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Multi-site integrated optical addressing of
trapped ions

Joonhyuk Kwon 1 , William J. Setzer 1, Michael Gehl 1, Nicholas Karl 1,
Jay Van Der Wall1, Ryan Law1, Matthew G. Blain1,2, Daniel Stick 1 &
Hayden J. McGuinness 1

One of the most effective ways to advance the performance of quantum
computers and quantum sensors is to increase the number of qubits or
quantum resources in the system. A major technical challenge that must be
solved to realize this goal for trapped-ion systems is scaling the delivery of
optical signals to many individual ions. In this paper we demonstrate an
approach employing waveguides and multi-mode interferometer splitters to
optically address multiple 171Yb+ ions in a surface trap by delivering all wave-
lengths required for full qubit control. Measurements of hyperfine spectra and
Rabi flopping were performed on the E2 clock transition, using integrated
waveguides for delivering the light needed for Doppler cooling, state pre-
paration, coherent operations, and detection. We describe the use of splitters
to address multiple ions using a single optical input per wavelength and use
them to demonstrate simultaneous Rabi flopping on two different transitions
occurring at distinct trap sites. This work represents an important step
towards the realization of scalable integrated photonics for atomic clocks and
trapped-ion quantum information systems.

Ions stored in RF Paul traps1 have provided an effective platform for
quantum information due to their stability2, long coherence times3,
and high fidelities4. In addition to computing5,6, ion traps have also
been used for atomic clocks7,8, quantum networks9,10, quantum
sensors11, and fundamental science12,13. The development of surface
traps14,15 furthered the potential for advancing these applications by
enabling scaling to more ions. Using microfabrication capabilities
originally developed by the semiconductor industry, surface ion
traps were fabricated that could support many-ion quantum
computers16,17. These traps also provided a convenient platform for
integrating other electronic and optical technologies18, which are
necessary for the individual addressing and readout of growing
numbers of ions. These technologies include photonic waveguides,
waveguide splitters19, grating couplers20–23, detectors24–26, and
modulators27, all of which combined can support quantum systems
with many ions as well as applications which require low size,
weight, and power (SWaP).

While many of these proof-of-principle experiments focused on
the operation of a single ion site, simultaneous independent control of
multiple ions at several trap sites had until now not been realized.
Here, we demonstrate a room temperature ion trap and simultaneous
optical addressing of three 171Yb+ ions in independent wells, using only
light delivered through waveguides. The light addressing two of the
three ions comes from a single split input, forming a multi-ion
ensemble. Multi-mode interferometer (MMI) splitters are employed to
equally divide the light from the input waveguide into two separate
waveguides, which are routed to output couplers individually
addressing the trapped ions. Other splitting ratios are possible by
varying the interaction length in the MMI splitters, as are other fanout
ratios (e.g. 1 × N). This technique could be employed to deliver light to
a much larger number of ions, ultimately limited by the power hand-
ling capacity of waveguides. Large collections of ions are particularly
interesting for atomic clocks, where it has been shown that separately
interrogated ensembles of ions can achieve sensitivities that scale as
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(αN)−m/2, whereN is the number of ions in each ofm ensembles, and α is
a protocol-dependent constant28.

In this experiment we performed hyperfine spectroscopy and
Rabi flopping on the E2 clock transition, consisting of Doppler cooling,
state preparation, coherent operations, and detection. Only the pho-
toionization laser beams were delivered via free space. This required
multiple wavelengths ranging from UV (369 nm) to NIR (935 nm). We
demonstrated the bluest wavelength used for integrated optical
addressing to date, overcoming challenges related to the lithography
of the grating couplers and propagation losses of the waveguides.
Additionally, we measured simultaneous Rabi flopping for two differ-
ent transitions occurring at different sites, which is a key capability for
quantum systems that require magnetic field calibration. We also
investigated optical cross-talk between sites.

Results
Experimental setup
Figure 1b shows a false-color scanning electron microscope (SEM)
image of multiple sites in the microfabricated surface trap. Each site
was optically addressed by light from four output couplers, allowing
for the necessary state manipulation needed for a clock based on
171Yb+. An energy level diagram of the relevant levels is shown in Fig. 1e.

Ionswere trapped 50μmabove the surfacewith a 200μmspacing
between trap sites. Light was coupled into the waveguides through
input gratings located far from the trapping region and routed to the
output gratings. Single-layer aluminum oxide waveguides were used
for theUV light at 369 nm and 435 nm,while silicon nitridewaveguides
were used for 760nm and 935nm. These materials were chosen for
their low-loss at these wavelengths and for ease of fabrication. Light
from three output couplers converged at each of three trap sites along
the trap axis, allowing for three ions to be cooled and manipulated
using only light from the integrated photonics.

In the case of the 435 nm beams, 2.0mWwas applied to the input
grating for ensemble 2 (single) and 4.3mW to the input grating for
ensemble 1 (split). There were significant losses at the inputs that
reduced the amount of light thatwas coupled andpropagated through
roughly 5mm of the waveguides before being emitted through the
output gratings (Fig. 1d), ultimately resulting in π-times of 130μs or
longer. Based on this π-time and the input power we estimate a 49 dB
loss between the free-space beam launch and the ion, significantly
higher than the 20dB we measured outside the chamber. We believe
that this discrepancy primarily results from additional input coupling
loss, which can be improved through the implementation of edge-
coupling to fibers. A more detailed description is provided in the
Methods section.

