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Trapping Ion Coulomb Crystals in an Optical Lattice
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We report the optical trapping of multiple ions localized at individual lattice sites of a one-dimensional
optical lattice. We observe a fivefold increased range of axial dc-electric field strength for which ions can be
optically trapped with high probability and an increase of the axial eigenfrequency by 2 orders of
magnitude compared to an optical dipole trap without interference but of similar intensity. Our findings
motivate an alternative pathway to extend arrays of trapped ions in size and dimension, enabling quantum

simulations with particles interacting at long range.
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Analog quantum simulation—exploiting well controlled
quantum systems to experimentally simulate phenomena in
nature, which are otherwise hard to access—has seen great
success with the emergence of several well-controlled
experimental platforms [I-5]. However, it remains an
outstanding objective to explore the regime beyond effi-
cient numerical tractability, for example, by addressing the
class of problems incorporating interaction at long range
while exceeding one dimension [2]. Promising approaches
include extending the interaction range between optically
trapped neutral particles by employing strongly dipolar
(Rydberg) atoms [6,7] or molecules [8] or using multi-
species atomic ensembles coupled to cavities [9].

Trapping ion Coulomb crystals (CCs) in radiofrequency
(rf) traps allows the direct exploitation of the long range
Coulomb interaction [10,11]. Experiments with linear CCs
have led to seminal results (see Refs. [12—14] and refer-
ences therein). Yet, extending the approach to two- or three-
dimensional CCs in linear rf traps enforces a spatial
displacement of the ions from the rf node, causing an rf-
driven motion, the so called excess micromotion. Aligning
the orientation of the interaction perpendicular to the
micromotion, could substantially reduce the impact for
some applications [15-17]. Still, already in few ion CCs,
the kinetic energy of the synchronized micromotion
exceeds the thermal energy by several orders of magnitude,
similar to the approach in Penning traps [11]. Trapping ions
in arrays of individual rf surface traps mitigates the
micromotion in higher dimensions, and permits single site
control [18-23]. However, extending the size of the arrays,
while maintaining sufficiently small electrode structures,
remains a challenge. Hybrid traps, replacing the axial
confinement in rf traps by a 1D optical lattice, were
successfully employed to axially pin ions by the light field
[24-27]. This has been used to simulate friction in one
dimension on an atomic scale [28-32] and was proposed as
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a platform to study structural phase-transitions in two
dimensions [33].

Optical trapping of CCs, i.e., in absence of any tf fields,
offers a possibility to extend arrays of ions in size and
dimension. First, micromotion is negligible for optically
trapped ions [34]. Second, optical fields allow the realiza-
tion and dynamic control of close to arbitrary potential
landscapes, such as multidimensional microtrap arrays on
the nanometer scale [35,36]. Finally, optical trapping
allows for joint confinement of atoms and ions [37,38],
potentially extending the quantum simulation toolbox to
arrays of ions and (Rydberg) atoms [39-41]. Optical
trapping of a single ion [42—44] as well as CCs [45,46]
has been demonstrated for single-beam optical dipole traps
(ODTs). Additionally, a single ion has been confined in a
near-resonant optical lattice [47]. In this Letter, we dem-
onstrate optical trapping of multiple ions in a far-detuned
optical lattice, realizing single-site localization at individual
lattice sites. We compare the eigenfrequencies of the ions in
the lattice to those of ions in a noninterfering ODT and
observe an increase of the axial eigenfrequency by 2 orders
of magnitude.

