
Entangling Ions with Engineered Light Gradients

Tommaso Faorlin ,1,* Lorenz Panzl ,1 Phoebe Grosser ,1 Pablo Viñas ,2 Alan Kahan ,2 Walter Joseph Hörmann ,1

Yannick Weiser ,1 Giovanni Cerchiari ,1,3 Thomas Feldker ,4 Alexander Erhard,4 Georg Jacob ,4 Juris Ulmanis ,4

Rainer Blatt ,1,4,5 Alejandro Bermudez ,2 and Thomas Monz 1,4

1Universität Innsbruck, Institut für Experimentalphysik, Technikerstraße 25/4, 6020 Innsbruck, Austria
2Instituto de Física Teórica (UAM-CSIC), Universidad Autónoma de Madrid, Cantoblanco, 28094 Madrid, Spain
3Naturwissenschaftlich-Technische Fakultät, Universität Siegen, Walter-Flex-Straße 3, 57068 Siegen, Germany

4Alpine Quantum Technologies, Technikerstraße 17, 6020 Innsbruck, Austria
5Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences,

Technikerstraße 21a, 6020 Innsbruck, Austria

(Received 1 April 2026; revised 30 July 2026; accepted 24 September 2026; published 23 October 2026)

Spectral crowding of collective motional modes limits the fidelity of entangling interactions in trapped-
ion quantum processors by inducing off-resonant coupling to spectator modes. We introduce a geometric-
phase entangling interaction driven by a transverse, time-dependent structured-light force. By applying the
force in a plane orthogonal to the optical propagation direction, we reduce the effects of spectral crowding
while preserving single-ion addressing. The scheme is compatible with arbitrary qubit encodings, provided
that the qubit states experience a differential AC Stark shift. We experimentally realize high-fidelity two-
qubit gates with error rates below 5 × 10−3 in ion crystals containing up to 12 ions confined within a single
potential well. These results establish gradient-field light-shift gates as a scalable approach to high-fidelity
entanglement generation in spectrally crowded trapped-ion systems.
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Introduction—The ability to selectively drive well-
defined transitions while suppressing unwanted couplings
is a central challenge in the coherent control of quantum
systems. As quantum processors scale in size and complex-
ity, spectral crowding and parasitic interactions increas-
ingly limit achievable gate fidelities. This issue arises
across multiple platforms, including silicon quantum dots
[1], nitrogen-vacancy centers in diamond [2] and super-
conducting transmon processors [3,4], where off-resonant
excitation of unwanted transitions can degrade perfor-
mance. Dynamical decoupling (DD) techniques [5,6]
provide a powerful method to mitigate such effects [7–11],
but typically at the expense of increased control complexity
and experimental overhead. Trapped-ion systems offer a
leading architecture for quantum information processing
due to their long coherence times and high-fidelity oper-
ations. In these systems, ions are confined by static and
radio-frequency electric fields, forming linear crystals
whose collective motion can be described in terms of
quantized normal modes. Selected motional modes serve as

a quantum data bus that mediates entangling interactions
between qubits. However, as the number of ions increases,
the frequency separation between adjacent motional modes
decreases. Entangling gates that rely on spectrally address-
ing one or a small subset of these modes therefore suffer
from parasitic coupling to nearby spectator modes, limiting
coherent control and scalability. Here, we present an
alternative approach to suppressing off-resonant motional
couplings by engineering the spatial structure of the driving
field rather than relying on dynamical decoupling. We
implement a light-shift (LS) entangling gate based on
electric field gradients, generated by a tightly focused laser
beam in a TEM10-like transverse mode [Figs. 1(a) and
1(b)]. By interfering optically structured beams, we create a
state-dependent optical dipole force aligned with the axis of
a linear ion crystal, while the beam propagates transversely
to it. This configuration enables targeted addressing of
selected ion pairs with minimal crosstalk and mediates a
conditional geometric phase interaction through the axial
motional spectrum, operating in a spectral region that is less
susceptible to coupling to nontargeted modes. Previous
high-fidelity demonstrations of LS gates were restricted to
two-ion chains under collective illumination [12–14]. In
contrast, our approach preserves single-ion addressing
while extending the interaction to longer chains
[13,15,16]. This capability is particularly relevant in light
of architectural optimization studies that identify ion chains
of approximately 12 ions as a favorable operating point,
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balancing connectivity, shuttling overhead, and control
complexity in surface trap architectures [17]. This Letter
does not intend to propose longer chains as an alternative to
quantum charge-coupled device (QCCD) architectures, but
rather propose medium sized crystals as a building block
for future quantum computing (QC) architectures. We
experimentally demonstrate high-fidelity entangling oper-
ations with fidelities above 99.5% in ion chains with up to
12 ions, establishing gradient-field LS gates as a scalable
approach for trapped-ion quantum processors.
Entangling interaction—In trapped-ion systems, three

