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Continuously replenished optical tweezer arrays will unlock unlimited-depth quantum circuits
with neutral atom qubits. A key bottleneck limiting the cycle time of these systems is removing
atoms from tweezers initially loaded with more than one atom. In the conventional technique of
light-assisted collisions, slow collisional dynamics limit the timescale for removing excess atoms
to several milliseconds. Here, we propose and demonstrate a scheme for selectively removing one
atom at a time from multiply occupied tweezers on a microsecond timescale, using intra-
tweezer Rydberg blockade and autoionization. We demonstrate the protocol in "'Yb in two
complementary regimes. With two-photon Rydberg excitation from the ground state, we reduce the
multi-atom probability to 1% in 64.8 ps, while retaining single atoms in 58.2(2)% of the tweezers,
which is comparable to the filling fraction achieved with light-assisted collisions under the same
experimental conditions, but over two orders of magnitude faster. With single-photon excitation from
the metastable state 3P, reduced single-atom loss enables a higher filling fraction of 74.8(3)%, at the
cost of additional temporal overhead to prepare the atoms in 3P,,. The final filling fraction is limited by
an unexplained two-body loss mechanism, which, if solved, could enable fast, quasi-deterministic

loading.

DOI: 10.1103/8t3p-x6s7

I. INTRODUCTION

Neutral atoms in optical tweezer arrays are a promising
platform for fault-tolerant quantum computing [1-5],
quantum simulation [6-11], and quantum metrology
[12,13]. In all of these applications, quantum operations
begin with a deterministically filled array of singly
occupied optical tweezers. Preparing such arrays typically
involves several stages, including atom loading from a
magneto-optical trap (MOT), removal of multiply occu-
pied tweezers via light-assisted collisions (LAC) [14,15],
measuring the occupied sites, and atom rearrangement
[16-18]. Historically, atom loading had the longest dura-
tion of all of these operations, which created little incentive
to make the other steps faster. However, recent advances in
fast atomic reloading from a cold reservoir have shortened
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atom loading times to the millisecond-scale [19-24],
which makes the other steps rate-limiting.

There has been considerable progress on improving the
speed of measurement through non-destructive measure-
ments in free-space [25,26] and cavity arrays [27], as well as
destructive measurements [28,29]. Similarly, many works
have studied accelerated rearrangement protocols [30-32]
and novel optical system architectures for fast rearrange-
ment [33,34]. However, there has been less progress on
improving the speed of single-atom preparation.

Loading atoms into an optical tweezer from a MOT or
an atomic reservoir results in a Poisson distribution of
atom occupancies. The prevailing approach to preparing
singly occupied tweezers is light-assisted collisions
[14,15], which eject atom pairs until the occupancy of
each tweezer is either zero or one atom, reaching a steady-
state filling fraction of 50%—60%. As LAC relies on
molecular potentials acting over length scales of tens of
nanometers, the resulting collisional rates of atoms in
optical tweezers are small [35-37], leading to preparation
times around 10 ms in typical optical tweezers, across
many atomic species [20,23,24]. By tailoring the optical
potentials used for LAC, the collision dynamics can be
modified to preferentially remove one atom at a time,

Published by the American Physical Society
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increasing the final occupancy at the expense of increasing
the preparation time to tens or hundreds of milliseconds
[38—42]. We note that millisecond-scale LAC has been
achieved in more tightly confining optical traps including
3D optical lattices [43] and nanofiber traps [44].

A conceptually distinct strategy exploits the Rydberg
blockade for single atom preparation [45,46]. In this
scheme, the Rydberg blockade is used to transfer at most
one atom into a different hyperfine state, while the
remaining atoms are pushed out of the trap. As the
Rydberg interaction acts over micrometer length scales,
the protocol duration is not limited by the rate of collisions
between ground state atoms and is instead limited by the
time required to eject atoms from the trap, which can be as
short as 10 ps [1]. Using this keep-one approach, a single-
atom preparation fidelity of 62% was achieved [46].
Extensions to higher single-atom occupancy with larger
initial fillings have been proposed, but the practical
performance is limited by collisions with nearby ground
state atoms, Rydberg spaghetti effects, and long-range
finite blockade effects [47-49].

