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Increase of the barium ion-trap lifetime via photodissociation
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The lifetime of Ba™ ions confined in a Paul trap is found, under typical conditions, to be limited by chemical
reactions with residual background gas. An integrated ion-trap and time-of-flight mass spectrometer are used to
analyze the reactions of the trapped Ba™ ions with three common gases in an ultrahigh vacuum system (H,, CO,,
and H,0). It is found that the products of these reactions can all be photodissociated by a single ultraviolet laser
at 225 nm, thereby allowing the recovery of the Ba™ ions and leading to an increase of the effective trap lifetime.
For a Coulomb crystal, the lifetime increased from roughly 6 h to 2 days at room temperature. It is suggested
that higher enhancement factors are possible in systems with stronger traps. In addition, photodissociation
wavelengths for other common trapped-ion systems are provided.
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I. INTRODUCTION

To date, the highest fidelity quantum operations and the
largest ratio of qubit coherence time to gate time has been
achieved in trapped-ion systems [1-6]. As such, ion-based
qubits are a leading candidate for the construction of a
large-scale quantum information platform, with major efforts
underway using integrated photonics and microfabricated
traps [7,8]. However, as these systems are scaled to a larger
number of ions, the finite lifetime of ions in the trap, t, leads
to probability for loss of an ion P =1 — e/, where N is
the number of ions in the register and ¢ is the time required for
the entire quantum operation. While loss of an ion is generally
detrimental to the operation at hand, it also triggers a time-
consuming reloading operation. Further, the reloading process
can often cause a number of deleterious effects, including
unwanted charging of the trap electrodes. Several techniques
have been developed to mitigate these problems, including
loading from a magneto-optical trap [9] and placing the ion
trap in a cryogenic environment [10-12], where the residual
background gas, which is typically assumed to be responsible
for ion loss, is greatly reduced.

Here, we study the trap-loss process for Ba™ ions and
find that ion loss is dominated by chemical reactions with
residual background gas which produce molecular ions that, at
high-enough trapping potential and with efficient sympathetic
cooling, do not leave the ion trap. Building on the work of
Refs. [13,14] and guided by available spectroscopic data and
ab initio molecular structure calculations, we demonstrate a
simple technique for recovering the atomic ion qubit from the
product molecular ion. Specifically, we employ photodisso-
ciation with a single laser that is capable of dissociating all
common molecular ion products and increases the observed
trapped-ion lifetime by a factor of 2.3(1) in an ion chain and
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7.6(8) for an ion crystal—here () denotes one standard error.
The enhancement appears to be limited by the inability of
the current ion trap to capture all of the recoiling product
molecular ions. Systems with higher secular frequency [15]
will likely realize larger enhancement factors.

II. EXPERIMENTAL METHOD

Besides reactive loss, micromotion interruption due to
background gas represents another possible loss mechanism
for ions. The time-varying nature of the ion-trap confine-
ment provides mechanisms for energy to be coupled from
the rf electric potential that confines the ions into the ion
motion during a collision with background gas, as well as with
other ions. References [16—19] analyzed this phenomenon and
found that it is possible to achieve ion temperatures several
times that of the background gas through such collisions.
Therefore, elastic collisions with the background gas and then
further collisions between the ions, can lead to ion loss.

To investigate the role of micromotion-interruption-
induced loss, P¥Bat are trapped and laser-cooled in a linear
Paul trap with field radius r, = 6.85 mm, driven with an rf
frequency at Q =27 x 0.7 MHz and a peak-to-peak am-
plitude of 320 V, leading to a radial secular frequency of
w, & 2w x 70 kHz. The g parameter of the ion trap is set
below 0.25 to avoid excessive heating due to nonlinearities
in the trapping potential [16,17,20,21]. Axial confinement is
provided by two dc electrodes spaced by 20 mm.

