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TRUSIAK1

1Warsaw University of Technology, Institute of Micromechanics and Photonics, 8 Św. A. Boboli st., 02-525
Warsaw, Poland
2These authors contributed equally to this work
3piotr.zdankowski@pw.edu.pl
4julianna.winnik@pw.edu.pl

Abstract: In this work we propose an open-top like common-path intrinsically achromatic
optical diffraction tomography system. It operates as a total-shear interferometer and employs
Ronchi-type amplitude diffraction grating, positioned in between the camera and the tube lens
without an additional 4f system, generating three-beam interferograms with achromatic second
harmonic. Such configuration makes the proposed system low cost, compact and immune to
vibrations. We present the results of the measurements of 3D-printed cell phantom using laser
diode (coherent) and superluminescent diode (partially coherent) light sources. Broadband light
sources can be naturally employed without the need for any cumbersome compensation because of
the intrinsic achromaticity of the interferometric recording (holograms generated by –1st and +1st

conjugated diffraction orders are not affected by the illumination wavelength). The results show
that the decreased coherence offers much reduced coherent noise and higher fidelity tomographic
reconstruction especially when applied nonnegativity constraint regularization procedure.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quantitative phase microscopy (QPM) [1–4] is gaining a lot of interest, as it provides measurable
information about phase distribution of the tested semi-transparent object, without the need of
staining the sample. It showed its powerful imaging capabilities in plethora of applications, e.g.,
biomedicine [5], neuroscience [6], blood and flow cytometry [7,8] or cell pathophysiology [9].
The label-free imaging is achieved thanks to the intrinsic contrast of transparent (phase) samples
– each component of the sample introduces different optical delay to the light. However, QPM
imaging only delivers an averaged phase delay (along the Z axis), losing the information about
internal structure of the imaged object. Additionally, phase delay (optical thickness) can change
due to the local variation of both refractive index and physical thickness of the sample. Therefore,
using the integrated QPM technique, we are not able to differentiate between these two pivotal
sample features.

A technique that solves this ambiguity and adds the dimension of optical sectioning to the
QPM is optical diffraction tomography (ODT) [10–16]. It enables recovery of the 3D distribution
of the samples refractive index (RI). It can be applied to various technical and biological
transparent objects. The standard, most popular ODT techniques rely on first order Born or Rytov
approximations [17,18], which limits their application to weakly-scattering samples. However,
this constraint was recently overcome with new reconstruction algorithm architectures that
consider multiple scattering [19–24].
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Usually, ODT is realized in classical interferometric systems (commonly, but not exclusively,
based on Mach-Zehnder interferometer) with sample illumination scanning [2,12,25–27], sample
rotation [28–31] or combination of both for increased axial resolution [32–35]. Recent works also
showed possibility of ODT with reduced coherence, though they require dispersion compensation
in form of digital micromirror device (DMD) [36] or spatial light modulator [37]. Other
approaches for obtaining 3D RI distribution take advantage of axial scanning [38–41], structured
illumination [42–44] or using the Wolf equations for propagating correlations of partially
coherent light [45,46]. Another set of methods allowing for 3D phase imaging relies on phase
retrieval techniques. They use programmable LED array illumination and advanced numerical
reconstruction engines, e.g., 3D quantitative differential phase contrast [47], Fourier ptychography
[19,20,48–51] and transport of intensity equation [52–55].

QPM and ODT can also be realized using common-path interferometric configurations. They
possess a number of advantages over the classical Mach-Zehnder type setups, such as high
immunity to vibrations, aberrations and other environmental disturbances. They often have a
concise build, offer possibility of operation with reduced coherence illumination, yet the phase
demodulation is still achievable with the classical interferometric approach (no iterative phase
retrieval algorithms are required). In common-path configurations two-types of interferometric
systems can be distinguished – shearing and total-shear systems. The former measure the
derivative of the phase and require processing in two perpendicular shearing directions [56–59].
Although they offer very easy implementation and compactness, shearing systems are limited to
slowly varying phase distribution, require precisely manufactured phase diffraction gratings (such
as Modified Hartmann Mask, MHM) and the resolution is decreased due to the used MHM. The
total shear common-path systems are based on the classical object-reference-beam interference.
The most commonly used configurations deploy point diffraction interferometry (diffraction
phase microscopy, DPM) [60–63], but due to the addition of the 4f system they become bulky and
need special, customized double pinhole with variable sizes, which makes such systems hardly
accessible and cumbersome in alignment. An easy modification of the classical microscope
system into QPM was showed in the form of spatially-multiplexed interferometric microscope
(SMIM), which utilizes diffraction grating and specially prepared sample regions [64–68].
Common-path ODT has been shown for both coherent and incoherent sample illumination
mostly utilizing the point diffraction interferometry approach, meaning those systems require the
additional 4f processor [69–71], and in order to use low-coherence light source they require a
compensation plate to be introduced in the 1st diffraction order [72].

