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Neutral atom arrays have emerged as a powerful platform for quantum computation, simulation, and
metrology. Among them, alkaline-earth-like atoms exhibit distinct advantages, including long coherence
time, high-fidelity Rydberg gates, and erasure correction for efficient quantum error correction. However,
their scalability has lagged behind that of the alkali atoms. Here, we report 2400 ytterbium-174 atoms
trapped in an optical tweezer array with enhanced loading efficiency of 83.5(1)% via blue-detuned light-
assisted collisions. We develop a quantitative model of the collision dynamics and find good agreement
between the calculated inelastic collision rates and the experimentally measured loading efficiencies.
Notably, the loading efficiency is largely maintained for array sizes ranging from dozens to thousands,
exhibiting excellent scalability. We further demonstrate that the enhancement exists robustly across a range
of interatomic potentials, suggesting its utility for other atomic species. To establish the capability of the
174Yb arrays toward universal quantum computation, we propose to encode the qubit in the ground-clock
state manifold and estimate a 99.9% two-qubit gate fidelity with experimentally feasible parameters. Our
work advances the prospects for realizing large-scale quantum computers using alkaline-earth-like atoms.
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Introduction—Neutral atoms in optical tweezer arrays
have developed rapidly over the past decade, emerging as
one of the most promising platforms for quantum infor-
mation science [1–3]. The rapid advancement is largely
driven by their exceptional scalability, featuring thousands
of atomic qubits with high-fidelity controls [4–11].
Recently, significant progress has been made toward
various applications. For quantum computation, major
milestones include the realization of high-fidelity
Rydberg gates [12–17] and the demonstration of key
fault-tolerant quantum computing elements [18–21]. As
programmable quantum simulators, atom arrays offer
unprecedented access to strongly correlated many-body
phenomena, from quantum criticality to exotic states like
quantum spin liquids [22–28]. For precision metrology, the
platform opens new frontiers for optical atomic clocks via
quantum enhancement [29,30]. Furthermore, continuous
innovations in the system architectures are unlocking new

capabilities, such as coherent atom transport for nonlocal
gates [31], dual-species arrays for low-crosstalk control
[32–34], local optical gates for faster control [35–40],
efficient interface to photons [41–48], and continuous
reloading for rapid atom replenishment [4–6,49,50].
These advances establish neutral atom arrays as a versatile
and powerful platform for exploring the frontiers of
quantum science and technology.
Among various atomic species, alkaline-earth-like atoms

with two valence electrons, such as ytterbium and stron-
tium, offer unique advantages for quantum control. Pure
nuclear spins provide excellent coherence for quantum
information storage due to their isolation from environ-
mental noise [51,52]. The metastable states form the
cornerstone of optical clocks, one of the most precise tools
in quantum metrology [29,30,53]. Qubits encoded in the
metastable state enable robust single-photon Rydberg
excitation [54–56], optical clock-state control [57–59],
and midcircuit erasure conversion, which significantly
reduces the resource overhead for quantum error correction
[20,56,60–62]. However, an important challenge for alka-
line-earth-like atom arrays is their limited size, as compared
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to alkali species with a record of 6100 atoms [7]. This is due
to the low polarizability of alkaline-earth-like atoms at
near-infrared wavelengths where high-power lasers are
commercially available, therefore limiting the maximum
number of optical tweezers with sufficient depth.
Moreover, for an optical tweezer array of fixed size, the
∼50% statistical single-atom loading efficiency imposes a
stringent constraint on the number of trapped atoms. Blue-
detuned light-assisted collision has been employed to
enhance the loading efficiency for certain atomic species
and array sizes up to 100 [51,63–67]. Up to now, it has been
an open question whether the method can be broadly
applied to different species or much larger arrays.
In this Letter, we demonstrate a high-efficiency prepa-

ration of the largest alkaline-earth-like atom array in optical
tweezers, comprising over 2400 ytterbium-174 atoms
[Figs. 1(a) and 1(b)]. This is enabled by the efficient
trapping and high-fidelity imaging of ytterbium-174 atoms
in 532 nm optical tweezers. We achieve an enhanced