A schematic representation of the experimental setup is
given in Fig. 1(a). We initially trap CCs of '**Ba* ions in a
linear segmented rf trap (trap axis defines the z axis) with
secular frequencies (wy,wy,®,) &2z x (100,100,12) kHz at
driving frequency € = 2z x 1.416 MHz. The axial sec-
ular frequency w, receives contributions from the rf field
(~2n x 3 kHz) as well as from additional dc confinement
supplied by the outer segments, collectively forming the
two end caps of the trap (w, 4. ~ 27 x 11.5 kHz). In this
trap, the ions form a linear chain with an interion distance
of ~ 70 pm (60 pm) for N =2(3) ions. The axial dc
confinement results in radial deconfinement along one of
the radial modes [45], reducing the confinement to

wy & /w2 — @2 .. The ions experience a magnetic field
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FIG. 1. Schematic representation of the experiment. (a) Setup
(not to scale): The setup consists of a linear rf trap with
segmented dc blades and an optical dipole trap. The ODT is
generated by a linear polarized beam (4 = 532 nm) with power
P;,, aligned along the common z axis. After the beam passes the
trap, we either block it with a flip mirror, or retroreflect it, with
the polarization of the retroreflection set with a quarter-wave
plate. (b) Sketch of the experimental sequence: We prepare a
linear Coulomb crystal in the rf trap (I: Initialization). We transfer
the crystal into one of the ODT configurations (II: Optical
trapping) and optionally act on the ions with additional fields.
After the optical trapping duration 7., we detect remaining ions
in the rf trap (III: Detection).

of approximately 300 pT at an angle of about 75° with
respect to the z axis. We generate an ODT with a linear
polarized laser at wavelength 1 =532 nm and power
P;, €1[0,7.2] W aligned along the z axis. We focus the
incident beam with a first objective to a beam waist (1/¢? of
intensity) of w;, & 6.6 pm at the rf node, where we position
the CCs’ center of mass. After the beam passes the vacuum
chamber, we collimate it with a second objective, before
optionally retroreflecting and refocusing it on the ion with
P ~0.86 x P;, and a beam waist matching w;, within
10%. We realize three different ODT configurations,
assisted by the axial dc confinement: (i) A single-beam-
ODT, by blocking the incident beam with the flip mirror
behind the chamber. (ii) A linLlin-ODT, by rotating the
polarization of the retroreflection by 90° with a quarter-
wave plate. This results in a polarization gradient along the
trap axis, modulating the optical potential [48]. (iii) A
lin||lin-ODT, obtained by overlapping the incident beam
with a parallel polarized retroreflection. In this configura-
tion the two beams interfere constructively, forming a 1D
optical lattice.

Our optical trapping experiments consist of three phases
[Fig. 1(b)]: In the initial phase, we load ions into the rf trap
and laser cool them (D1-line) close to the Doppler temper-
ature Tp = 400 pK in all motional degrees of freedom [44].
We monitor the ions by fluorescence imaging, to prepare
isotope-pure CCs of N <3 ions in the 65/, state as
described in [49] and [46], and compensate stray fields

0 Egray < 10 mV m~!. For the second phase, we transfer
the CC from the rf trap into the ODT. To this end, we
increase Py, to its chosen value within 7, ~ 100 ps and
subsequently turn off the rf field (ringdown time of 32 ps).
During the optical trapping duration 7, we optionally
manipulate the ions with electric control fields. In the final
phase, we turn the rf trap on, switch the ODT off and detect
remaining ions via fluorescence imaging. We register a CC
as optically trapped, if all ions are detected and repeat the
protocol for n =10 to 20 times, to derive the optical
trapping probability p.,. As a measure of statistical
uncertainty for p,, we employ Wilson-Score lo intervals
[50]. Currently, systematic effects prevent us from increas-
ing n as well as from accumulating data from different
experimental periods, in order to reduce statistical uncer-
tainties. However, we verify that the observed features are
not due to statistical fluctuations and show representative
datasets.