Ions were trapped at room temperature with a vacuum pressure
of ≈ 1 × 10−11 Torr. A magnetic field of 5.5 G (1:4x̂+0:7ŷ+ 5:3ẑ) was
applied to optimize both ion fluorescence and coupling to the quad-
rupole transition. This biasmagnetic field also broke the degeneracyof
the Zeeman sublevels of the excited states.

A defining feature of these integrated photonics is that the
waveguides for two of the three trap sites were fed via a common
input. For each wavelength, an integrated splitter, as shown in Fig. 1c,
was used to equally divide the input light into two waveguide channels
which were routed to the output gratings of the two sites. The MMI
splitters were measured to have low optical losses of <0.2 dB per
splitter. Integrated splitters allow for the control of numerous ions at
different sites sites via a single input, providing a path for supporting
many-ion ensembles with only a few optical inputs.

Multi-ion trapping and waveguide characterization
State detection is particularly challenging in surface traps using inte-
grated waveguides because light emitted from output couplers can
scatter into the imaging system and overwhelm the ion fluorescence.
In a standard detection scheme21,29, ions fluoresce at the same

wavelength as the detection laser, rendering wavelength filters too
broad to distinguish between the two. The light output from a grating
is highly polarized and therefore polarization filtering is feasible, but
provided insufficient filtering of scattered light in this experiment.

In addition to a conventional imaging system with both a CCD
camera (Andor Zyla) and photo-multiplier tube (PMT, Hamamatsu
H10682-210) for collecting fluorescence normal to the trap surface, a
side-imaging lens was added to collect light along the y-axis. This
geometry avoids collecting the off-axis scattered photons from the
cooling/detection beams that emerge at 45∘ from the waveguide out-
put couplers, which otherwise overwhelms the ion fluorescence signal
when imaged from above. As a standard 6-inch octagonal vacuum
chamber was used, the distance from the ion to the objective placed at
a side viewport was larger by a factor of 5 compared to conventional
overhead imaging, and therefore was much less efficient at collecting
photons due the reduced numerical aperture (see Methods). With the
conventional overhead imaging system and free-space light delivery,
the total count rate on the PMT was 30 kcps (kilocounts per second),
with negligible background noise (<0.1 kcps). For waveguide-delivered
light and overhead imaging, the signal-to-noise ratio was ≪1. Using
side-imaging and waveguide-delivered light, the total count rate was
5–8 kcps with high but manageable background noise (∼2 kcps) from
scattered photons.

With the side-imaging system, the objective lens collected and
focused light onto either a CCD camera (Andor Luca) or a 32 channel,
linear PMT array (Hamamatsu H11659-200) with a multi-pinhole filter
for the three waveguide sites. The 100μm pinholes spatially filtered
the ion fluorescence from background scattering to improve the
signal-to-noise ratio (SNR) on the PMTs. Ultimately this arrangement
achieved SNRs between 5 and 10 while supporting detection times on
the order of milliseconds (4ms for the measurement in simultaneous
Rabi flop, see below). Figure 2a shows fluorescence images of the ions
illuminatedbyboth free-space andwaveguidebeams. Eachwaveguide-
illuminated ion, labeled (i) to (iii), was separated by a distance of
200μm and placed in a local potential minimum created by the sur-
rounding electrodes. To trap multiple ions simultaneously, we loaded
each ion sequentially. The first ion was loaded at the loading hole
position (marked with a red circle in Fig. 2a) using free-space beams
(Doppler and repump) with a single-site potential solution (see
Methods). This loaded ion was then shuttled towards the far-right
position (iii) by applying the appropriate voltage waveforms to the
interior control electrodes. This shuttling process was carried out
without the use of cooling beams between sites, but once the ion
reached the target position it was cooled by light from the output
gratings. We subsequently loaded new ions by applying an additional
potential minimum and repeating this process until three ions were
stored at locations (i) to (iii) (see Supplementary Fig. 2).

While the Rabi flopping measurements in this paper used PMTs,
we also fabricated SPADs for each ion-trapping site for future inte-
grated detection. We shuttled and then detected ions with the SPADs
using free space lasers, but ultimately could not operate the wave-
guides and SPADs simultaneously due to scattering from the wave-
guides that dominated the count rate.

The applied control and RF voltages produced an axial frequency
of 2π × 1.02MHz and radial frequency of 2π × 3.52MHz, corresponding
to a radial trap depth of 71meV. Positioning the DC electrodes inside
the RF rails led to a significant increase in DC electrode efficacy, such
that static voltages within ±1 V were sufficient for achieving a 1MHz
axial frequency.

The 369 nm and 935 nm beams were used for cooling, state pre-
paration, and detection of the ions, while the 435 nm beam was used
for performing coherent operations on the E2 transition. Additional
beams required for ion loading (399 nm and 393 nm) were delivered
via free-space optics. This was done to reduce trap complexity, but
future devices could easily incorporate waveguides that support
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photoionization.Waveguides for delivering 760nm repump light from
the fourth output coupler were fabricated but never used. This wave-
length canbeused for depopulating the F statewhen abackgroundgas
collision transitions the ion to this state, but it was not necessary for
theseexperiments given the several-hour lifetime achieved at theultra-
high vacuum pressures in the chamber.

