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For conventional ion traps, the trapping potential is close to independent of the electronic state, providing
confinement for ions dependent primarily on their charge-to-mass ratio Q/m. In contrast, storing ions within an
optical dipole trap results in state-dependent confinement. Here we experimentally study optical dipole potentials
for 3¥Ba* ions stored within two distinctive traps operating at 532 and 1064 nm. We prepare the ions in either
the electronic ground (6S),,) or one of the metastable excited states (5D3;, or 5Ds;,) and probe the relative
strength and polarity of the potential. On the one hand, we apply our findings to selectively remove ions from
a Coulomb crystal, despite all ions sharing the same Q/m. On the other hand, we deterministically purify the
trapping volume from parasitic ions in higher-energy orbits, resulting in reliable isolation of Coulomb crystals

down to a single ion within a radio-frequency trap.

DOI: 10.1103/PhysRevA.103.013112

I. INTRODUCTION

Conventional ion traps are based on a combination
of static electric and magnetic fields (Penning traps) or
radio-frequency (rf) fields (Paul traps) [1-3], providing an
established tool to isolate individual ions and store them for
durations beyond hours and days. The trapping potential is
typically identical for ions of the same charge-to-mass ratio
Q/m and close to independent of their internal electronic state,
with highly excited Rydberg ions being a recently reported ex-
ception [4]. This unique feature allows to control the internal
(electronic) and common external (motional) degrees of free-
dom, providing a basis for quantum information processing
[5], quantum simulation [6], and quantum metrology [7]. For
the latter, state-insensitive Paul traps enable state-of-the art
atomic clocks [8] and the derivation of fundamental constants
with their potential change in time [9,10]. For these sys-
tems, there is the underlying assumption of proper isolation
of the quantum system from its environment, dominated by
blackbody radiation [11,12] and residual stray electric fields
[13,14].

However, this assumption incorporates loading a dedicated
number of ions into the trap, while prohibiting spurious con-
tamination of the trapping volume by “parasitic” ions. These
parasitic ions might be (i) of the same species, but on orbits
of high energy (that is, hidden in the large trapping volume of
the rf trap), (ii) different isotopes, or (iii) other ionic species
or molecules. Their presence can be difficult to detect di-
rectly by monitoring fluorescence. They might lack geometric
overlap with focused cooling and detection lasers, feature
different electronic states and related transitions that remain
far off resonant or might lack a closed cycling transition. Still,
their residual long-range Coulomb interaction diminishes the
isolation of the desired, closed quantum system. In some
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experimental protocols parasitic ions might still be detected.
As they remain subjected to sympathetic cooling by the
Coulomb crystal, they will eventually appear as additional lat-
tice sites, evidenced as dark spots within the crystal’s lattice.
Such events will occur randomly, potentially even minutes
after the loading process has presumably ended [15]. To re-
move parasitic ions of sufficiently deviating Q/m, methods
based on the original concept of the quadrupole mass filtering
have been refined. In addition, resonant or parametric exci-
tation is capable of increasing the kinetic energy of trapped
ions beyond the potential depth [16-20]. However, it remains
difficult to ensure deterministic removal of parasitic ions in
conventional ion traps in an efficient way. This especially
holds true for ions with the same Q/m.

Our approach, to isolate and prepare a given number of
ions, builds on the recently demonstrated optical trapping of
ions and Coulomb crystals in the absence of any rf fields
[21-26]. Even though the concepts behind rf and optical
trapping are closely related [27], there remain substantial dif-
ferences and prospects. Optical confinement can be achieved
in an optical dipole trap (ODT), where the trap shrinks from
the experimentally derived approximate scale of ~10% of the
ion-electrode distance of the rf trap to the waist of the laser
beam. The potential depth typically decreases by five orders of
magnitude and the confinement predominantly depends on the
electronic transition of choice and its ac Stark shift [28]. If the
ODT in its simplest realization as a single focused Gaussian
beam is red detuned with respect to the transition, the ion ex-
periences an attractive potential, whereas a blue-detuned laser
acts repulsively. Applying these state-dependent forces to ions
confined in a common, largely state-insensitive, rf trap has
been an integral part of quantum computation and simulation
for the past decades. For example, laser-beam intensity gradi-
ents can be applied to induce state-dependent displacements,
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implementing phase gates [29,30] or mediating effective spin-
spin interaction [31,32]. Furthermore, it has been shown that
intracavity optical fields allow to localize ions to single lat-
tice sites, while controlling the motional mode spectrum of
one-dimensional (1D) and three-dimensional (3D) Coulomb
crystals [33-36]. These experiments are still operated with a
continuously running 1f trap, where the dipole force modulates
the 3D potential.