In this contribution we propose a simple, compact, common-path grating-based ODT system
with partially coherent illumination, based on our previous interferometric microscope system
[73]. It can be used for measurements of small objects such as sparsely distributed single cells.
We employ a simple Ronchi-type amplitude diffraction grating and rotating illumination arm as
only additional elements in the optical path of the conventional microscope system.

In the proposed architecture, the interference pattern (hologram) in the camera plane is obtained
by placement of the diffraction grating at an appropriate distance from the microscope image plane.
As a result, the system operates as a common-path object-reference type interferometer. Notably,
the three-beam interferogram is of interest, as it contains an achromatic second harmonic generated
by the +1st and −1st grating diffraction orders (as their optical path difference is equal to zero)
[73]. This feature enables the use of an illumination source with reduced coherence to diminish
coherent noise, remove unwanted parasitic interference patterns, increase the compactness of the
setup (no need for additional 4f processor) and augment available bandwidth by eliminating the
first harmonic peaks. The lack of the 4f system also significantly simplifies the common path
tomographic projection registration, as there is no need for compensation of the beam angle
(which shifts in the Fourier plane of the 4f system where the pinhole is placed) or utilization
of the specially designed dual-size pinhole (which optical alignment might be cumbersome).



Research Article Vol. 12, No. 7 / 1 July 2021 / Biomedical Optics Express 4221

Additionally, the single-shot off-axis operation promotes the setup in terms of fast 2D phase
projections calculation. Actually, proposed method works in “double off-axis” regime, as the
angle between interfering beams (−1st and +1st orders) is doubled with respect to the regular
off-axis DPM setups (where 0th and ±1st orders are generating the holograms).

The proposed setup was successfully applied for tomographic evaluation of a phantom [74] of
a biological cell that was designed specifically to test 3D imaging capability of ODT systems.
To verify the key advantage of our system, that is its intrinsic achromaticity, we captured two
tomographic data series, one using fully coherent and second partially coherent illumination.
The 3D tomograms were obtained using automatic interferogram processing with background
correction, followed by tomographic reconstruction under first order Rytov approximation and
nonnegativity regularization. Analysis of the obtained results fully corroborated the analytical
and theoretical description of the proposed novel system.

2. Methods and results

2.1. Experimental system

Experimental setup is based on the grating deployed total-shear three-beam interference micro-
scope presented in [73]. The principle of the optical field coding in the system is discussed in
the next Section (2.2). To realize tomographic imaging a set of various sample projections is
required. In our system this is achieved with the azimuthal rotation arm that is mounted above the
sample space, similarly to [72,75,76]. Here we would like to highlight great advantages of this
solution over the conventional dual objective method. Firstly, such open-top like configuration
provides significantly more space for the sample handling, allowing to work with multi-well
plates, Petri dishes and live cell chambers, which is often impossible with the dual objective
scanning configuration. Moreover, it also enables reducing the cost of the illumination module.

The system schematic is shown in Fig. 1. A beam from light source LS (superluminescent diode,
SLD, Exalos EXS210033-03, λ= 650 nm, ∆λ= 6 nm, or laser diode, LD, Thorlabs LPS-635-FC,
λ= 635 nm, ∆λ= 1 nm) is collimated and directed with mirror M1 onto mirror M2 placed on
the rotation stage RS. Then the beam is reflected to the sample using mirror M3. The incidence
angle β between the illumination direction and the optical axis is 64° in the air.