All waveguide output gratings were designed to emit beams that
overlapped at the trapping site 50μm above the surface. While the

369 nm and 435 nm gratings were designed to focus at the ion’s loca-
tion, the repump beams were intentionally unfocused in order to
ensure they overlapped with the ion position. Figure 2b shows the
measured waveguide profiles for 369 nm and 435 nm in x̂ and ẑ. The
height of the ion (z) is controlled by adding an electric shim field in ẑ,
with the resulting distances measured using the side-imaging camera.

As shown in Fig. 2c, the two beam profiles have closely over-
lapping foci near the 50μm ion height, and near the center of the
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Fig. 1 | Experimental setup. a Conceptual illustration of a surface trap with ions
and integrated beams. b SEM image of the trapping region of the micro-fabricated
surface trap, consisting of multi-color waveguide output couplers (oval structures
within RF rails), electrodes (green) and RF rails (blue). Single photon avalanche
diodes (SPADs) are located at the center of trapping sites and are shielded by a
groundedmetalmesh to protect the ion from electric field perturbations when the

SPADs are operational (see Methods). c SEM image for an MMI splitter that routes
light to waveguide output couplers (indicated in blue and dark blue). Similar
splitters are also applied for other colors. d SEM image of grating output couplers.
e 171Yb+ energy level diagram, indicating the three different integrated wavelengths
used in the experiment.
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integrated SPADs. The 369 nm integrated beam profile in Fig. 2c is
measured using ion fluorescencewell below saturation intensity, while
ensuring that the signal is not cut off by the side-imaging pinholes. For
the 435 nm quadrupole beam, the beam profile was characterized by
measuring the Rabi frequency as a function of ion position. In both
cases the profiles were fit to a Gaussian, showing a full-width-half-
maximum beam width of 5.26μm and 5.25μm respectively.

The in-situ measurements of the integrated beams agreed well
with independent microscope measurements. Figure 2d shows the
theoretically simulated waveguide output coupler profile for 369 nm
and 435 nm beams, where the beams are overlapping around 50μmas
designed. The x0-axis in this figure is not the original x-axis but instead
corresponds to the projection of the x-axis on a plane that is perpen-
dicular to the trap surface and runs through the centersof the gratings.

Simultaneous multi-ion/multi-state addressing
In these experiments, ensembles consisting of 2 + 1 trapped ions (2
ions with shared waveguide inputs and a single ion with independent
control) were probed simultaneously. Each ion was first optically
pumped to ∣2S1=2,F =0

E
and then a 435 nm laser resonant with the

quadrupole transition was used to demonstrate Rabi flopping with
∣2D3=2,F =2

E
(Fig. 3). The ion positions for the split beams (blue traces)

were set to maximize the interaction strength for each ion within each
435 nm beam. Ideally, this would correspond to the maximum inten-
sity, but other factors like micromotion could slightly offset these
optima. The two ions exhibited similar Rabi rates (δΩ =0.064(4)Ω),
indicating a near 50/50 split for theMMI. Though not necessary in this

case, the interaction strengths couldhave been fine-tuned by adjusting
the position of each ion to equalize their Rabi rates. The orange data
indicates the independently addressed ion. Each data set was fit with a
single-ion, two-state transition model that accounted for the average
motional quanta �n of the ion in the Lamb–Dicke regime.

In practical realizations of quantumcomputers, quantum sensors,
or atomic clocks, itmaybebeneficial to probemultiple transitionswith
different sensitivities in order to calibrate magnetic fields. To
demonstrate this capability, we simultaneously probed two different
transitions (one with each ensemble) as shown in Fig. 3c. This mea-
surement was similar to Fig. 3b, but with a different optical qubit fre-
quencyused for the ions addressedby the splitwaveguides. These ions
(dark and light blue) transitioned from ∣2S1=2, F =0,mF = 0

E
to

∣2D3=2, F =2,mF =0
E

(the 171Yb+ clock transition), while the single-
waveguide ion transitioned from ∣2S1=2, F =0,mF =0

E
to

∣2D3=2, F =2,mF = � 1
E
. Due to their different coupling coefficients,

they exhibited different Rabi rates. The frequency required for the
δm = 0 transition state isfirst-order insensitive tomagneticfields and is
naturally well-overlapped (the difference in Rabi rates is δΩ =0.039(4)
Ω). This further confirmed the near 50/50 power split performance of
the MMI splitter, as the Rabi rates became closer when the transition
was not susceptible to spatial magnetic field gradients.

