|

Check for
updates

Research Article Vol. 31, No. 21/9 Oct 2023/ Optics Express 35200 |
Optics EXPRESS A N \

Aberration compensation for enhanced
holographic particle characterization

KAITLYNN SNYDER AND DAVID G. GRIER"

Department of Physics and Center for Soft Matter Research, New York University, New York, NY 10003,
USA
“david.grier@nyu.edu

Abstract: Holographic particle characterization treats holographic microscopy of colloidal
particles as an inverse problem whose solution yields the diameter, refractive index and three-
dimensional position of each particle in the field of view, all with exquisite precision. This rich
source of information on the composition and dynamics of colloidal dispersions has created new
opportunities for fundamental research in soft-matter physics, statistical physics and physical
chemistry, and has been adopted for product development, quality assurance and process control
in industrial applications. Aberrations introduced by real-world imaging conditions, however,
can degrade performance by causing systematic and correlated errors in the estimated parameters.
We identify a previously overlooked source of spherical aberration as a significant source of these
errors. Modeling aberration-induced distortions with an operator-based formalism identifies a
spatially varying phase factor that approximately compensates for spherical aberration in recorded
holograms. Measurements on model colloidal dispersions demonstrate that phase-only aberration
compensation greatly improves the accuracy of holographic particle characterization without
significantly affecting measurement speed for high-throughput applications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Holographic particle characterization

Holograms encode a trove of information about objects that scatter light, including their three-
dimensional positions, their sizes and shapes, and even clues to their composition. Given some a
priori knowledge about the nature of the sample, analyzing a hologram can be treated as an inverse
problem that is solved by optimizing parameters in the generative model for the image-formation
process [1,2]. This inverse-problem approach has been used very successfully to track and
characterize micrometer-scale colloidal particles using images captured with holographic video
microscopy [1,2]. The precision and speed with which holographic analysis reveals the properties
and behavior of individual colloidal particles have inspired new avenues for fundamental research
in soft-matter science [3—5] and have created application areas in fields such as biopharmaceuticals
[6,7], semiconductor processing [8] and medical diagnostics [9].

The standard implementation of holographic particle characterization uses an in-line holo-
graphic microscope [10] of the kind depicted schematically in Fig. 1 to record holograms of
colloidal particles. The reference instrument for this study uses a fiber-coupled diode laser
(Coherent Cube) operating at a vacuum wavelength of 4 = 447 nm to illuminate the sample. This
collimated beam of light interferes with light scattered by particles in the sample volume in the
focal plane of an objective lens (Nikon S-Plan Apo, 100x numerical aperture 1.4, oil-immersion).
The magnified interference pattern is relayed by a tube lens (200 mm focal length achromat) to a
video camera (FLIR Flea 3, USB 3.0, monochrome, 8 bits/pixel) that records its intensity at an
effective magnification of 48 nm/pixel.

Features of interest are cropped from the camera’s full field of view [11-14] for subsequent
analysis [1,13-15]. Figure 1 includes a typical hologram of a 1.5 ym-diameter polystyrene sphere
dispersed in water. The inverse-problem analysis involves fitting such an image pixel-by-pixel to
predictions of a generative model for the image-formation process. The incident laser beam may
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Fig. 1. An in-line holographic microscope illuminates a colloidal particle with a collimated
laser beam. Light scattered by particles propagates along with the rest of the illumination
through the microscope’s optical train to a camera that records its intensity. The resulting
hologram ideally is a magnified view of by(r), the interference pattern formed by the
scattered wave and a plane wave. Non-ideal elements of the optical chain, however, introduce
aberrations that produce a distorted hologram, b(r). Analyzing b(r) with the ideal model for
bp(r) introduces systematic errors into estimated parameters.

be modeled as a linearly polarized monochromatic plane wave,
Eo(r) = Eye* &, (1a)

where k = 27n,,/ A is the wavenumber of light in a medium of refractive index n,,. A small
particle at r,, scatters a portion of this illumination to position r in the focal plane,

Es(r) = EO(r]?) fs (k[l’ - rp]) P (lb)

where f;(kr) is the Lorenz-Mie scattering function for that particle [16—18]. A recorded hologram
generally is normalized by a background image to mitigate defects in the illumination [1] so that
a suitable generative model for a hologram recorded in the plane z = 0 is

b(r) = g + e £, (k[r — r,])[*. (1¢)

For the particular case of a homogeneous spherical scatterer, f;(kr) is parameterized by the
particle’s diameter, d),, and by its refractive index, n,, at the imaging wavelength.