sets of quantized motional modes arise along the three
spatial axes. The mode spacing, defined as the frequency
separation between adjacent normal modes, depends on the
direction. In one-dimensional, harmonically confined ion
chains, axial modes are more widely spaced than radial
modes [18]. Furthermore, the spacing of axial modes does
not depend on the ion number, whereas the mode spectrum
becomes increasingly crowded in the radial direction. This,
in combination with the larger mode spacing, makes axial
modes particularly suitable for mediating entanglement
between ion pairs because the coupling to parasitic

motional modes is reduced. An entangling gate duration
of tgate ¼ 100 μs requires a detuning of δ ¼ 2π × 10 kHz
from a motional mode. We consider a typical trap con-
figuration with axial and radial centre-of-mass (c.m.)

frequencies of ωðaxÞ
c.m. ¼ 2π × 341.7 kHz (or ωðzÞ) and

ωðradÞ
c.m. ≈ 2π × 1.33 MHz (or ωðx;yÞ), respectively. When

targeting the c.m. mode, the relative separation to the
nearest neighbouring mode is 70δ in the axial direction,
compared to 3δ radially [Fig. 1(c)]. We refer to the nearest
axial neighboring mode as breathing (BR) mode.
We leverage axial modes for entanglement while pre-

serving single-ion addressing by employing transverse
vector forces produced by two off-resonant interfering
laser beams with optically structured spatial profiles,
corresponding to the TEM00 and TEM10 modes [19].
With a relative frequency difference, the two beams
generate an oscillating transverse AC Stark shift gradient
at the ions’ position [Fig. 1(b)]. If the beams exhibit linklin
polarization, the AC Stark shift gradient is induced by an
intensity gradient and is differential for states separated by
an optical transition. Conversely, if the beams exhibit

FIG. 1. (a) Sketch of the addressing system. Two beams in two spatial modes (orange and blue) are overlapped on a polarizing beam
splitter cube, after being respectively deflected by AODs. The blue beam, initially propagating like a Gaussian beam, is converted to a
TEM10 spatial mode with a phase plate before entering the AOD. An NA ¼ 0.6 lens focuses the two co-propagating light fields at the
ions’ position. (b) Deflector scan. The frequency of each AOD is swept over the ion chain. Each point is the result of a Ramsey
experiment, since the off-resonant light at 532 nm is applied between two π=2 pulses before measuring the population. The orange peaks
decrease in height from left to right due to an imperfect alignment of the laser beam. The right upper plot shows the electric fields for the
two transverse motional modes. The bottom plot displays the resulting intensity profile at the ions due to their interference. Depending
on the phase between the two fields, the intensity peak can be on the right or on the left of the ion position, generating an alternating
gradient. The intensity gradient is an intuitive illustration of how two transverse modes generate a spatial gradient. However, in the
experiment, a polarization gradient is used to perform the gate. (c) Motional spectrum around a carrier transition corresponding to
measured values. The spacing between the two highest radial modes depends on the ratio between the two trapping frequencies, while
for the lowest two axial modes the ratio is fixed to

ffiffiffi
3

p
. (d) Phase space picture and geometric phases. If two ions are illuminated with the

two beams oscillating in phase, the j01i and j10i quantum states will be displaced and perform loops in phase space, acquiring a
geometric phase, while the force on j00i and j11i cancels out. For a gate comprising a total of two loops, a phase of π=4 must be
accumulated during each loop. This condition can be generalized to gates consisting of a larger number of loops.
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lin⊥lin polarization, the AC Stark shift gradient is induced
by a polarization gradient and is differential for states with
different orbital angular momentum. The gradient induces
an optical dipole force (ODF), which can be used to
generate entanglement via the accumulation of state-
dependent geometric phases. Our approach is intrinsically
compatible with omg-qubit (optical, metastable, ground-
state qubits) implementations [20]. The only requirement
on the electronic states chosen to encode the qubit is the
presence of a differential AC Stark shift, rendering them
sensitive to the oscillating transverse gradient. We note that
Mølmer-Sørensen-type (MS) transversal entangling inter-
actions have been proposed and realized on hyperfine and
optical qubits, using different beam architectures [21–24].
We remark that related work demonstrated the excitation of
axial motional modes in a single-ion system using vortex
beams carrying optical angular momentum [25].
Intrinsically, the two-qubit gate implements a σz ⊗ σz