In this work, we demonstrate a distinct method of using
the Rydberg blockade to prepare singly occupied tweezers,
using repeated cycles of Rydberg excitation and auto-
ionization to eject extra atoms one at a time. This remove-
one approach is fast—each cycle of Rydberg excitation
and autoionization occurs on the microsecond timescale—
and can reach high loading probabilities by avoiding multi-
atom loss in a single cycle. In a '"'Yb tweezer array using
two-photon Rydberg excitation from the ground state,
we achieve 1% multi-atom occupancy with 18 cycles of
excitation and ejection with a total duration of 64.8 ps,
over two orders of magnitude faster than LAC under the
same experimental conditions. The single-atom filling
fraction is 58.2(2)%, which is limited by single-atom loss
(2% per cycle) caused by ground-Rydberg decoherence
from intermediate state scattering and finite Rydberg
lifetime during the Rydberg excitation step. To circum-
vent this limitation, we apply the same approach using
single-photon excitation to a Rydberg state with higher
principal quantum number from the metastable state 3P,.
This reduces the single-atom loss to 0.26% per cycle
and increases the final single-atom filling fraction to
74.8(3)%. However, in this regime, the single-atom
occupancy becomes limited by an unexplained two-atom
loss process, and the protocol duration extends to several
milliseconds, because of the need to pre-cool atoms
before transferring to 3P,. This technique requires no
additional hardware or control beyond what is already
needed for high-fidelity two-qubit gates and can be
implemented in any atomic species where fast Rydberg
state removal can be engineered. Future work reducing
the unexplained two-atom loss could enable fast, near-
deterministic tweezer loading.

I1. SINGLE-ATOM PREPARATION USING THE
RYDBERG BLOCKADE

The basic mechanism underlying our protocol is illus-
trated in Fig. 1. For N atoms in a tweezer within the
Rydberg blockade radius [Fig. 1(a)], the Rabi frequency of
collective excitation to the singly excited state |W) =

ﬁZf’:l lgi -~~~ gy) is VNQ, where Q is the single-
atom Rabi frequency [50]. Applying a pulse with duration
T =27/Q returns the atom to the ground state when
N =1, but leaves one atom in the Rydberg state with
probability P(|W)) =1(1 —cos(2zv/N)) when N > 1.
Using autoionization to eject any Rydberg population at
the end of the pulse from the trap [51-53], we can
implement N — N — 1 population transfer, while preserv-
ing N =1 population [Fig. 1(b)]. The process can be
repeated until the multi-atom occupancy probability is
reduced below the desired threshold Py,. An on-resonance
27 pulse also returns all atoms to the ground state when
\/ﬁ is an integer (N =4,9,...), which would lead to
population accumulation at these atom numbers. This
problem can be circumvented by detuning the Rydberg
excitation by A, changing the Rabi frequency scaling

to VNQ?Z 4+ A2,

A. Experimental setup

Using an apparatus previously described in Ref. [23],
we first demonstrate the proposed scheme by performing
Rydberg excitation from the ground state. In brief,
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FIG. 1. (a) Collective Rabi oscillations for various atom

numbers N (colors indicated in the legend), with on-resonance
excitation (top) and detuned excitation (bottom, A = Q where the
effective Rabi frequency is Q' = vQ? 4 A?). Dashed lines denote
single-atom 2z pulse durations. (b) Scheme for single-atom
preparation, involving m cycles with two steps per cycle. First,
a Rydberg 27 pulse excites one atom from a multiply occupied
tweezer to the Rydberg state (orange), while keeping the atom in a
singly occupied tweezer in the ground state (blue). Second,
autoionization removes Rydberg population from the trap.
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FIG. 2. (a)Relevant transitions for the two-photon excitation scheme. The 556 nm laser is used for optical pumping, 399 and 395 nm
are used for two-photon Rydberg excitations, and 369 nm is used for autoionization of the Rydberg state. (b) Timing diagram of the
protocol for the two-photon excitation scheme. (c) Exemplary single-shot image of the 4 x 25 tweezer array with number-resolved
imaging. (d) Photon-count histogram of number-resolved images recorded after loading N = 1.9 atoms per tweezer. Dashed lines show
Gaussian fits for each atom number N, while the solid black line is the cumulative fit. The inset shows the extracted atom-number
probability P(N), compared with a Poisson distribution (black dashed bars). (e) Experimental data (circles) and simulation (solid line)
of single-atom Rabi oscillations between the ground and Rydberg states, with a Rabi frequency of Q/2z = 4.6 MHz and detuning
A = 0. (f) Multi-atom collective Rabi oscillations. Circles show the measured probability P(N) as a function of Rydberg pulse
duration, for an initial average loading of N = 1.35. Solid lines are simulation curves described in the main text. The Rabi frequency is
Q/2n = 4.7 MHz, and the detuning is A/2z = —0.4 MHz.

