. Leibfried,
and D. J. Wineland, Multi-element logic gates for trapped-ion
qubits, Nature (London) 528, 380 (2015).

[12] C. D. Bruzewicz, R. McConnell, J. Stuart, J. M. Sage,
and J. Chiaverini, Dual-species, multi-qubit logic primitives
for Ca+/Sr+ trapped-ion crystals, npj Quantum Inf. 5, 102
(2019).

[13] A. C. Hughes, V. M. Schäfer, K. Thirumalai, D. P. Nadlinger,
S. R. Woodrow, D. M. Lucas, and C. J. Ballance, Benchmarking
of a high-fidelity mixed-species entangling gate, Phys. Rev.
Lett. 125, 080504 (2020).

[14] D. Hucul, J. E. Christensen, E. R. Hudson, and W. C. Campbell,
Spectroscopy of a Synthetic Trapped Ion Qubit, Phys. Rev. Lett.
119, 100501 (2017).

[15] P. J. Low, B. M. White, A. A. Cox, M. L. Day, and C. Senko,
Practical trapped-ion protocols for universal qudit-based quan-
tum computing, Phys. Rev. Research 2, 033128 (2020).

[16] N. Kjærgaard, L. Hornekær, A. M. Thommesen, Z. Videsen,
and M. Drewsen, Isotope selective loading of an ion trap us-
ing resonance-enhanced two-photon ionization, Appl. Phys. B:
Lasers Opt. 71, 207 (2000).

[17] S. Gulde, D. Rotter, P. Barton, F. Schmidt-Kaler, R. Blatt, and
W. Hogervorst, Simple and efficient photo-ionization loading
of ions for precision ion-trapping experiments, Appl. Phys. B:
Lasers Opt. 73, 861 (2001).

[18] R. G. DeVoe and C. Kurtsiefer, Experimental study of anoma-
lous heating and trap instabilities in a microscopic 137Ba ion
trap, Phys. Rev. A 65, 063407 (2002).

[19] A. V. Steele, L. R. Churchill, P. F. Griffin, and M. S. Chapman,
Photoionization and photoelectric loading of barium ion traps,
Phys. Rev. A 75, 053404 (2007).

[20] B. Wang, J. W. Zhang, C. Gao, and L. J. Wang, Highly efficient
and isotope selective photo-ionization of barium atoms using
diode laser and LED light, Opt. Express 19, 16438 (2011).

[21] G. Leschhorn, T. Hasegawa, and T. Schaetz, Efficient photo-
ionization for barium ion trapping using a dipole-allowed
resonant two-photon transition, Appl. Phys. B: Lasers Opt. 108,
159 (2012).

[22] R. D. Graham, S.-P. Chen, T. Sakrejda, J. Wright, Z. Zhou,
and B. B. Blinov, A system for trapping barium ions in a
microfabricated surface trap, AIP Adv. 4, 057124 (2014).

[23] T. G. Ballance, J. F. Goodwin, B. Nichol, L. J. Stephenson, C. J.
Ballance, and D. M. Lucas, A short response time atomic source
for trapped ion experiments, Rev. Sci. Instrum. 89, 053102
(2018).

[24] G. Vrijsen, Y. Aikyo, R. F. Spivey, I. V. Inlek, and J. Kim, Ef-
ficient isotope-selective pulsed laser ablation loading of 174Yb+

ions in a surface electrode trap, Opt. Express 27, 33907 (2019).
[25] S. Olmschenk and P. Becker, Laser ablation production of Ba,

Ca, Dy, Er, La, Lu, and Yb ions, Appl. Phys. B: Lasers Opt.
123, 99 (2017).

[26] R. D. Knight, Storage of ions from laser-produced plasmas,
Appl. Phys. Lett. 38, 221 (1981).

[27] R. E. Russo, Laser ablation, Appl. Spectrosc. 49, 14A (1995).
[28] P. R. Willmott and J. R. Huber, Pulsed laser vaporization and

deposition, Rev. Mod. Phys. 72, 315 (2000).
[29] M. N. R. Ashfold, F. Claeyssens, G. M. Fuge, and S. J. Henley,

Pulsed laser ablation and deposition of thin films, Chem. Soc.
Rev. 33, 23 (2004).

[30] C. Phipps, Laser Ablation and Its Applications (Springer,
Berlin, 2007), Vol. 129.

[31] R. J. Hendricks, D. M. Grant, P. F. Herskind, A. Dantan, and
M. Drewsen, An all-optical ion-loading technique for scalable
microtrap architectures, Appl. Phys. B: Lasers Opt. 88, 507
(2007).

[32] D. R. Leibrandt, R. J. Clark, J. Labaziewicz, P. Antohi, W. Bakr,
K. R. Brown, and I. L. Chuang, Laser ablation loading of a
surface-electrode ion trap, Phys. Rev. A 76, 055403 (2007).