interaction, which can be generalized to an arbitrary
σϕ ¼ σx cosϕþ σy sinϕ interaction with local single-qubit
rotations [26]. We drive the motion of the ions close

to one of the motional mode frequencies Δ ¼ ωðaxÞ
c.m. − δ,

forcing the two-qubit states of the addressed ion pair to
undergo state-dependent motional trajectories in position-
momentum space [Fig. 1(d)]. If a two-qubit state
i∈ ð00; 01; 10; 11Þ experiences a net ODF Fi, the modu-
lation results in the state being displaced along a circular
path of radius R ∝ jFij and periodicity 2π=δ. At time t ¼
2π=δ the two-qubit system will return to its original
motional state with an acquired geometric phase of
Φi ∝ 2πjFij2. The phase-space trajectories coincide with
those of a classical forced harmonic oscillator, while the
geometric phase corresponds to the Berry phase [27].
Ideally (perfect loop closure), for a judicious choice of
ODF strength, geometric phases of Φ00 ¼ Φ11 and Φ01 ¼
Φ10 ¼ Φ00 � ðπ=2Þ can be acquired, which corresponds to
the ideal fully entangling two-qubit gate. The presence of
additional motional modes, with their respective frequency
difference from Δ, causes additional state-dependent
motional trajectories, resulting in imperfect loop
closures [7]. Note that the total phase needed for entangle-
ment can be acquired by performing multiple loops
in phase space with a smaller displacement from the
origin [28].
Experimental configuration and results—The setup is

similar to [29], optimized for Barium ions. A chain of
138Baþ ions is loaded via laser ablation into a linear Paul
trap with secular trap frequencies ðωðxÞ;ωðyÞ;ωðzÞÞ ¼
2π × ð1.304; 1.344; 0.3422Þ MHz. A magnetic field of
approximately 4.5 G, generated by permanent magnets,
is orientated perpendicular to the ion chain to induce a
ground state (GS) (6S1=2) Zeeman splitting of 12.49 MHz.
Collective radio-frequency (RF) control of the GS is
implemented with an antenna impedance matched to the
frequency of this splitting. For the addressed ODF beams,

far off-resonant light (532 nm) is applied (Coherent Verdi
V5). The light is split into two channels and fed into
separate AOMs in a double-pass configuration to control
the detuning between the beams, before being sent toward
the addressing units [Fig. 1(a)]. In one beam path, a phase
element [30] introduces a π-phase shift between two halves
of the incident beam, converting the TEM00 to a TEM10

mode at the ion’s position. The beams are routed through
two independent acousto-optical deflectors (AODs), each
capable of simultaneously addressing two ions and inde-
pendently controlling the phase of each ODF beam. Since
AODs operate most efficiently with linearly polarized light,
this configuration enables operation with either parallel or
orthogonal linear polarizations for the two beams, inducing
an intensity or a polarization gradient. The beams are then
overlapped and expanded before reaching an objective lens
with a numerical aperture (NA) of 0.6, situated in front of
the trap.
We encode qubits in the j0i ¼ jmj ¼ −1=2i and j1i ¼

jmj ¼ þ1=2i Zeeman sublevels of the GS. The ions are

first cooled to the Doppler limit (n̄ðaxÞc.m. ≈ 22) via the
6S1=2 → 6P1=2 transition. The radial modes are cooled
via electromagnetically induced transparency (EIT) cooling
on the 6S1=2 → 6P1=2 transition. The two lowest-order
(c.m. and BR) axial modes are cooled further via resolved

sideband cooling (n̄ðaxÞc.m. ≈ 0.12) on the 6S1=2ðmj ¼
−1=2Þ → 5D5=2ðmj ¼ −5=2Þ transition. The ions are ini-
tialized to the j0i state by two-step, frequency-selective
optical pumping through the 5D5=2 and 6P3=2 manifolds.
This process prepares all N qubits in the⊗N j0i state, after
which the two-qubit gate can be applied on the desired ion
pair. Discrimination between the two qubit states is
performed by shelving the j1i state to the 5D5=2 manifold
via collective, narrow-linewidth pulses, driving a complete
population transfer (π pulse). Finally, the quantum state is
detected via fluorescence scattering on the short-lived
6S1=2 → 6P1=2 transition. The relative detuning Δ of the
ODF beams is set via the AOMs, a respective phase
difference is controlled with the AODs, such that a geo-
metric phase is accumulated in the j01i and j10i states.
Because the two-qubit gate induces a σz ⊗ σz interaction,
we map phases acquired by the two states into population
imbalances via a basis change [12,14] (Ramsey-like
sequence), including a Hahn [6] echo to symmetrize the
spin-dependent phase acquired through the driven evolu-
tion of the j0i and j1i states [31], as well as to compensate
for single-qubit Stark shifts. In our measurements, a gate
consists of four phase-space loops at δ ¼ 2π × 20 kHz,
with a tgate ¼ 4 · ð2π=δÞ ≈ 220 μs. The choice of four loops
was set by the available optical power and gate detuning,
leaving more detailed optimizations as an open direction
for future work. The deviation from the ideal gate time
tgate ¼ 200 μs is due to pulse shaping. The results are
reported in Fig. 2 in terms of parity oscillations and residual
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spin-motion entanglement for a gate on a two-ion crystal,
and the infidelity versus the number of ions in the trap.
We verify the entangled nature of the output state