tweezers are loaded from a continuously maintained  off period, we perform Rydberg excitation followed by an
reservoir of cold '"'Yb atoms and subsequently transported ~ autoionization pulse with a 369 nm laser driving a

out of the reservoir with a movable tweezer array.  transition to a 6pvd state. The Rydberg state is auto-
The atoms are then optically pumped into the |g) =  ionized with a 1/e removal time of 7,,, =170 ns. To
'Sy, mp = —1/2) state using 556 nm light on the 3P, ensure complete removal of Rydberg population, the
intercombination line [Fig. 2(a)], followed by excitation  autoionization pulse remains on until the next Rydberg
to the Rydberg state. The Rydberg state |r) =  excitation pulse, with a pulse duration of ~3 ps.
|36.28, L =2,F =5/2,mp = —5/2) is chosen such that ~ During the autoionization time, we also perform optical
the interaction strength V is large compared to the Rabi ~ pumping again to transfer population that decayed to
frequency for interatomic separations within a tweezer 'Sy, mp = +1/2) back to |g). To allow enough time for

(V/2r =275 MHz at ~1 pm), but negligible for atoms  optical pumping, Rydberg excitation is performed during
in neighboring traps (V/2z <7 kHz at 6.25 pm, see  every other trap-off period. Each cycle consisting of a
Appendix A). We use a two-photon excitation through ~ Rydberg 2z pulse, autoionization and optical pumping
an intermediate state |e) = |6s6p'P;), with counterpro-  takes a combined 3.6 ps [Fig. 2(b)].

pagating beams at wavelengths of 399 and 395 nm. Details To characterize the protocol performance and probe
of the laser parameters are given in Appendix B. To avoid  collective Rydberg dynamics, we measure the atom
anti-trapping of the Rydberg state and differential light ~ occupancies in the optical tweezers by performing high-
shifts on the Rydberg transition caused by the tweezer  speed number-resolved imaging on the S, — 'P
light, we adiabatically ramp to intensity-modulated tweez- (399 nm) transition in 10 ps [26]. The imaging time is
ers with a modulation period of 1.8 ps [4]. During the trap ~ much shorter than the timescale of light-assisted collisions
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by the imaging light, allowing the atom-number distribu-
tion in the tweezers to be measured before collisional loss
occurs. An example single-shot image of the stochastically
loaded 4 x 25 array is shown in Fig. 2(c), while a photon-
count histogram is presented in Fig. 2(d). We extract the
atom number distribution by fitting the photon-count
histogram with a sum of seven Gaussian functions. The
probability P(N) is obtained from the enclosed area of
each Gaussian function.

B. Collective intra-tweezer Rydberg dynamics

An example of single-atom Rabi oscillations is shown in
Fig. 2(e), where the Rabi frequency is /27 = 4.6 MHz.
The observed oscillations agree with a master-equation
simulation using experimental parameters, and the visibil-
ity of the Rabi oscillations is limited by intermediate state
scattering (TX*® =2.7 ps) and the Rydberg-state life-
time (7 ps).

To confirm that multiple atoms are blockaded within a
tweezer, we measure the atom number distribution as a
function of the Rydberg excitation duration [Fig. 2(f)]. The
results exhibit complex multi-frequency Rabi oscillations,
where the oscillation of P(N) has components of v/NQ
and VN + 1Q. The complex multi-frequency oscillations
are well captured by a master-equation-based simulation
that incorporates the single-atom dynamics and Rydberg
blockade, with an extra phenomenological dephasing rate
I'y for atom numbers N > 2 (details of the simulation are

Number of cycles, m

(a) (b)

discussed in Appendix B). This multi-atom decoherence is
also observed in Refs. [46,47], where possible explan-
ations include short-range effects from ground-Rydberg
molecules or Rydberg spaghetti and long-range effects
such as finite blockade [48,49,54].

C. Single-atom preparation performance

Now, we turn to demonstrating single-atom preparation
using the approach. Figure 3(a) shows the probability to
find zero, one or more than one atom in the tweezers after a
variable number of repetitions, starting from N = 2.3
atoms and using a detuning of A/Q = 0.75. After m = 18
cycles (total duration 64.8 ps), the multi-atom probability
reaches Py, = 1% while maintaining a single-atom filling
fraction of 58.2(2)%. For comparison, LAC using the same
initial conditions and trap depth achieves a similar filling
fraction at 1% multi-atom occupancy (53.9(2)%), but
requires 10 ms [Fig. 3(b)]. Lowering the multi-atom thresh-
old to 0.1% requires additional excitation cycles, increasing
the protocol duration to 165.6 ps and reducing the final
filling fraction to 35.6(4)%. This reduction in the filling
fraction arises from single-atom loss, which is independ-
ently measured to be 2.0(2)% per cycle for the detuning
A/Q =0.75, reduced from 5.4(1)% per cycle for on-
resonant pulses due to decreased intermediate-state scatter-
ing and less time spent in the Rydberg state. This detuning is
chosen to optimize the single-atom filling fraction at a target
multi-atom occupancy of 1%, by balancing two competing
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FIG. 3. (a) Experimental results (circles) and simulations (dashed and solid lines) for P(0) (red), P(1) (blue), and P(> 1) (gray) as a

