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Abstract: We demonstrate fast and efficient neutral atom rearrangements in an optical tweezer-
trap array, using an enhanced hologram generation algorithm. The conventional Gerchberg-Saxton
(GS) algorithm is modified to include zero-padding hologram expansion for optical tweezer
sharpness, weighted iteration feedback for reduced crosstalk, and phase induction for successive
phase continuity. With the new GS algorithm, we experimentally demonstrate defect-free
formation of 2D atom arrays with various geometries, achieving a high loading probability of
0.98 for up to N ∼ 30 atoms. Furthermore, the hologram movie calculation speed is enhanced to
cover a computational scalability up to O(103).

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently, single-atom trapping methods utilizing dynamic holographic optical tweezers have
drawn keen attention in quantum many-body physics and quantum information science [1–3].
Their reconfiguration capability has solved the issue of the stochastic property of single atom
loading per single sites, enhancing the entire occupation probability from 0.5N to near unity for
N sites. It has become possible to produce a large number of atoms arranged in a zero-entropy
array with an arbitrary geometry and also capable of dynamically reconfiguration of its geometry.
Latest demonstrations achieved with these optical tweezer trap manipulations are about 50-100
single-atom arrays in 2D and 3D, fueling the progress in the field of neutral-atom quantum
simulations [4–6].
Dynamic holographic optical tweezers utilize dynamic holograms to produce a real-space

optical field movie [7, 8], being applied in a broad range of research activities, including exotic
photonic structure assemblies [9], position tracking [10], nanoscopy [11], and single-atom
trapping [12–15]. The method of dynamic holograms is a promising technique for classical
particle trapping and sorting due to its multi-dimensional tunability and parallelism [1, 8, 16].
However, for atoms, the ability for shuttling tweezers with spatial light modulator (SLM)-only was
not reliable [17], because of the tweezer’s intensity fluctuation introduced during the modification
of tweezer positions via phase change in the SLM. If the frame rate of hologram updates surpasses
the single-atom trap frequency, the fluctuation might not cause the particle losses [16, 18].
However, most of trap frequencies reach up to several hundreds of kHz [3, 19], which are much
faster than that of the SLM available today. Reducing the intensity fluctuation has been discussed
to enable the holographic single-atom shuttling [1, 20]. However, it is still demanding to develop
more efficient algorithms due to two major issues; the calculation speed relied on a look-up table
search for atom sorting and the limited power efficiency.
In this paper, we present how those issues have been resolved; the power efficiency is

significantly increased from 1/N2 to 1/N through optimizing the hologram generation method
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based on Gerchberg-Saxton (GS) algorithm, and the passive look-up table search for atom sorting
is replaced by active matching algorithm exploiting Hungarian algorithm [21]. In order to
speed-up the calculation, the conventional GS algorithm is modified with zero-padding and
phase induction for faster convergence. Computational hardware and software were upgraded
with graphical process units (GPU) and C++ open source library (CUDA and ArrayFire). The
overall calculation speed has improved, compared to the previous prototype synthesizer [1, 20],
to achieve 60 Hz update rate. Furthermore, the frame-rate can be maintained constant even to the
number of tweezers increased up to several thousands. Our method utilizes the versatility and
parallelism of the active SLM as well as enables real-time operation for elusive single-atom traps
in arbitrary 2D shapes.

The remainig part of the paper is organized as follows: In Sec. 2, we review the conventional
Gerchberg-Saxton algorithm used to implement tweezer trap arrays, and we discuss the conditions
related with the intensity flicker problem. In Sec. 3, a new GS algorithm for enhanced
performance of moving tweezer traps is introduced, with modifications of zero-pedding, weighted
update, and induction. Experimental setup and procedure are described in Sec. 4, before the
results of various atom arrays in Sec. 5 and discussions in Sec. 6 on the performance and future
improvements.