via observation of parity oscillations [Fig. 2(a)]
PðϕÞ ¼ P00ðϕÞ þ P11ðϕÞ − P01ðϕÞ − P10ðϕÞ ∝ jAj sin ϕ,
obtained by varying the analysis phase ϕ of an additional
π=2 pulse [14]. We extract the amplitude jAj via a sine fit.
We define the state fidelity by measuring the overlap
F ¼ hψ jρjψi ¼ ðP00 þ P11Þ=2þ jAj=2 with the ideal Bell
state [Fig. 2(b)] ψ ¼ ðj00i − ij11iÞ= ffiffiffi

2
p

at tgate. In order to
distinguish the fidelity of the gate operations from errors
introduced via SPAM, we apply multiple gate operations in
succession and observe exponentially decaying fidelities
[31,32]. The average fidelity (and the corresponding
average gate error) is then given by the decay constant
of this exponential. In Fig. 2(c), we plot the gate infidelity
as a function of the ion-chain length. For each chain with
N > 2, the value is obtained by averaging the results for the
innermost and outermost ion pairs. Errors due to SPAM are
excluded, corresponding to 0.2(2)%. Our measurements
show that light-based coherent entanglement generation
with fidelities exceeding 99.5% is achievable even in
medium-sized ion crystals. The observed infidelities lie
below the fault-tolerance threshold, enabling the encoding
of logical qubits and the implementation of quantum error
correction (QEC) protocols [33,34].

Error budget—Table I summarizes the dominant error
sources limiting the fidelity of a tgate ¼ 220 μs gate
performed on the GS of a two-ion crystal. The infidelity
due to parasitic coupling to axial spectator modes is in the
order of 10−4. In contrast, the same gate performed on
radial modes would yield an infidelity of 7.4 × 10−2

(increasing with ion number), highlighting the suppression
of spectator-mode coupling as the principal advantage of
the transverse gradient gate. The first four error contribu-
tions (non-unitary/incoherent errors) were determined by
numerical simulation of the Lindblad master equation for a
density matrix ρ,

ρ̇ ¼ −
i
ℏ
½HI; ρ� þ

X
i

γi

�
LiρL

†
i −

1

2
fL†

i Li; ρg
�
; ð1Þ

where γi are the damping rates, Li the jump operators, and
HI the Hamiltonian for the forced quantum harmonic
oscillator (in the interaction picture),

HI ¼ −
i
2

X
i∈ f00;01;

10;11g

Fiðae−iδt þ a†eiδtÞjiihij: ð2Þ

In the last equation, Fi is the net ODF experienced by the
ions, while a and a† are the annihilation and creation
operators, respectively. Nonunitary errors were character-
ized by including the corresponding Lindbladian jump
operator Li in the master equation simulation with the
corresponding rate [35]. In the simulation, we consider
ground-state lifetime (T1) of 7 s, ground-state coherence
time (T2) of 200 ms and c.m. motional coherence time of
40ms. The latter is measured on a chain of eight ions and the

FIG. 2. (a) Parity oscillations for a single gate on a two-ion
crystal. Error bars are given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − PðϕÞ2Þ=Nshots

p
. (b) Residual

spin motion entanglement. Each point is the result of Nshots ¼
200 measurements of the Bell state at the closure of the gate, and
error bars are given due to projection noise. The error bar on the
points at 0 are defined via the rule of succession, i.e.,
1=ðNshots þ 1Þ. (c) Gate infidelity vs chain length. Each point
for N > 2 is estimated by averaging the infidelities of gates
performed on the innermost and outermost ion pairs. The fidelity
in each configuration is extracted from an exponential decay fit to
the fidelity of 1, 3, 5, 7, and 9 concatenated gates, in order to
account for state-preparation and measurement (SPAM) errors.
The orange data points are measured with 138Baþ. The green
point is measured by coauthors A. E. and T. F. on a *40Caþ based
trapped ion system (two loops in phase space and tgate ¼ 120 μs).