function of total protocol duration. Dashed lines depict master-equation-based simulations described in the main text. Solid lines
include an additional 8% probability of N =2 — 0 loss per pulse. (b) Experimental data (squares) and simulations (solid lines)
for LAC. The solid lines are based on population evolutions with fitted rates of y,_, = 0(3) s™!, y,_o =353(4) s7!, and
Y21 = 177(6) s~'. The insets in (a,b) show the same data on a logarithmic y axis scale. The average initial number of atoms
loaded is N = 2.3 for both (a,b). (c) Single-atom filling fraction P*(1), after reaching P(> 1) < Py, as a function of average number of
atoms loaded, N. The dark and light blue stars denote P*(1) for Py, = 1% and 0.1%, respectively, extracted from the data in (a), while
the circles depict the experimental results for Py, = 1% from a different dataset. The dashed (solid) lines depict simulations without
(with) the 8% probability of N =2 — 0 loss per pulse. The gray shaded region represents the initial N = O probability given by e,
(d) The number of cycles required (;m*) to reach P(> 1) < Py, as a function of average number of atoms loaded, N.

043019-4



FAST SINGLE-ATOM PREPARATION IN OPTICAL...

PRX QUANTUM 7, 043019 (2026)

effects: reducing single-atom loss during each cycle while
limiting the number of cycles required to reduce the multi-
atom population.

To understand the population evolution, we compare the
measurements with master-equation simulations [dashed
line in Fig. 3(a)]. However, we observe two effects not
captured by the model. First, as shown in Fig. 3(a), the
measured zero-atom population increases faster than
predicted from single-atom loss alone, which can be
empirically reproduced by including an 8% probability
of 2 — 0 loss per cycle in the simulations [solid lines in
Fig. 3(a)]. Second, we observe that the removal of multi-
atom population slows down later in the protocol [inset,
Fig. 3(a)], resulting in additional pulses compared to
simulations for reaching lower multi-atom thresholds.
Neither effect is understood.

The ultimate filling fraction, P*(1), is limited by the
initial filling, single-atom losses, and two-atom losses. We
study this systematically by varying the initial loading N
by changing the tweezer loading time. As shown in
Fig. 3(c), P*(1) initially increases with N, reflecting the
decreasing initial empty-tweezer probability e, but
saturates near N = 2. This trend is reproduced qualita-
tively by our simulations as above. We observe that the
experimentally achieved filling fractions are systemati-
cally lower than the simulations, which we attribute to
the simulations not capturing the observed slowdown
described above. In addition, the discrepancy between
the circle and star data arises from fluctuations in the
395 nm laser power, which changes the resonance and
calibrated 2z pulse duration, leading to slightly higher
single-atom loss for the circle data.

We find that prior cooling of the atoms in tweezers is not
required for the protocol, avoiding additional temporal
overhead. The atoms have a temperature of 80 pK, as set
by the reservoir temperature. Cooling the atoms to 20 pK
(requiring 1 ms) before the protocol does not significantly
modify the observed dynamics, apart from additional LAC-
induced losses during Doppler cooling. Additionally, no
appreciable heating of the surviving atom is expected during
the protocol, since the ejection mechanism through auto-
ionization selectively removes the Rydberg atom while
leaving the remaining ground-state atom unaffected.
Although additional cooling is required for subsequent
coherent qubit operations, this cooling can be incorporated
into the identification imaging step performed after the
protocol and therefore does not introduce additional tem-
poral overhead.

ITI. SINGLE-ATOM PREPARATION WITH
SINGLE-PHOTON RYDBERG EXCITATION

Further reducing the single-atom loss with two-photon
excitation requires both suppressing intermediate-state
scattering and choosing a Rydberg state with higher

principal quantum number v, which has a longer lifetime.
Using the intermediate state !P; in ytterbium, this is
challenging because of both the difficulty of generating
sufficiently high optical power at 395 nm and the broad
linewidth of the 'P, state (I'/2z =29.1 MHz). This
contrasts with alkali-atom platforms, where low-loss
two-photon Rydberg excitation is readily achievable
[55]. We overcome this limitation by using single-photon
excitation from the metastable 3P, state [28].

To prepare atoms in |*Py, my = +1/2), we perform
cooling (4 ms), followed by state preparation (2.5 ms),
consisting of 1.9 ms for ramping the trap intensity and
modulation, and 660 ps of optical pumping by driving a
Raman transition to the 5d6s°D, state [28] [Fig. 4(a)].
Accidental light-assisted collisions during cooling lead to
a sub-Poissonian atom-number distribution even without
applying any Rydberg pulses, yet the majority of tweez-
ers remain multiply occupied [Fig. 4(b)]. Atom occu-
pancies are measured after the protocol by depumping the
|’Py, mp = +1/2) atoms back to the ground state.
Additional details of the experimental implementation
are given in Appendix C.

