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ABSTRACT

Point-spread function engineering (PSF), achieved by placing a phase mask at the pupil plane of the imaging lens to
encode the wavefront emerging from an imaging system, can be employed to reduce the impact of spherical aberration
(SA) in 3D microscopy. In a previous study, the effect of SA on a confocal scanning microscope using a squared cubic
phase mask (SQUBIC) was investigated using computer simulations. Here the effect of the SQUBIC design parameter
on the insensitivity of the engineered PSF to SA is investigated using a metric based on the second-order moment of the
axial variability of the PSF. We show that it is possible to find the optimum SQUBIC for the insensitization to SA.
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1. INTRODUCTION

In any real widefield high NA optical microscope used for observing biological samples, the PSF varies as a function of
depth from the coverslip. The dominant factor causing this variation is the depth-dependent spherical aberration (SA)
resulting from the mismatch between the refractive indices of mounting and immersion mediums [1, 2]. The SA impact
becomes greater when focusing deeper into the specimen, degrading the image and imposing a practical limit on the
sample thickness. Widefield microscopy is a standard tool for studying biological specimens, thus this limitation has
driven the development of different methodologies to overcome the SA distortion. Methods based on the modification of
the tube length at which the microscope objective (MO) operates [3-5], the use of a collection collar [6], the wavefront
coding (WFC) technique [7-16] and adaptive optics [17-20] are among the most used. Although the most accurate
compensation is achieved by using adaptive optics, WFC is the most used due to its relative simplicity and potentially
inexpensive experimental implementation. WFC is a hybrid procedure in which, first, the PSF of the optical system is
modified by a phase mask which produces a new PSF that is insensitive to SA. This invariable PSF allows, in the second
stage, the application of deconvolution algorithms to obtain a 3D image free of SA distortion.

In order to enable PSF engineering that addresses the impact of SA, we describe a procedure for design selection that is
directly associated with the axial-PSF variability as a function of SA. The merit function used is based on the calculation
of the width of the axial intensity distribution, which depends on the SA induced in the focusing process [21]. This merit
function is used to guide the selection of the scaling parameter in a squared cubic phase mask (SQUBIC).

In this paper, we first present the mathematical expression of the PSF obtained in a high NA system. Numerical
simulations are shown to demonstrate the depth-variability induced during the focusing process. Section 3 presents the
strategy to determine the optimal design for compensation of the effect of the SA. In this section, we also select a
suitable phase mask design of SQUBIC, previously studied in confocal microscopy [16], and evaluate PSF variability for
different design parameters. Simulated SQUBIC-PSFs are presented in Section 4 to demonstrate the effectiveness of our
design. The main achievements of this study are summarized in Section 5.
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2. SPHERICAL ABERRATION INDUCED IN FLUORESCENCE MICROSCOPY

In order to describe the effect of SA, we first consider the 3D amplitude PSF in a fluorescence microscope. High-
resolution microscopy is achieved with the use of high numerical aperture (NA) objective lenses. In this case, the PSF
cannot be calculated by means of paraxial diffraction formulas and therefore, must be calculated through the non-
paraxial Debye’s formulation [22].

According to this, and assuming that the sine condition [23, 24] and axial symmetry hold, the amplitude PSF is given by
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being & the maximum value for the aperture angle @, 1 the refractive index of the immersion medium, and A the
emission wavelength. The computation of Equation (1) requires knowledge of the complex transmittance at the aperture
stop of the optical imaging system, p(€). The phase factor W(6) in Equation (1) represents the potential phase
distortions produced in the focusing process.

As shown in [16], the expression of W (6) as a function of both the refractive defocus parameter, W,y, and the primary

SA parameter, W,, is given by
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It is worth noting that both the refractive defocus and the primary SA coefficients depend on the axial scanning depth,
z, , which is the scanning distance where the source is located without aberration, and their expressions can be expressed

as
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where n' is the refractive index of the medium in which the specimen is embedded. As stated above, a minimum
mismatch between refractive indices of the sample medium and the immersion liquid induces a significant amount of
SA.

After inserting Equation (3) into Equation (1) and defining a reduced axial coordinate as z;v =2z, —W,,, we obtain the
following expression for the 3D amplitude PSF
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Equation (6) allows for computation of a numerical 3D PSF in which the induced SA can be easily taken into account.
The numerical computation of these equations is available via the PSF computation module of the Computational
Optical Sectioning Microscopy Open Source (COSMOS) software package [25]. The PSF computation mode uses the
Gibson and Lanni PSF model [1]. In Figure 1 we show the results of this computation for a conventional (circular clear

pupil, CCA) fluorescence microscope equipped with a dry objective lens (20x/0.8 NA) and a light point source (A =515
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nm), which is embedded in water (7 =1.33), and located at varying depths, z,, below the coverslip. PSFs are computed

on a 128x128x1024 grid with cubic voxels of 0.1um. From Figure 1 it is trivial to realize that the axial response of a
conventional imaging system depends on SA. This demonstrates the need to investigate and select pupil mask
parameters that could reduce the SA impact on WFC-PSFs.

(a) zg=0 um (b) zg=30 um (¢) zg=60 pm

lpym

Figure 1. Depth variant axial response of the conventional PSF. XZ views of the conventional PSF for focusing depth z:
(a) zs= 0 pm; (b) z;= 30 pm and (c) z;= 60 pm.

3. DESIGN OF PHASE FILTERS FOR REDUCING SA IMPACT

Our aim in this study is the design of a phase mask for reducing the SA impact in the focusing process of the imaging
system. Although this effect should be studied throughout a 3D function, our metric quantifies the sensitivity to SA by
measuring the change of the axial intensity distribution of the imaging system. The goal for the selection of a phase mask
is to identify one that produces the most invariant axial response for varying amounts of SA.