In order to study the effect of the ODTs on the radial
confinement of the ions, we investigate the radial motional
eigenfrequencies fr,qex, Of a single ion for the different
configurations. To derive f g exp, We sinusodially modulate
the voltage on one of the end caps during 7, = 1.5 ms and
measure p,y in dependence on the modulation frequency
fmod- Tuning f,.4 close to resonance, we find a reduction
of pop due to coherent motional excitation. We compare the
radial eigenfrequencies for the three ODT configurations at
P;, = 5.04 and 6.30 W [Figs. 2(a) and 2(b), respectively].
The observed fi,qexp Scale approximately with /P,
Additionally, the measurements show a significant increase
in radial confinement from the single-beam-ODT to the
linL1in-ODT and lin||lin-ODT at a given P;,. We attribute
the increase of f1,q cxp in the lin L1in-ODT compared to the
single-beam-ODT to the additional impact of P, and
the further increase in the lin||/lin-ODT to the interference of
the beams. As a comparison, we estimate radial frequencies
frad.num» based on a harmonic approximation of a numeri-
cally modeled trap potential. While all f,q.x, agree with
their related f,qnm to within 1.5¢ [51], they remain
systematically below the f .4, for the linllin and
lin|[lin configurations. We attribute this systematic shift
to our measurement method, which relies on exciting the
ions to energies sufficient to escape the trap. The anhar-
monicity of the trapping potential and the related depend-
ence of the ions’ motional frequency on the oscillation
amplitude leads to a higher rate of escape for f,,q initially
detuned to the red. Finally, we consider contributions to the
deviation by non-Gaussian ODT beams, as well as radial
misalignment between the beams. For the linLllin- and
lin||1lin-ODT, the variation of the resonance widths between
the different configurations, shown in Fig. 2, is comparable
to the variation across different datasets for each configu-
ration. We thus attribute the variation to systematic effects,
such as drifts of the objectives and electric fields.
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FIG. 2. Spectrometry of the radial modes of a single ion in
different ODT configurations for (a) 5.04 and (b) 6.30 W. Shown
is pop at different excitation frequencies f,q for the single beam
(green diamonds), the lin_Llin (blue circles), and the lin|[lin-ODT
(orange squares). Lines depict Lorentzian fits to the data. Open
symbols show numerical estimations for the resonance frequen-
cies (error bars represent model uncertainties [51]).

To probe the axial confinement in the lin|/lin- and
lin L1in-ODT, we measure p,, for a single ion in depend-
ence on a homogeneous axial electric field E,, (Fig. 3). We
compare the lin||/lin-ODT at P;, = 3.25 W to the lin_Llin-
ODT at P;, = 6.30 W. While this leads to comparable
radial trap depths (=17 mK), the expected axial depths of
the individual trap sites differ. They are approximately
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FIG. 3. Optical trapping probability p,, for a single ion in the

lin_Llin- (blue circles) and lin||lin-ODT (orange squares), exposed
to an axial electric field E,,. To reach comparable intensities in
the two ODTs, we set Py, to 3.25 and 6.30 W, respectively. As the
black arrow indicates, we can apply an approximately 5 times
larger E,y in the lin|/lin configuration, before p,, decreases to
50%. The dashed blue curve shows the result of a simulation for
ions with thermally distributed energy at temperature 7 ~ 3 x T,
neglecting any axial confinement by the light field. The orange
dashed curve represents a simulated result for an initially
optically single-site confined ion at 7=~ 6 x Tp.