The ions are detected either via imaging their laser-
cooling-induced fluorescence through an objective with nu-
merical aperture of 0.23 or by an integrated time-of-flight
mass spectrometer—further details are provided in Ref. [22].
The lifetime of ions in the trap is shown in Fig. 1 for
several values of the axial secular frequency of a single

©2021 American Physical Society


https://orcid.org/0000-0003-3284-5991
https://orcid.org/0000-0003-2560-4129
https://orcid.org/0000-0003-4738-2408
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.063103&domain=pdf&date_stamp=2021-12-03
https://doi.org/10.1103/PhysRevA.104.063103

WU, MILLS, WEST, HEAVEN, AND HUDSON

PHYSICAL REVIEW A 104, 063103 (2021)

103
1= e
(]
Z 02} °
) .
Q
E
+~
.Lg 101 z
NS
o
100 : : : : :
0 5 10 15 20 25 30
Axial secular frequency (27 kHz)
FIG. 1. "®Ba* trap lifetime at different axial secular frequencies,

which correspond to different trap depths. The lifetime is extracted
from an exponential fit. Error bars represent one standard error ex-
tracted from an exponential fit to the observed trap decay of a single
experimental trial.

trapped P8Bat. The axial frequency is measured by applying
an oscillating voltage to one of the end caps, which reso-
nantly excites the ion motion [23]. When the axial secular
frequency is larger than w, = 2 x 11 kHz, the micromotion-
interruption-induced loss appears to be mostly suppressed due
to the increased trap depth. In the subsequent experiments, the
axial secular frequency is fixed to w, = 27 x 25 kHz.

With the role of micromotion interruption clarified, the
remaining trap loss is presumed to be predominantly due to
chemical reactions with the residual background gas that can,
potentially, both release a large amount of energy and convert
the atomic ion into a molecular compound. To investigate this,

138 +

we expose a trapped sample of ~"Ba™ to one of three common
UHV residual gases, H,, CO,, and H,O, and monitor the trap
loss—although CO is also a common residual gas, it does not
react with Bat [24] and is not studied here. Using an inte-
grated time-of-flight mass spectrometer (ToF-MS) [25], we
monitor the appearance of any ion products of the chemical
reactions.

III. EXPERIMENTAL RESULTS

For the case of H,, a small 38Bat Coulomb crystal is
prepared and H, is introduced into the chamber with partial
pressure of ~2 x 1078 mbar. Typically, after approximately
30 min, one of the ions in the crystal will become dark as
shown in middle panel of Fig. 2. At this point, the ions are
ejected into the ToF-MS, revealing that, as shown in Fig. 3(a),
the dark ion is BaH™, presumably produced via the reaction

Ba® +H, — BaH* + H. (1)

As this reaction is endoergic by ~2.1 eV and ~1.5 eV for
P Bat in the 281> and ’D; /2 states, respectively, it likely pro-
ceeds via the **Ba* P /2) electronic state accessed during
laser cooling. In this case the reaction releases ~0.4 eV, of
which 99.3% is carried away by the light H atom, resulting in
a BaH' molecular ion that remains embedded in the Coulomb

Hs leak off
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Hs leak off
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FIG. 2. The images of production and dissociation of BaH™.
(a) A 12-ion chain of "Ba* is prepared with the UV photodis-
sociation laser off. (b) H, is leaked in and a dark ion, BaH™", is
produced in the chain labeled with a cyan dashed circle. (c) BaH"
is photodissociated and returned to ¥Ba*.

crystal. This production pathway may be of use to experiments
aiming to leverage the large rovibrational constants of BaH™
to facilitate initialization into a single quantum state to search
for the variation in m,/m, [26].