loading efficiency of 83.5(1)% in ∼3000 optical tweezers
[Fig. 1(c)]. The high loading efficiency is maintained from
a few tens to thousands of tweezers [Fig. 1(d)], highlighting
the scalability of the enhanced loading method to large
arrays. To understand the light-assisted collision dynamics,
we develop a quantitative model that directly links the
inelastic collision rate to the observed loading efficiency,
yielding good agreement with experiment. By engineering
different interatomic potentials, we demonstrate that
enhanced loading does not necessarily require the globally
repulsive potentials in earlier experiments [51,63–67] but
can also be achieved with partially repulsive potentials
accessible in generic two-level systems, thereby broad-
ening its applicability across atomic species. For quantum
controls of ytterbium-174 atoms, we propose to encode the
qubit in the ground-clock state manifold. From numerical
simulation and comparison to the 171Yb isotope, we
estimate that single-qubit gate fidelity of 99.8% and
two-qubit gate fidelity of 99.9% can be achieved with

FIG. 1. (a) Averaged fluorescence image of a 2939-site array over 85 experimental trials. (b) Single-shot image of 2437 single atoms.
Spatial high-pass filter is applied in (a) and (b). (c) A histogram presenting the site-resolved loading efficiency, with the inset illustrating
the efficiency across the array. The average loading efficiency is 83.5(1)% with standard deviation of 10.3% across all sites. Data are
collected from 85 images. (d) The loading efficiency for different array sizes with the same trap depth and tweezer spacing. The
enhanced loading parameters are optimized for each array size. The highest and lowest loading efficiencies are 91.1(4)% and 83.5(7)%,
respectively. Error bars are smaller than the marker. Insets show single-shot images of the corresponding array [image of the largest array
is in (b)]. (e) Polarizabilities for the ground state 1S0 (blue curve) and the excited state 3P1 (red curve) of 174Yb from numerical
calculation (data of atomic levels from Ref. [68]), which are used for fluorescence imaging (inset). The optical tweezer operates at the
magic wavelength of 532 nm. The enhanced loading in all plots is performed with π-polarized light, I=Isat ¼ 53, a detuning of
Δ ¼ 2π × 4 MHz relative to the mJ ¼ 0 state, and a 2.3 G magnetic field.
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experimentally realistic parameters. Our work realizes
large-scale alkaline-earth-like atom arrays with high load-
ing efficiency. In combination with their estimated long
coherence time and high-fidelity controls, alkaline-earth-
like atom arrays hold great potential to unlock tremendous
capabilities toward universal quantum computation.
Large-scale 174Yb atom arrays—Here, we introduce the

main results and methods regarding the large-scale atom
arrays. We first cool 174Yb atoms using a two-stage laser
cooling setup, resulting in an ensemble of atoms at the
Doppler temperature of 5 μK in the magneto-optical trap
(MOT). The detailed implementation is described in
Supplemental Material Sec. I [69]. Static tweezer arrays
are generated via a programmable spatial light modulator
(SLM) using a weighted Gerchberg-Saxton algorithm
[74–76]. A 532 nm laser is phase modulated by the
SLM and then focused by a microscope objective (numeri-
cal aperture¼ 0.6, field of view¼ 500 μm), creating arrays
of up to 2939 sites. The averaged image is shown in
Fig. 1(a), and a single-shot image is shown in Fig. 1(b). The
tweezer spacing is set to 2.8 μm, and the trap depth is
U0=ℏ ≈ 2π × 4 MHz (3 mW per tweezer, estimated from
3P1 tensor light shift).
Cooling and fluorescence imaging of atoms are per-

formed on the j1S0i → j3P1; mJ ¼ 0i intercombination
line. This transition is magic at the 532 nm tweezer
wavelength [77]; i.e., ac Stark shifts of the ground and
excited states are identical [Fig. 1(e)]. The magic trap
enables an imaging survival probability of 99.1(3)% and an
imaging fidelity of 99.3(1)%.
Leveraging blue-detuned light-assisted collisions, we