Here we investigate state-dependent optical potentials in
the absence of rf fields. We introduce a technique enabling
individually addressable ion removal from a Coulomb crystal
with shared Q/m, while further providing deterministic iso-
lation from parasitic ions. We realize this by intermittently
transferring '**Ba™ ions from an rf trap into two distinct, far-
off-resonant single-beam ODTs. In a first step, we investigate
the electronic state-dependent trap depths at a wavelength of
1064 nm (NIR, Near Infrared). By changing to a blue-detuned
dipole trap at 532 nm (VIS, Visible), the dipole force acts
repulsively for the 5D metastable manifolds, while providing
confinement for the 6§ electronic ground state. In this way, by
shelving the ion in the metastable state we can selectively re-
move dedicated ions from the ODT. Returning into the rf trap
allows to continue working with a smaller Coulomb crystal. In
addition, we show how the intermediate transfer into an ODT
further removes any parasitic ions on orbits of higher energy,
isolating the remaining ions in the Coulomb crystal.

II. EXPERIMENTAL SETUP

The experimental setup is an adapted version of a previ-
ously described apparatus used for optical trapping of ions
[23,25]. A schematic sketch of the ion trap and some of the
relevant lasers is shown in Fig. 1. Here, the linear segmented
Paul trap is used for state preparation and detection only. The
trap is located within an ultrahigh-vacuum chamber and is
operated at a rf of Q ~ 27 x 1.433 MHz with a maximal
voltage amplitude Vis ~ 1140 V. With the ion-blade distance
of Ry ~ 9 mm, we typically achieve confinement in the radial
(x and y) directions corresponding to secular frequencies of
Wrag ~ 21 x {121, 123} kHz. The axial confinement is real-
ized by dc electrodes at the end of the linear trap as illustrated
in Fig. 1, with w,x ~ 27 x {7.1, 8.5} kHz for the presented
experiments.

We load '*Ba* ions by using a combination of laser ab-
lation and subsequent two-photon ionization. We irradiate a
barium target with a pulsed laser beam operating at 532 nm
[pulse energy, <2uJ; repetition rate, <1 kHz; pulse duration,
<1.2ns; and waist on barium target, 24(4) um]. We choose
these settings as they are below the threshold for direct ion-
ization of Ba in our setup. Otherwise this could cause several
undesired effects, such as strongly increased target aging,
stray charge deposition on the electrodes, and loss of iso-
tope selectivity while loading. We employ a random pointing
technique by means of a scanning piezoelectric mirror for the
ablation laser in order to mitigate local target aging, ultimately
stabilizing the loading rate. Following the ablation pulses, we
ionize the neutral Ba vapor via a two-step process with laser
beams operating at 553 and 405 nm (not shown in Fig. 1) [37].

The lasers used for cooling and shelving of the '*¥Ba™ in
the rf trap and a simplified scheme of the relevant electronic
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FIG. 1. Overview of the experimental setup (not to scale) and
the 1*¥Ba* level scheme. (a) Indicated are the Doppler cooling lasers
(including the cooler and the repumper), both optical dipole traps
(VIS and NIR) along the axial direction of the Paul trap, as well as
the shelving laser being perpendicularly aligned to the ion Coulomb
crystal. dc electrodes are used for axial confinement, axial transport,
and stray-field compensation. Further electrodes for radial stray-field
compensation are not shown. (b) Simplified level scheme: A total
of four different lasers are used to control the internal state of the
ion. Doppler cooling is performed with the 493- and 650-nm lasers.
Additional lasers at 455 nm (614 nm) are used for shelving into (out
of) the 5Ds,, manifold.