2. Conventional Gerchberg-Saxton algorithm

The GS algorithm calculates spatial phase function Φ(X,Y ) of the beam in the Fourier plane to
generate a target optical field T(x, y) in the image plane [see Figs. 1(a) and 1(b)]. For example,
to make a set of N optical tweezers, T(x, y) would be unity at desired positions (xα, yα) for
α = 1, 2, · · · , N , and all zeros elsewhere. The central region around x = 0, y = 0 is excluded
from the tweezer positions to avoid the effect from undiffracted beam. The procedure of the GS
algorithm is as follows:

(i) The amplitude of the optical field A(X,Y ) in the Fourier domain is fixed, and the initial
phase Φ0(X,Y ) is chosen arbitrarily.

(ii) The optical field in the image plane |A| exp[i arg(A)] is obtained through Fourier transfor-
mation of A exp(iΦ0).

(iii) |A(x, y)| is replaced by T(x, y).

(iv) T exp(iΦ1) is obtained through inverse Fourier transformation of T exp[i arg(A)].

(v) T(X,Y ) is replaced by A(X,Y ).

(vi) Iteration through (ii)-(v) until T(x, y) ≈ |A(x, y)|, where, for the n-th iteration, the initial
phase Φn−1 is replaced to Φn after feedback.

Suppose we attempt to rearrange the tweezers. For example, one of the tweezers is moved
from one position (x(1)α , y

(1)
α ) at time t = t1 to the other position (x(2)α , y

(2)
α ) at time t = t2. If

both phase functions Φ(X,Y ; t1) and Φ(X,Y ; t2) that are stationary at t1 and t2, respectively, are
generated with the GS algorithm, the phase evolution can be made as Φ(X,Y ; t) = Φ(X,Y ; t1) +
{Φ(X,Y ; t2) − Φ(X,Y ; t1)}w(t), where w(t) is a monotonic function satisfying w(t1) = 0 and
w(t2) = 1. Then, the time evolution of the tweezer field is given by

E(x, y; t) = FT[A exp(iΦ(t1)) exp{i(Φ(t2) − Φ(t1))w(t)}]. (1)

However, this time-evolution of the tweezers does not necessarily maintain the intensity of each
tweezer and, thus trapped atoms in the tweezers are not retained during the move, unless certain
conditions are met.
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Fig. 1. (a) Experimental setup for generating 2D 87Rb atom array and fluorescence imaging.
(b) Entire block diagram of the modified GS algorithm, where the mainly modified parts,
“Weighting”, “Induction”, and “Zero-pedding”, are highlighted with red letters. (c) An
example of transport path planning (middle figure) from a random array of atoms (left figure)
to a target butterfly configuration (right figure). The bipartite graphs are determined with
Hungarian algorithm to connect the loaded initial trap positions (blue circles) and empty
target sites (red dots). The success rate was measured 35 % for 37 atoms.
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For a monotonically evolving tweezer with a step size δ, we need a continuity condition
to keep the trapped atoms, as δ = |(x(2)α , y

(2)
α ) − (x

(1)
α , y

(1)
α )| � w0, where w0 is the trap waist.

So, the variation of the trap position up to single phase change, from Φ(X,Y ; t1) to Φ(X,Y ; t2),
must be significantly reduced, smaller than the trap waist. Also, the beam power forming
the tweezer should be conserved, i.e.,

∑
I(x, y; t) =

∑
I(x, y; t1) =

∑
I(x, y; t2), where the

summation is to the periphery of the tweezer. This power conservation can be satisfied when
|Φ(X,Y ; t2) − Φ(X,Y ; t1)| � 1 holds for all X,Y coordinates [22], because Eq. (1) becomes

E(t) = E(t0) + {E(t1) − E(t0)}w(t) (2)

by the first-order Taylor expansion. Furthermore, overall intensity fluctuation must be significantly
slower than the inverse of the trap frequency, because the trapped atoms escape when the trap
intensity is not enough. It is estimated that, when the above conditions are properly met, a GS
algorithm implemented in a liquid crystal array can shuttle single atoms with a probability up to
99.9%, for example, in a trap potential depth 10 times of the atom temperature [1].