We excite to the Rydberg state |r/) = |v=52.31,
L=0,F=1/2,mp=—1/2), chosen for compatibility
with high-fidelity two-qubit gates [56], from [*Py, my =
+1/2) using a single-photon transition driven by a 302 nm
laser. Representative single-atom Rabi oscillations and
coherent multi-atom Rabi oscillations between |*Py, my =
+1/2) and |//) with a Rabi frequency of Q/27 = 6 MHz
are shown in Figs. 4(c) and 4(d). The single-atom loss is
reduced to 0.26(2)% per 2z pulse because of the absence
of intermediate-state scattering and the longer lifetime of
the higher-v Rydberg state.

The reduced single-atom loss enables higher single-
atom filling fractions than in the two-photon implementa-
tion. We achieve a filling fraction of 74.8(3)% when
reaching a multi-atom probability below Py, = 1% inm =
11 cycles, and a filling fraction of 72.4(3)% when Py, =
0.1% with 24 cycles [Fig. 4(e)]. In contrast to the two-
photon implementation, where extending the protocol to
lower Py, leads to a significant reduction in P*(1), the
single-photon implementation exhibits only a ~2%
decrease in filling fraction between these thresholds
because of the low single-atom loss. The pulse repetition
period was chosen to be 7.2 ps, resulting in a time of
792 ps to reach Py =1% and 172.8 ps to reach
Py = 0.1%. This choice was made for experimental
convenience and was not optimized. Since the protocol
performance is primarily determined by the per-cycle
removal dynamics, the longer repetition period does
not reflect a fundamental limitation of the single-
photon implementation. With this approach, filling frac-
tions above 70% can be achieved with an average
number of atoms as low as N = 1.5 at m = 0 [Figs. 4(f)
and 4(g)].
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FIG. 4. Single-atom preparation with single-photon Rydberg
transitions. (a) Relevant energy levels for single-photon tran-
sitions from the metastable 3P, state. (b) Probability distribution
of atom number without applying Rydberg pulses (colored bars),
compared with a Poisson distribution (black dashed bars).
(c) Exemplary single-atom Rabi oscillations. (d) Multi-atom
collective Rabi oscillations, measured with N = 1.4. (e) P(0)
(red), P(1) (blue), and P(> 1) (gray) as a function of the
protocol duration, starting from N = 2.0. The protocol duration
here does not include cooling and 3P, state preparation overhead.
The inset depicts logarithmic scaling of the y axis, with dashed
lines showing Py, = 1072 and Py, = 10~ and solid lines show-
ing the simulation results. (f) The single-atom filling fraction,
P*(1), after reaching P(> 1) < Py, as a function of the average
number of atoms N at m = 0 cycles. The gray shaded region
represents the initial N = 0 probability. (g) The number of
cycles required (m*) to reach P(> 1) < Pg. In panels (f,g),
the dark blue circles denote experimental data with Py, = 1%
and the light blue triangles correspond to Py, = 0.1%. The solid
lines in panels (d—g) are based on simulations as described in
Appendix C.

The achieved single-atom filling fraction is no longer
limited by single-atom loss, but instead by the observed
N — N — 2 loss, which is evident in the sharp rise of P(0)
probability in the first few rounds of the protocol. The
N =2 — 0 loss probability is fitted to be 18% per cycle,
over 2x larger than the losses observed with the two-
photon implementation. The origin of this two-body loss

remains unclear. Possible mechanisms include blockade
violations via Rydberg spaghetti [49] at short interatomic
distances, or effects from Rydberg atoms interacting with
nearby 3P, atoms in the form of molecules or collisions
[48,54,57,58]. Loss induced by all of these processes is
expected to increase as close atom pairs become more
likely, and they are therefore expected to exhibit qualita-
tively similar dependence on density, atom number, and
temperature. These dependences may not clearly distin-
guish the underlying mechanism. Potentially more inform-
ative signatures could arise from the dependence on the
chosen Rydberg state. However, how the Rydberg spa-
ghetti and molecular contributions depend on the Rydberg
state is not known, and quantitative predictions are
challenging because they require modeling short-range
Rydberg interactions and molecular states. Future system-
atic studies could provide additional constraints by varying
the principal quantum number or detuning. For example,
spectroscopic features or resonances associated with
molecular states could help determine whether molecular
effects contribute to the observed two-body loss.

The total duration of the entire single-atom preparation
sequence is 6.6 ms, where the time required for cooling
and state-preparation of atoms in 3P, accounts for the
majority of the total protocol duration. The fast timescale
of the remove-one protocol therefore shifts the dominant
preparation overhead to laser cooling and internal-state
preparation, providing additional motivation for the devel-
opment of faster cooling techniques [25,59].