The ions were not cooled to the motional ground state in this
experiment (�n≈30,basedonpreviousRabifits), which leads todecay in
the Rabi contrast as pulse time increases30. This �n is higher than the
Doppler limit (≈10 quanta), primarily due to insufficient cooling times
(discovered later in the experiment) and less optimal Doppler cooling
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Fig. 2 | Multi-site optical addressing and integrated beam profiles. a Image of
multiple trapped ions taken with a CCD camera from the side of the trap. The top
image shows three ions illuminated by light fromwaveguides (i, ii, and iii), with the
left two (i and ii) using light split from single sources corresponding to the different
required wavelengths. The fourth ion highlighted with the dashed red circle was
illuminated with free-space beams at the loading site. b Beam profiles for the
waveguide-delivered 369 nm and 435 nm beams. The intensities were calculated
using the ion fluorescence (369 nmbeam) and Rabi frequency (435 nmbeam). A 3D
contour plot shows normalized intensity along the x-z plane. The x-axis origin is at

the center of themiddle SPAD, consistentwith the coordinates in part a. The beams
intersected at 50μm from the surface and near the center of the SPAD. The white-
dashed line represents RF null position on z-axis. cMeasured profiles along the trap
axis of the 369 nm and 435nm at the height corresponding to the optimized
interaction strength (used in Fig. 3). Error bars show the standarderror of themean.
d Simulated waveguide profiles for Doppler (left) and clock transition (right)
beams. The x0-axis in this figure is along the line between waveguide gratings. For
the z-axis, 0 is the trap surface.
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caused by the fixed polarization and k-vector of the light emitted from
the output coupler relative to the applied magnetic field, based on
comparisons to the lower �n measured with free space beams. Heating
rates were measured at site (ii) to be 1–3 q/ms (see Methods). The
detection fidelity achieved in this experiment is lower than typical,
primarily due to collection efficiency limitations of the side-imaging
system and the higher �n. Our chamber setup unavoidably increased
the distance between the side-imaging objective lens and the trapped
ion, making it challenging to use high numerical aperture objective
lenses. Additionally, while greatly improved by using side-imaging,
there remained some scattering from the waveguide output couplers
that contributed to background noise.

Cross-talk characterization
An important consideration in any multi-ion system is optical cross-
talk, as the unintended light on neighboring ions introduces errors in
the clock or qubit. Cross-talk errors for integrated addressing of a
single ion in a chain have beenmeasured as a function of displacement
from the center of the beam profile20, as well as in a multi-zone trap22.

To measure cross-talk, light was applied at one site while Rabi
transitions were measured at all sites. The ion(s) of a single ensemble
were probed using the ∣2S1=2, F =0,mF =0

E
to ∣2D3=2, F = 2,mF = � 1

E
transition, in the same way as Fig. 3b, while the corresponding optical
cross-talk on the ion(s) of the other ensemble was observed. Figure 4a
shows that addressing the single ion ensemble resulted in a Rabi fre-
quency Ω0 for the single ion and a cross-talk-induced Rabi frequency
Ωc∼0.05Ω0 on the closest ion of the other ensemble. This corre-
sponds to a relative cross-talk intensity of Ic/I0 = 0.0026(1), where I0 /
Ω2

0 is the driven intensity and Ic is the cross-talk induced intensity.
It is notable that only ion (ii) of the ensemble showed measurable

optical cross-talk. If scattering due to waveguide edge roughness
caused significant waveguide-to-waveguide coupling between single
and ensemble waveguides, cross-talk would be similar for ion (i) and
(ii). As shown inFig. 4a (darkblue), cross-talkwas proximity dependent
and therefore not significantly caused by the input couplers or
waveguide-to-waveguide coupling on chip, but rather was dominated
by scattered light from the output coupler. Another experiment22

measured lower cross-talk (−60dB) with gratings that emitted 729 nm
light in the −1 order mode, which suppresses higher order modes.

Given our lithography tolerances and a shorter 435 nmwavelength, we
were limited to designing gratings that emit in the +1 order mode, and
subsequently generated higher order modes that resulted in greater
optical crosstalk. In addition, shorter wavelengths are more sensitive
to fabrication imperfections that can lead to scattering.

Figure 4b shows the data for the opposite case, where the two ion
ensemble was addressed. The single ion measured a relative cross-talk
intensity of Ic/I0 = 0.0036(2). The twomeasurements of cross-talk have
similar intensities which suggests that the source of the cross-talk has
little directional dependence.

Toward a fully-integrated system
Our trap was equipped with SPADs at each trap site for integrated
single-site detection. The SPADs integrated in this trap were the same
as previously designed24, however an aluminum mesh was added to
shield the ion from the electric field of the SPAD (see Methods). This
change allowed for trapping 171Yb+ directly above the SPADwhile it was
active. We operated one SPAD independently and measured a count
rate of over 7 kcps for one quadrant of the SPAD, with dark counts
below 1 kcps. These results are better than the previous SPAD per-
formance reported for 174Yb+24. Unfortunately, scattered light origi-
nating from the waveguides and output couplers propagated through
the various layers of the device, saturating the SPADs and prohibiting
integrated state-readout. In the future, features such as light baffles
could mitigate this scatter and enable simultaneous fully integrated
addressing and state-readout.