3. Modified Gerchberg-Saxton algorithm

We modify the GS algorithm to satisfy the above conditions. The layout of the tweezer-trap
setup for single atom rearrangement is shown in Fig. 1(a) and the physical implementation of
the GS algorithm is illustrated in Fig. 1(b). An example of atom array formation is described
in Fig. 1(c), in which initial atoms randomly loaded are transported to the target sites in the
configuration with a desired geometry (butterfly configuration in this case). The procedure
starts from loading atoms into the tweezers, and the fluorescence image is taken followed by
the shuttling path generation [21]. The path connects between individual atoms and their final
destinations, forming bipartite graphs as in the center figure of Fig. 1(c). All the links (straight
lines) are directly adopted as physical paths of the moving atoms, where en-route collisions are
avoided by Hungarian algorithm [21]. The number of frames, f#, defines how many holograms
(phase functions Φ(X,Y )) will be generated to complete the rearrangement. The paths are a set
of the targets {T (1)(x, y) · · ·T ( f#)(x, y)} in which T (k)(x, y) is the result of k-th frame. Note that
T (k)(x, y) is generated by a fixed number of iterations. It is necessary to pick up a large enough
f# so that the condition δ � w0 is met for most of the paths. With the given paths, the target
intensity distribution {T(x, y)} is to be realized by the new GS algorithm, where the modification
is composed of three parts called “weighted”, “induction”, and “zero-padding” [12, 22–24], as in
the following subsections.

3.1. Zero-padding GS

Zero-padding improves the resolution of an outcome of Fourier transform by adding zero signals
at the end of input signals. In the conventional GS, the step distance of a moving trap is limited
by the resolution of the target T(x, y) in the image plane. To increase the resolution, we extend
the size of Fourier domain from m × m to Nzm × Nzm by adding zeroes surrounding the original
phase hologram [see Fig. 1(b)]. With this chage, the resolution in the image domain becomes
improved by a factor of 1/Nz , compared to the original resolution w0, which opens up a chance
to satisfy the condition δ � w0. The drawback is increased computational complexity in Fourier
transformation, scaling as Nz log(Nz). However, GPU (NVIDIA, Titan-X pascal) can perform a
single 2D-FFT in a couple of microseconds, up to a mesh size of 211 × 211, and as a result the
zero-padding is not a computational bottleneck in our implementation.

3.2. Weighted GS and collision avoidance

For a better compensation of the discrepancy of a realized trap image from the desired target
image, a weighted function is used to modify the target T(x, y) → Ti(x, y) at every iteration,
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according to the calculation or direct measurement of A(x, y) [16, 23]. The modification is as
follows,

Ti(xα, yα) =
Ti−1(xα, yα)
〈Ti−1(xα′, yα′)〉α′

/
A(xα, yα)
〈A(xα′, yα′)〉α′

, (3)

where the initial condition T0 equals T . This means that the discrepancy between A and T is
actively over-shoot. At the same time, Ti is normalized as well; otherwise it diverges in long-run.
Directly measured A for each iteration is better for homogeneous trap intensities [12]; however,
we can use calculated A, because realizing imperfect trap images would induce atom loss. The
main benefits of weighted function for GS are the increased resemblance of the final result to the
target and faster convergence.
In order to perform reliable single-atom array formations, a slight technical variation to the

target T (k)i is required to resolve atom collision issues; even though the collisions among the
itinerant tweezers (= filled traps) are automatically avoided [21], collisions with stationary
tweezers (= empty traps) still cause atom losses. Before starting the shuttling, we classify
traps into filled, (xα( f ), yα( f )), and empty traps, (xα(e), yα(e)), respectively, and the weights are
calculated separately; the filled traps are weighted according to Eq. (3), and the empty traps are
weighted along the pre-defined values to reduce their intensities. So when shuttling starts, the
depth of each empty trap is gradually reduced during the moving and gradually recovered at
the end of the moving. In Fig. 2, an example of shuttling 58 atoms in an 11 × 11 square lattice
is shown, where the pre-defined weights for the empty traps are (0.7, 0.4, 0.1, · · · , 0.4, 0.7, 1)
for each frame up to f# = 15, and the empty traps gradually vanish to avoid the collisions and
recover after the shuttling for indefinite execution.