TABLE I. Error budget for tgate ¼ 220 μs implemented with
four phase-space loops (δ ¼ 2π × 20 kHz) on GS qubits in an
eight-ion crystal. The same gate is evaluated using an axial or a
radial motional mode. The dominant error source, i.e., the one
caused by unwanted excitation of spectator modes, is suppressed
in the axial implementation. The higher radial spectral crowding
increases the sensitivity of the gate infidelity on its exact duration,
thus the listed contribution is taken as the minimum infidelity in a
region of �10 μs around tgate. An error budget for the measure-
ment with N ¼ 12 calcium ions is provided in Supplemental
Material [39].

Error mechanism Infidelity (×10−4)
Axial Radial

Spectator modes 2.1 575.4
Qubit T2 decoherence 2.9 2.9
Motional decoherence 8.7 18.8
RF pulses 2.4 2.4
Qubit T1 decay 0.8 0.8
Scattering (Rayleigh&Raman) 1.2 1.2

Total 18.1 601.5
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value is limited by the c.m. heating rate (1.5 phonons/ion/s).
The coherence times were determined via Ramsey interfer-
ometry. Note that the motional coherence time was mea-
sured for an eight-ion crystal. The contribution to gate
infidelity due to motional decoherence becomes prominent
with the ion chain growing in length, dominated
by motional heating, which scales linearly with the ion

number [36]. The next axialmotionalmode (ωðaxÞ
BR ) exhibits a

reduced heating rate; however, due to inhomogeneous
participation in the collective motion, it is not suitable for
arbitrary ion pairs. All other error contributions were
experimentally characterized. The sensitivity of the gate
to rotation errors in the collective RF pulses (performed at
the beginning, middle, and end of the gate) was characterised
via randomized benchmarking of the Clifford single-qubit
unitaries. The off-resonant scattering error, the fundamental
limit of this gate, is split into the contribution from elastic
(Rayleigh) and inelastic (Raman) scattering [37,38]. This is
dominated by theTEM00mode,whichhas a nonzero intensity
at the ion’s position. We currently measure an error contri-
bution at the 10−4 level, measured by applying the gate
sequence without performing the RF pulses and checking
howmuchof the initial population endsup in the j1i and theD
manifold levels. As the force on the ions is directly dependent
on the gradient, one can achieve the same ODF with a
different choice ofTEM10modeoptical power (compensating
with the TEM00 mode optical power) and thereby lower the
total scattering rate even further.
Conclusions and discussion—We demonstrated an LS-

mediated entangling interaction with error rates at the 10−3

level in crystals of up to 12 ions, achieving the threshold
requirements for fault-tolerant QEC [33,34]. Beyond its
immediate use in current quantum circuits, the demon-
strated gate scheme can contribute to scalable trapped-ion
QEC, with potential applications to both reduced-shuttling
modular architectures for logical teleportation and lattice
surgery [44], and to long-ion-chain implementations of
qLDPC codes based on programmable all-to-all connec-
tivity [34,45]. We analyze in Supplemental Material [39]
how the main contributions to the gate infidelity scale for
longer ion chains [39]. Future improvements may include
implementing different DD sequences, testing different
numbers of phase-space loops, and transitioning to hyper-
fine encoding in 137Baþ, to suppress error contributions
arising from finite qubit coherence time (T2). We envision
further improvements to the experimental apparatus to
enhance motional coherence and GS lifetime.
Furthermore, we plan to increase the radial confinement
in order to achieve longer ion strings without further
lowering the axial confinement. Beyond quantum comput-
ing, coherent control of force vectors transverse to the
propagation of light enables single- or multi-ion entangling
interactions also in two-dimensional ion geometries.
The static phase plate may be replaced by a spatial
light modulator, allowing programmable control of the

force-gradient orientation and selective excitation of
motional modes along arbitrary directions. Furthermore,
high-fidelity entanglement performed on a trapped ion’s GS
can also benefit quantum network nodes, as this specific
encoding is also chosen for long-lived quantum informa-
tion memories. Finally, we remark that the required optics
could be directly integrated into a trap chip [46].