energy states are depicted in Fig. 1(b). The ions are Doppler
cooled (Tp = 365 puK) with two lasers at 493 nm (cooling)
and 650 nm (repumping), respectively. While Doppler cool-
ing, we detect the ions along two orthogonal directions (* and
Z) of the linear Paul trap via fluorescence imaging with two
charge-coupled device (CCD) cameras. By using laser light
at 455 nm, we can shelve a predetermined arbitrary subset
of ions within the Coulomb crystal into the metastable 5Ds,,
manifold. This laser is aligned perpendicularly to the Paul
trap’s z axis shifted by 300 um from its center as indicated in
Fig. 1(a). In this configuration we optically pump any target
ion(s) by shuttling the linear ion string along the axial direc-
tion of the Paul trap by electric dc control fields to the position
of the laser beam [38]. While selected ions are shelved, the
other ones remain in the Doppler cooling cycle, providing
sympathetic cooling for the Coulomb crystal. Once optically
pumped, the ion remains in the 5Ds5/, manifold with a 1/e
lifetime of 31.2 s [39]. By using an additional laser at 614 nm,
we can depopulate the metastable manifold and the ion returns
into the Doppler cooling cycle.

We can further transfer and confine the ions in two distinc-
tive ODTs. Similarly as in Refs. [23,25], the ODTs operate
at either 532 nm (VIS) or 1064 nm (NIR), with Table I sum-
marizing some of their important parameters. Both ODTs are
aligned along the axial direction of the Paul trap, entering the
chamber from opposite directions. In this configuration, each
ODT confines the ions along the radial direction, whereas
the axial confinement is still predominantly provided by dc
control fields. This is necessary as the comparatively large
Rayleigh length of the ODTs does not provide a significant
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TABLE I. Optical dipole trap parameters for the 532-nm (VIS) ;

and 1064-nm (NIR) laser. Presented are wavelength (1), 1/e> beam |§)ppler Cooling —|
waist in x- and y-directions (w, and w,), Rayleigh length (zr), laser P
power (Popr), optical trap depth (Uyy,) for the 65/, and the 5Ds), ODT Power A\o‘) $ ObT
states assuming a single ion at the focus of the ODT (rr polarization),
radial trapping frequency within the ODT assuming no dc curvatures :
and stray field (wraq,0pt), detection resolution for radial stray electric |Rad1o Lelzagjieuey no rf |
fields (Es), axial confinement (w,, ), the related radial deconfinement
(®rad,4c)» and the chosen optical trapping duration (Atqy). 455nm {
Laser VIS NIR = Slop — Time
A 532 nm 1064 nm FIG. 2. Protocol for intermediate ion trapping within an ODT in
Wy 4.5(2) pm 5.4(2) pm the absence of rf fields. The presented protocol (not to scale) can
Wy 4.1(2) pm 5.4(2) pm be divided into three stages: (1) In preparation within the rf trap,
IR 130 — 154 pm 86um we prepare one to four ions close to Doppler temperature. During
Popr <7.13(25)W <20.02) W this stage we can optionally pump dedicated ions into the metastable
Uopt (612, £1/2) <30.5mK kg <13.4 mK kg 5Ds;, manifold by illuminating a target ion with 455 nm. (2) In
Orad.opt (6512, £1/2) <27 x 95.5kHz <27 x 52.8kHz optical trapping, the ions are transferred into the ODT. We turn off the
Uop (5D32, £1/2) <6.35mK kg rf fields, while the electrostatic axial potential remains unchanged.
Orad,opt (3D3)2, £1/2) <27 x 36.3kHz (3) In detection in the rf trap, we switch on the rf fields again and
Uopt (3D3)2, £3/2) <1.28 mK kg detect the ions while Doppler cooling.
Wrad,opt (OD3/2, £3/2) <27 x 16.3kHz
Es <5SmV/m < 10mV/m an ODT, a single *®Ba™ ion requires on average 200(30) s
Wax/(277) 7.2(1) kHz 8.5(1) kHz to escape from the trapping region of the rf trap once the rf

2 2 _ 2 2 _ 2 2 T .
Drag g/ (270) (6.5(1))" kHz (8.5(1))" kHz fields are turned off. To ensure negligible retrapping effects,
Atop 500 us 2000 us

axial confinement. It is worth mentioning that, unlike in a
conventional rf trap, an ion confined in a Gaussian beam
experiences position-dependent radial confinement wyag, opt (2),
as the laser beam diverges with increasing distance from the
focal plane. As a result of this, the finite trapping volume of
the ODT confines a well-defined maximal number of ions.
This number depends on the ODT’s beam waist and the axial
dc confinement. For the chosen parameters in Table I, we
can confine up to four Ba* ions. In principle, operating with
smaller waists and stronger axial confinement, we can confine
up to six ions, as demonstrated in Ref. [25].