3.3. Induction GS

The induction GS refers to using the phase of the previous frame Φ(k−1) as the initial phase of
the next frame Φ(k)0 during the GS process. Then, the similarity between the successive phases
(|Φ(k) − Φ(k−1) | � 1) is empirically guaranteed by the induction [22]. Also, the required number
of iterations could be reduced. The computer-simulated performance of the modified GS is shown
in Fig. 3, where a honeycomb array with 81 sites is tested. [An experimental demonstration of
this array is shown in Fig. 6(a).] The transient minimum is obtained by calculating the ratio
between the holograms, [Φ(k) +Φ(k+1)]/2 and Φ(k). The scallter plots in Figs. 3(a)-3(c) show the
minima for induction parameters (induction frame interval) ni = −1,−3, and −∞, respectively,
where the number i refers to the history of the previous phase (−∞ means random initial phase
or no induction). In each simulation, the results are fitted to the transient minima function
exp(−x2/2w2

0). The region of achievable minimal step size for each zero-padding parameter
Nz is colored differently (up to 0.25w0 in Nz = 4, 0.5w0 in Nz = 2, and w0 in Nz = 1). The
no-induction case in Fig. 3(a) shows the overall average of the transient minima is below 0.5 with
a large variance, while the induction case (ni = −1) in Fig. 3(c) achieves the average transient
minimum above 0.8 with a minimal overall variance. In Fig. 3(d), the average transient minimum
is plotted for each induction parameter ni and two different step sizes 0.25w0 and 0.5w0, showing
that the induction (ni = −∞ → −1) implements transient minimum increment.

4. Experiment

Our experimental setup for optical tweezer traps consists of a Fourier-domain hologram device and
87Rb magneto-optical trap (MOT), as shown in Fig. 1(a), similar to our earlier reports [1, 20, 21].
Phase holograms were generated with a phase-only spatial light modulator (SLM, Meadowlark,
XY series) which had 512×512 pixels of each 16×16 µm2 size, high diffraction efficiency 85%,
and fast refresh rate exceeding 2 kHz for minimizing phase errors and intensity fluctuations.
An 820-nm laser beam (M-squared, SolsTis, TEM00 and linear polarization) was expanded and
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t = 0 ms
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t = 450 ms

Fig. 2. Weighted-GS simulation of a defect-free array formation from an 11 by 11 square
lattice. Optical tweezers for 58 randomly chosen atom locations are transported to around
the center, while the the others are gradually turned off during the transport and turned back
on at the end.

collimated to 8 mm beam size to cover the entire SLM area, before the beam was reflected
near-normal (80◦) from the SLM surface. Then the phase modulated beam was transferred
onto the entrance pupil of a 0.5 NA objective lens (Mitutoyo, G-Plan apo 50×) by using a
telescope (F1=400 mm, F2=200 mm). Finally, the objective lens transfered the hologram to the
single-atom dipole traps of around 1 mK optical potential depth and 1 µm beam waist, inside the
vacuum chamber to spatially overlapped with the 87Rb cloud in the MOT. Then, each trap was
loaded with a single atom with a probability (∼ 50%). After the initial loading to the traps, they
were analyzed to produce the atom shuttling path information to fill out the vacant targets.

The calculation of atom shuttling holograms based on themodifiedGS algorithmwas conducted
using the C++ open source library (CUDA and ArrayFire). A graphic process unit (GPU, NVidia,
GTX Titan-X Pascal) was used to accelerate the calculation. The frame-per-second (fps) for
calculation in the given hardware was measured 60 Hz and it was maintained even up to several
thousands of trap sites.
Aberration correction is essential for achieving a large field-of-view (FOV) of the image