Acknowledgments—The authors want to thank Daniel
Nigg for fruitful discussions. We gratefully acknowledge
support by the European Union’s Horizon Europe research
and innovation program under Grant Agreement
No. 101114305 (“MILLENION-SGA1” EU Project), by
the Austrian Science Fund (FWF) [Grant-DOI 10.55776/
F71] (SFB BeyondC), as well as the Austrian Research
Promotion Agency (FFG) under Contracts No. 897481
(High-Performance integrated Quantum Computing) and
No. 896213 (Ion trap arrays for quantum computing) and
by IQI GmbH. We further acknowledge funding by the
Intelligence Advanced Research Projects Activity (IARPA)
and the Army Research Office, under the Entangled
Logical Qubits programme through Cooperative
Agreement Number W911NF-23-2-0216. P. V., A. K.,
and A. B. acknowledge support from PID2021-
127726NB-I00 and PID2024-161474NB-I00 (MCIU/
AEI/FEDER, UE), from QUITEMAD-CM TEC-2024/
COM-84, from the Grant IFT Centro de Excelencia
Severo Ochoa CEX2020-001007-S funded by MCIN/
AEI/10.13039/501100011033, and from the CSIC
Research Platform on Quantum Technologies PTI-001.
This work is partially funded by the European
Commission–NextGenerationEU, through the
Momentum CSIC Programme: Develop Your Digital
Talent. A. E., T. F., G. J., and J. U. acknowledge support
from the AWS (Austrian Promotional Bank) with funds
from the National Foundation for Research, Technology
and Development (Fonds Zukunft Österreich). G. C.
acknowledges the support of the Ministry of Culture and
Science of North Rhine–Westphalia. G. C. and Y.W.
acknowledge the support of the Austrian Science Fund
(FWF) (Crossref Funder ID 501100002428) project
SONATINA [Grant DOI 10.55776/P36233].

The views and conclusions contained in this document
are those of the authors and should not be interpreted as
representing the official policies, either expressed or
implied, of IARPA, the Army Research Office, or the
U.S. Government. The U.S. Government is authorized to
reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation herein.

Data availability—There are no publicly available
research data or software supporting this manuscript.
Requests for further information or data should be sent
to the authors.

PHYSICAL REVIEW LETTERS 137, 170601 (2026)

170601-5



[1] D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M.
Taylor, G. Burkard, and J. R. Petta, Science 359, 439 (2018).

[2] C. E. Bradley, J. Randall, M. H. Abobeih, R. C. Berrevoets,
M. J. Degen, M. A. Bakker, M. Markham, D. J. Twitchen,
and T. H. Taminiau, Phys. Rev. X 9, 031045 (2019).

[3] M. Malekakhlagh, E. Magesan, and D. C. McKay, Phys.
Rev. A 102, 042605 (2020).

[4] T.-Q. Cai, X.-Y. Han, Y.-K. Wu, Y.-L. Ma, J.-H. Wang, Z.-L.
Wang, H.-Y. Zhang, H.-Y. Wang, Y.-P. Song, and L.-M.
Duan, Phys. Rev. Lett. 127, 060505 (2021).

[5] A. Rahman, D. J. Egger, and C. Arenz, Phys. Rev. Appl. 22,
054074 (2024).

[6] E. L. Hahn, Phys. Rev. 80, 580 (1950).
[7] F. Kofler, Modulated gates for improved ion control,

Master’s thesis, Universität Innsbruck, 2025.
[8] L. Cheng, S.-C. Liu, L. Geng, Y.-K. Fang, and L.-Y. Peng,

Phys. Rev. A 107, 042617 (2023).
[9] A. R. Milne, C. L. Edmunds, C. Hempel, F. Roy, S.

Mavadia, and M. J. Biercuk, Phys. Rev. Appl. 13,
024022 (2020).

[10] M. Kang, Q. Liang, B. Zhang, S. Huang, Y. Wang, C. Fang,
J. Kim, and K. R. Brown, Phys. Rev. Appl. 16, 024039
(2021).

[11] N. Ezzell, B. Pokharel, L. Tewala, G. Quiroz, and D. A.
Lidar, Phys. Rev. Appl. 20, 064027 (2023).

[12] C. R. Clark, H. N. Tinkey, B. C. Sawyer, A. M. Meier, K. A.
Burkhardt, C. M. Seck, C. M. Shappert, N. D. Guise, C. E.
Volin, S. D. Fallek, H. T. Hayden, W. G. Rellergert, and
K. R. Brown, Phys. Rev. Lett. 127, 130505 (2021).

[13] C. H. Baldwin, B. J. Bjork, M. Foss-Feig, J. P. Gaebler, D.
Hayes, M. G. Kokish, C. Langer, J. A. Sedlacek, D. Stack,
and G. Vittorini, Phys. Rev. A 103, 012603 (2021).

[14] D. Leibfried, B. DeMarco, V. Meyer, D. Lucas, M. Barrett,
J. Britton, W. M. Itano, B. Jelenković, C. Langer, T.
Rosenband, and D. J. Wineland, Nature (London) 422,
412 (2003).

[15] K. Kim, C. F. Roos, L. Aolita, H. Häffner, V. Nebendahl,
and R. Blatt, Phys. Rev. A 77, 050303(R) (2008).