Equation (1) has been used to track and characterize colloidal spheres [1], emulsion droplets
[19], and gas bubbles [7], and typically yields 2 nm precision for diameter, 2 nm precision for
in-plane position, 4 nm precision for axial position and 0.001 precision for refractive index [20].
This performance generally is found to be independent of the particle’s height, z,, above the
focal plane [21] over a range that is limited on the low end by the camera’s spatial resolution and
dynamic range, and on the high end by imaging system’s signal-to-noise ratio [22,23]. Efficient
software implementations can process 1280 pixel x 1024 pixel holograms at video rates [13],
enabling large-population studies and high-throughput applications.

2. Aberration compensation

The accuracy and precision of holographic particle characterization depend on how well the
generative model represents the image-formation process. The idealized model in Eq. (1)
implicitly assumes aberration-free imaging. Departures from ideal imaging can introduce
geometric aberrations that distort the scattered field in a way that is not accounted for by Eq. (1b).
Fitting a distorted hologram with the ideal generative model not only slows numerical convergence
but also introduces systematic errors into estimates for the particle’s position and properties.
Minimizing aberrations through good optical design routinely yields part-per-thousand
precision and accuracy for holographic particle tracking and characterization [20], but is not
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always feasible. A holographic microscope may be part of a larger optical train whose components,
represented schematically by a beam splitter cube in Fig. 1, may introduce aberrations that cannot
be readily corrected in hardware. The aberration correction in commercial objective lenses,
furthermore, is only optimized for a medium with a specific refractive index, n,,, and over a
limited range of axial positions, z,. Imaging non-standard samples [19] in large volumes [21]
therefore can lead to spurious results.

Previous studies have accounted for the influence of aberrations through detailed modelling of
light’s passage through the microscope, typically employing path-integral formalism to account
for both ray deviations and phase distortions [22-28]. While effective, these methods are
computationally intensive, and thus are too slow for many applications. We instead adopt an
operator formalism to correct for geometric aberrations that can recover much of the precision
and accuracy afforded by an aberration-free instrument while retaining the speed and robustness
of the ideal model’s implementation.

Because the distortions induced by geometric aberrations preserve a hologram’s integrated
intensity, they can be described as the action of unitary operators [29,30]. Spherical aberration,
in particular, is generated by a non-uniform dilation operator that we model as

D(x) =3x(1 +x%) %, (2a)

where x = p/Q is the distance, p, from the particle’s centroid in the imaging plane relative to the
effective aperture of the imaging system, Q. Referring to Eq. (1), |r - rp|2 =p*+ z[%. For an
in-line holographic microscope, the effective aperture depends on the particle’s height, z,, above
the focal plane and can be modeled as

Qzp) = V22, (2b)
The associated unitary operator is
Ala) = e["e_[“f)(x), (3a)

where @ quantifies the degree of aberration and where the leading phase factor avoids introducing
an overall phase offset. This operator does not distort the collimated reference beam, but
introduces both spatial deviations and phase variations to the wavefronts of the scattered wave:

E((r, @) = A(a) E((r). (3b)

In principle, the aberration operator, A(a), could be introduced directly into the generative
model in Eq. (1) to account for spherical aberrations in the field scattered by the particle. The
exponentiated differential operator, however, significantly increases the time required to evaluate
trial holograms. Rather than incurring this computational cost, we instead approximate the
effect of spherical aberrations on a general scattered field by applying A(a) to the spherical wave

scattered by a point particle,
—ikr
f,(kr) ~ S— 3. @)
kr

The principal effect is to multiply the input wave by a spatially-varying phase factor,