plane. The aberration from the SLM and transfer optics was compensated by using the methods
described in [25,26]. These methods require direct measurements of the hologram images, but,
in our case, it was not possible to directly measure the trap intensity inside the vacuum chamber
due to the chamber size in our setup. Instead, we measured the traps in the intermediate image
for the aberration compensation. The resulting quality of the traps in terms of the min-max
intensity over its average was 85%-115%. This was enough for achieving successful single-shot
fluorescence measurement fidelity over 99.9% within 40 ms camera exposure. As shown in
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Fig. 3. Monte-Carlo simulation of the induction GS algorithm: (a-c) trap-intensity transient
minima are plotted, frame by frame, as a function of the step size (in unit of trap waist w0)
for i = 5, f#=15, and Nz = 4 in a honeycomb array with 81 sites. The induction parameter
ni (where Φ

(k)
0 = Φ(k−ni )) is varied from (a) ni = −∞ (random initial phase), (b) ni = −3,

and (c) ni = −1. Gray dots are individual results, red dots are averages, black dashed lines
are numerical fits to C× exp(−x2/2w2

0) with (a) C = 0.39, (b) C = 0.87, and (c) C = 0.94.
The colored areas represent achievable minimal step size when zero-padding parameter Nz

is 2 (skyblue, ×2) and 4 (darkblue, ×4). (d) Average transient minima for each induction
parameter ni , when the step size is 0.25w0, and 0.5w0 (extracted from blue and red dashed
lines, respectively in (a)-(c)), where the error bar is standard deviation.

Fig. 4(a), the comparison images before and after the compensation clearly exhibit the extended
FOV with more homogeneous atom fluorescence. Furthermore, the trap loading probability was
enhanced closer to 0.5 and became more uniform for the entire traps. The histograms of loading
probability is illustrated in Fig. 4(b).
Experimental sequence for the generic feedback operation is shown in Fig. 5(a). At first, a

3D rubidium cloud loaded in the MOT by a 780 nm laser. Then, detuning of the MOT beam
was decreased for polarization gradient cooling (PGC) down to an atom temperature of 80 µK.
Sinusoidal modulation of the detuning beam at 1 KHz was applied for optimization of the
single-atom loading rate on the array of different trap depths. The fine-tuned PGC enabled
efficient initial loading condition, ∼ 0.5. The MOT coil was then turned off and the PGC detuning
was kept constant for single-atom fluorescence imaging. After capturing the image, we decreased
the detuning further and PGC beam was completely turned off for time T = 0.5 s, where T was
the feedback operation period. The imaging and feedback were periodically repeated Nf times.
The entire sequence from the MOT loading to the Nf times of feedbacks was repeated Nexp
times. Before the turn-off of the MOT coil, the 780 nm resonant beam was used to blow away
the itinerant cold atoms, to maximize the trap lifetime. The lifetime of static traps was measured
as 20-40 s, limited mainly by the background vapor pressure of 3×10−10 Torr. We found that
turning off the PGC beams during the feedback period T reduced the shuttling loss.
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Fig. 5. Time sequence of tweezer-trap atom arrangement experiment, where the imaging
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is repeated Nexp times at 0.5 Hz. Γ = 2π × 6 MHz denotes the spontaneous decay rate of
5P3/2.

5. Results and discussion

We now present the results of atom array rearrangements, performed with the modified GS
algorithm. We demonstrate two rearrangement modes, “compaction” mode and “deterministic
loading”. In the ’compaction’ mode, the target sites forming the desired array are defined in an
order of the distance from the origin, and the number of the target sites is the number of atoms
initially loaded. All single atoms are simultaneously moved to form a defect-free 2D array, e.g.,
square, kagome, honeycomb, or triangle. Experimental results of the “compaction” mode is
presented in Fig. 6(a), showing before and after images of compaction of the 2D arrays from
initial 81 sites to around its center. In the “deterministic loading” mode, the target sites and the
number are pre-defined to form a complex shape of an array, while the remains are reserved for
next feedback stages. Once the target sites are occupied after several feedbacks, other occupied
sites not relevant to the targets are removed. The results of the “deterministic loading” mode is
presented in Fig. 6(b), where the capital letters "KAIST" and "DHOT" are demonstrated from
initial 96 square lattice points.