achieve a high loading efficiency, enabling the capture
of more than 2400 atoms in a single experimental trial. The
statistics and spatial distribution of site-resolved loading
efficiency are presented in Fig. 1(c), showing an average
loading efficiency of 83.5(1)%, where the lower-efficiency
sites are mainly attributed to local trap quality that could be
mitigated using the method described in Ref. [7]. We
measure loading efficiency for different array sizes and
observe over 80% loading efficiency from tens to thousands
of optical tweezers [Fig. 1(d)]. The moderate decrease for
larger arrays is likely due to reduced effective atom density
in the target plane [51], arising from atom capture by
residual out-of-plane traps during loading.
High-efficiency loading—Let us first discuss conven-

tional single-atom preparation methods. A red-detuned
laser induces light-assisted collisions that expel two atoms
out of the tweezer. The combination of the random initial
loading number and the two-to-zero collisional loss
imposes a ≈50% upper bound on the single-atom loading
efficiency. For atoms with a repulsive interatomic potential,
a blue-detuned collision laser has been used to improve the
loading efficiency in certain cases [51,63–67]. However, it
remains elusive whether this method can be applied to other
atomic species and what the optimal parameters for loading
enhancement are.

Here, we present a quantitative model of the blue-
detuned light-assisted collision process that answers the
above questions. Figure 2(a) shows the interatomic poten-
tial in the rotating frame of the collision laser frequency,
considering one ground state jgi and one excited state jei
for simplicity. During the collision process, an atom pair
starting from the jg; gi state passes through the jg; gi-jg; ei
crossing twice. If one of the two passages is adiabatic and
the other is nonadiabatic [green and purple arrows in

FIG. 2. (a) The enhanced loading mechanism. The solid black
curves represent the molecular eigenstates in the rotating frame of
the blue-detuned laser, with the gray region highlighting the
crossing point. Green and purple arrows mark two pathways for
inelastic collision. (b) The angular distribution of the simulated
inelastic collision probability Pic as a function of θ, with θ being
the angle between the interatomic displacement and the quan-
tization axis [I=Isat ¼ 100, ℏΔ=U0 ¼ 1.35, close to the optimal
point in (d) and (e)]. The green curve corresponds to a globally
repulsive potential, while the orange curve corresponds to a
potential that is repulsive only around θ ¼ 90°. (c) Linear
relationship between the optimal Ploading and Pic for different
light polarizations and magnetic fields [data from (d),(e), and
Supplemental Material Figs. S3(a) and S3(b) [69] ]. Both Ploading

and Pic are maximized over ℏΔ=U0 ∈ ½1; 2� and I=Isat ≤ 150. The
black line shows a linear fit, with �1σ uncertainty marked by the
gray shade. The error bars are smaller than the markers. (d),
(e) The loading efficiency of the globally and partially repulsive
potential, respectively. The loading enhancement time is 500 ms.
The stars label the maximum Ploading [81.1(4)% in (d) and 74.1
(7)% in (e)]. The black dots (contours) mark the highest Pic (90%
and 70% of the highest Pic) for each detuning. The detuning is
relative to the single-atom energy level coupled by the collision
light, i.e.,mJ ¼ �1 in (d) andmJ ¼ 0 in (e). All data presented in
this figure are collected with an array size of 2107.

