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SPECIAL TOPIC — Quantum frontiers with Rydberg atoms
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High-precision preparation of holographic optical tweezers, which is a critical requirement for neutral atom quantum
computing platforms, faces the challenge of system aberrations that degrade trap performance. In this paper, we propose
a simple and efficient aberration correction algorithm for wavefront-sensorless optical systems, based on correcting the
relative lateral shift of diffracted light across spatial regions. Applied to a cold atomic system, this technique demonstrates
active correction of aberrations up to several wavelengths, reducing them to a peak-to-valley difference of 0.19(3)λ . The
diffraction spot quality and optical trap depth are significantly improved after aberration correction. Combined with subse-
quent array optimization, the technique enables the generation of uniform optical trap arrays with enhanced atom-loading
efficiency. The method requires no prior wavefront information or additional hardware, utilizing only an SLM and a stan-
dard CCD camera. Its computational efficiency and hardware simplicity make it broadly applicable to fields such as laser
lithography and microscopy.
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1. Introduction
Over the past decades, holographic optical tweezers,

which provide optical forces through focused laser beams,
have been widely used in life sciences and atomic and molec-
ular physics.[1–3] When combined with laser cooling,[4] holo-
graphic optical tweezers can trap single atoms by leveraging
the collisional blockade effect.[5] Neutral atom arrays have
emerged as a promising platform for quantum metrology,[2,3]

many-body simulation,[6–9] and quantum computation.[10–12]

Optical tweezer arrays for cold-atom control can now scale
to thousands of sites,[13–18] imposing demanding requirements
on laser precision. However, wavefront aberrations inevitably
compromise beam quality, degrading both atom-loading effi-
ciency and quantum gate fidelity.[10,11]

Wavefront aberrations typically originate from imper-
fections in active electro-optic devices for generating opti-
cal tweezer arrays, suboptimal optical components, or mis-
matches within the optical system.[19] In recent decades,
aberration compensation has presented a significant chal-
lenge and has garnered substantial attention across vari-
ous fields, notably in astronomy,[20] optical tweezers,[21]

and microscopy.[22] Typically, aberrations are measured
either directly using Shack–Hartmann (SH) wavefront
sensors[21,23,24] or indirectly through phase-shifting interfer-
ometry (PSI),[22,25,26] and are then corrected using spatial light
modulators, deformable mirrors, digital micromirror devices,

and so on. Implementing SH sensors is relatively straight-
forward; however, their integration into an existing optical
path requires the insertion of a physical microlens array. This
can introduce additional optical surfaces, potential misalign-
ment, and further aberrations, which is undesirable in sys-
tems where stability and optical simplicity are paramount,
such as cold-atom experiments. In principle, phase-shifting
interferometry (PSI) can correct large aberrations with high
accuracy.[19,25,26] However, its practical application often re-
quires time-consuming, fine phase-stepping scans and stable
fringe detection. This process becomes increasingly challeng-
ing and inefficient in the presence of large initial wavefront
errors. Several aberration compensation methods based on
machine learning have been proposed.[27–30] However, these
approaches often necessitate extensive training datasets and
substantial computational resources.

In this work, we propose a simple and efficient wavefront-
sensorless aberration correction scheme that overcomes sev-
eral limitations of existing methods. Our approach utilizes
only the spatial light modulator (SLM) already present in
typical holographic optical tweezer systems and a standard
charge-coupled device (CCD) camera, without requiring ad-
ditional wavefront sensing hardware. By partitioning the
SLM into a grid of patches and measuring the relative lat-
eral shifts of corresponding diffracted spots, we directly ex-
tract local phase gradients and reconstruct a global compen-
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sation phase map through iterative smoothing and integration.
This method eliminates the need for physical wavefront sen-
sors, avoids time-consuming phase-stepping scans, and oper-
ates effectively even under large initial aberrations — key ad-
vantages over conventional SH and PSI techniques.