To discuss the experimental performance, we analyze the success rate of the honeycomb lattice
formation in Fig. 7. The left graph plots the (cumulative) loading probability of individual

                                                                                                    Vol. 27, No. 3 | 4 Feb 2019 | OPTICS EXPRESS 2191 



(a)

(b)

Square Kagome Honeycomb Triangle

B
ef

o
re

A
ft

er
B

ef
o

re
A

ft
er

“KAIST”, N=42, ~23% “DHOT”, N=37, ~27%

Fig. 6. Experimental demonstration of (a) the compaction rearrangement for various 2D
arrays of initial 81 sites, and (b) the deterministic loading from initial 96 square lattice to
alphabet letters. All the results were acquired by the same algorithm parameters, i.e. i = 5,
Nz = 4, ni = −1, and f# = 15 (see Sec. 3 for details). The nearest distance is 3.7 µm for all
the arrays.

                                                                                                    Vol. 27, No. 3 | 4 Feb 2019 | OPTICS EXPRESS 2192 



0 20 40 60 80

0.2

0.4

0.6

0.8

1

0

N
f = 0~9

0.98

(a) (b)

Site number

N
f

~0.98
N

Number of atoms in array

= 0~9

L
o
ad

in
g
 p

ro
b
ab

il
it

y

0.6

0.8

1

L
o
ad

in
g
 p

ro
b
ab

il
it

y

0.2

0.4

0
200 40 60 80

Fig. 7. Atom loading probability improved by feedback compaction to a honeycomb lattice
from an initial 8 by 8 square lattice. (a) Individual loading probability is improved as the
number of feedback Nf increases from 0 to 9, where the site number in the x axis is given in
the distance order from the origin of the array. (b) The accumulation probability is improved
near to 0.98N as Nf increases.

sites N (numbered from the closest sites to the array center) as the number of the feedback
Nf increases from 0 to 9. The initial probabilities (Nf = 0) of all sites show around 0.5 as
expected. But, after just one feedback, the loading probability of the sites around the center
(low N) increases above 0.8. As increasing the number of the feedback Nf , these probabilities
increase further, and when the Nf = 9, the probabilities reach 0.98. The trap lifetime is estimated
as τ = 25 s at dynamic equilibrium. Considering the feedback loop time T = 0.5, our reached
individual loading probability exp(−T/τ) = 0.98 is the limit of experimental conditions. It may
be improved further by implementing a better aberration correction and PGC cooling (to a much
lower temperature). The right graph represents the compaction probability forming arrays with
the number of atoms N . As the number of feedback Nf increases, the overall probability line
becomes closer to the linear decay curve 0.98N up to N ∼ 30.

We now discuss the current experimental limits and possible future improvements. First we can
apply the phase change reduction method to our modified GS algorithm to reduce the intensity
flicker effects near to the theoretical limit [22]. The phase change reduction can be obtained by
utilizing the range of phase Φ ∈ [0, 4π] instead of [0, 2π]. This reduces phase difference between
successive frames |Φ(k) − Φ(k−1) |. For example, when the calculated phase range is constrained
to Φ(k) ∈ [π, 3π], so, if two condition

Φ
(k) − Φ(k−1) > π & Φ

(k) > 2π (4)

are both satisfied, we operate Φ(k) = Φ(k) − 2π pixel-wise, and if, alternatively, two conditions

Φ
(k) − Φ(k−1) < −π & Φ

(k) < 2π, (5)

are satisfied, we operate Φ(k) = Φ(k) + 2π pixel-wise. This means that the phase reduction
(un)wraps the phase to minimize physical phase rotation. In our current experiments, this phase
reduction is not implemented due to the limit of our SLM. A built-in overdrive utility which
overshoots the SLM voltage pixel-wise for minimizing phase transient [22] has been tested, but it
is not considered further improvements, because currently enhanced algorithm already holds the
condition |Φ(k) − Φ(k−1) | � 1. Instead, we simulate the possibility of improvements by the phase
reduction, using Monte-Carlo simulation of trap intensity minima. The simulation parameters
are the same as those in Fig. 3, and the phase reduction is added. The result is illustrated in
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is applied. The errorbars represent standard deviation.