PHYSICAL REVIEW LETTERS 137, 063201 (2026)

063201-3



Fig. 2(a)], an inelastic collision happens and the atom pair
gains kinetic energy ℏΔ, with Δ being the laser detuning.
When ℏΔ≳ Utrap, only one atom can escape from the trap,
leading to a one-by-one atom loss until only a single atom
remains [78]. We calculate the interatomic potential using
the dipole-dipole interaction model and the inelastic colli-
sion probability Pic by solving the Lindblad equation
(Supplemental Material Sec. III [69]).
Next, we experimentally study the enhanced loading

performance by engineering interatomic potentials. We
realize two representative potentials—(i) a globally repul-
sive potential using mixed light polarizations under zero
magnetic field [the green curve in Fig. 2(b)] and (ii) a
partially repulsive potential using pure π polarization under
8.6 G field along the tweezer polarization direction [the
orange curve in Fig. 2(b)]. We observe significant loading
enhancement under both the globally and partially
repulsive potentials [Figs. 2(d) and 2(e)]. We also find
good agreement between the calculated Pic and the mea-
sured loading efficiency, validating the theoretical model
[Figs. 2(c)–2(e)]. The maximum loading efficiency
achieved here is ∼80%. The imperfection is because we
apply a cooling light during collision (red detuned from the
j1S0i → j3P1; mJ ¼ 0i magic transition) to cool the
remaining atom, which induces a finite two-to-zero loss
probability as in the conventional red-detuned light-assisted
collision process. Enhanced loading performance under
other potentials can be found in Supplemental Material
Fig. S3 [69].
Note that previous enhanced loading studies [51,63–67]

utilize either Λ systems or multiple degenerate states where
the interatomic potentials are globally repulsive, similar to
the case in Fig. 2(d). Here, we find loading enhancement
under partially repulsive potentials, which are attainable
in generic two-level systems (Supplemental Material
Sec. III [69]).
Characterization of atom loading and imaging—As the

tweezer array size (82 μm radius) is larger than the MOT
(1=e2 radius of 48 μm), we rotate the position of the MOT
to achieve a uniform loading by modulating the bias
magnetic field. Figure 3(a) shows a significant improve-
ment of initial loading efficiency with MOT rotation. More
details about the rotating MOT method can be found in
Supplemental Material Sec. I [69].
Next, we characterize the imaging fidelity. As the large

optical tweezer array is inevitably associated with out-of-
plane traps [7], fluorescence from atoms in those traps
creates a strong background in the image. We apply spatial
high-pass filters to eliminate this background following
Ref. [8] (Supplemental Material Sec. II [69]). Figure 3(b)
displays the statistics of fluorescence brightness for all sites
in 1000 images. We use the same brightness threshold to
determine the occupancy for all sites. Using the analysis
method from Ref. [7], we estimate the average imaging
fidelity of 99.3(1)% and the atom loss rate of 0.9(3)% per
image. The spatial distribution of imaging fidelities across

the entire array is presented in the inset in Fig. 3(b).
Imaging lifetime is determined by continuously shining the
imaging light and measuring atom survival probabilities.
The result is presented in Figs. 3(c) and 3(d) with an
average imaging lifetime of 35.1(5) s, consistent with the
atom loss rate measured above.

174Yb gate scheme—To establish the large-scale 174Yb
atom arrays as quantum processors, we next present qubit
encoding and quantum gate schemes. Compared to the
commonly used 171Yb isotope with well-studied nuclear
spin qubits [56,59], 174Yb has zero nuclear spin and, thus,
lacks the nuclear spin qubits. Inspired by the omg encoding
demonstrated in 171Yb [59], we propose to encode qubits in
the ground 1S0 and clock 3P0 states of 174Yb atoms, as
shown in Fig. 4(a). One advantage of this optical qubit is
that J ¼ 0 for both states, and, therefore, it is insensitive to
magnetic field noise and tweezer polarization imperfections
[20]. The 578 nm clock transition between qubit states can
be excited with a magnetic field that mixes 3P0 and 3P1

[79]. For a 200 G magnetic field, 1 W laser power (2 W
578 nm laser is commercially available) with a beam waist
of 9 μm can induce a Rabi frequency of 2π × 110 kHz.
This is comparable to the 99.8% single-qubit gate in the
171Yb case [59]. For the clock-state encoding, the corre-
sponding magic trapping wavelength is 759 nm, where
the polarizability and available laser power are smaller than
those at 532 nm. Nevertheless, the available 759 nm
optical power is not expected to be the limitation at the