To fix our attention in the axial behavior, we must particularize Equation (6) for points located at the optical axis (7y =0
) and therefore we introduce the following non-linear mapping variable [8-10, 16]
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where w,, =z, —w,, is the reduced defocus coefficient. Equation (8) establishes a Fourier-transform relationship
between the axial amplitude response of the system and the mapped pupil function ¢(¢) when no SA is induced. Note
that for a CCA its corresponding mapped pupil function is g..,(¢)=rect(). It is clear that the presence of SA,

accounted for by the Wy, coefficient, can be understood as a modification of the effective pupil of the system
A(C3wi0) = G(C)exp(i27w, S

The formula in Equation (8) is similar to the one obtained in the analysis of 1D paraxial focusing system when
considering a cylindrical lens illuminated by a monochromatic plane wave. In this case, as stated in [16], the 1D defocus
coefficient plays a role similar to the one played by the coefficient W,, in Equation (8). It is clear that the solutions
obtained for increasing the depth of field in the 1D case [26] can also be applied to decrease the sensitivity of the axial
response to depth-induced SA in a high-NA imaging system.

Adapting these ideas for solving the problem of SA impact reduction, we use a pupil phase mask, that we called
SQUBIC mask, which was previously reported in [16], whose mapped transmittance is given by
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As stated above, the value of A4 is set taking into account the slowest evolution of the variance of the axial intensity
distribution. Following [21], the width of a function can be assessed by means of its variance, given by
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Note that in Equation (10) the expression of < wﬁo > is obtained in terms of the Fourier transform of h(w'm; w40) and its
corresponding derivatives.

For the case of a SQUBIC mask, we calculate now the moments in Equation (10) up to second order. It is worth noting
that in this case the second-order moment of the axial irradiance response diverges because the system contains hard-
edge diffraction elements. This problem is overcome using a generalized second-order moment as shown in [21]. The
final expression of the variance of the axial distribution is

o’ (w40):;+—+ @ (12)

From Equation (11) one can denote that the evolution of the width for SQUBIC design follows a parabola whose
minimum is located at w,, = 0. It is worth to note that the slower the variation of this width, the more tolerant the system

is to SA. As a merit function to estimate this variation we use the normalized variance
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The variation of this parameter, I', as a function of the SA parameter is shown in Figure 2. Note that the higher the
value of 4 in the SQUBIC design, the slower the variation of this function with SA. Note also the greatly improved
performance of the SQUBIC system in comparison with the conventional system in terms of its sensitivity to SA.

Although Equation (13) dictates that the higher the value of 4 the slower the variability of the system with the SA, it
exists an upper limit of this value due to practical implementation restrictions. As Figure 3 illustrates, the values of the
phase map change rapidly towards the extreme of the SQUBIC design. Furthermore, this variation becomes higher with
the rise of the value of 4. Any real implementation of this masks (lithography or spatial light modulators, for example)
presents an experimental constraint in the proper display of the phase design. Thus, the SQUBIC optimum design
parameter will be identified as the maximum value of 4 which provides a correct sampling of the phase of the mask by
using the actual implementation technique.
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Figure 2. Evolution of the merit function, I'", for the conventional system and for SQUBIC designs with varying 4

parameter. The phase wrapped maps, from 0 to 2, for each phase mask design are also shown.
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Figure 3. Wrapped phase values along the normalized radius for different SQUBIC designs: (a) A=20, (b) 4=50 and (¢)
A=88.

4. SIMULATED SQUBIC-PSF IMAGES

Simulated SQUBIC and CCA PSFs are computed to validate our metric of sensitivity to SA. Toward this end, the
COSMOS software [25] was used to compute these results. Here, SQUBIC-PSFs are simulated for three design
parameters: 4 = 20, 50 and 88. Figure 4 shows XZ views of these SQUBIC PSFs obtained with different amount of SA.
Clearly, the XZ irradiance distributions seem more insensitive to the focusing depth in comparison to Figure 1.

However, from Figure 4 it is difficult to investigate the effect of the parameter 4 on the variability of the SQUBIC PSF
as a function SA. The influence of the design parameter can be clearly shown if one plots the axial intensity distribution
of Figure 4. Next, in Figure 5 we show the profile of the axial intensity distribution in the focal spot for each focusing
depth. This demonstrates the great performance advantage in axial sensitivity to SA achieved with SQUBIC
implementation. These profiles show that the selected SQUBIC design (4 = 88) achieves the most invariant system in
the presence of SA, as predicted by the variance metric.
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Figure 4. Depth invariant axial response of the SQUBIC PSF; XZ view of SQUBIC-PSFs for a 20x/0.8NA air-
immersion lens using different design parameter and with different amount of SA.
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Figure 5. Axial intensity distribution profiles of PSFs in Figure 1 and 3; for increasing (left to right) amounts of the
scanning depth, z;: (a) CCA; (b) SQUBIC with 4=20; (c) SQUBIC with 4=50; and (d) SQUBIC with 4=88.
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5. CONCLUSIONS

The use of the WFC technique to improve the insensitivity of fluorescence microscopy to SA has been shown
previously. However, in this paper we introduce the variance as a metric to find the optimal design parameter that
maximizes the SA tolerance. This analysis provides a powerful, simple mathematical tool to tackle the design strategies
for compensation of the effect of the SA on the system response. The method is based on the calculation of the
normalized variance of the axial response of the imaging system. The goal is to achieve a design with constant behavior
of the variance values for varying amount of SA. Using this technique, the performance of the family of SQUBIC masks
has been analyzed and investigated for varying design parameters. Numerical simulations show that the higher the value
of the SQUBIC design parameter the more invariant the WFC system PSF is to SA.
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