IV. DISCUSSION

We have demonstrated a fast single-atom preparation
protocol in optical tweezers, achieving over two orders of
magnitude speedup compared to conventional light-
assisted collisions by exploiting intra-tweezer Rydberg
blockade. The essential ingredients for this protocol are
low-loss Rydberg excitation and fast removal of Rydberg
atoms. Low-loss Rydberg excitation can be readily
achieved with tweezer-array experiments using the same
ingredients necessary to achieve high-fidelity two-qubit
gates. Autoionization is a generic feature of alkaline
earth atoms [51,53] but can be replaced by other
Rydberg removal techniques such as anti-trapping or field
ionization [60-62].

This protocol can in principle be extended to determin-
istic loading, due to the N - N — 1 ejection mechanism
and the high survival probability of single atoms.
Operating in the near-deterministic regime could eliminate
the need for taking a non-destructive image and rearrange-
ment, removing the other two processes with major
temporal overhead in operating a continuous tweezer
array. Two-body losses are the main obstacle to achieving
higher filling fractions; their origin is not yet understood,
and they are observed to be 8% for our two-photon
implementation from the ground state and 18% for our
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single-photon implementation from the metastable state.
A single-atom filling fraction of 99% can be reached
with single and two-atom losses of 0.1% and 0.05%,
respectively, starting from N = 6 atoms per tweezer (see
Appendix D). This initial loading is lower than our
estimate of N ~ 60 for reaching the same level of deter-
minism with the keep-one approach [46].
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APPENDIX A: CHOICE OF RYDBERG STATES

We choose the Rydberg states and tweezer spacings
such that the interaction strengths are large for atoms
within the same tweezer, ensuring strong blockade during
Rydberg excitations, while remaining weak for atoms in
neighboring tweezers. To estimate the relevant interaction
scales under the experimental trapping conditions, we
calculate distributions of effective Rydberg interaction

strengths
2\ —1/2
Var(k.0) = (3 )
k

where the interacting pair eigenstates, |D(R,0)), are
obtained by diagonalizing the interaction Hamiltonian in
the basis of bare atomic pair states, |r;r;). The coefficient
ci(R,0) = (®(R,0)|rr) gives the overlap of the target
bare pair state |rr) with interacting eigenstate |®,(R, 6)),
while Ay(R, 0) denotes the corresponding energy defect.
We use the effective interaction strength, V.4, as a
practical estimator of the blockade against perturbative
off-resonant double excitation. Here, 6 is the angle
between the internuclear axis and the quantization axis
defined by the magnetic field. Based on the thermal atomic
position distributions of R and 8, the resulting atom-pair-
interaction-strength distributions for the two-photon and
single-photon excitation schemes are shown in Fig. 5.
The spread of the intra-tweezer distributions reflects

Ck(R, 9)

A (R, 0) (Al
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FIG. 5. Cumulative distribution functions (CDF) of (a,c) effec-

tive Rydberg interaction strengths and (b,d) interatomic separa-
tions R, for atom pairs within the same tweezer (black) and in
neighboring tweezers (red): (a,b) for the [36.28, L =2, F = 5/2)
state, for a temperature of 7 = 80 uK and trap frequencies
(Wraq> Wax) = 27 x (89 kHz, 15 kHz), with an inter-tweezer
spacing of 6.25 pm and (c,d) for the |52.31,L =0,F = 1/2)
state for a temperature of 7 =9 pK and trap frequencies
(@raq> Wax) = 27 x (65 kHz, 11 kHz), with an inter-tweezer
spacing of 10 pm. In (b,d), the dotted vertical line marks the
LeRoy radius, below which the multipole expansion underlying
the interaction table used in (a,c) is expected to become
unreliable.

contributions from both the thermal spread in R and the
angular anisotropy of the interaction at short interatomic
distances. Figure 5 shows the cumulative distribution of
interatomic separation R, for both intra-tweezer and inter-
tweezer pairs, for each Rydberg state. The mean intra-
tweezer separations are R = 0.81 um for the [36.28, L = 2)
scheme (T = 80 pK) and R = 0.37 pm for the [52.31,L =0)
scheme (T =9 pK), reflecting the different trap temper-
atures. For comparison, the LeRoy radius, Ry g = 4+/(r?),
which characterizes the distance scale around which the
multipole expansion underlying our pair-interaction model
begins to break down, is 0.44 and 0.96 pm for the two
states, respectively. Consequently, approximately 30% of
within-tweezer pairs for the [36.28, L =2) scheme and
96% for the |52.31, L = 0) scheme lie at separations below
the corresponding LeRoy radius.