Fig. 8(a) (red line) and compared to the result of the simulations without phase reduction (blue
line) and without phase reduction and induction (black line). The dashed lines are curve fits to
the function C × exp(−x2/2w2

0), where C is constant, and each C is 0.39, 0.94 and 1 for black,
blue and red, respectively. So we can conclude that the transient minima can be reached to the
theoretical limit with the phase reduction.

Additional improvement can be considered in the SLM frame rate (fps). 60 Hz (i = 5, Nz = 4)
is our current computational limit, due to the hardware and apparatus, which is far slower than the
SLM limit of 200 (500) Hz with(out) overdrive. Direct frame transfer via GPU would improve
the frame rate from 60 Hz to 70 Hz in our current resource. Lowering the phase reduction
parameter ni from −1 may also be considered. In Fig. 3(d), for the both step sizes, the average
transient minima and the variances are already nearly converged when ni = −2. So it may be
worthwhile to take the small loss for the sake of speed.

The shuttling loss occurs due to the high atom temperature and trap inhomogeneity. Trap
inhomogeneity can be minimized by applying the aberration correction, using direct imaging [2]
or indirect atomic fluorescence detection [13,27], which otherwise induces fluctuation on T/U
(the ratio between the atom temperature and trap depth) that causes shuttling loss. If the intensity
flicker, (Imax − Imin)/Iavg, can be down to 0.1, the global laser cooling process becomes more
efficient. Then, Raman side-band cooling [28] or gray molasses [29, 30] can lower the atom
temperature down below 4 µK and T/U ≈ 0.01 predicts theoretical frame-transit loss below
10−10 for 0.85 transient minima [1]. Especially the gray molasses technique would complete its
cooling stage in 3 ms, without requiring additional beam configurations, other than 3D MOT [30].
The background collision loss can be lowered by an order, if a double-MOT chamber is utilized to
make the array lifetime τ/N exceed the feedback time T even for 1000 atoms [31]. As the array
becomes larger, however, the shuttling distance increases by about a few times, unless a higher
dimension (3D) architecture is utilized. Thus the number of frames for feedback, f#, should be
multiplied in order to keep the shuttling loss low enough, which would inevitably increase T . By
combining them all together, from 1000 to 500 trap sites ’compaction’ is in principle viable.

Our current limit in scalability is due to (trapping) laser power, the dynamic loss of atoms while
shuttling, and the collisional loss of atoms from background. Our current trap of wavelength
820 nm requires about 3 mW power for each individual trap. When the optical delivery through
the objective lens and transfer optics is optimized to 90 %, total 3.9 W power could support 1,000
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traps. For 3D optical tweezers, 3D GS algorithm has been demonstrated [32–34]. Also, recently
shuttling through axial dimension using Fresnel lens random masking [20] and forming 3D array
using tunable lens [35, 36] have been demonstrated. Furthermore, multi-layer imaging technique
is readily applicable in current setups [35], and instead of 3D GS algorithm, multi-plane 2D-GS
algorithm [37] for a few layers of 2D array may also be applied.

6. Conclusion

In summary, we have demonstrated faster and more efficient tweezer-trap atom arrangements,
using an enhanced dynamic hologram generation algorithm. For this, zero-padding expansion
of the hologram, weighted modification of the feedback interaction, and phase induction for
successive phase similarities are combined to the conventional GS algorithm. Using the modified
GS algorithm, we have become able to generate tweezer trap atom arrays with power efficiency
scaling of ∼ 1/N for N atoms. The experimental demonstration was performed for 2D arrays
with various configurations from simple geometries such as triangles to complex shapes of some
alphabet letters. The experimental performance with the modified GS algorithms was analyzed,
for further improvements in speed and scalability, e.g., utilizing phase reduction and hardware
upgrades.
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