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Abstract: Defect-free atom arrays provide new possibilities for exploring exotic quantum
phenomena and realizing quantum computing. However, quickly and efficiently preparing
defect-free atom arrays poses challenges. This paper proposes an innovative parallel
rearrangement method, namely the parallel compression filling algorithm (PCFA), wherein
multiple movable optical tweezers operate simultaneously. By limiting the shape of the
initial loading, the method reduces movement complexity. The simulation comparisons
show that this algorithm is more efficient in preparing defect-free atom arrays and can
also be applied to the generation of other periodic structure arrays. The simulation results
show that, in most cases, preparing a defect-free array of 400 atoms requires no more than
30 steps.
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1. Introduction

Neutral atom array platforms demonstrate significant potential for large-scale quantum
computing due to their scalability and programmability [1-7]. Through leveraging the strong
interactions between Rydberg atoms, scientists can perform efficient quantum logic operations
and simulate complex physical systems. This platform is not only suitable for quantum
information processing [8-14] but is also widely applied in topological physics [15-17], many-
body dynamics [18-22], and quantum precision measurement [23-25] research.

The generation of defect-free atom arrays is crucial for these applications. However,
due to collisional blockade effects, the initial loading rate of optical tweezer arrays is
typically only 50% [26,27]. The use of acousto-optic deflectors (AODs) effectively addresses
this challenge. The establishment of dynamic optical tweezers with AODs enables the
movement of incorrectly positioned atoms to their target locations based on the positional
information of the initially loaded atoms. This process follows specific algorithms, resulting
in the creation of defect-free atom arrays. The lifetime of atoms in optical tweezers is
limited, particularly for large-scale atomic arrays, where atomic lifetime decreases with an
increase in the number of atoms. Therefore, it is particularly important to develop efficient
rearrangement algorithms. Previous research primarily focused on the manipulation of
individual atoms, usually sorting atoms individually using techniques such as heuristic
clustering algorithms (HCAs) [28], compression algorithms, and linear sum assignment
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problems (LSAPs). [29]. However, mutual blockade during the movement of single atoms
restricts the number of moves in a linear relation to the size of the target array, even
after optimization.

This paper presents a novel parallel rearrangement method that integrates spatial light
modulator (SLM) configurations with a parallel rearrangement algorithm. In this method,
atoms move only within the same row or column during rearrangement, independently of
atoms in other rows or columns. The method employs a computer simulation analysis to
assess the efficacy of this approach in reducing rearrangement steps and compares it with
existing algorithms, demonstrating its advantages in enhancing rearrangement efficiency.
In addition, the experiment system used to implement the algorithm and the concrete steps
is also presented.

2. Rearrangement Method

Recent reports have demonstrated the parallel movements and even the overall move-
ments of the entire array [11,22,30], showcasing enhanced control capabilities for optical
tweezers in terms of efficiency and precision. Based on this, we propose a more efficient
approach for preparing defect-free atom arrays. We imposed restrictions on the configura-
tion of the SLM target light field. To construct a defect-free atom array in the shape of a
square, the target light field is configured as a rectangular optical tweezers array, with the
number of tweezers along the longer side slightly greater than that on the shorter side,
divided by the initial loading rate. For example, the target light field of the SLM should
be set to an 8 x 18 rectangular optical tweezers array in order to prepare a defect-free
atom array consisting of 64 atoms with an initial loading rate of 50%. This setup aims to
maximize the number of atoms that are initially loaded in each row at the current loading
rate. The reorganization strategy, namely the parallel compression filling algorithm (PCFA),
includes two stages: row compression and filling defective rows.

The row compression process is performed on a row-by-row basis, following the
principle of arranging the randomly filled atoms within the array to form a defect-free atom
chain. Due to our restrictions on the diffracted light field of the SLM, most rows contain
more atoms than the target number. Therefore, only a small amount of additional filling is
required in the second step to complete the rearrangement of the defect-free atom array.
During this filling process, we select atoms from the row with the maximum number of
atoms to fill up rows that do not have a maximal number of atoms, thus minimizing any
unnecessary movements.

3. Algorithm Details

We demonstrate the process of rearranging a 6 x 6 defect-free atom array to prove the
feasibility of our algorithm. Assuming an initial filling rate of 50%, as described above,
the first step is to construct a rectangular optical tweezers array with dimensions of 6 x 14
using the SLM. The process of rearrangement in a trial computer simulation is illustrated
in Figure 1.