-
E,(r,a) ~ exp |-ia R} | —— || E4(r), (52)
) 4 VzZp !
where
RY(x) = 1 — 6x7 + 6%, (5b)

is the Zernike polynomial that commonly is associated with the wavefront error or phase distortion
due to spherical aberration [31]. The form of the dilation operator in Eq. (2) was chosen with
this outcome in mind.
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Equation (5) omits distortions of the amplitude profile of the scattered wave due to spatial
deviations of the scattered rays. The entire result, furthermore, strictly pertains only to Rayleigh
scatterers, which are much smaller than the wavelength of light. Nevertheless, the functional
form of Eq. (5) is appealing because the multiplicative phase correction can be incorporated
into the generative model at virtually no computational cost and thus is suitable for real-time
applications. The aberration coefficient, @, can be treated as an instrumental calibration constant
for routine measurements. Allowing a to vary during fitting can account at least approximately
for effects of aberrations that are neglected by a phase-only correction, potentially improving
estimation overall.

3. Holographic particle characterization with aberration compensation

The data in Fig. 2 illustrate the dramatic improvement in holographic particle characterization
that can be obtained through phase-only aberration compensation with Eq. (5). These data were
acquired for two 1.5 um-diameter silica spheres (Bangs Labs, catalog SS04001) dispersed in
water and trapped at z, = 20 um above the focal plane in a pair of holographic optical tweezers
[32]. The dispersion is contained in a 50 um-thick sample chamber formed by sealing a #1.5
glass coverslip to the surface of a glass microscope slide. The sample is mounted on the stage of
the reference holographic microscope [21].
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Fig. 2. Experimental demonstration of aberration correction for holographic particle char-
acterization. (a) Schematic representation of two colloidal spheres localized in holographic
optical traps. (b) Typical hologram of two 1.5 um-diameter silica spheres optically trapped
in water. (c) Estimates for the diameter, dp, and refractive index, np, obtained by fitting
314 holograms such as the example in (a) to Eq. (5) with different values for the spherical
aberration coefficient, . Each data point reflects the properties of one particle in one
hologram and is colored by the value of @ used for the fit. Inset: Characterization results for
the optimal value, @ = 1. (d) Reduced )(2 statistic for fits to Eq. (5) as a function of «. Inset:
Radial profile of typical fit showing that aberration compensation substantially improves
agreement with measured data at small r.

Optical traps at a vacuum wavelength of 1070 nm (IPG Photonics, YLR-10-LP) are directed
into the microscope’s objective lens with a dichroic beamsplitter (Thorlabs, DMSP820B) placed
between the objective lens and the tube lens. Both the beamsplitter and an infrared filter mounted
after the tube lens prevent stray trapping light from reaching the camera. This arrangement
allows for independent three-dimensional micromanipulation of multiple colloidal particles with
simultaneous tracking and characterization at video rates [21].

The cost of integrating optical tweezers with the holographic microscope is that imaging light
must pass through the beamsplitter and the filter, both of which deviate and delay non-paraxial rays.
The resulting spherical aberration can be mitigated, in principle, through hardware modifications,
for example by deliberately introducing compensating aberrations with the correction collar
on the objective lens. In practice, however, such manual optimization is labor-intensive and
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error-prone. Accounting for aberrations through the analytical pipeline is both easier and more
general, and can be exceptionally effective.

The raw data set for Fig. 2 consists of 314 video frames of the two optically immobilized
particles. These holograms are analyzed by optimizing r,, d,, and n, in a generative model with
phase-only aberration correction using fixed values for the spherical aberration coefficient that
range from @ = 0 to @ = 1.6. Each data point in Fig. 2(c) represents the diameter, d,, and
refractive index, n,, of one of the particles obtained from one of the frames, using the value for «
that is indicated by the symbol’s color.