In the following, we first describe the experimental setup
and the principle of the correction process (Section 2). We
then present the experimental validation of the method, in-
cluding wavefront reconstruction results, diffraction spot im-
provements, and optical trap array performance before and af-
ter aberration correction (Section 3). Finally, we discuss the
broader implications of the technique and its potential applica-
tions beyond cold-atom systems (Section 4). Our experimental
demonstration in a cold-atom system shows active correction
of aberrations up to several wavelengths, reducing the peak-
to-valley wavefront error from 2.6(3)λ to 0.19(3)λ , with sig-
nificant improvements in diffraction spot quality and optical
trap depth. The method’s hardware simplicity, computational
efficiency, and lack of requirement for prior wavefront infor-
mation make it promising not only for neutral-atom quantum
platforms but also for broader applications in fields such as
laser lithography and microscopy.

2. Experimental setup and principle of correc-
tion process
Figure 1 illustrates our cold-atom experimental setup

for aberration correction. Trapping light from an 830-nm
fiber laser is collimated, expanded, and directed onto a
computer-controlled spatial light modulator (SLM; Hama-
matsu X15223). The phase-modulated beam propagates
through relay optics and a high numerical aperture objective
(NA = 0.55), focusing to about 1 µm waist within the vacuum
chamber. The SLM is tilted by 8◦ relative to the optical axis,
features a pixel size of 12.5 µm, and contains 1272× 1024
pixels. A magneto-optical trap (MOT) prepares 87Rb clouds
at 50 µK centered on the SLM-conjugate image plane. Atoms
are loaded into optical traps (typical depth U0 = kB × 1 mK)
and cooled to 7 µK via 20 ms polarization gradient cooling
(PGC). Single-atom fluorescence at 780 nm is detected by
a scientific complementary metal-oxide-semiconductor (sC-
MOS) camera (Dhyana-400BSI-V3) after spectral separation
using a dichroic mirror (DM). Transmitted trapping light is im-
aged onto an 8-bit CCD for diffraction-spot diagnostics. SLM
surface aberrations are characterized by analyzing CCD im-
ages of test phase patterns, enabling subsequent wavefront cor-
rection.

Before implementing aberration compensation, the
Fourier correspondence relationship was first verified. The in-
put field on the SLM has a Fourier correspondence relationship
with the image plane inside the vacuum chamber, and it also

corresponds to the Fourier transform of the light field distribu-
tion that reaches the CCD plane after being amplified by the 4f
lens group. Under ideal conditions, the light field on the CCD
plane is given by

E(u,v) =
1

NxNy

Nx−1

∑
x=0

Ny−1

∑
y=0

A(x,y) e iϕ(x,y)

×e−i 2π
Nx kx0 (u−u0)x−i 2π

Ny ky0 (v−v0)y, (1)

where Nx and Ny denote the total pixel count along the horizon-
tal and vertical dimensions of the SLM’s active area, A(x,y)
and ϕ(x,y) represent the amplitude and phase of the incident
field at physical pixel coordinates (x,y), u0 and v0 indicate
the center coordinates of the diffraction pattern imaged on the
CCD plane with no phase modulation applied to the SLM, and
kx0 and ky0 are the proportional magnification coefficients re-
lated to the focal length of the equivalent focusing lens of the
system. These coefficients depend on factors such as the laser
wavelength, the magnification of the emitted light, the pixel
pitch of the SLM, and the pixel pitch of the CCD.

SLM

SLM

Objective
Vacuum

Objective

CCD camera

CMOS

Phase

Focal plane

DM

Fig. 1. Schematic of the experimental setup and the block diagram of the
aberration correction process. Trap light at a wavelength of 830 nm is
reflected by a spatial light modulator (SLM), which modulates the light
phase using the calculated pattern. The laser is collimated and then passes
through a series of lenses and a high-resolution objective before entering
the vacuum chamber. Subsequently, the light passes through a dichroic
mirror (DM) and is observed with a CCD. The DM separates the fluores-
cence from the trapping light, which is then detected by a CMOS camera.
Our aberration compensation method involves loading blazed gratings on
individual patches of the SLM and using the CCD to measure the relative
position offsets of the corresponding light fields.