III. EXPERIMENTAL METHODS: OPTICAL ION
TRAPPING AND THERMOMETRY

A. Optical trapping protocol

The optical trapping protocol is shown in Fig. 2. Here
we distinguish between three major phases: state preparation,
optical trapping, and detection. First, we prepare a linear
Coulomb crystal of up to four ions close to the Doppler limit
in the rf trap. While Doppler cooling, we can shelve individ-
ual ions of our choice into the metastable 5Ds,, manifold.
The remaining bright ions are optically pumped to the 65>
(5D32) state, by first turning off the 493-nm (650-nm) laser
light. Once the ions are prepared, we gradually increase the
power of the VIS ODT over 100 us and subsequently decrease
the rf fields within 100 us (for the NIR case both ramps occur
simultaneously). Applying these ramps allows us to transfer
the ions into the ODT, without noticeable heating [23]. It is
important that the centers of the rf trap and the ODTs are
aligned with an accuracy of <500 nm. Without the presence of

we choose a trapping duration of at least Afy, = 500 us,
which is significantly larger than the escape time. In principle
this duration can be chosen as large as several seconds [23].
Afterwards, we switch on the rf fields and turn off the dipole
trap. Finally, we detect and count the remaining ions via
fluorescence imaging.

B. Electro-optical trap depth U,

The optical trap depths U, in Table I represent the ac Stark
shifts [28] at the focus of the ODT. Unlike neutral atoms, ions
experience Coulomb forces and are consequently much more
sensitive to electric fields. Thus even for a single ion, one
also needs to consider the contributions of radial dc curvatures
ma)rzadgdC and stray electric fields Es. The former arise due to dc
axial confinement, inevitably leading to defocusing in at least
one radial direction [40]. Adding all contributions results in
the smallest maximum along the direction of dc defocusing.
The difference between this local maximum and the absolute
minimum is then the effective electro-optical trap depth Up,
with Up < Ugy [26].

We estimate Uy and its 1o confidence interval by a numer-
ical method called bootstrapping. Here, we take 500 random
samples of our experimental values and calculate Uy for each
set. The random samples are drawn from Gaussian distribu-
tion functions. For the waists (wy, w,) and the dc curvature
the center of the Gaussian function and its standard deviation
are equivalent to the value and its error presented in Table I.
For the residual radial stray electric fields Es we only de-
tect an upper bound. The precise magnitude and direction
of the stray field remain unknown for a single experimental
realization. However, as we are probing ensemble averages,
we assume the residual stray fields to follow a random dis-
tribution as well. For the presented analysis, we sample Eg
following a Gaussian distribution with o being equal to our
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detection limits given in Table I. Evaluating U, for the 500
random samples, we obtain a distribution function for the
electro-optical trap depth, out of which we deduce a mean
value and a 1o confidence interval. As an example, calculat-
ing the NIR trap for maximal Popr by bootstrapping results
in UMR(6S),2) = 11.1(1.0) mK kg, which is smaller than the
pure ac Stark shift Ug}’){R(6S 1/2) = 13.4mK kg. Repeating this
method, or increasing the size of the random sample, results
in a consistent value for U,.

We extend U, to several ions by including the mu-
tual Coulomb interaction while simultaneously considering
the position-dependent ac Stark shift of the ODT. For the
Coulomb interaction, we perform a Taylozr expansion of

the electrostatic potential ®;(z;) =), i ﬂr—wm
i—Zj

the equilibrium position of the jth ion [41] along the radial
direction x. The second-order term amounts to the repulsive
Coulomb curvature mwc(z j)z, with typical values of several
kilohertz for w¢/(2m) in our setup. The resulting position-
dependent, defocusing dc curvature is then calculated by
mw*(zj) = M(@rad.ac(2))* + O ;).