3 mK for the linllin- and 22 mK for the lin|/lin-ODT.
During 7., we increase E,, within 200 ps to its dedicated
value and keep it for 500 ps. We find p,, enhanced for the
lin||lin configuration at E,, > 2 Vm~! allowing the appli-
cation of a 5 times larger E,, before p,, decreases to 50%.
Since the radial confinement in both configurations is
comparable, we attribute this difference in robustness of
Popt against E,, to a difference in axial confinement. We
compare the measured p,, with the results of two simu-
lations assuming thermally distributed kinetic energy Ei;,
with temperature 7'; one accounting for axial confinement
by the light field, the other neglecting it [51]. For the
lin_L1in-ODT we find good qualitative agreement with the
experiment for 7' ~ 3 x T, without the inclusion of axial
optical confinement. We therefore do not find evidence for
axial optical confinement, suggesting a nonthermal and
strongly anisotropic energy distribution, with axial kinetic
energies larger than the modulation depth due to the
polarization gradient. To reproduce the enhanced pp in
the lin||lin-ODT, however, we have to include axial optical
confinement and derive T =~ 6 x Tp. We thus attribute the
increased robustness of p, against E,, to the enhancement
of the axial restoring force by the interference of the beams,
confining the ion at a single lattice site. The increase of
kinetic energy is likely caused by (i) a nonadiabatic trap
transfer, inducing axial (radial) excitations, (ii) crossing of
radial rf trap instabilities during rf ramp down [58] and
(iii) resonant axial excitation by the rf field during the
transfer into the lin_Llin- and lin||lin-ODT. The increase in
T suggests a further increased motional excitation during
the transfer into the lin|[lin-ODT. Apart from the imper-
fections discussed above, we suspect a residual misalign-
ment of £, causing a decrease of the radial trap depth with
increased E,,. Additionally, we expect a nonthermal energy
distribution in the ODT, due to the energy increase during
trap-transfer.

As an independent measure of the axial confinement in
the lin||lin-ODT, we derive the axial eigenfrequencies
faxexp Of a single ion for P, =3.30W(6.30 W) [Fig. 4(a)].
During 7, we first apply a voltage offset on one of the end
caps to generate E,, ~ 0.6 Vm~'(0.9 Vm™'), before addi-
tionally modulating the voltage on the opposite end cap at
frequency f,,q for 500 ps. E,. is needed, since the
modulation alone does not lead to a f,,,q4 dependent re-
duction of p. It is chosen small enough such that pq, ~ 1
without the modulation. We attribute the need for the
additional E,, to the anharmonicity of the axial potential,
inhibiting efficient resonant excitation at f,,4 for increasing
motional amplitudes. Similar to 1,4 exp» We Observe a scaling
of faxexp ~ V/Pin» €videncing that the measured confinement
originates from the optical potential. Furthermore, the
obtained fy oxp are more than 2 orders of magnitude larger
than the axial frequency in the single-beam ODT where the
confinement is dominated by the dc field. This increase
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FIG. 4. Spectrometry of the axial eigenfrequencies in the
lin||lin-trap for (a) a single ion and (b) a two ion crystal. The
measurements were performed at P;, = 3.30 (red circles) and
Py, = 6.30 W (blue squares). Shown is py, in dependence on
the frequency f,,q of an axial driving field. The dashed and
dotted lines show the result of a Lorentzian fit to the data. Open
symbols represent an estimation of the expected frequencies
based on numerical calculations [51]. The observed frequencies
are 2 orders of magnitude larger than the eigenfrequency
measured for the single-beam-ODT, located at the dashed black
line.

suggests that the ion is axially optically confined at a single
lattice site. We repeat the measurement for P;, = 6.30 W,
E,~0.6 Vm™, and a CC of N =2 [Fig. 4(b)] (We
perform this experiment at Pj, = 6.30 W only, since p,, <
1 for P;, = 3.30 W and additional E,,). The agreement of
Saxexp for N =2 and N = 1 at identical P;, shows, that the
ions in the CC are initially axially confined within individual
lattice sites. Using the same model as for f,,q yum, We derive
numerical approximations f o num- All f 4 exp remain at 80%
(76%) of fx qum for the 3.30 W (6.30 W) measurement.
However the ratio between axial and radial frequencies
agrees with the ratio of the numerical estimates within
1o [51].