The reaction with CO, is studied in a similar manner. CO,
is introduced into the chamber at a partial pressure of ~10~°
mbar. One ion in the crystal will react and turn dark typically
within 5 min. The reaction rate constant with CO, is around
100x higher than that of H,. Ejection into the ToF-MS reveals
that the dark ions are BaO, as shown in Fig. 3(b), presumably
formed from the reaction

Ba® + CO, — BaO™" + CO. 2)

This reaction can proceed for both the electronic 2P;, and
’D; /2 states of 138Ba*, which release an energy of ~1.1 eV
and ~0.5 eV, respectively [24,27]. Since the kinetic energy
partitioned to the product molecular ion is proportional to the
mass between the neutral product and total mass, the BaO™"
can receive significantly more kinetic energy than the BaH*.
The excess kinetic energy (< 0.2 eV) must be dissipated via
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FIG. 3. Time-of-flight mass spectra (ToF-MS) of different
molecular species. (a) BaH" starts to appear in a "**Ba* ion chain
after H, is leaked in. (b) BaO" emerges in a ¥ Ba* ion chain after
leaking in CO,. (c) BaOH" is produced in a "*Ba* ion chain by
introducing H,O.
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sympathetic cooling from the remaining laser-cooled P¥Bat
for the recoiling product ion to be recaptured in the crystal.
Otherwise, the ion is likely to stay in a large orbit and experi-
ence heating due to the further collisions until it is eventually
lost from the trap.

Finally, the reaction with H,O is studied in a similar
apparatus used for molecular ion spectroscopy [28]. After
baking, the H,O background pressure is suppressed below
10719 mbar. A small amount of H,O can be released by ablat-
ing a barium chloride dihydrate (BaCl,(H,0),) pellet. Under
this condition, one or more BaOH™" are typically prepared in
a **Ba*t ion chain, revealed by the ToF-MS. These molecular
ions are presumably formed from the reaction

Ba™ + H,0 — BaOH' + H. 3)

This reaction can proceed for the electronic s, /25 2p, »2 and
2D, /2 states of 13384+ which release an energy of ~0.4 eV,
~2.9eV,and ~ 1.0 eV, respectively, of which 99.4% is carried
away by the H product atom.

Anecdotally, we observe that while the BaH™/BaOH*
product is maintained in the trap at low axial secular frequency
(2w x 9kHz), BaO™ is only contained for higher axial secular
frequency and/or within a three-dimensional (3D) Coulomb
crystal, which provides better sympathetic cooling than a lin-
ear ion chain. In fact, at the maximum axial secular frequency
here (27 x 26 kHz) we estimate the efficiency of recaptur-
ing the BaO™ product in a 12-ion crystal is ~50%. While
the recoiling BaO™ product does not have enough energy to
escape the ion trap, it presumably resides in a large orbit
that is relatively decoupled from the laser-cooled ion crystal.
Here, further collisions or reactions can cause it to be lost
from the trap. We occasionally observe the ion reappearing in
the trap after several minutes. This suggests that with tighter
trapping, and therefore improved sympathetic cooling from
the remaining laser-cooled ions [15], all of the molecular ion
reaction products can be maintained in the trap, thus opening
the possibility of using photodissociation to reclaim the parent
ion and avoid reloading the ion trap.

To explore this possibility, it is necessary to determine
potential photodissociation wavelengths for all three molecule
systems. For BaH™, Ref. [29] suggests two useful paths for
photodissociation. First, a laser with wavelength 410(40) nm
is able to drive BaH' from low-lying rovibrational states of
the ground X' X state to the unbound A!' = state. Second,
a laser with wavelength 245(20) nm can excite BaH™ from
the low-lying rovibrational states of the ground X' Z+ state
to the unbound C'X™* state [29]. Both pathways result in
dissociation toa **Ba* and H, potentially allowing the parent
¥Ba* jon to be recovered.

For recovery of Ba™ from BaO™ via photodissociation,
we perform ab initio electronic structure calculations for the
higher-energy excited states to predict transition energies to
dissociative states. The details of these calculations are given
in a previous publication [30], and we note here only the
difference for the current study. In this case we use the aug-
mented valence triple zeta basis set for the O atom [31]. The
lowest energy repulsive state is found to be 22IT, which can be
reached from the ground state using light in the 210-228 nm
range with a transition moment of approximately 0.47 D.