When applying a computer-generated hologram (CGH)
with a global phase gradient across the SLM’s active area
as ϕ = 2πx/Tx + 2πy/Ty, the spatial positions of first-order
diffraction spots on the CCD plane exhibit a linear dependence
on Tx and Ty. The coefficients kx0 and ky0 are directly measur-
able through linear parameter scanning. We employ the SLM
to impart a phase gradient onto a localized segment of the out-
going wavefront (as illustrated in the left inset of Fig. 1). This
allows us to isolate and extract a small portion of the light field
from the SLM, distinct from the region where the diffracted
light field generated by the remaining SLM area is mapped on
the CCD plane. For sufficiently small patch sizes, the ampli-
tude and phase of the optical field can be reasonably approxi-
mated as coherent. The ideal center (u0,v0) of this light-field
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portion is calculable via Eq. (1). However, as illustrated in the
right inset of Fig. 1, aberrations and the intensity gradient at
the incident light spot’s edge distort the observed diffraction
field, preventing accurate localization of the main maximum.
We therefore compute an approximate center (uc,vc) using a
weighted centroid algorithm within an NH ×NH region cen-
tered on (u0,v0), given by

uc =
∑

N2
H−1

i=0 u∗i (Ai −Ab)

∑
N2

H−1
i=0 (Ai −Ab)

, vc =
∑

N2
H−1

i=0 v∗i (Ai −Ab)

∑
N2

H−1
i=0 (Ai −Ab)

, (2)

where u∗i and v∗i denote the horizontal and vertical coordinates
of the i-th pixel, respectively, while Ai represents the fluores-
cence intensity at that point. Ab denotes the residual average
light field intensity of the zeroth-order diffraction within this
region. Here, the weighting function is simply the intensity
above background, i.e., wi = Ai −Ab. Then, we apply appro-
priate phase gradients with periods (Txi,Tyi) in this patch to
correct the detected shifts iteratively until the center overlaps
with the ideal one.

We use square patches of side length L pixels which are
centered at SLM coordinates (xi,yi). These patches are posi-
tioned on an M ×M sampling grid with spacing d pixels be-
tween adjacent grid points. The patch size L is optimized to
balance signal-to-noise ratio with spatial distinguishability of
different regions. The grid spacing d should be smaller than L
to ensure that the patches overlap for better accuracy, but not
too small to incur excessive scanning time. By sequentially
loading patch-based computer-generated holograms (CGHs)
across the SLM and computing the observed diffraction-field
offsets on the CCD, we determine the required phase gradient
compensation for each patch in the M×M grid. The phase gra-
dients in overlapping regions are averaged over all contribut-
ing patches.

After determining the phase gradient compensation re-
quired for each region, we construct a global aberration com-
pensation phase map for the SLM plane by integrating the
M×M grid data through iterative smoothing operations. Here,
(Xi j,Yi j) denotes the horizontal and vertical phase gradient pe-
riods for compensation at grid position (i, j), while ϕi, j repre-
sents the average phase offset of the corresponding patch. The
accumulated phase difference between orthogonally adjacent
patches is expressed as

ϕi+1, j −ϕi, j =
πd

Xi+1, j
+

πd
Xi, j

,

ϕi, j+1 −ϕi, j =
πd

Yi, j+1
+

πd
Yi, j

. (3)

To circumvent over-constraint issues from full-phase uti-
lization, we designate the grid center as the reference point and
first compute column-wise mean phase offsets through inter-
column phase differences; these values subsequently serve as

references to determine row-wise mean phase offsets via inter-
row phase differences. By integrating all patches’ mean phase
offsets ψi j and phase gradient parameters (Xi j,Yi j) with nor-
malization, we reconstruct the global aberration compensa-
tion phase map, which represents the system’s comprehensive
aberration profile.