Discussion
In this work, we demonstrated the individual addressing of trapped-
ions at multiple sites on a surface trap using MMI waveguide splitters
and fully integrated multi-color waveguides for cooling, state pre-
paration, coherent operations and detection. This combination of
integrated waveguide delivery and multi-ion control with single
channel optical inputs shows a path towards scaling trapped-ion sys-
tems like quantum computers, where potentially millions of qubits31

will be needed for a truly useful general-purpose quantum computer.
Amore near-termapplication of thiswork is to create a robust and

portable optical ion clock by replacing the optomechanics in lab-scale
systems with integrated photonics like lasers-on-chip32, modulators27,

a

b c

Ensemble 1 - split

singleEnsemble 2 - ssemble 2 - sing

m=-1

m=-1
m=0

Fig. 3 | Coherent qubit operations. a Schematic of split and single waveguide
output grating couplers. Blue output grating couplers are routed from the splitter
and share the same input, whereas orange is independent. b Simultaneous Rabi
flopping measurements of the three waveguide-illuminated ions. The trace colors
correspond to the similarly colored gratings in a. The average ion population of the
D-state (mF = −1) was measured while scanning the 435 nm pulse time. The Rabi

flops were fit with a single-ion decoherence Rabi oscillation formula in the
Lamb–Dicke regime37 (seeMethods). c Sameasbbutwith the 435 nm light tuned to
the (mF = 0) state for the two ion ensemble (light and dark blue), while the 435 nm
light for the single ion (orange) remained tuned to themF = −1 state. Eachdata point
was the average of three trials of 200 measurements of state-detection for each
trace. Error bars show the standard error of the mean.
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detectors24,25, and the waveguides and splitters described here. They
can also be used to improve the clock accuracy by supportingmultiple
ensembles of ions that can be concurrently probed with different
interrogation times, and by eliminating deadtime33 with ensembles
that have non-overlapping detection windows. Clock performance can
be further enhanced by probing systematics34,35 while simultaneously
operating the clock.

Methods
Trap design and fabrication
This trap was designed and fabricated at Sandia National Laboratories
and shares features common to previous traps with integrated
photonics23,24, notably waveguides and MMI splitters for optical
addressing as well as SPADs for state readout. The SPADs could not be
operated when light was delivered via integrated waveguides, as the
scatter from those components overwhelmed the ion signal on the
SPADs. We implemented a grounded metal mesh above the SPAD to
reduce unpredictable charging effects23 and consequent shuttling
problems. It serves a similar function as an optically transparent and
electrically conductive coating (e.g. indium tin oxide). The mesh
allowed the ion to be transported over the entire aperture of the SPAD
while the SPAD was active, which was not possible in previous Sandia-
fabricated SPAD traps24. The mesh was designed to be 1μm thick with
many square 3 μm×3μm openings to allow ion fluorescence to pass
through. (see Supplementary Fig. 1). The mesh transmits roughly 55%
of the ion fluorescence to the SPAD, and based on electrostatic simu-
lations reduces the electric field at the ion by 16 dB compared to not
having a screen.

Experimental system
Ion trapping. To avoid coating the electrodes with ytterbium, the trap
has several loading holes that penetrate the entire thickness of the trap
and its substrate. Ytterbium metal in a stainless steel tube is heated

with current to vaporize atoms in the direction of the loading holes.
The ytterbiumatoms are ionizedusing a two-photonprocesswith laser
beams at 393 nm and 399 nm, at which point ytterbium ions are elec-
trically confined by the RF andDC fields createdby the trap electrodes.

The trap potential well is positioned 50 μm above the chip’s sur-
face. In the loading zone ions are illuminated and cooled using free-
space Doppler (369 nm) and repump (935 nm) beams. Additional
sidebands of 2.1 GHz and 14.7 GHz are applied to the Doppler beam
using electro-optic modulators (EOMs) for optical pumping and
Doppler cooling. During the optical pumping sequence, the ion is
prepared in the ∣2S1=2,F =0,mF = 0

E
state by applying only the extra

2.1 GHz frequency to the standard Doppler frequency. This prepara-
tion can be observed through a modified detection step that only
detects atoms in the F = 1 state.

The motional heating rate _�n of the axial trap mode was measured
for an ion at site (ii) illuminated with both free-space and waveguide
beams. For the free-space case, we used sideband thermometry36 on
the ∣2S1=2, F =0,mF =0

E
to ∣2D3=2, F =2,mF = � 1

E
transition, and

measured a heating rate of _�n = 2.71 ± 1.63 q/ms for an ion that was
initially cooled to �n∼ 2. Using waveguides, wemeasured a heating rate
using the Rabi flopping method described below. In this case a free-
space beam was used only for detection to allow for top-imaging. This
enabled more accurate measurements due to the higher fidelity
detection and shorter detection times, while still using the integrated
waveguides for all other light delivery. As presented in Supplementary
Fig. 3, we measured _�n = 1:25 ±0:14 q/ms, comparable to the case
without any integrated light delivery.

Optical losses inwaveguides. Eachwaveguide on the device has both
an edge coupler and grating coupler input that are combined on chip,
though only the grating couplers were used for this work. The 369 nm
and 435 nm waveguides were separately tested and a total power
reduction of ≈20 dB for each was measured. This includes the power
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Fig. 4 | Optical cross-talk. aMeasured cross-talk between the single ion ensemble
(orange) and two ion ensemble (light and dark blue). Rabi oscillations with the
D-state (mF = −1) weremeasuredwhile addressing the single ion ensemble (orange).
Cross-talk was evident in the slow transition rate of the nearer ion (light blue) in the
two ion ensemble (light and dark blue), and was more attenuated for the more

distant ion. b A similar measurement as a, but instead addressing the two ion
ensemble (light blue and dark blue). Cross-talk was evident in the slow transition
rate of the single ion ensemble (orange). Error bars show the standard error.
cRelative cross-talk intensities of transition light. Ratioswere calculated fromfits of
Rabi frequencies and plotted for each trap site.