(1) Initial state: After randomly filling the atoms, the atomic occupancy situation
is determined via capturing fluorescence images using an electron-multiplying charge-
coupled device (EMCCD). Firstly, the total number of atoms is assessed to determine
whether it exceeds the required number for the target array. If this condition is not met,
reloading and reassessment are repeated until the total number of loaded atoms meets or
exceeds the required number.

(2) Row compression: This step involves calculating the necessary waveforms by
considering the atomic positions and summing the corresponding waveforms of atoms in
each row, followed by arranging them sequentially. It is crucial to note that an initial phase
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processing is required during waveform calculation to suppress the frequency intermodu-
lation effects. If executed with maximum parallelism, only L steps are needed, where L is
the number of atoms on one side of the target square array.

(3) Fill the gap: After compression, some rows contain fewer atoms than L, necessitat-
ing that these are filled with extra atoms from other rows. The filling process is also carried
out in parallel. When there are multiple gaps, the selection of which rows to fill directly
affects the overall efficiency of the reorganization procedure. To minimize unnecessary
movements, we prioritize utilizing atoms from the rows with the most atoms to fill the
rows that exhibit the most of gaps, aiming to complete the filling in a single move. If any
gaps remain after the shorter rows have been filled, this process is repeated until all rows
have been filled.

(4) Eject excess atoms: All the excess atoms are located on one side of the array. We
can efficiently remove these excess atoms in a single step by generating a moving optical
tweezers array that covers the atoms and moves them beyond the range of the static optical
tweezers. This process ensures the successful preparation of a defect-free atom array.

Initial state Line compression Fill the gap Eject excess atoms
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Figure 1. Example of the rearrangement process: The upper panel illustrates the reconfiguration
steps; the circles represent the optical tweezers; the black dots represent the atoms; the blue and
red background area denotes the target sites and reservoir, respectively; the lower panel shows
the frequency spectrum of the vertical and horizontal AOD waveforms corresponding to each
reconfiguration step.

It is worth noting that, although we have only demonstrated the preparation process
for a square defect-free array, this reorganization method is also applicable to other periodic
target arrays, such as staggered, Kagome, and honeycomb lattices [31-33]. The SLM
configurations are shown in Figure 2.
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Figure 2. Examples of periodic staggered (a), Kagome (b), and honeycomb (c) lattice structures.
The blue area represents the target structure, while the red area indicates the reservoirs that require
additional configuration when using PCFA.
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4. Comparison with Existing Algorithms

In traditional single-tweezers reorganization, a single move can, at most, fill one
vacancy and, if there are atoms blocking the path, additional steps will be needed. In the
previously developed single-tweezers moving algorithms, the compression algorithm
has a relatively high reorganization efficiency. To demonstrate the superiority of our
proposed method in terms of movement efficiency, we compared the movement efficiency
of our method with the compression algorithm at different array scales. In the computer
simulation, the initial loading rate was set to 50%, and the target array wasa N = L X L
defect-free square array. Using the maximum parallelism, we took the average of multiple
simulations. As shown in Figure 3a, as the target array increased, the average number of
moves of the compression algorithm increased linearly with N, but there was still a gap,
stopping it from reaching the limit of N/2. However, the number of moves was far less
than this limit in our scheme.
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Figure 3. Algorithm comparison: (a) The number of moves required to rearrange defect-free atom
arrays of different sizes using a compression algorithm (red circles) and the PCFA (blue circles).
The shaded sections represent the limitations in the movement of the single optical tweezers at the
current setting of the initial loading rate [29]; (b) A comparison of the number of moves required to
rearrange defect-free atom arrays of different sizes using MTA1 (red circles), PSCA (green circles),
and PCFA (blue circles); (c) Simulated distribution of moved numbers when rearranging 15 x 15
defected atomic arrays with a different DOP using the PSCA and PCFA.

Parallel rearrangement algorithms such as MTA1 and PSCA have been shown [22,30].
Unlike our method, both MTA1 and PSCA decompose the two-dimensional problem into
several one-dimensional problems, transforming it into independent reorganizations of
rows and columns. The process of both algorithms involves an initial stage of sorting rows
to ensure that each column contains the required number of atoms for the target array;,
followed by a subsequent step of reorganizing the columns to complete the preparation
of the target array. However, it should be noted that there are differences in terms of pre-
sorting judgment and column reorganization steps between these two algorithms, which
directly determine their efficiency in reorganization.

