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1. Introduction

The recent decade has witnessed great developments in the plat-
form of the defect-free array of individually controlled neutral
atoms!'®. In combination with Rydberg excitation, this system
can simulate the many-body behavior of interacting quantum
particles, thus enabling applications in the quantum simula-
tion of condensed matter and high-energy physics, quantum
optimization, and also quantum-enhanced metrology with non-
classical states of atoms'” 7). Here, a defect-free periodic pattern
of atoms plays essential roles, such as probing the quantum spin
liquid states with a Kagome lattice!"®!. In general, the spatial light
modulator (SLM) or micro lens enables the production of an
array of optical microtraps. However, a light-assisted collision
blockade impedes the realization of defect-free neutral atomic
arrays in such static optical tweezers!"*). To overcome this chal-
lenge, an acousto-optic deflector (AOD) was suggested for gen-
erating dynamical tweezers to sort the atoms into a target
configuration according to the information extracted from the
initial image with the atoms stochastically loaded in the static
tweezer.

Given the limited atomic lifetime, shortening the rearrange-
ment process with dynamical optical tweezers is in high
demand, especially for large scale atomic configurations where
the atomic lifetime is inversely proportional to the atomic num-
ber N. Currently, most of the sorting-atom algorithms use the
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The defect-free neutral atom array has emerged as an ideal platform to investigate complex many-body physics of inter-
acting quantum particles, offering the opportunities for quantum simulation and quantum-enhanced metrology. To fast
build a large-scale quantum system, we design a sorting-atom algorithm with maximum parallelisms. Compared with pre-
vious protocols, our method saves the rearrangement time by sorting row-by-row and is also universal to arbitrary periodic
patterns with no need to change the hardware. We present the generation of a defect-free square and other periodic
geometries and demonstrate the potential to scale up a defect-free array to 2500 atoms with only about 180 steps of

one-by-one atom assembling process, such as the heuristic clus-
ter algorithm (HCA)!?%), the heuristic path-finding algorithm
(HPFA)?! and the A searching algorithm (ASA). The HCA
proposed by Zhan et al. is more efficient than the two other algo-
rithms. Very recently, Chen et al. reported a sorting algorithm
with a parallel configuration operated on a field programmable
gate array (FPGA)'??), which no longer needed to wait for the
data transfer from the electron multiplying charge coupled
device (EMCCD) to the computer CPU. Unfortunately, if the
target pattern is not the square lattice, e.g., a triangle lattice, then
their approach requires rotating the two-dimensional AOD by
using a specific angle?>**, Hence, the accuracy of the rotation
angle largely affects its performance. In addition, there are many
other algorithms that are based on mobile optical tweezers, such
as the compacting algorithm!®*), the flicker-free atom controls
algorithm®?®), the linear sum assignment problem (LSAP)
algorithm?”), the shortest-move heuristic algorithm?*), and the
Hungarian matching algorithm**),

In this Letter, we propose a parallel algorithm of the sorting-
atom process, allowing multiple atoms in the same row
(column) to move simultaneously to reduce the time cost of
the rearrangement. In contrast to the method in Ref. [14],
any physical changes in the hardware, such as AOD rotation,
are not needed. Therefore, it is universal to all the periodic con-
figurations like the triangle, hexagonal, and Kagome lattices.
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2. Sorting-Atom Technique tweezer can be controlled by radio frequency (RF), which can

be refreshed in time and can be programmed to be customized.
2.1. Hardware

The experimental setup is illustrated in Fig. 1(a). A *’Rb atomic 2.2, Soldier-like rearrangement
cloud in the magneto-optical trap (MOT) is cooled to around
20 pK via polarization gradient cooling”®®. By using an SLM
(LCOS-SLM, Hamamatsu X15213) and an objective lens with
an NA = 0.5 and a work distance of 14 mm (Mitutoyo G Plan
Apo 50X), a static tweezer can be generated. However, the filling
rate of the single atom is normally 50%, arising from the

collision blockade in the optical micro-dipole-trap®®!!. This i .
. . . . the size of a target row (column), the center is located at [1/2]

probability can be increased up to 90% by manipulating the col- ) . o , . .

lisions between pairs of trapped atoms®>**!, However, the occu- withx =[] being the ceiling function (for instance, if n = 10, x =
. . . . - [14] 5 and if n =11, x = 6). All the atoms then line up towards the

pancy in the atomic array still decreases very quickly with N* ™. ter at th time. In thi if the atom is alread