Article https://doi.org/10.1038/s41467-024-47882-5

Nature Communications |         (2024) 15:3709 6



reduction from the input combiner (3 dB) and splitter (3 dB) for
separate sites, as well as a total loss of ≈14 dB. This total loss is the sum
of the estimated insertion loss at the input grating (6–7 dB), waveguide
propagation loss (1.35 dB/cm at 369 nm and 0.9dB/cm at 435 nm over
5mm), and the simulated output grating efficiency (6–7 dB). While
higher power reductions were measured on some devices, the opti-
cally good ones were consistently in the 20dB range.

In experiments with ions, a total loss of 49 dB for the 435 nm light
was calculated based on the input power and Rabi rate of the ion,
significantly higher than the ≈14 dB ideal total loss measured outside
the vacuumchamber. A 369 nmwaveguideon the actual deviceused in
the experiments measured ≈14 dB total loss prior to experiments, but
the 435 nm waveguide was not measured, and may have had sig-
nificantly higher loss due to fabrication imperfections. In the experi-
ment each laser beam is launched 75mm from the grating outside the
vacuum chamber and passes through a viewport at a 45∘ angle, causing
significant beam distortion that may contribute to the different total
loss. Future systems will employ edge coupling to improve coupling
efficiency, as demonstrated in other experiments22 and
described below.

Waveguide scalability. In addition to the 1 × 2 splitter used in this
paper, other splitting ratios are possible by varying the interaction
length in the MMI splitters, as are other fanout ratios (1 × N). Larger
values of N reduce the number of required optical launches to the chip
but increase the amount of power in the input waveguide. This is
generally not an issue for visible wavelengths; a demonstration of
300mW of 729 nm light in a silicon nitride waveguide22 shows that
many sites could be supported from a single launch. However, UV
wavelengths tend to cause greater damage, so thedevelopmentof low-
loss waveguides that do not degrade from photodarkening with UV
powers up to ∼100mW is critical to realizing this approach to scaling.

To show that much better coupling is possible for UV wave-
lengths, we edge-coupled 369 nm light from a lensed fiber to a test
chip and back into a separate lensed fiber. The test chip used the same
waveguidematerial and structure as the trap. Assuming equal coupling
losses on and off chip and subtracting for the measured waveguide
absorption loss (0.6 dB), we measured a 4.1 dB coupling loss from the
fiber to the chip.Over short timeperiods the total power loss remained
stable for in-waveguide powers ranging from 7mW to 24mW, but the
power degraded over longer (hour) time periods. Multiple causes for
this degradation are possible, including surface contamination at the
fiber or edge faces, absorption in the inverse taper used for coupling,
or photodarkening in the waveguide itself. Future research will be
conducted to understand this behavior.

Side-imaging system. One of the main difficulties in integrated
waveguide light delivery schemes isdetection, since scatteredphotons
from the grating output couplers are at the samewavelength as the ion
fluorescence and cannot be filtered. To address this a side-imaging
technique was developed. The fluorescence from an ion was collected
with a 2-inch diameter objective lens from the side of the chamber, and
guided to either a CCD camera or linear PMT array. The bottom half of
photons emitted by the ion are obscured by the chip, which gives an
effective NA =0.12, compared to the conventional top imaging system
with NA=0.28.

A 1D PMT was used for simultaneous independent detection of
multiple ions. The ion separation in the imageplanewas comparable to
the cell spacing of the PMT array so that each ion was detected by
separate consecutive PMT pixels. To exclude scattered light from the
trap, a pinhole arraywith 100μmdiameter holes was placed in front of
the PMT array.

Generating multi-ion trapping solutions for multiple locations. The
DC voltage solutions for most ion trap experiments are created by

constraining the electric field to be zero along three axes and the
derivative of the electric field to have a specific positive value along
one axis, all at the single point where we wish to trap the ion. This
defines a potential well with a specific motional frequency. Since this
problem is underconstrained and there are many possible solutions,
other requirements (e.g. voltage limits on the electrodes) and desire-
ments (e.g. applying voltages to fewer electrodes) are applied. Small
changes to compensate the ion for deviations in the local electric field
were computed separately and applied additively.

While this system served well for many uses, the need to precisely
position multiple ions with respect to fixed laser beams, as well as the
need to shuttle newly loaded ions into position, required a more
flexible solution. Initially a strategy of pre-computing all combinations
of positions for all wells was attempted. Since the number of possible
combinations of well positions grows exponentially with the number
of ions, so did our voltage solutions. This quickly became infeasible.
The resolution to this problem was to create these solutions in real-
time. For the real-time multi-ion solution the constraints were speci-
fied then combined to form a linear system that could be solved. The
desired positions of all ions are provided as an input, along with the
compensation fields at those positions. The system looks up the
appropriate constraint matrices, concatenates them, and solves the
resulting system.

Theoretical approaches
Rabi flopping in the Lamb–Dicke regime. To quantify the average
number of motional quanta in the system, we fit the experimentally
obtained Rabi flop data to a dephasing model.

First, we check if our system is in Lamb–Dicke regime (
ffiffiffiffiffiffi
�nk

p
ηk≪1).