around

C. Thermometry

Trapping ions optically allows to determine the ensemble
average of the ions’ kinetic energy and therefore temperature
Tion [42]. Here we repeatably probe the trapping probability
Popt Of a single ion for varying Up. This reveals the underlying
temperature, as pop; can be related to Ti,, by the radial cutoff
model poy = 1 — ™% — 28¢5, with & = Up/Ton [42]. This
model assumes that each ion undergoes several oscillations
within the ODT, allowing the ion to properly probe the poten-
tial. For the presented analysis, the radial trapping frequencies
are in the range 27 x [12, 48] kHz. Choosing a trapping du-
ration of Aty = 2 ms therefore fulfills the constraint. The
presented thermometry will only be used for the NIR ODT.
Here, the off-resonant scattering rate [28] at maximal Popr is
negligible [I"(6S;/,2) ~ 10Hz and I'(5D3/;) ~ 19Hz] com-
pared to the inverse trapping duration. Therefore, proper state
preparation is ensured with fidelity close to unity while mea-
suring Tiop.

IV. STATE-SELECTIVE POTENTIALS IN THE NIR TRAP

Unlike in an rf trap, the confinement provided by an optical
dipole trap is state dependent. Here, the ac Stark shift depends
on the laser’s polarization, the magnetic quantization axes,
and the Zeeman magnetic sublevel my within a manifold.

In the following, we probe state-dependent trap depths for
a single '®Ba* ion within the NIR trap. We measure the
state-dependent optical trapping probability for variable laser
power and evaluate the results with the radial cutoff model.
As discussed before, the model only depends on Uy and Tiy,.
Knowledge of one quantity therefore allows the derivation of
the other and vice versa.

For the presented analysis, we examine the 65}/, and 5D3/,
manifolds. It is important to mention that we examine aver-
aged potentials, as our current state preparation lacks access to
individual m; levels (note that the nuclear spin equals I = 0;
therefore mp = m;). For the 65;,, manifold this is insignif-
icant, as both m; levels experience the same ac Stark shift
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FIG. 3. Demonstration and probing state-dependent averaged
trap depths in the NIR ODT. Illustrated are the trapping proba-
bility for a single ion depending on NIR laser intensity expressed
as UM (6S),2). Solid circles: Experimental data of ions being pre-
pared in the 65/, state. Fitting a radial cutoff model [42] with
orthogonal distance regression (upper solid line) results in a tem-
perature of Ti,n(6S,2) = 355(29) K. Open squares: Data for an
ion being prepared in the 5Ds/, state. The lower solid line results
from fitting the data with a modified radial cutoff model poy = 1 —
e 208 — 2ok e 0% while keeping the temperature fixed to the value
obtained from the 65, evaluation. Bootstrapping the uncertainty of
the temperature allows to extract an upper lo uncertainty for o,
yielding ko = 0.12(1). Shaded regions, bounds corresponding to the
fit standard errors. Error bars: (trap depth) upper bounds of 1o uncer-
tainty extracted from bootstrapping our experimental uncertainties
and (pop) upper bounds of 1o confidence intervals calculated from
the underlying binomial distribution.

for an ODT with 7 polarization. We can therefore calculate
Ul (6S)/2) as in previous investigations [23,26], whereas
UJR(5D;,2) needs to be evaluated experimentally. We obtain
the averaged trap depth by applying the radial cutoff model
twice. We first use the known potential U™ (6S;2) to derive
a temperature. We then use Tj,, to obtain Ué\HR (5D33).

The experimental results of the trapping probability with
respect to the laser’s intensity are presented in Fig. 3. For
better comparison, the intensity is expressed in units of
UJR(6S,2), revealing the difference in state-dependent trap
depth. Fitting the 6S;/, data using the radial cutoff model
and the known U™ (6S2) yields Tion (6S1,2) = 355(29) uK,
consistent with the Doppler temperature of 7, = 365 uK.

Preparing the ion in the 5Ds3,; manifold in our cur-
rent scheme involves the scattering of additional photons
compared to preparation in the 65, state. However, the cor-
responding change of the ion’s energy stemming from photon
recoil amounts to just a few microkelvins. As this energy scale
remains negligible compared to Tp, we assume T, (5D3/2) ~
Tion(6S1/2).