To compare their reorganization efficiency, we simulated and compared the number
of moves of our proposed method with that of MTA1 and PSCA at different target array
sizes. The initial loading rate was set to 55%, and the target arrays were the same as in
Ref. [5], using the maximum parallelism. It is worth noting that we chose 55% because,
for parallel rearrangement, increasing the initial load rate has no significant effect on
the rearrangement efficiency. In PCFA, for example, even if the increase in the load rate
makes the atom distribution more clustered, it is still necessary to traverse each row of
rearrangement atoms to construct the target array. Therefore, we chose the same initial
fill rate as in the reference. As shown in Figure 3b, the average number of moves for
MTAT1 is N%%4, for PSCA is N7, while the number of moves for our method is only N 0.54
Compared to MTA1 and PSCA, PFCA demonstrates superior rearrangement efficiency.
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This is primarily attributed to its ability to effectively simplify the two-dimensional array
rearrangement into a nearly one-dimensional process. By elongating the SLM optical
tweezer array along one dimension and increasing the number of loaded atoms per row, we
could ensure that the average number of atoms per row at the current filling rate remained
over L. This means that, in some possible loading processes, each row has no less than
L atoms, allowing for the reorganization to be completed in no more than L steps with
maximum parallelism. Even if there are vacancies, there is a clear choice for filing them
after compression. In contrast, the pre-sorting stage necessitates scanning and adjusting the
distribution of atoms, inevitably leading to the creation and subsequent filling of vacancies
as an intermediate process. By employing the method proposed in this paper, it typically
takes less than 30 steps to prepare a 20 x 20 defect-free atom array.

In the previous simulations, we used maximum parallelism. The PCFA also features
an adjustable degree of parallelism (DOP), which denotes the maximum number of optical
tweezers that can be operated simultaneously. For example, if DOP = 5, it would takes at
least two steps to move eight atoms. Figure 3¢ shows the step distribution of a 15 x 15 defect-
free atomic array completed with different DOPs. It is evident that increased parallelism
enhances efficiency. When the DOP is large, the rearrangement efficiency of the PSCA and
PCFA becomes comparable. The row compression stage of the PCFA requires traversing
nearly the entire range of the optical tweezers array. Therefore, as the DOP decreases,
the number of moves linearly increases, thereby diminishing the advantage of the PCFA
compared to the PSCA.

In addition, a comparable parallel rearrangement technique, known as the post-
selection method, is also introduced in references [10,34]. Similar to the PCFA, this method
limits the SLM configuration to L rows. However, it introduces a post-selection evalua-
tion after row compression. If defects are identified, the process will be abandoned and
restarted until the target array is successfully completed. Undoubtedly, the post-selection
method requires the fewest moves when rearranging with the same degree of parallelism.
However, its discarding of defective cases increases the need for a larger reservoir to ensure
a successful rearrangement rate. In contrast, under identical conditions regarding reservoir
size, filling rate, and target array, the PCFA method exhibits a higher success rate for
rearrangement. Moreover, the PCFA can construct a larger defect-free atom array within
the constraints of an optical tweezers array configured using the SLM.

5. Experiment Preparation

The experimental validation of the method is under construction. The experimental
setup is depicted in Figure 4a. The glass cell that housed the magneto-optical trap (MOT)
section maintains a vacuum pressure of 10~!2 mbar using an ion pump. The atomic cloud in
the MOT was cooled to ~20 pK after polarization gradient cooling. A static optical tweezer
array was created by focusing laser light reflected from a spatial light modulator (LCOS-
SLM, Hamamatsu) through a high numerical aperture (NA = 0.5) microscope objective.
The hologram design utilized the weighted Gerchberg—Saxton (WGS) algorithm, which
was further optimized with camera sampling feedback to homogenize the optical tweezer
array, ensuring a relative standard deviation at a trap depth of less than 5%. This process
achieved uniformity in the static optical tweezers, as depicted in Figure 4b,c.