Without aberration compensation, the two particles’ characterization results form a single
cluster in the dj,-n, plane with a mean diameter, d, = 1.99 + 0.5 um, that is 30 % larger than
expected. The associated estimate for the particles’ refractive index, n, = 1.380 + 0.001, is
significantly smaller than the value of 1.42 expected for colloidal silica [33-35]. Although the
uncertainties in the estimated values are small, the large y? statistic for the fits, y? = 6.1, suggests
that their accuracy may not be as good as their precision.

As Fig. 2(d) shows, fit quality improves smoothly to x> = 3.5 as the spherical aberration
coefficient is increased from «@ = 0 to the optimal value for this instrument, @ = 1.0. The typical
profile plotted in the inset to Fig. 2(d) illustrates that much of the improvement appears at small r.
Without aberration compensation, fits tend to prioritize agreement at large r, where more pixels
contribute to y? and where the influence of spherical aberration is most pronounced.

Compensating for aberrations coalesces the two particles’ characterization results into a
pair of well-resolved clusters, one for each particle, as can be seen in the inset to Fig. 2(c).
When analyzed in this way, both particles have mean refractive indexes that are consistent with
n, = 1.424 + 0.001, which also is consistent with expectations for Stober-synthesized silica. The
two particles have estimated diameters of d, = 1.423 + .003 um and (1.458+0.003) ym, both
of which are resolved to within 3 nm and both of which are consistent with the manufacturer’s
specification for the population-average diameter. The uncertainties in these values are computed
as standard deviations for the two clusters of measurements. Additionally, each fit has a
numerical uncertainty obtained from the dependence of the y? statistic on the parameters given
the holograms’ estimated signal-to-noise ratio. The mean fit uncertainties for these data sets
are 0y = 1.5 nm for the diameter and o, = 540 ppm for the refractive index, both of which are
consistent with the standard deviations of the measurements. Uncertainties in the individual
fits therefore are consistent with the statistical uncertainties in the particles’ properties, which
suggests that the fit uncertainties accurately reflect the measurements’ precision and accuracy.

The experimental results in Fig. 3 build on this theme by demonstrating that phase-only aber-
ration compensation with Eq. (5a) improves the accuracy of holographic particle characterization
for particles with substantially different characteristics. The sample in this case consists of four
different types of particles: two sizes of polystyrene spheres, (1) d, = 1.0 um (ThermoScientific,
catalog 5100B) and (2) d, = 3.2 pm (Interfacial Dynamics, product 1-3000), and two sizes of
silica spheres, (3) d, = 1 um (Polysciences, catalog 24326) and (4) d, = 3 um (Bangs Labs,
catalog SSOSN). Polystyrene has a refractive index around n, = 1.6, which is substantially higher
than that of silica.

One particle of each type is optically trapped at a fixed location in the field of view, as shown
by the example hologram in Fig. 3(a). For all four particle types, the positive spherical aberration
introduced by the optical trapping system causes the standard analysis based on Eq. (1) to
overestimate the diameter and underestimate the refractive index. These characterization results
are plotted as violet symbols in Fig. 3(b). Accounting for spherical aberration with Eq. (5)
substantially revises the estimates, with @ = 1.0 yielding the results plotted as orange symbols.

Results for the four particles are compared with population-average values obtained for each
of the four populations of particles using a commercial holographic particle characterization
instrument (Spheryx, xSight) that are plotted as red circles in Fig. 3(b). Each of these ground-truth
measurements was obtained with roughly 1000 particles. Error bars represent the populations’
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Fig. 3. (a) Typical hologram of four colloidal spheres localized in holographic optical traps:
(1) 1 um-diameter polystyrene, (2) 3 um-diameter polystyrene, (3) 1 um-diameter silica, (4)
3 um-diameter silica. (b) Correcting for spherical aberration improves characterization
results. Purple plot symbols show fit values for the diameter, d),, and refractive index, 7y,
for each of the four particles obtained without aberration compensation. Each cluster of
points consists of 500 measurements. Orange symbols show results obtained from the same
holograms using phase-only aberration compensation described by Eq. (5). The aberration
parameter is treated as a fixed calibration constant, @ = 1. For all four types of particles,
aberration correction corrects estimates into reasonable agreement with population-averaged
values, which serve as the ground truth (red symbols). Arrows indicate how aberration
compensation corrects each particle’s characterization results.