[16] B. C. Sawyer and K. R. Brown, Phys. Rev. A 103, 022427
(2021).

[17] P. Murali, D. M. Debroy, K. R. Brown, and M. Martonosi,
Commun. ACM 65, 101 (2022).

[18] D. F. V. James, Appl. Phys. B 66, 181 (1998).
[19] A. Erhard, T. Feldker, and G. Jacob, Transverse state-

dependent force for trapped ion entanglement (2026),
Application No. 19/102,679, filed August 4, 2023.

[20] D. T. C. Allcock, W. C. Campbell, J. Chiaverini, I. L.
Chuang, E. R. Hudson, I. D. Moore, A. Ransford, C.
Roman, J. M. Sage, and D. J. Wineland, Appl. Phys. Lett.
119, 214002 (2021).

[21] J.-M. Cui, Y. Chen, Y.-F. Zhou, Q. Long, E.-T. An, R. He,
Y.-F. Huang, C.-F. Li, and G.-C. Guo, Phys. Rev. Lett. 135,
260604 (2025).

[22] M. Mazzanti, R. Gerritsma, R. J. C. Spreeuw, and A.
Safavi-Naini, Phys. Rev. Res. 5, 033036 (2023).

[23] A. D. West, R. Putnam, W. C. Campbell, and P. Hamilton,
Quantum Sci. Technol. 6, 024003 (2021).

[24] X. Mai, L. Zhang, Q. Yu, J. Zhang, and Y. Lu,
arXiv:2506.19535.

[25] F. Stopp, M. Verde, M. Katz, M. Drechsler, C. T.
Schmiegelow, and F. Schmidt-Kaler, Phys. Rev. Lett.
129, 263603 (2022).

[26] M. Foss-Feig, G. Pagano, A. C. Potter, and N. Y. Yao, Annu.
Rev. Condens. Matter Phys. 16, 145 (2025).

[27] R. Ozeri, Contemp. Phys. 52, 531 (2011).
[28] A. Sørensen and K. Mølmer, Phys. Rev. Lett. 82, 1971

(1999).
[29] I. Pogorelov, T. Feldker, C. D. Marciniak, L. Postler, G.

Jacob, O. Krieglsteiner, V. Podlesnic, M. Meth, V.
Negnevitsky, M. Stadler, B. Höfer, C. Wächter, K.
Lakhmanskiy, R. Blatt, P. Schindler, and T. Monz, PRX
Quantum 2, 020343 (2021).

[30] Holoor Hermite-Gauss mode converter PE202-Q-Y-A.
[31] C. J. Ballance, T. P. Harty, N. M. Linke, M. A. Sepiol, and

D.M. Lucas, Phys. Rev. Lett. 117, 060504 (2016).
[32] P. Hrmo, B. Wilhelm, L. Gerster, M.W. van Mourik, M.

Huber, R. Blatt, P. Schindler, T. Monz, and M. Ringbauer,
Nat. Commun. 14, 2242 (2023).

[33] R. Barends et al., Nature (London) 508, 500 (2014).
[34] M. Ye and N. Delfosse, Quantum 9, 1920 (2025).
[35] The contribution of these incoherent error sources is

estimated separately and added to the error budget linearly,
which assumes that we are in the high-fidelity regime.

[36] M. Brownnutt, M. Kumph, P. Rabl, and R. Blatt, Rev. Mod.
Phys. 87, 1419 (2015).

[37] R. Ozeri, W. M. Itano, R. B. Blakestad, J. Britton, J.
Chiaverini, J. D. Jost, C. Langer, D. Leibfried, R.
Reichle, S. Seidelin, J. H. Wesenberg, and D. J.
Wineland, Phys. Rev. A 75, 042329 (2007).

[38] I. D. Moore, W. C. Campbell, E. R. Hudson, M. J.
Boguslawski, D. J. Wineland, and D. T. C. Allcock, Phys.
Rev. A 107, 032413 (2023).

[39] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/4smy-6w2n for scaling considerations to
longer ion chains, an error budget achievable with calcium
ions, and implications of this work for quantum error
correction, which includes [40–43].

[40] C. Bowers, D. Palani, J. Barta, T. Guglielmo, S. Libby, D.
Leibfried, and D. Slichter, Robust two-qubit geometric
phase gates using amplitude and frequency ramping (2026).

[41] C. Ryan-Anderson et al., Science 385, 1327 (2024).
[42] J. Jiang, Y. Ma, X. Wang, C.-Z. Dong, and Z. W. Wu, Phys.