In summary, the aberration correction is implemented by
dividing the SLM into a grid of patches, sequentially mea-
suring the relative diffraction spot displacements to ascertain
local phase gradients, and reconstructing a global compensa-
tion phase map via iterative smoothing and integration. This
approach, which directly utilizes relative diffraction shifts,
is computationally straightforward and inherently more effi-
cient than phase-shifting interferometry (PSI). By eliminating
the time-intensive phase-shifting scans and fringe analysis re-
quired by PSI, our approach achieves a comparable correction
accuracy at a speed that is approximately an order of magni-
tude greater.

The core principle of our correction method relies on the
linear, shift-invariant geometric-optical relationship between
the phase gradient applied on the SLM and the resulting lateral
displacement of the diffracted spot on the CCD (as implied by
Eq. (1)). This necessitates that the imaging system (including
the objective, relay lenses, and the CCD camera) provides a
faithful linear mapping within the field of view. Furthermore,
optical components such as vacuum chamber windows should
not introduce severe scattering or distortion that could corrupt
the centroid measurement of the diffraction spots. In prac-
tice, mild field distortions can often be accommodated by per-
forming the calibration within the region of interest used for
trapping. However, systems with strong spatial nonlinearities
may require more advanced modeling for accurate wavefront
reconstruction.

3. Results and discussion

Through empirical evaluation, we determined the patch
size L = 64, a choice that effectively ensures that the intensity
of the background zero-order diffraction light is roughly 20
times weaker than that of the strongest optical field section in-
tercepted by the patch. We applied the same phase gradient to
distinct patches across the 45×45 sampling grid with d = 16.
In order to capture the relative displacement of the cropped
optical field on the CCD with respect to the ideal center in the
X and Y directions, a series of measurements were conducted,
and the outcomes are presented in Figs. 2(a) and 2(b).

Leveraging the established linear correlation between
phase gradient and CCD optical field shift, we performed a
continuous smoothing process to derive the corrected phase
map and applied the necessary compensation. This process
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Fig. 2. Reconstruction of the aberrated wavefront. (a) and (b) illustrate the relative shift of the cropped optical field on the CCD with respect
to the ideal center in the X and Y directions, respectively. These shifts were measured by applying a consistent phase gradient to individual
patches across a 45×45 sampling grid, which has a grid spacing of 16 pixels. (c) presents the phase map, from which piston and tilt components
have been removed, reconstructed by leveraging the linear relationship between phase gradient and optical field shift on the CCD. (d) shows the
measured residual aberration map, also with piston and tilt components excluded, after performing three iterations of a smoothing process until
the residual wavefront error stabilized.
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Fig. 3. Comparison of the diffraction light field before and after aberration correction with different forms of computer-generated holograms
(CGH) loaded. (a), (b), and (c) show the intensity distribution of the first-order diffraction spot under three conditions: without aberration
correction, with focus correction only, and with full aberration correction, respectively. (d) presents a comparison of the intensity profiles in the
radial direction for the three conditions, with the blue line representing no correction, the green line representing focus correction only, and the
red line representing full aberration correction. Note that each pixel corresponds to 6 µm.
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was iterated three times, with iterations terminating when the
residual wavefront error stabilized between consecutive cy-
cles, indicating algorithmic convergence. To quantify the ef-
ficacy of the aberration correction, we decomposed the phase
maps of both the fully compensated aberration and optimized
residual system aberrations into Zernike coefficients. The re-
sulting aberrations after excluding tilt and defocus terms are
presented in Figs. 2(c) and 2(d). Quantitatively, the mea-
sured wavefront error corresponds to a peak-to-valley devi-
ation of 2.6(3)λ . Following three correction iterations, the
residual aberration is reduced to a peak-to-valley deviation of
0.19(3)λ .

To directly visualize the improvement in focusing per-

formance achieved by the aberration correction, we compare

the intensity profiles of the first-order diffraction spot under

three conditions. Figure 3 illustrates the intensity distribution

of the first-order diffraction spot under three scenarios: with-

out aberration correction, with focus correction only, and with

full aberration correction. Prior to aberration compensation,

adjusting the focal length enhances the light intensity by 4.9

times. However, after complete aberration compensation, the

intensity further increases to 6.4 times the original intensity.