APPENDIX B: DETAILS OF RYDBERG
EXCITATION FROM THE GROUND STATE

1. Experimental details

To excite ground state atoms to the Rydberg state |r),
we use a two-photon excitation with typical Rabi
frequencies of Qsg9/27 = 130 MHz (beam power
P =2 mW, beam waist wy = 500 pm) and Q3g5/27 =
70 MHz (P =280 mW, wy =50 pm), and an inter-
mediate state detuning of A,/2x = —1020 MHz. The
sign A,A, <0 is chosen to mitigate intermediate state
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scattering [55]. After Rydberg excitation, an autoioniza-
tion pulse drives a transition to a 6pvd state lying ener-
getically above the Yb™ ion core. Approximately 93%
of the Rydberg population is ionized (P3g = 18 mW,
wo =50 pm, 7y, =170 ns), limited by the finite
Rydberg lifetime and scattering of the |r) state back to
lg) induced by 395 nm photons. The protocol is per-
formed in 488 nm tweezers with depth of 380 pK. The
magnetic field of 8.5 G is oriented perpendicular to
the tweezer axial direction. Due to the orientation of the
beams with respect to the 4 x 25 tweezer array, we only
select out 50 traps lying along the direction of propaga-
tion of the beams for analysis of experiments involving
Rydberg dynamics. To evaluate the protocol performance
when multi-atom probabilities are less than a few percent,
we employ thresholding rather than fitting P(N) by
Gaussian functions.

2. Simulation details

For the two-photon Rydberg excitations from 'S, we
model the Rabi oscillations and protocol with master-
equation-based simulations with collapse operators to
account for intermediate state scattering and finite
Rydberg lifetime. For multiple atoms within a tweezer,
we account for the Rydberg blockade with a V/2z =
100 MHz interaction energy for pairs of atoms in the
Rydberg state.

Our measurements of the 'S, population also include
Rydberg atoms that are not properly autoionized and return
to the ground state via decay or scattering. We account for
this in simulations by multiplying the Rydberg population at
the end of the Rydberg pulse by a fixed probability of
autoionizing a Rydberg atom. The autoionization proba-
bility is 93%, which was independently computed based on
measurements of the autoionization timescale, Rydberg
lifetime, and inferred 395 nm scattering. This probability
is used for Figs. 2(e) and 3; however, we find a better fit to
the data in Fig. 2(f) with an autoionization probability of
90%, likely as a result of fluctuating 369 nm laser intensity.

For multiple atoms within a tweezer, we include an
extra dephasing collapse operator /I'yo,. We fit I'y for
N = 2 through N = 4 to minimize the residuals between
the simulated values and experimental data from
Fig. 2(f). The fitted values are I',/2z = 0.116(3) MHz,
[';/27 = 0.194(6) MHz, and I'y/27 = 0.18(3) MHz.

APPENDIX C: DETAILS OF RYDBERG
EXCITATION FROM THE 3P, STATE

1. Experimental details

In order to limit atom losses during the preparation and
readout of 3Py, it is necessary to cool the atoms using gray-
molasses cooling detailed in Ref. [23]. The atomic temper-
ature of the 3P, atoms when the protocol is performed is

9 pK. Light-assisted collisions during the cooling process
result in a sub-Poissonian distribution of the atom number,
as well as higher temperatures for multiple atoms in a trap
due to collisional heating. The sub-Poissonian atom dis-

tribution after cooling, pumping to 3P, and depumping
o2
can be modeled by a Mandel parameter Q =3 —1

ranging from 0 to —0.25 for N =0 through N = 2.0.
For simulations in Figs. 4(f) and 4(g), we interpolate Q
linearly in this range to approximate the initial atom
distributions prior to Rydberg evolution.

After cooling, atoms are prepared in the metastable
state |*Py,my = +1/2) using optical pumping. First,
we apply a global 6t 556 nm beam that drives the
'Sy, mp = —1/2) — [*P|, mp = +1/2) transition to pre-
pare the atoms in |'Sy, my = +1/2) state. Then, we
coherently excite atoms to 5d6s°D; using a two-photon
Raman transition |'So, mp = 1/2) = |’P;,mp = 3/2)
(556 nm) and |*P,,mp =3/2) — |5d6s°D,,my = 3/2)
(1539 nm). The 5d6s°D, state decays into the desired
3Py, mp = +1/2) state, as well as 6s6p>P; and 6s6p3P,.
656p>P decays back to 'S, and is pumped again, and
6s6p’P, is constantly depumped through the 6s56d°D,
state using a 497 nm laser. The 3P, atoms are trapped in
488 nm tweezers with trap depth of 220 pK. The magnetic
field of 75 G is oriented perpendicular to the tweezer axial
direction. To readout the atom population, we use the spin-
selective depumping scheme detailed in Ref. [23] to only
transfer atoms in [*Py, my = +1/2) back to 'S, prior to
number-resolved imaging.