Here the Lamb–Dicke parameter ηk is defined as
ηk =

2π
λ cosθ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_=ð2mωkÞ

p
where λ = 435 nm is the wavelength, m is the

mass of 171Yb+, ℏ is plank’s constant, θ is the beam angle, and ωk is the
secular motional frequency. With the given parameters, we confirmed
that

ffiffiffiffiffiffi
�nk

p
ηk≪1 if �n<50, which is valid in our experiment.

Because the depths of ion traps are much larger than the thermal
energy of the ion, we fit the Rabi carrier function in a Lamb–Dicke
regime as P(t), the total population of excited state, as follows37:

PðtÞ= a
2

1� f 1ðtÞ
f 2ðtÞ

� �
ð1Þ

where

f 1ðtÞ=Re½eiΩt �
YN
k = 1

e�iΩη2
k
t=2 1� �neiΩη2

k
t

�n + 1

 !
ð2Þ

and

f 2ðtÞ=
YN
k = 1

ð�n+ 1Þ � 2�n cosðΩ0η
2
ktÞ+

�n2

�n+ 1

 !
, ð3Þ

for generalizedNnormal vibrationalmodes, characterizedbyN secular
frequencies ωk. Here a is the initial population of the ground state, Ω0

is the Rabi frequency of the ion at rest, and ηk is the Lamb–Dicke
parameter for the given ion in the kth mode.

Cross-talk - evanescent coupling calculation. We estimated an eva-
nescent coupling between waveguides, assuming two parallel wave-
guides of the symmetric and anti-symmetric mode. The coupling
length was calculated by considering the difference in refractive index
between two coupledmodes whose refractive index is around n∼ 1.51.
For the parameters in our device, where the waveguides are separated
by 6.26μm over a distance of 1.7mm, the evanescent coupling is on
the order of 10−25, which is negligible. This analysis does not include
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fabrication imperfections like waveguide edge roughness that can
increase the waveguide-to-waveguide cross-talk.

Data availability
All relevant data are available from the corresponding authors upon
reasonable request.

References
1. Paul, W. & Steinwedel, H. Notizen: Ein neues massenspektrometer

ohne magnetfeld. Z. für. Naturforsch. A 8, 448–450 (1953).
2. Wu, H., Mills, M., West, E., Heaven, M. C. & Hudson, E. R. Increase of

the barium ion-trap lifetime via photodissociation. Phys. Rev. A 104,
063103 (2021).

3. Wang, P. et al. Single ion qubit with estimated coherence time
exceeding one hour. Nat. Commun. 12, 233 (2021).

4. Clark, C. R. et al. High-fidelity bell-state preparation with 40ca+

optical qubits. Phys. Rev. Lett. 127, 130505 (2021).
5. Srinivas, R. et al. High-fidelity laser-free universal control of trapped

ion qubits. Nature 597, 209–213 (2021).
6. Leung, P. H. et al. Robust 2-qubit gates in a linear ion crystal using a

frequency-modulated driving force. Phys. Rev. Lett. 120, 020501
(2018).

7. Brewer, S. M. et al. 27Al+ quantum-logic clock with a systematic
uncertainty below 10−18. Phys. Rev. Lett. 123, 033201 (2019).

8. Burt, E. A. et al. Demonstration of a trapped-ion atomic clock in
space. Nature 595, 43–47 (2021).

9. Moehring, D. et al. Entanglement of single-atom quantum bits at a
distance. Nature 449, 68–71 (2007).

10. Nichol, B. et al. An elementary quantum network of entangled
optical atomic clocks. Nature 609, 689–694 (2022).

11. Marciniak, C. D. et al. Optimal metrology with programmable
quantum sensors. Nature 603, 604–609 (2022).

12. Zhang, X. et al. Experimental quantum simulation of fermion-
antifermion scattering via boson exchange in a trapped ion. Nat.
Commun. 9, 195 (2018).

13. Pinkas, M., Katz, O., Wengrowicz, J., Akerman, N. & Ozeri, R. Trap-
assisted formation of atom–ion bound states. Nat. Phys. 19,
1573–1578 (2023).

14. Chiaverini, J. et al. Surface-electrode architecture for ion-trap
quantum information processing. Quantum Inf. Comput. 5,
419–439 (2005).

15. Blain, M. G. et al. Hybrid MEMS-CMOS ion traps for NISQ comput-
ing. Quantum Sci. Technol. 6, 034011 (2021).

16. Pino, J. M. et al. Demonstration of the trapped-ion quantum ccd
computer architecture. Nature 592, 209–213 (2021).

17. Noel, C. et al. Measurement-induced quantum phases realized in a
trapped-ion quantum computer. Nat. Phys. 18, 760–764
(2022).

18. Moody, G. et al. Roadmap on Integrated Quantum Photonics. J.
Phys. Photonics 4, 012501 (2022).

19. Vasquez, A. R. et al. Control of an atomic quadrupole transition in a
phase-stable standing wave. Phys. Rev. Lett. 130, 133201
(2023).