Finally, we trap CCs with N = 1, 2, 3 ions in the lin||lin-
ODT for #,,, = 500 ps and measure the dependence of p
on P;, (Fig. 5). We achieve trapping of up to N = 3 in the
lin|[lin-trap with pg, close to one. As N increases, we need
considerably more power, to reliably trap the CCs. While
for N > 1, the beam divergence and mutual Coulomb
repulsion between the ions reduce the potential depth, this
reduction alone does not explain the observed reduction of
Popt for N = 3. We derive an estimate of the ion energies
via the radial-cutoff model, assuming thermal distributions.
Considering the reduced potential depths, it yields temper-
atures on the order of (5, 10,20) x T, for N = 1, 2, 3. We
attribute this increase in ion temperature to the on average

1.0 4

i1

1
0.6-“1} [

}
# N=1
0.2 I { I l T N=2
N=3
004 -0 t
T T T T T T T
0 1 2 3 4 5 6 7
Pin (W)
FIG. 5. Optical trapping probability p,y for ion Coulomb

crystals in the lin||lin trap with one (blue squares), two (orange
circles), and three ions (green diamonds) in dependence on the
incident beam power P;,. We achieve trapping of CCs of up to
N = 3ions with p,, close to unity [pop max (N = 3) = 0.937091.

increased distance of ions from the axial rf node. As the rf
field features an axial component increasing with distance
to the rf node, this leads to an enhancement of E\;, for
larger N during trap transfer.

In this Letter, we have shown that we can trap CCs with
up to three ions in an optical lattice. In our measurements
we observed the effect of excess heating during trap
transfer, currently limiting us in the size of trappable
CCs. By measuring the increased robustness of p, against
axial displacement (see Fig. 3) and the axial eigenfrequen-
cies of the ions in the lattice (see Fig. 4), we demonstrated
that for N < 2 the ions are single-site confined at individual
lattice sites even with increased kinetic energies.

One approach to mitigate the kinetic excitation during
ODT loading is an improved adiabatic transfer—for exam-
ple, via an intermittent single-beam-ODT, eventually build-
ing up the lattice with a second, individually controlled
beam [47]. An alternative is to in sifu ionize optically
trapped neutral atoms, achieving small recoil energies by
employing near-threshold photoionization or field ioniza-
tion of Rydberg states [59,60]. Additionally, this would
allow the interion distance to be reduced, while easing the
loading process for higher-dimensional ensembles into
lattices [40] or into optical-tweezer arrays with adjustable
spacing [36]. To reach close to the motional ground state
within individual lattice sites, we might exploit established
sideband cooling schemes [26]. Alternatively, we could
exploit sympathetic cooling via a bath of ultracold atoms
[37,61]. This might enable continuous operation, since the
electronic degree of freedom is not involved. However,
even at reduced temperatures, an increased laser power
might be required, to extend the ensemble. This can be
assisted by the use of optical cavities [62,63] as demon-
strated for optically trapped neutral atoms [64,65] and
hybrid ion traps [25-27,29-32]. The ions could be imaged
with fluorescence detection either in situ while Raman
cooling [26] or free of effects induced by the ODT, by
stroboscopically interleaving trapping and detection cycles.
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Currently, offresonant scattering of photons from the ODT
beams limits 7., to a few milliseconds. The trapping
durations could be enhanced by detuning the ODT,
demonstrated for 1064 nm [44]. Using the 6S,, —
5Ds;, transition [66] could then allow coherent control
over the optical confinement, enabling the creation and
study of coherent superpositions of structural crystal
phases [67-69] and their entanglement. Providing
higher-dimensional lattices, filled with neutral atoms and
ions, could allow the investigation of novel aspects of atom-
ion interaction, e.g., involving coherent charge transfer
between lattice sites hosting either ions or atoms [39,41],
the latter in circular Rydberg states [70]. Yet, the Coulomb
interaction at long range comes along with mutual repul-
sion, limiting the filling factor of the lattice. However, the
stiff confinement within the accessible optical landscape
might permit us to address complex dynamics of interest,
such as, the onset of Aharonov-Bohm physics via artificial
gauge fields [71] or the experimental simulation of quan-
tum-spin Hamiltonians [51], featuring spin frustration
[72,73] and spin-glass dynamics [74].
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