A 302 nm laser with ¢~ polarization, power of P =
73 mW and beam waist of wy = 20 pm is used to drive the
3Py, mp = +1/2) to the Rydberg state |r'). Since this |r')
state has a higher v compared to the state chosen for the
ground state excitation, the interaction strength and block-
ade radius are larger, so we increase the tweezer spacing to
10 pm. As a result of this larger spacing and the smaller
beam waist of the 302 nm laser, the protocol performance
is characterized in a 1D array of 7 atoms. The auto-
ionization removal time of the |r’) state is 7,,, = 44(5) ns.

2. Simulation details

For the single-photon Rydberg excitations from 3Py, in
both the multi-atom Rabi oscillations and single-atom
preparation data we observe that the N = 0 population
increases by more than expected from just the single-atom
losses of 0.26(2)%. The population evolutions are con-
sistent with an additional N — N — 2 loss channel. Thus,

we include a two-atom loss modeled with an exponential
decay, with phenomenological rate 1(21;7/), which we fit for
each N > 2. From the measured autoionization timescale
of 44(5) ns and Rydberg lifetime of 43(2) ps, we estimate

a 99.9% probability of autoionizing Rydberg atoms.
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APPENDIX D: DETERMINISTIC LOADING

In our experimental results, we do not observe pop-
ulation accumulation at certain atom numbers N (i.e. N =
4,9,... for A =0), despite operating at a single static
detuning. This is a result of ground-Rydberg multi-atom
dephasing and two-atom losses. Should these multi-atom
Rydberg effects be mitigated in future experiments, the
question of optimal pulse sequencing becomes relevant for
quick multi-atom removal that prevents population accu-
mulation at certain N. For deterministic loading in the
presence of small single and two-atom losses, it is
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FIG. 6. (a) The probability of exciting a single atom to the

Rydberg state for N blockaded atoms as a function of detuning A
at the single-atom 27 pulse time 7 = 2z/VQ? + A?, for N = 2
through N = 6. (b) The single-atom probability, P*(1), after
reaching P(> 1) < 0.1% as a function of N, for sequences of
optimized detunings. The three curves correspond to different
single (L;) and two-atom (L,) loss probabilities of {L; =
0.1%,L, = 0.05%} (solid dark blue), {L, =0.25%,L, =
0.25%} (dot-dashed medium blue), and {L, = 1%, L, = 1%}
(dashed light blue). (c) The number of cycles required (m*) to
reach P(> 1) < 0.1% as a function of N, for the sequences
corresponding to the curves in (b). (d) The probability evolution
for reaching a single-atom filling fraction of 99% with N = 6
with a single-atom loss probability of 0.1% and two-atom loss
probability of 0.05% [dark blue curve in (b,c)]. The solid red,
blue, and black lines correspond to N =0, N =1, and N > 1.
The dashed curves depict P(N) values for individual N > 1, with
the green and pink curves for N =2 and N = 6, respectively,
highlighted. (e) The sequence of detunings used at each step to
produce the population evolution in (d).

important to control the population evolution so that a
majority of the population is successively moved from
higher to lower N. One mechanism for controlling the
population evolution is to use different detunings at each
cycle, in order to engineer higher (or lower) N - N — 1
transition rates [see Fig. 6(a)].

Therefore, we simulate protocols with different detun-
ings for each pulse, based on analytic expressions for
superatom Rabi oscillations with small single and two-
atom losses. The single-atom losses are modeled based on
the Rydberg lifetime, and two-atom losses are modeled as
proportional to the pulse length. Given some initial mean
number of atoms loaded, N, and single and two-atom loss
probabilities, we find an optimal sequence of detunings
S={Ay,...,A,} by minimizing a cost function
where P(1)g and P(> 1)y are the single and multi-atom
probabilities after m pulses, Py, is a multi-atom threshold,
and 6 is the Heaviside step function. The constants k; =
0.001 and k, = 10 penalize longer sequences and sequen-
ces that do not yield a multi-atom probability below the
threshold, respectively. The first term —P(1)g maximizes
the final single-atom probability. Because k; = 0.001, a
sequence that requires an extra pulse compared to another
sequence is only deemed more optimal if it increases P (1)
by more than 0.1%.

In Figs. 6(b) and 6(c), we present P*(1) and m* as a
function of N, for different single and two-atom loss
probabilities. These loss probabilities are given for on-
resonant pulses. A single-atom filling fraction of 99%
can be reached with a single-atom loss probability of
L =0.1%, two-atom loss probability of L, = 0.05%,
N = 6, and m = 26. The population evolution and detun-
ing sequence for reaching 99% are shown in Figs. 6(d)
and 6(e). Meanwhile, 99.9% can be reached with
L, = 0.008%, L, = 0.005%, N = 10, and m = 39.
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