Table 1. Summary of results for (a) the diameter, dp, and (b) refractive
index, np, for the four particles presented in Fig. 3. Results are obtained
both without aberration compensation and also with phase-only aberration
compensation. These values are compared with population averages
obtained by analyzing the same types of particles with an aberration-free
commercial instrument (xSight), which serve as the ground truth. The
improvement in accuracy due to aberration compensation is presented
relative to the error of the aberrated values.

(a) Diameter [um]

particle aberrated compensated xSight A accuracy [%]
(N 1.372(23) 1.148(22) 1.073(23) 75
) 3.739(84) 3.265(2) 3.013(83) 68
3) 1.072(42) 0.866(19) 0.888(63) 88
4) 5.292(247) 3.202(35) 3.154(83) 98

(b) Refractive Index

particle aberrated compensated xSight A accuracy [%]
(1 1.444(2) 1.570(6) 1.605(10) 78
) 1.542(4) 1.605(1) 1.606(11) 98
3) 1.395(4) 1.452(5) 1.429(16) 32
4) 1.373(2) 1.419(1) 1.426(6) 87

standard deviations. Table 1 summarizes single-particle characterization results with and without
phase-only aberration compensation and compares these with the ground-truth values for the
populations.
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Improvements in accuracy due to aberration compensation are computed as the reduction in
the absolute difference of the single-particle result from the population average relative to the
uncompensated difference. Individual particles drawn from a population may differ from the
mean, in much the same way that the two particles in Fig. 2 differ from each other. Discrepancies
between xSight results for the populations and results for the specific particles in Fig. 3 might
reflect this underlying variability. More likely, they reflect limitations in the ability of the
phase-only model embodied in Eq. (5) to fully compensate for aberrations, particularly when the
aberration coefficient, «, is treated as a fixed instrumental parameter.

Small improvements in the agreement with ground-truth values can be achieved by allowing a
to vary in each fit. The effective aperture, €, similarly can be treated as an adjustable parameter.
Beyond being poorly motivated, however, these expedients also increase the likelihood that a fit
will fail to converge.

4. Discussion

The experimental results in Sec. 3 illustrate how effectively the simplified phase-factor model
introduced in Eq. (5) can compensate for spherical aberration in holographic particle charac-
terization, yielding substantial gains in accuracy with minimal computational cost. Improved
agreement between the model and the data furthermore means that fewer iterations are required
to achieve convergence. Fitting the data in Fig. 3 requires 10 % less time with Eq. (5) than with
the ideal model in Eq. (1). Fitting aberration-free holograms would be faster still, were such
holograms available. When spherical aberration is unavoidable, or when its presence cannot be
discounted a priori, phase-only compensation with Eq. (5) provides an efficient and effective
alternative to a more rigorous analysis [25], including the operator-based approach in Eq. (3), and
therefore is suitable for real-time and high-throughput applications. The measured value of the
spherical-aberration coefficient, @, furthermore can be used to diagnose and correct instrumental
problems.

Phase-only aberration compensation also may be helpful for tracking and characterizing
aspherical and inhomogeneous particles using the effective-sphere approximation [35]. How
well aberration compensation works for such non-ideal particles may be difficult to assess unless
model systems can be identified whose ground-truth properties can be independently established.

While the present study has focused on spherical aberration, unitary operators also should
be useful for describing other geometric aberrations. Operator-based aberration compensation
appears not to have been widely discussed, despite the benefits of speed and efficacy illustrated
by the present study. The specific form for the spherical-aberration operator Eq. (2) and Eq. (3)
was developed phenomenologically; a more rigorous formulation might perform even better.
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