To achieve a defect-free array, another movable tweezer array center at the same time. In this process, 1t the atom 1s already

produced by a 2D-AOD (AA Opto-clectronic DTSXY-400- located'at the right position, .then tbere is no action on it.
. ! . Otherwise, atoms are locally shined with deflected beams from
850) is applied to realize the rearrangement. Before the rear-

rangement with this dynamical tweezer, the atomic occupation the AOD, leading to the loading of the moveable tweezers and

is first detected by taking the image with the EMCCD (Andor thus one starts moving the atoms. Clearly, as a result of the
ixon Ultra 897) and transferring it to the computer, where
our sorting algorithm designs the rearrangement strategy. An
arbitrary waveform generator (AWG, Spectrum m4i.6631-x8)
is then instructed to produce the associated multi-frequency sig-
nal to drive the AOD. Here, the deflected array of the optical
beams from the AOD combined with the static tweezer beams
is focused together in the vacuum chamber. The back-reflected
fluorescence of the atoms’ distribution will be picked up by a
dichroic mirror and imaged by an EMCCD.

Figure 1(b) shows the moving process. The atom is first
loaded to a dynamical trap with a depth three times deeper than

The basic idea of our sorting algorithm is lining up atoms in a
row (column) at the same time. Since its logic is similar to sol-
diers lining up, we call it the soldier-like rearrangement. The
detailed process is depicted in Fig. 2. Initially, the atoms in a line
are randomly disturbed (top panel). First, we set a point as the
center marked with a red triangle in the figure. Supposing # is

that of the static one, and then is moved to another static trap.  Fig. 2. Example of the soldier-like rearrangement, taking ten randomly dis-
When arriving at the target position, the trap depth is ramped  trinyted trapped atoms in one row as an example. The predefined center is
down in order to load the atom back into the shallow tweezer.  arked as a blue triangle in the upper picture. All the atoms line up towards

During this procedure, the static tweezers remain in positiondue s center in a line, and the path is labeled with blue arrows. The final pattern
to the low refreshing rate of the SLM, while the moveable s shown in the bottom panel.
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Fig. 1. Schematic of the setup of the two-dimensional defect-free atom arrays. (a) Static and moveable optical tweezers are formed by the SLM and the 2D-AOD,
respectively.They combine on the polarization beam splitter (PBS) and then pass through a high NA objective lens, shining on the atoms as an array of optical

microtraps. The single atom fluorescence is picked up by a dichroic mirror and imaged by the EMCCD. (b) The mechanism of a single atom moving between static
and moveable traps.
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parallel approach the time cost is reduced with respect to the occupation in the static tweezers is evaluated. Most
sorting process with one-by-one assembly. importantly, the source coordinates include a list of drive
Notice that in each movement, the atom first has to be trans- frequencies to control the AOD, corresponding to each
ferred from the shallow trap to the deep one, and when arriving target atomic position. Therefore, owing to this image,
at the target location, the reversed transfer is operated. one knows which atoms are already located in the target
Consequently, the parallel method also saves the time of the position, and the associated AOD frequencies should be
loading transfer, further reducing the total time cost of the off. Otherwise, they have to be moved to the target
rearrangement. positions by varying the 2D-AOD drive frequencies to
the predefined values in accordance with the target
positions.
2.3. Algorithm demonstration (2) Running the sorting algorithm. In this step, the moving
We proceed to demonstrate the feasibility of our algorithm by paths based on the source array are designed following
taking a 10 X 10 square lattice as a target configuration as an the preset rearrangement rules.
example. Assuming the initial 50% filling rate in the static tweez- (3) Calculating and applying the waveforms. According to
ers, we set a size of the target array around 40% of the source the moving paths, the waveforms are achieved. All the
array to maximize the rearrangement success rate. Thus, in this waveforms will be combined into a complete waveform
case, the source array is a 16 X 16 square pattern. that contains all the moving behaviors. This waveform
The sorting cycle is outlined in Fig. 3 and summarized as is sent to the AOD, and one operates the sorting-atom
follows. process. It is noted that random phases have to be applied
when calculating the waveform, aiming to suppress the
(1) Mapping process. First, one generates the coordinates intermodulation.
associated with the target defect-free configuration, so- (4) Making a judgment. Another picture is taken to judge if
called source coordinates. By taking the image of the fluo- the sorting is completed. If not, then a new cycle is trig-
rescence with the EMCCD, the atom positions are gered and the above steps are repeated. If the lattices are
obtained directly, and then mapped to the predefined filled, then one more step is applied to kick off all the
source coordinates. By comparison, the atomic unnecessary atoms.