[33] K. Sheridan, W. Lange, and M. Keller, All-optical ion genera-
tion for ion trap loading, Appl. Phys. B: Lasers Opt. 104, 755
(2011).

[34] S. J. Schowalter, K. Chen, W. G. Rellergert, S. T. Sullivan,
and E. R. Hudson, An integrated ion trap and time-of-flight
mass spectrometer for chemical and photo- reaction dynamics
studies, Rev. Sci. Instrum. 83, 043103 (2012).

[35] Y. Hashimoto, L. Matsuoka, H. Osaki, Y. Fukushima, and S.
Hasegawa, Trapping laser ablated Ca+ ions in linear Paul trap,
Jpn. J. Appl. Phys., Part 1 45, 7108 (2006).

[36] D. A. Davies, D. J. Morrissey, G. Bollen, P. A. Lofy, J. Ottarson,
and S. C. Schwarz, A high-power laser ablation ion source
for Penning trap studies of nuclear reaction products, J. Phys.:
Conf. Ser. 59, 136 (2007).

[37] K. Zimmermann, M. V. Okhapkin, O. A. Herrera-Sancho, and
E. Peik, Laser ablation loading of a radiofrequency ion trap,
Appl. Phys. B: Lasers Opt. 107, 883 (2012).

[38] A. Poschl, Laser ablation loading and single ion addressing of
strontium in a linear paul trap, Ph.D. thesis, Royal Institute of
Technology in Stockholm, 2018.

[39] M. Sameed, D. Maxwell, and N. Madsen, Ion generation and
loading of a Penning trap using pulsed laser ablation, New J.
Phys. 22, 013009 (2020).

033102-8

https://doi.org/10.1038/nature10290
https://doi.org/10.1103/PhysRevA.81.052328
https://doi.org/10.1103/PhysRevLett.117.060504
https://doi.org/10.1103/PhysRevLett.117.060505
https://doi.org/10.1103/PhysRevLett.121.180502
https://doi.org/10.1103/PhysRevLett.121.180501
https://doi.org/10.1038/s41534-020-0265-5
https://doi.org/10.1038/nature16184
https://doi.org/10.1038/nature16186
https://doi.org/10.1038/s41534-019-0218-z
https://doi.org/10.1103/PhysRevLett.125.080504
https://doi.org/10.1103/PhysRevLett.119.100501
https://doi.org/10.1103/PhysRevResearch.2.033128
https://doi.org/10.1007/s003400000296
https://doi.org/10.1007/s003400100749
https://doi.org/10.1103/PhysRevA.65.063407
https://doi.org/10.1103/PhysRevA.75.053404
https://doi.org/10.1364/OE.19.016438
https://doi.org/10.1007/s00340-012-5101-y
https://doi.org/10.1063/1.4879817
https://doi.org/10.1063/1.5025713
https://doi.org/10.1364/OE.27.033907
https://doi.org/10.1007/s00340-017-6683-1
https://doi.org/10.1063/1.92315
https://doi.org/10.1366/0003702953965399
https://doi.org/10.1103/RevModPhys.72.315
https://doi.org/10.1039/b207644f
https://doi.org/10.1007/s00340-007-2698-3
https://doi.org/10.1103/PhysRevA.76.055403
https://doi.org/10.1007/s00340-011-4563-7
https://doi.org/10.1063/1.3700216
https://doi.org/10.1143/JJAP.45.7108
https://doi.org/10.1088/1742-6596/59/1/029
https://doi.org/10.1007/s00340-012-4884-1
https://doi.org/10.1088/1367-2630/ab6066


ISOTOPE-SELECTIVE LASER ABLATION ION-TRAP … PHYSICAL REVIEW A 105, 033102 (2022)

[40] M. Niemann, T. Meiners, J. Mielke, M. J. Borchert, and
J. M. Cornejo, Cryogenic be penning trap for precision cryo-
genic 9Be+ penning trap for precision measurements with
(anti-)protons, Meas. Sci. Technol. 31, 035003 (2020).

[41] V. H. S. Kwong, Production and storage of low-energy highly
charged ions by laser ablation and an ion trap, Phys. Rev. A 39,
4451 (1989).

[42] L. Láska, K. Jungwirth, B. Králiková, J. Krása, M. Pfeifer,
K. Rohlena, J. Skála, J. Ullschmied, J. Badziak, P. Parys, J.
Wolowski, E. Woryna, S. Gammino, L. Torrisi, F. P. Boody,
and H. Hora, Generation of multiply charged ions at low and
high laser-power densities, Plasma Phys. Control. Fusion 45,
585 (2003).
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