Additionally, the full width at half maximum (FWHM) re-

duces from 5.5 pixels (equivalent to 34.5 µm) to 4.69 pixels

(equivalent to 28.14 µm).
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Fig. 4. Effect of the optical trap array after aberration correction and uniformity optimization. (a) The array on the CCD before aberration
correction. (b) The array after aberration correction, showing a nearly five-fold enhancement in trap depth but with significant non-uniformity.
(c) Optimized array image achieved by adjusting weights in the WGS algorithm based on the photon count from a CCD-imaged tweezers camera,
reducing the root-mean-square (RMS) variation in trap depths from 11% to 3%. (d) Intensity profiles within the red-circled regions of (a), (b), and
(c), comparing conditions without correction (black curve), with aberration correction only (blue curve), and with both aberration correction and
uniformity optimization (red curve). (e) Histogram of trap depth before uniformity optimization. (The average intensity of all traps is normalized
to 100.) (f) Histogram of trap depth after uniformity optimization. Note that all arrays were generated with the same calculated phase φ , and the
laser power and CCD camera exposure time were kept constant across all cases.
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While the enhanced diffraction spot confirms the optical
system’s improved focusing capability, the ultimate require-
ment for atom trapping is a uniform array of such spots. Con-
sequently, we investigate the effect of aberration correction on
a full tweezer array, as shown in Fig. 4. To achieve the desired
intensity distribution at the image plane within the vacuum
chamber, we employ the weighted Gerchberg–Saxton (WGS)
algorithm[31] to compute the computer-generated hologram
(CGH) for loading. Specifically, we generate a 20× 10 array
with a transverse spacing of 4.4 µm and a longitudinal spacing
of 8.8 µm. Figures 4(a) and 4(b) depict the array images on
the CCD before and after aberration correction, respectively.
The comparison indicates that aberration correction can en-

hance the trap depth by nearly a factor of 5. However, the trap
depth in the array shown in Fig. 4(b) exhibits significant non-
uniformity. This is attributed to the omission of diffraction
efficiency effects when generating the CGH using the WGS
algorithm. As shown in Fig. 4(e), we observe a root-mean-
square (RMS) variation of 11% in the trap depths (with min-
imum and maximum values of 75 and 126, respectively, and
the average intensity of all traps normalized to 100). To ad-
dress this, we adjust the weights in the WGS algorithm based
on the photon count from a CCD-imaged tweezers camera,
a method previously demonstrated for smaller arrays.[32] The
optimized array image is presented in Fig. 4(f), where the trap
depth variation is reduced to an RMS of 3%.
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Fig. 5. Effect of aberration correction, uniformity optimization, and load-leveling on the 20 × 10 optical trap array. (a) Averaged fluorescence
image (500 shots) of the array before aberration correction or uniformity optimization. The signal is completely defocused, preventing reliable
identification of atoms at individual sites. (b) Averaged fluorescence image after aberration correction and uniformity optimization. Atoms are
clearly resolved at all sites, but loading remains non-uniform. (c) Averaged fluorescence image after further in-situ load-leveling based on atom
loading probability feedback. (d) Spatial distribution of loading probabilities corresponding to the state in (b). (e) Spatial distribution of loading
probabilities corresponding to the state in (c), showing significantly enhanced uniformity with all traps exceeding 40% loading probability.

To further validate the performance improvement of the
optical trap array achieved through aberration correction com-
bined with uniformity optimization, we compared its atom-
loading capability before and after this process, as shown in
Fig. 5. Figure 5(a) displays the averaged fluorescence image
(500 shots) of the array before aberration correction or uni-
formity optimization. The fluorescence signal is completely
defocused, preventing reliable identification of loaded atoms
at individual sites. This severe blurring directly demonstrates
the detrimental impact of the initial wavefront aberrations on
the imaging fidelity. After applying both aberration correction
and uniformity optimization, the trapping potential and imag-