We derive UMR(5D;;;) by introducing the ratio
of the effective trap depths as a scaling factor ko =
Ué\HR(SDyz)/Ué\HR(@gl/Q). We fit the 5D3/2 data with a
modified radial cutoff model poy = 1 — 7205 — 2ipE €05,
Assuming an unchanged Tj,, while having « as the only free
parameter yields ko = 0.12(1). For our setup, an ion prepared
in the 65/, state therefore experiences a trap depth ~8.3(7)
times larger compared to the ion being prepared in the 5D3/»
manifold.
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Finally, we compare our findings with theory [43]. Assum-
ing an equal occupation of all m; levels in the 5D3,, manifold
allows the derivation of a theoretical ratio of the ac Stark
shifts k" = UpiR (5D3/2)/ Uy (68) = 0.28. The difference
between «p and K(E'l;ior is due to the fact that the experimental
result k¢ includes the contributions of stray electric fields and
dc curvatures. However, we can still deduce o numerically,
by evaluating for which value our data set fulfills the condition
T(5D3)2) ~ T(6S),2). We find kg = 0.24(1). Our experi-
mental finding is in qualitative agreement with theory. The
remaining discrepancy could be explained by a nonuniform
distribution of the m; levels, by contributions of o~ /o* po-
larization, or by the residual displacement between the rf node

and the NIR center.

V. STATE-SELECTIVE ION REMOVAL IN THE VIS TRAP

In a next step we probe the state-dependent trapping per-
formance for an ODT operated at 532 nm (VIS). Unlike in the
NIR case, the VIS laser is blue detuned for ions prepared in
both the 5D3,, and 5Ds5,, manifolds and thus acts repulsively,
while remaining red detuned for the 65, state.

To begin, we characterize the trapping performance for the
65,2 state for Coulomb crystals of up to four ions. Once the
ions are prepared, we transfer the crystal into the VIS ODT,
being operated at maximum Pppr. The outcome of these mea-
surements and crystal-size-dependent trapping performance
can be seen in Fig. 4(a).

As in a previous investigation [23], the performance of the
VIS ODT is mainly limited by off-resonant scattering into the
D manifolds. We compare our experimental results with a sim-
ple rate equation model calculating the off-resonant scattering
events into the D manifolds, being represented by the gray
shaded area in Fig. 4(a). Here for each linear Coulomb crystal
configuration (N =1, ..., 4), the ions’ positions within the
ODT are calculated as in Ref. [41]. Then we determine the
local VIS intensity for each ion, assuming a Gaussian beam
propagation with the values provided in Table I. Subsequently,
we compute the off-resonant scattering rate for each ion as in
Ref. [28], while further considering the branching ratio of the
excited states (P — S vs P — D) of ~3 : 1 [44,45].

The result of this simple model is consistent with our
observation for the case of up to three ions, whereas for the
case of N = 4 the measured poy, is significantly lower, indi-
cating that additional effects have to be considered. For N = 4
the length of the Coulomb crystal amounts to |z; — z4| &~
229 um. For the outermost ion the waist of the ODT expands
to ~6.2 um. Further including the mutual Coulomb interac-
tion [a)éjzz_3/(27'[)2 = —(11.3)2kHz? and a)éjzlyzl/(Zﬂ)2 =
—(7.9)* kHz?], the outermost ion experiences the trap depth
UOY;.SZM(éSl/z) = 11.6(8) mK kp. In principle this trap depth
should still be sufficient to reliably trap four ions optically.
However, these estimations assume ideal alignment between
the wave vector of the VIS laser and the axis of the Paul
trap. A possible dislocation between the nodes displaces the
ions during the transfer into the ODT, effectively heating
the Coulomb crystal. A similar effect has been observed in
previous work [25]. It should be noted that we compensate
stray electric fields with a single ion at the ODT’s focus.
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FIG. 4. Demonstration of state-dependent trapping with the VIS
ODT. (a) Optical trapping efficiency for N = {1, 2, 3, 4} ions being
prepared in the 6S),, state. Top: Exemplary fluorescence images
of ion Coulomb crystals before and after optical trapping. Bot-
tom: Corresponding measured optical trapping probability. The error
bars denote the statistical uncertainty given by the calculated lo
Wilson score interval. The gray dashed line indicates the theoret-
ical prediction of the loss rate by off-resonant scattering into the
metastable D manifolds. The gray dashed area represents the bounds
of the theoretical prediction based on our experimental uncertain-
ties. (b) Performance of state-selective removal normalized to the
optical trapping efficiency. Top: Exemplary fluorescence images of
ion Coulomb crystals before and after state-selective removal. The
orange circles within the fluorescence images mark the dark ions
prepared in the 5Ds;, manifold. Experimental results are shown
below. The color code of the bars equals the color code of the final ion
number M in (a). The measured values were normalized to the overall
trapping performance of the final crystal size p(M — M), to obtain
the efficiency of state-selective removal only; therefore, some values
are larger than 1, but consistent with unity within their respective
uncertainties.