For recovery of Ba™t from BaOH™, the dissociation energy
from a combined theoretical and experimental determination
was reported to be within the range from 225 to 243 nm [32].
Ideally, a single laser wavelength could be used to dissoci-
ate these products so that regardless of the background gas
reactant the '**Ba™ can be recovered. Taking the intersection
of the available photodissociation wavelengths suggests that
light around 225 nm should be sufficient for recovering Ba™ in
all of the aforementioned cases. Therefore we introduce a sin-
gle pulsed-dye laser beam at 225 nm (10 ns pulse, 3 mW /mm?
on average) into the apparatus along the axial direction of the
ion trap.

A typical sequence for recovery of Ba™' from, e.g., BaH™"
using this laser is shown in Fig. 2. A 12-ion crystal is prepared
and exposed to H, for ~30 min before a BaH* ion appears,
Fig. 2(b). Next, the photodissociation laser is introduced and
the BaH™ is dissociated and the parent Ba* is recovered. We
have also observed that a 370-nm continuous-wave laser with
a laser intensity of 2 mW/mm? recovers the Ba™ from BaH™.
The pathway for dissociation with this laser is presumably a
transition from the low-lying rovibrational states of X' X+ to
AT+ states above the dissociation threshold [29].

For BaO™ and BaOH" we observe similar behavior. Once
dark ions appear, the photodissociation laser recovers the
parent ion. In the case of BaO™, we observe that photodissoci-
ation occurs for wavelengths ranging from 210 nm to 225 nm,
suggesting that the technologically convenient 5th harmonic
of a Nd:YAG laser could be used in this case. For BaOH™
we observe photodissociation for wavelengths ranging from
225 nm to 240 nm.

With a single laser capable of dissociating the products of
reactions with typical UHV gases, it is possible to extend the
effective trap lifetime by periodically recovering Bat from
the produced molecular ions. To investigate this, the ion trap
is illuminated with the photodissociation laser at 10 Hz repeti-
tion rate. Figure 4 shows the lifetime enhancement of trapped
P8Bat due to the presence of the photodissociation laser.
Once the photodissociation laser is off, the UHV background
gas limits the lifetime of a 12-ion chain of ¥ Bat to 290(13)
min, represented by the black circles in Fig. 4. The presence
of the photodissociation laser extends the lifetime to 680(20)
min, as indicated by the red squares in Fig. 4.

The lifetime enhancement is presumably limited by the
~50% probability of capturing the BaO™ products into the
ion chain. To explore that, a ~500-ion crystal of PSBat is
prepared, which can provide better sympathetic cooling and
improve the trapping efficiency of recoiling product molecular
ions. Without the UV dissociation laser present, the crystal
represented by the dotted line in Fig. 4 shows a similar lifetime
to that of the ion chain. The dashed line in Fig. 4 shows the
lifetime of the crystal is extended to 2600(220) min, further
supporting the conclusion that the ion chain trap lifetime is
limited by the efficiency of recapturing BaO*. As shown in
Ref. [15], if the dark ions are produced in the trap center,
the sympathetic cooling time is inversely proportional to the
cube of the secular frequency. Thus traps with higher secular
frequency should expect significantly higher trap-lifetime im-
provements with the 225-nm photodissociation laser present.

Like Ba™, other trapped-ion species can also react with
the common UHV background gases, e.g., H,, CO, CO,, and
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FIG. 4. The trapping lifetime of ¥ Ba* under different condi-
tions. The red squares represent lifetime trajectory of a 12-ion chain
of "*Ba* with photodissociation on. The black circles represent
lifetime trajectory of a 12-ion chain of ¥Ba* with photodissocia-
tion off. The green dashed line represents a lifetime trajectory of a
500-ion crystal of " Ba* with photodissociation on. The blue dotted
line represents a lifetime trajectory of a 500-ion crystal of ¥Bat
with photodissociation off. The relevant lifetimes are extracted from
exponential fitting. () denotes one standard error.