ing quality were significantly restored. The corresponding av-
eraged fluorescence image in Fig. 5(b) now shows clearly re-
solved atoms at all array sites. However, the spatial distribu-
tion of the atom loading probability remains non-uniform, as
quantified in Fig. 5(d). This indicates that while gross aberra-
tions are corrected, subtle variations in individual trap profiles
or residual imaging path imperfections can still lead to inho-
mogeneous loading. Subsequently, to achieve uniform load-
ing across the array, we implemented the in-situ load-leveling
technique.[33] We analyzed the correlation between the site-
resolved loading probability and the average power, and iter-
atively adjusted the intensity weights in the WGS algorithm
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accordingly. The results after this final optimization are pre-
sented in Figs. 5(c) and 5(e). They demonstrate a significant
enhancement in loading uniformity, with the loading probabil-
ity for all traps exceeding 40%.

4. Conclusion
In summary, we have experimentally demonstrated

and applied a wavefront-sensorless phase-gradient correction
method to compensate for aberrations in a cold-atom optical
tweezer system. The aberration was reduced from an initial
peak-to-valley (PV) value of 2.6(3)λ to 0.19(3)λ , leading to
a significant enhancement in both the quality of the diffraction
spot and the depth of the optical traps.

The practical significance of our method lies in its hard-
ware simplicity, operational efficiency, and programmable
flexibility. By utilizing only the existing SLM and a stan-
dard CCD camera, it offers a truly in-situ and non-invasive
correction capability. Crucially, parameters such as patch size,
grid layout, and reference points are fully software-definable,
enabling adaptive sampling tailored to the specific aberration
structure of a system — a degree of reconfigurability not
afforded by fixed-geometry Shack–Hartmann sensors. Fur-
thermore, the method operates without the time-consuming
phase-stepping scans required by phase-shifting interferome-
try (PSI), enabling faster convergence even with large initial
aberrations. These attributes make it particularly suitable as
an efficient pre-correction step, rapidly establishing a high-
quality wavefront baseline necessary for subsequent, more de-
manding optimization procedures.

Our results also elucidate the nature and impact of the
corrected aberrations, which constitute a composite error from
multiple sources along the optical path. The most direct evi-
dence of correction efficacy is seen in the imaging plane: prior
to correction, the atomic array was severely defocused and
indistinguishable, whereas after correction, individual atom
sites became clearly resolvable. This dramatic improvement in
imaging fidelity confirms that aberrations in the tweezer gener-
ation path (from the SLM to the atom plane) were a dominant
factor limiting system performance. The subsequent need for
load-leveling to achieve uniform atom loading, however, in-
dicates that residual effects — such as site-specific trap vari-
ations or imperfections in the separate imaging path — merit
further attention for achieving optimal array uniformity.

A comprehensive solution may involve integrating our
pre-correction method with finer, in-situ optimization tech-
niques. Promising directions include combining phase-
shifting interferometry with atomic fluorescence feedback[19]

or employing SLM-based shaping to individually optimize
trap profiles.[34] Our aberration pre-correction method effec-
tively meets the stringent initial wavefront requirements of

these advanced techniques, thereby enabling their practical ap-
plication.

The method is general, relying on the fundamental lin-
ear relationship between SLM phase gradient and CCD spot
displacement within a well-corrected field of view. It is there-
fore directly applicable to the development and optimization
of other advanced cold-atom platforms, such as programmable
optical tweezer arrays based on strontium atoms for quan-
tum simulation and metrology.[35] In systems exhibiting strong
spatial nonlinearity, the reconstructed phase map may depend
on the choice of reference point, a factor noted in our recon-
struction process. In such cases, our method can serve as a
valuable diagnostic starting point. By measuring the phase
compensation maps derived from different reference points, it
provides initial data that could inform and facilitate more ad-
vanced system modeling for full characterization.

Therefore, our work not only presents a practical tool
for cold-atom systems but also establishes a general paradigm
for wavefront-sensorless aberration correction in applications
where hardware simplicity and operational speed are criti-
cal. Its computational efficiency and lack of need for prior
wavefront information suggest broader applicability beyond
optical tweezers, for example in laser lithography and mi-
croscopy, where it can serve as a faster and more robust alter-
native to PSI for initial aberration compensation and system
characterization.[22,36]
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