Therefore, the outermost ions might experience larger stray
fields.

In the following we extend our analysis to the metastable
5Ds); level. By shelving selected ions in the 5Ds;, manifold
and subsequently transferring the crystal into the VIS ODT,
we selectively render the effective potential repulsive for the
marked ions. This enables us to controllably remove any ion
from the Coulomb crystal, even if all ions share the same Q/m.
We call this process state-selective removal.

The experimental results on state-selective removal can be
seen in Fig. 4(b). Again we prepare Coulomb crystals up to
four '*Ba* ions, but now selectively shelve either one or
two ions at different positions in the metastable 5Ds;, man-
ifold. Since the cooling lasers are off resonant with respect
to the shelved ions, they appear dark. However, the Coulomb
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interaction still reveals their location within the Coulomb
crystal, being indicated by the orange circles in Fig. 4(b).
For each configuration we obtain a removal efficiency p(N —
M), with N and M being the initial and final ion number of
choice, respectively. In order to determine the efficiency of
state-selective removal only, we need to normalize our mea-
sured values by the trapping performance of the final Coulomb
crystal configuration, leading to p(N — M)/p(M — M). We
find consistency with unity.

Currently, the success rate of state-selective removal is
not limited by the efficiency of the removal process itself,
but rather by the optical trapping performance of the VIS
ODT [see Fig. 4(a)]. This could be improved by lowering
Py, effectively reducing losses by off-resonant scattering,
or by including repumpers at 614 and 650 nm [23], once
the ions originally prepared in the 5Ds;; manifold left the
ODT. Nevertheless, the process of state-selective removal can
still be observed with high fidelity, by repeating the protocol
until a successful event occurs. As a showcase, by performing
state-selective removal for the case of 3 — 2 ions with our
current single-attempt efficiency [p(3 — 2) = 86(7)%], we
observe at least one successful removal event with a fidelity
of ~99.7(4)% within three independent shaping attempts.

VI. ISOLATING A SINGLE ION

In the previous section, we apply state-selective removal to
build an efficient deterministic single-ion source for rf traps,
while further ensuring isolation from any parasitic ions.

During the course of ion loading, a random number of
atoms are ionized. Loading a single ion in the comparatively
large trapping volume of a linear Paul trap can therefore be
challenging. In particular, the ions are created at random posi-
tions in the rf trap, most probably starting on a higher-energy
trajectory where Eyy, = e - U;s(7). These ions exhibit a long
capture time into the Coulomb crystal, which can take up to
several minutes [15] (see also Fig. 5).

There are different approaches to loading only a single ion.
For the case of laser ablation, one can reduce the power of the
ablation laser. While creation and capture of more than one ion
can be largely suppressed, it drastically reduces the loading
efficiency [46]. A rather fast alternative is to first load a larger
ion Coulomb crystal and subsequently induce loss of ions by
pulsing the rf and dc confinement [47]. Both techniques, how-
ever, cannot guarantee the absence of parasitic ions, following
higher-energy trajectories.

Optical trapping of ions in the absence of any rf fields
overcomes this difficulty. It provides effective isolation of the
ion ensemble of dedicated size down to a single ion, while
allowing high repetition rates. The shallow optical trap and
related microscopic fraction of the trapping volume confines
a well-defined maximal number of ions. In our experimental
setup, the trapping volume is reduced by about nine orders of
magnitude. Due to the reduction of trapping volume, all para-
sitic ions on higher-energy trajectories are effectively ejected.
The remaining size of the purified Coulomb crystal within the
ODT can then be shaped to the desired size by state-selective
removal. In the following, as a showcase, we demonstrate the
effective isolation of a single ion, after being retransferred in
the rf trap.
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FIG. 5. Efficient loading and isolation of a single ion in an rf
trap by cutting off parasitic ions using an intermediate step of optical
trapping in the VIS ODT. Dashed blue curve: We apply ablation
loading and photoionization in the first 3 s of the experiment and
without further ablation or photoionization we track the number of
bright '¥Ba™ ions over 20 min. Even after 20 min the size of the
Coulomb crystal still increases, revealing the presence of former
hidden ions within the rf trap. Solid red curve: We apply ablation
loading for 3 s. Unlike before, once two ions form a Coulomb crystal,
we immediately remove one ion by state-selective removal. The shal-
low depth and the small volume of the VIS ODT allows the storage
of a finite number of ions, while parasitic ions on higher-energy
trajectories are effectively removed from the former trapping volume
of the rf trap. Transferring the ions from the ODT into the rf trap
again can be understood as deterministic loading and purification of
the 1f trap.