Rev. A 103, 032803 (2021).
[43] T. Choi, S. Debnath, T. A. Manning, C. Figgatt, Z.-X. Gong,

L.-M. Duan, and C. Monroe, Phys. Rev. Lett. 112, 190502
(2014).

[44] C. Benito, A. R. Vasquez, J. Home, K. K. Mehta, T. Monz,
M. Müller, and A. Bermudez, arXiv:2512.20435.

[45] E. Tham, M. L. Goldman, S. Debnath, A. N. Patel, J.
Saraladevi, J. Nguyen, E. Nielsen, N. Pisenti, K. Wright,
J. Gamble, and N. Delfosse, arXiv:2606.06455.

[46] B. Badawi, P. C. Holz, M. Raffetseder, N. Jungwirth, J.
Ulmanis, H.-J. Quenzer, D. Kähler, T. Monz, and P.
Schindler, arXiv:2512.02645.

PHYSICAL REVIEW LETTERS 137, 170601 (2026)

170601-6

https://doi.org/10.1126/science.aao5965
https://doi.org/10.1103/PhysRevX.9.031045
https://doi.org/10.1103/PhysRevA.102.042605
https://doi.org/10.1103/PhysRevA.102.042605
https://doi.org/10.1103/PhysRevLett.127.060505
https://doi.org/10.1103/PhysRevApplied.22.054074
https://doi.org/10.1103/PhysRevApplied.22.054074
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1103/PhysRevA.107.042617
https://doi.org/10.1103/PhysRevApplied.13.024022
https://doi.org/10.1103/PhysRevApplied.13.024022
https://doi.org/10.1103/PhysRevApplied.16.024039
https://doi.org/10.1103/PhysRevApplied.16.024039
https://doi.org/10.1103/PhysRevApplied.20.064027
https://doi.org/10.1103/PhysRevLett.127.130505
https://doi.org/10.1103/PhysRevA.103.012603
https://doi.org/10.1038/nature01492
https://doi.org/10.1038/nature01492
https://doi.org/10.1103/PhysRevA.77.050303
https://doi.org/10.1103/PhysRevA.103.022427
https://doi.org/10.1103/PhysRevA.103.022427
https://doi.org/10.1145/3511064
https://doi.org/10.1007/s003400050373
https://doi.org/10.1063/5.0069544
https://doi.org/10.1063/5.0069544
https://doi.org/10.1103/w5l6-wmrl
https://doi.org/10.1103/w5l6-wmrl
https://doi.org/10.1103/PhysRevResearch.5.033036
https://doi.org/10.1088/2058-9565/abcb5d
https://arXiv.org/abs/2506.19535
https://doi.org/10.1103/PhysRevLett.129.263603
https://doi.org/10.1103/PhysRevLett.129.263603
https://doi.org/10.1146/annurev-conmatphys-032822-045619
https://doi.org/10.1146/annurev-conmatphys-032822-045619
https://doi.org/10.1080/00107514.2011.603578
https://doi.org/10.1103/PhysRevLett.82.1971
https://doi.org/10.1103/PhysRevLett.82.1971
https://doi.org/10.1103/PRXQuantum.2.020343
https://doi.org/10.1103/PRXQuantum.2.020343
https://doi.org/10.1103/PhysRevLett.117.060504
https://doi.org/10.1038/s41467-023-37375-2
https://doi.org/10.1038/nature13171
https://doi.org/10.22331/q-2025-11-27-1920
https://doi.org/10.1103/RevModPhys.87.1419
https://doi.org/10.1103/RevModPhys.87.1419
https://doi.org/10.1103/PhysRevA.75.042329
https://doi.org/10.1103/PhysRevA.107.032413
https://doi.org/10.1103/PhysRevA.107.032413
http://link.aps.org/supplemental/10.1103/4smy-6w2n
http://link.aps.org/supplemental/10.1103/4smy-6w2n
http://link.aps.org/supplemental/10.1103/4smy-6w2n
http://link.aps.org/supplemental/10.1103/4smy-6w2n
http://link.aps.org/supplemental/10.1103/4smy-6w2n
https://doi.org/10.1126/science.adp6016
https://doi.org/10.1103/PhysRevA.103.032803
https://doi.org/10.1103/PhysRevA.103.032803
https://doi.org/10.1103/PhysRevLett.112.190502
https://doi.org/10.1103/PhysRevLett.112.190502
https://arXiv.org/abs/2512.20435
https://arXiv.org/abs/2606.06455
https://arXiv.org/abs/2512.02645

	Entangling Ions with Engineered Light Gradients
	Introduction
	Entangling interaction
	Experimental configuration and results
	Error budget
	Conclusions and discussion
	Acknowledgments
	Data availability
	References