FIG. 3. (a) Initial loading efficiency distribution with (blue) and
without (red) implementing the rotating MOT technique, prior to
the enhanced loading step. The insets illustrate the fixed MOT
and the rotating MOT. (b) Histogram of fluorescence brightness
across all array sites. The two peaks of the bimodal distribution
correspond to zero and one atom occupancy. The inset depicts the
site-resolved imaging fidelity. The exposure time is 200 ms,
limited by the background of out-of-plane atoms (Supplemental
Material Sec. II [69]). Data are collected from 1000 images.
(c) Probability density distribution of imaging lifetime across the
array sites. (d) The average atom survival over all sites with
respect to the imaging time, showing a lifetime of 35.1(5) s. All
data presented in this figure are collected under the maximum
array size of 2939.
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demonstrated array scale, because clock-state storage can
be achieved with much shallower traps (Supplemental
Material Sec. V [69]).
For two-qubit gates, we propose to couple 3P0 to jri ¼

jν ¼ 49.56; L ¼ 0; J ¼ 1; mJ ¼ 1i Rydberg state, where ν,
L, J, and mJ are the effective principal quantum number,
orbital angular momentum, total angular momentum, and
total angular momentum z component, respectively. This
Rydberg excitation requires a 302 nm UV laser, where
∼1 W power is commercially available. Assuming a
75 mW Rydberg laser inside the vacuum chamber and a
beam waist of 12 μm, we estimate the Rabi frequency to be
2π × 15 MHz. We consider the fundamental errors of two-
qubit Rydberg gates—Rydberg decay and excitation to
nearby overlapping Rydberg pair states (Supplemental
Material Sec. V [69]). We calculate the Rydberg pair state
overlaps following the multichannel quantum defect model
from Ref. [12] [Fig. 4(b)]. With the Rydberg state infor-
mation, we then optimize a pulse for the controlled-Z (CZ)
gate using the gradient ascent pulse engineering algorithm
[80]. The resulting pulse is shown in Fig. 4(c). The
simulated CZ gate fidelity is 99.91% (quantified using
the Bell state fidelity), dominated by Rydberg decay. The
results demonstrate that the gate fidelities of 174Yb are well
above the surface-code error-correction thresholds and are
comparable to those of the commonly used 171Yb isotope.
We note that the 174Yb atom array is also promising for

quantum simulations with the qubits encoded in the clock-
Rydberg manifold [62]. Featuring large system sizes and
high-fidelity Rydberg excitations, the 174Yb atom array can
simulate quantum many-body systems approaching the
thermodynamic limit with high precision.

Conclusion and outlook—In summary, we realize alka-
line-earth-like atom arrays comprising over 2400
ytterbium-174 atoms in optical tweezer arrays. We sys-
tematically investigate the enhanced loading mechanism
for a range of array sizes and interatomic potentials,
demonstrating its scalability to larger arrays and appli-
cability to most atoms or molecules with dipole-dipole
interactions [81,82]. We also propose a qubit encoding
scheme using the ground and clock states of 174Yb and
estimate gate fidelities approaching 99.9%.
Further improvements of the array size can be achieved

by reusing laser power via optical lattices or optical cavity
arrays [46,50]. We also note that the light-assisted colli-
sions between J ¼ 0 and J ¼ 1 states in this Letter are
reminiscent of the microwave shielding of ultracold polar
molecules in the lowest rotational states with angular
momenta 0 and 1 [83–89]. Therefore, our work might
provide mutual reference and promotion between the
single-atom preparation in atom arrays and microwave
shielding of ultracold molecules. Finally, the integration of
loading enhancement, rapid SLM rearrangement [8], and
continuous reloading techniques [4–6,49] would enable
large-scale, defect-free, and sustainable 174Yb atom arrays.
The combination of the large qubit number and estimated
high gate fidelities makes the 174Yb arrays a promising
platform for quantum error correction and logical oper-
ations at large scale [19].
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