We start by characterizing the capture rate of ions
from higher-energy trajectories into the Coulomb crystal by
Doppler cooling. We apply ablation loading (pulse repetition
rate, 100 Hz) while simultaneously turning on the photoion-
ization and Doppler cooling lasers for 3 s. Without further
ablation and photoionization, we track the number of bright
ions in the rf trap for the subsequent 20 min. The result
of an exemplary experimental run can be seen as the blue
dashed curve in Fig. 5. Most ions are created on higher orbit
trajectories and therefore require several minutes before they
appear bright in the center of the rf trap. Even after 20 min,
the absolute number of ions within the Coulomb crystal still
increases. This dynamic reveals the difficulty to deterministi-
cally prepare and isolate N ions within an rf trap.

In a second measurement, shown as the red solid curve in
Fig. 5, we extend the loading protocol by our state-selective
removal scheme. As an illustration, we start with two bright
ions. We immediately remove one, reducing the crystal size
down to a single ion. Afterwards, we observe that over the
course of 20 min no other ions appear in the rf trap. We see
this as evidence for removing any parasitic ions via the inter-
mittent transfer into the shallow VIS ODT. The presented
scheme provides an efficient and deterministic method for
loading and isolating a single ion. In principle this scheme
can be extended to larger numbers of ions.

VII. CONCLUSION AND OUTLOOK

In summary, we demonstrated state-dependent confine-
ment for Coulomb crystals in two independent single-beam
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optical dipole traps. Exploiting these techniques allows us to
create state-dependent potentials or to reliably remove a given
ion from a Coulomb crystal, despite all ions sharing the same
Q/m. We further showed that the intermittent transfer of a
Coulomb crystal into an ODT allows reliable and fast isolation
down to a single ion for any final trapping scheme, such as
Paul and Penning traps. The presented work opens the door
for numerous applications, some of which will be discussed
in the following.

The presented scheme of state-selective removal is directly
applicable for a number of alkaline-earth ions (e.g., Ca™, Srt,
Ba', and Yb™), which all feature metastable electronic states
between the ground and first excited states. We note that in
principle this scheme can be adapted for ions without such
metastable states (such as Be™ and Mg"), by individually
exposing the target ions with additional blue-detuned optical
light fields focused on the selected positions while the entire
Coulomb crystal is confined in an attractive ODT. Since the
target ions do not have to be kept in the regime of low off-
resonant scattering induced by the blue-detuned laser, this can
be accomplished with near-resonant laser beams operated at
moderate optical powers.

Removing a target ion from a Coulomb crystal could be
applied to study various effects. The sudden vacancy in a
two-dimensional (2D) crystal can create a topological de-
fect, which has recently been discussed in the framework
of the quasiparticle fracton model [48]. Alternatively, one
might probe structural defects known as “kinks” [49-51]. So
far these have been investigated within the oscillating fields

of an rf trap. For future experiments, one might consider
trapping a large 2D Coulomb crystal [52,53] in a common
state-dependent ODT. Removing the center ion might create
a defect while simultaneously eliminating contributions of
micromotion.

The presented results can also be applied in the emer-
gent field of ultracold atom-ion interactions [54,55]. Hereby
individual ions interact with an ensemble of atoms, allow-
ing to investigate chemical reactions [56-59], spin dynamics
[60-62], and elastic collisions, aiming at the ultracold quan-
tum regime [63,64]. All these measurements require constant
reloading of a single, isolated ion. The presented scheme
enables a fast and reliable deterministic single-ion source
and might therefore be a useful tool for any trapping
platform.
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