The static optical tweezer array was focused at the center of the MOT for atom trapping;
however, due to collision blockade effects, the initial loading rate was typically around 50%.
To rearrange the randomly loaded atom array into a defect-free atom array, the system first
uses an EMCCD to collect the fluorescence signals from the atoms in the static tweezers,
obtaining their initial positions. This information is transmitted to a host computer, which
calculates the rearrangement paths and the order for each atom based on specific algorithms.



Photonics 2025, 12, 117

6 0f 9

The rearrangement process relies on the atomic position data derived from the images.
Thus, our system can be regarded as a non-Markovian system [35,36], which significantly
enhances the efficiency and reliability of atomic rearrangement by calculating the movement
trajectories of atoms with a single feedback loop.

G (b) (©
e e

@ (d) (e)

Figure 4. (a) Experimental setup: The diffracted light from the SLM and the 2D AOD is focused using
a microscope objective (NA = 0.5), forming a static optical tweezer and a dynamic optical tweezer,

(a)

respectively. These tweezers can be imaged onto a CCD camera using the same magnification for
observation. The fluorescence from single atoms is collected by the objective after passing through a
dichroic mirror, then it is imaged and analyzed by an EMCCD camera; (b,c) The static optical tweezer
before and after homogenization, respectively; (d,e) The dynamic optical tweezer before and after
homogenization, respectively.

Next, an arbitrary waveform generator (AWG, Spectrum Instrumentation) generates
the corresponding waveform signals and sends them to a two-dimensional AOD (AA Opto
Electronic).The laser light diffracted by the AOD is utilized to generate dynamic optical
tweezers for precise control of atom movement. The relative positions of the two types of
tweezers are measured using a CCD camera, and the operating frequency of the AOD is
adjusted to align the positions of the dynamic tweezers with those of the static tweezers,
ultimately achieving precise calibration between the AOD and SLM arrays.

The movement of atoms is accomplished through dynamic optical tweezers, involving
three continuous steps: grabbing, moving, and releasing. To ensure that atoms are not
heated during movement, these steps are executed without phase jumps. In the experiment,
all waveforms for moving atoms from one optical trap to another are pre-calculated,
and corresponding waveforms are selected based on the parallel rearrangement algorithm.
By summing and assembling these waveforms, the resulting signal is output from the AWG
to the AOD, facilitating atom movement.

However, when multiple control frequency signals are simultaneously applied to
the AOD, nonlinear effects can lead to frequency intermodulation, resulting in reduced
diffraction efficiency and an uneven distribution of intensity. This effect is particularly
pronounced when the phases of these frequencies are highly correlated. To mitigate the
impact of intermodulation effects, we homogenized the intensity of the diffracted light
from the AOD prior to rearrangement. Specifically, we first randomized the initial phases
of the multi-frequency signals [37], then adjusted the amplitude of the different frequency
signals through CCD feedback, ultimately achieving a highly uniform intensity distribution
in the array, as shown in Figure 4d,e.

The reflection loss of the objective leads to the insufficient use of the optical tweezers’
light. Despite the commercial Ti:sapphire laser being capable of delivering more than 2W
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of continuous laser output, this limitation restricts the number of optical tweezer arrays to
a few hundred.

6. Discussion and Conclusions

In this paper, we propose a PCFA method for the preparation of defect-free atom arrays.
This method overcomes the limitations of traditional single-atom movement methods by
dynamically controlling atom movement with parallel optical tweezers, achieving a more
efficient and stable reorganization process. Our method is also applicable to most lattice
shapes of interest, such as staggered, kagome, and honeycomb lattices. Additionally,
the method is suitable for AOD static optical tweezers, with the only difference being that
different lattices require the AOD to be rotated to a specific angle.

Similarly to other parallel algorithms, the PCFA enhances efficiency through the
parallel control of atoms. However, the experimental parallel control capability of the
optical tweezers is limited. Improving this capability can significantly enhance the efficiency
of atomic rearrangement. Additionally, while the PCFA utilizes the SLM to construct more
optical tweezers in one dimension, this approach may constrain the scalability of atomic
arrays under the same conditions.

In summary, the reorganization method proposed in this paper provides a new ap-
proach and technical means for the efficient generation of defect-free atom arrays. It opens
up new possibilities for exploring the broad applications of neutral atom arrays in quantum
simulation, quantum computing, and other fields, further advancing the development of
neutral atom array technology.
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