H,O0. Table I shows a summary of possible reaction products
and corresponding dissociation wavelengths for the products
in their vibrational ground states.

While only Ba™ appears to have the fortuitous overlapping
of all photodissociation pathways, the laser used for laser
cooling of Ca™ or Yb™ dissociates one of the products “au-
tomatically,” meaning that only one additional laser is needed

to dissociate all products. Further, a properly baked UHV
chamber will typically present a background gas primarily
composed of Hy, CO, and CO,, which would lead to only the
hydride and oxide products. As shown in column 4 of Table I,
there are technologically convenient pathways for dissociating
these products for Mg*t, Ca™, Ba™, and Yb™.

Of course, it is preferable to prevent these reactions from
ever occurring. While H, outgassing is typically assumed to
be primarily responsible for ion loss as it tends to be the
predominate residual gas, the reaction rate constants of CO
and CO, may be considerably higher than that of H,—e.g.,
here we find that the reaction rate constant with Ba™ ions
is around 100x faster for CO, than H,—and all of these
loss channels may play a significant role. As a result, it is
important to suppress the outgassing rates of H,, CO, and
CO,. The outgassing rates of hydrogen in stainless steel can be
suppressed by an air bake at &~700 K [33,34]. Reference [35]
demonstrates that the CO, desorption from the stainless-steel
chamber can also be suppressed through sputter coating of
nonevaporable getter film followed by ~600 K baking.

IV. CONCLUSION

In summary, we observed that the trap lifetime of Ba™t
ions is limited by chemical reaction with some common
UHV background gases (H,, CO, CO,, and H,O) once
the micromotion-interruption-induced loss is suppressed with
high-enough trap depth. Using relevant spectroscopic data
and ab initio molecular structure calculations, we identified
photodissociation pathways for all of the produced molecular
ions and recovered the parent atomic ion from the product
molecular ions with a single laser. Specifically, we observed
an improvement in the effective trap lifetime by 2.3(1)x and

TABLE 1. A list of possible molecular ions produced by chemical reaction with UHV residual gas (CO,, CO, H,0, and H,) and

corresponding dissociation wavelengths.

Dissociation wavelength All products Oxides & hydrides

(nm) (nm) (nm)
BeH" 140-210 [36]/157 [13]
BeO* 273-315 [37] N/A N/A
BeOH" 223-236°
MgH™* 173-193/281 [38]
MgO™* 156-176/368-478 [39] N/A 173-176
MgOH™* 324-383*
CaH* 283-287 [40]/370-421 [41] Cooling laser (397) +
CaO* 318-375 [42] N/A 318-375
CaOH* 233-255
StH* 240-270 [43]
SrO* 208-226" N/A N/A
SrOH™ 205-220°
BaH* 225-265/370-450 [29]
BaO* 210-228 [30] 225-228 225-228
BaOH* 225-243 [32]
YbH* 369 [44]/405 [45] Cooling laser (369) + Cooling laser (369) +
YbO™ 188-200/257-286" 257-286" 257-286"
YbOH* 216-330°

#The relevant dissociation wavelengths are estimated in this work.
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7.6(8)x for an ion chain and ion crystal, respectively, with a
225-nm laser. The data suggest that the lifetime enhancement
is limited by the efficiency of BaO™ recapture, which should
improve significantly with a larger secular frequency as em-
ployed in most trapped-ion quantum logic experiments. This
process should be straightforward to extend to other atomic
ion species and the requisite dissociation wavelengths are
provided. This technique could be employed in trapped-ion
quantum logic experiments to recover lost ions and avoid
reloading of the ion trap.
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