Select the target
array shape

Get the random For the target rows
atomic array position, move to the center row by row
by SLM For the standby rows
position, move outwards row by row | _
Image the atomic l
array

Pick up atoms from standby area

Process and give out | to target rows
moving path

Calculate the moving

- Refill target array
¥

Map the locations to
the frequencies
]

Sorting by AOD

Give out moving path

Imaging to determine
whether defect-free atomic
array is formed

Kick out

unnecessary atoms
¥

Terminate

Fig. 3. Flowchart of the soldier-like algorithm. Sorting process is implemented from up to down.
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Fig. 4. Experimental generation of (a) the triangle lattice, (b) the hexagonal lattice, and (c) the Kagome lattice. The patterns include two areas, a target area and a
standby area. The standby array is used for refilling the target array. The standby array is designed as a rectangular array that is suitable for soldier-like

rearrangement.

We should also emphasize the importance of the standby
rows. Given a 16 X 16 source array and a 10 X 10 target lattice,
the first three rows and the last three rows are left, referred to as
standby rows, and moved to the corners, as shown in Fig. 3. The
rest of the ten rows are target rows in the central area where the
rearrangement implies the soldier-like sorting algorithm.
However, if the atom number in the ith target row is not enough
to build the ideal configuration, then the atoms in the standby
rows nearby will be moved to fill this row. This rearrangement is
implemented row by row.

From the experimental side, different types of periodic lattices
could be required for specific project designs, such as a triangle
lattice, hexagonal lattice, or Kagome lattice. All these lattices can
be treated as a square lattice but with different mapping coordi-
nates. If changing the lattice structures for each different
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Fig.5. Sorting steps as a function of the target number in the rearrangement
of the square lattice.

n

experiment, then one just needs to choose a different SLM pat-
tern but apply the same algorithm. Figure 4 shows the experi-
mental generation of the triangle, hexagonal, and Kagome
lattices with the standby rows left in the corners.

3. Analysis and Discussion

Sorting time is the key factor in the sorting-atom process. The
trap lifetime of the atoms is typically around 20 seconds. To real-
ize the sorting within the limited lifetime, moving steps need to
be as few as possible and the moving distance also needs to be as
short as it can be. When the array size is small, the Hungarian
matching algorithm and some other algorithms show great ad-
vantage!®”*). These algorithms move atoms one by one with fast
and efficient calculation. However, as for a large scale, one-by-
one atom assembling takes too much time. The paralleled algo-
rithm is a potential method that can be used to decrease the sort-
ing time by largely reducing the number of sorting steps. In our
proposal, the parallelism degree is the maximum. Figure 5 gives
the sorting steps as a function of the target array size. Here, to
increase the success probability we set the size ratio of the target
to the source as 40%. This is ten percent less than the single atom
filling rate. As shown in Fig. 5, we find that even when the target
array size is 2500, only around 180 steps are required to realize
the defect-free square lattice.

Consider an m X m source array and an #n X n target lattice,
ie, X~ 40%. As illustrated in Fig. 6, the m steps are required
at first, including the sorting process in the target rows (n) and
also the rearrangement of the standby rows (m — n), to form the
rectangular pattern. We assume that the atom number in each
target row is not enough to build the defect-free configuration.
Thus, the m — n steps are needed to move the atom in the
standby area to the target row along the vertical direction.

m — n steps maximum

n steps maximum

Fig. 6. lllustration of the sorting process to evaluate the steps in the rearrangement of the square lattice.
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Lastly, n steps are implemented to refill the target array. Insum-  the financial support from the Royal Society Newton
mary, the maximum step number of one cycle is 2m. Actually,it ~ International Fellowship Alumni (AL201024).

is possible that one fails the rearrangement and has to start a new
cycle attributed to the atom loss and limited standby atoms.
Here, one has to make a decision. If more than 0.1 X 2m steps
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