20. Mehta, K. et al. Integrated optical addressing of an ion qubit. Nat.
Nanotechnol. 11, 1066 – 1070 (2016).

21. Niffenegger, R. J. et al. Integrated multi-wavelength control of an
ion qubit. Nature 586, 538–542 (2020).

22. Mehta, K. et al. Integrated optical multi-ion quantum logic. Nature
586, 533–537 (2020).

23. Ivory, M. et al. Integrated optical addressing of a trapped ytterbium
ion. Phys. Rev. X 11, 041033 (2021).

24. Setzer, W. J. et al. Fluorescence detection of a trapped ion with a
monolithically integrated single-photon-counting avalanche diode.
Appl. Phys. Lett. 119, 154002 (2021).

25. Reens, D. et al. High-fidelity ion state detection using trap-
integrated avalanche photodiodes. Phys. Rev. Lett. 129,
100502 (2022).

26. Todaro, S. L. et al. State readout of a trapped ion qubit using a trap-
integrated superconducting photon detector. Phys. Rev. Lett. 126,
010501 (2021).

27. Hogle, C. W. et al. High-fidelity trapped-ion qubit operations with
scalable photonic modulators. Npj Quantum Inf. 9, 74 (2023).

28. Borregaard, J. & Sorensen, A. Efficient atomic clocks operated with
several atomic ensembles. Phys. Rev. Lett. 111, 090802 (2013).

29. Streed, E. W., Norton, B. G., Jechow, A., Weinhold, T. J. & Kielpinski,
D. Imaging of trapped ions with a microfabricated optic for quan-
tum information processing. Phys. Rev. Lett. 106, 010502 (2011).

30. Wineland, D. J. et al. Experimental issues in coherent quantum-state
manipulation of trapped atomic ions. J. Res. Natl Inst. Stand. Tech-
nol. 103, 259–328 (1998).

31. Reiher, M., Wiebe, N., Svore, K. M., Wecker, D. & Troyer, M. Eluci-
dating reaction mechanisms on quantum computers. Proc. Natl
Acad. Sci. 114, 7555–7560 (2017).

32. Elshaari, A. W., Pernice, W., Srinivasan, K., Benson, O. & Zwiller, V.
Hybrid integrated quantum photonic circuits. Nat. Photonics 14,
285–298 (2020).

33. Schioppo, M. et al. Ultrastable optical clock with two cold-atom
ensembles. Nat. Photonics 11, 48–52 (2017).

34. Rosenband, T. & Leibrandt, D. Exponential scaling of clock stability
with atom number. arXiv https://arxiv.org/abs/1303.6357
(2013).

35. Kim, M. et al. Improved interspecies optical clock comparisons
through differential spectroscopy. Nat. Phys. 19, 1–5 (2022).

36. Roos, C. F. Controlling the quantum state of trapped ions. Ph.D.
thesis (University of Innsbruck, 2000).

37. Semenin, N. et al. Determination of the heating rate and tempera-
ture of an ion chain in a linear paul trap by the dephasing of rabi
oscillations. JETP Lett. 116, 77–82 (2022).

Acknowledgements
We thank Justin T. Schultz for his contribution in the early stages of side-
imaging system setup and Tharon D. Morrison for the waveguide UV
tolerance test. We thank the members of Sandia’s Microsystems and
Engineering Sciences Application (MESA) facility for their fabrication
expertise and for helpful comments on the manuscript. This work was
supportedby theDefenseAdvancedResearchProjectsActivity (DARPA).
Sandia National Laboratories is a multi-mission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia,
LLC, a wholly owned subsidiary of Honeywell International Inc., for the
U.S. Department of Energy’s National Nuclear Security Administration
under Contract No. DE-NA0003525. This paper describes objective
technical results and analysis. Any subjective views or opinions that
might be expressed in the paper do not necessarily represent the views
of the U.S. Department of Energy or the United States Government.

Author contributions
J.K., W.J.S., D.S. and H.J.M. conceived the experiment. J.K. and W.J.S.
took themeasurement and analyzed data. M.G. designed the integrated
optics while also performing waveguide tests and simulations with N.K.
J.V.D.W. developed multi-ion solution. R.L. setup the Doppler laser sys-
tem. M.B. oversaw the trap fabrication. J.K., W.J.S., D.S. and H.J.M. wrote
the original manuscript. All the authors reviewed and edited the manu-
script. H.J.M. supervised the project.

Competing interests
J.K., W.J.S., and H.J.M. are inventors in patent applications related to the
"side-imaging" technique used to collect ion fluorescence. The
remaining authors declare no competing interests.

Article https://doi.org/10.1038/s41467-024-47882-5

Nature Communications |         (2024) 15:3709 8

https://arxiv.org/abs/1303.6357


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47882-5.

Correspondence and requests for materials should be addressed to
Joonhyuk Kwon or Hayden J. McGuinness.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-47882-5

Nature Communications |         (2024) 15:3709 9

https://doi.org/10.1038/s41467-024-47882-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Multi-site integrated optical addressing of trapped�ions
	Results
	Experimental�setup
	Multi-ion trapping and waveguide characterization
	Simultaneous multi-ion/multi-state addressing
	Cross-talk characterization
	Toward a fully-integrated�system

	Discussion
	Methods
	Trap design and fabrication
	Experimental�system
	Ion trapping
	Optical losses in waveguides
	Waveguide scalability
	Side-imaging�system
	Generating multi-ion trapping solutions for multiple locations
	Theoretical approaches
	Rabi flopping in the Lamb–Dicke�regime
	Cross-talk - evanescent coupling calculation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