Fig. 1. Total shear tomographic system. (a-b) schematic of the optical setup: LS – light
source, SMF – single mode fiber, CL – collimating lens, M – mirror, RS – rotation stage,
OP – object plane, OL – objective lens, TL – tube lens, G – diffraction grating, C – CMOS
sensor, IP – image plane (c) illustration of the image capture configuration. −1st, 0th and
+1st diffraction orders are represented with blue, black and red colors, respectively. The
CMOS area contains the object image carried by −1st diffraction order (indicated with the
blue stroke) and flat area of the 0th and +1st orders.

The light beam, after passing through the sample, is collected by objective lens OL (100× 1.45
Nikon Plan Apo). Then, the object wave is reflected with the mirror M4 and imaged with tube
lens TL onto the CMOS camera (C, Flir Backfly S BFS-U3-120S4M-CS, 3000 × 4000 pixels,
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pixel pitch 1.85 µm). Ronchi type amplitude diffraction grating G (grating period d= 10 µm),
placed between TL and detector, generates odd diffraction orders, out of which the lowest three
(0th, +1st and −1st) are producing an interference pattern that is registered by the camera. Higher
diffraction orders are out of field of view of the camera sensor, hence do not participate in the
interference pattern.

2.2. Total-shear interferometer working principle

The optical field coding in the proposed system is realized with a diffraction grating placed in
front of the camera. The Fresnel-regime complex amplitude after the grating can be expressed
using the following equation:
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where a0 and a−1= a+1 are the amplitudes of the orders 0th, −1st and +1st, respectively, d is the
grating period, λ is the wavelength, k= 2π/λ, g(x,y) is the optical path introduced by the specimen
and λ2z/2d2 is the optical path difference (OPD) between the zeroth and the side diffraction
orders, ∆ represents a lateral displacement of the specimen image from the optical axis [68,73,77].
The three diffraction orders interfere in the camera plane, forming the three-beam interferogram
with the following intensity distribution:
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From Eq. (2) one can distinguish terms describing the constant background a0
2 + 2a1

2, the
first harmonic (middle term, expressed by the product of two cosines - off-axis recording) and the
second harmonic (last term - double off-axis recording). The carrier fringes of the first harmonic
are being deformed proportionally to the object phase (k/2)g(x+∆,y), and at the same time, they
are amplitude modulated by the first cosine. The amplitude of the first harmonic is dependent of
the distance z between the diffraction grating and the camera sensor. It gets its maximum at the
self-image planes, for z equal to the integer multiples of d2/λ [68,73,77–79]. Note that maxima
and minima of the first harmonic are wavelength dependent, resulting in the reduced contrast for
low-coherence light sources. The amplitude demodulation of the first harmonic is cumbersome
and non-trivial due to the cosine amplitude modulation. However, phase demodulation becomes
straightforward when processing the second harmonic, as was shown in our previous works
[73,79,80]. It offers doubled interference angle compared to the first harmonic demodulation, is
achromatic (wavelength independent) and allows flexibility of placing diffraction grating in the
setup (it is self-imaging free, i.e., amplitude of the second harmonic does not rely on the distance
z, which only changes the separation between diffraction orders [63,81]).

The graphical interpretation of the image captured by the camera is shown in Fig. 1(c). The
specimen is aligned in such a way that its image is located at the edge of the object beam.
This way, by placing the camera at the center of the zeroth order, the detector captures the
three-beam interference pattern between −1st order with object replica, and 0th and +1st orders
which are object free. The phase information is encoded in the second harmonic of this hologram
intensity distribution formed by the interference of −1st and +1st orders, without the spurious
effects of the 0th order. It does not need to be filtered-out with the additional 4f system, neither
the phase-amplitude grating based elimination is required (like in quadriwave lateral shearing
interferometry [56]). This feature promotes compactness and cost-effectiveness of our approach.
Additionally, first harmonic fringes are to be physically filtered out upon lowering the temporal
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coherence of the illumination, leaving the achromatic second harmonic fringes ready for phase
demodulation. Thus, extra bandwidth in Fourier space is generated as spatial frequencies related
to the first harmonic no longer contribute to the hologram spectrum.

The proposed common-path total shear tomographic system has multiple advantages when
compared to the typical two-beam interferometer configurations, i.e., high stability, insensitivity
to vibrations and environmental conditions, it is extremely easy to align (it only requires angular,
partially coherent illumination and addition of the diffraction grating in between the tube lens
and camera). When compared to the point-diffraction based tomographic systems, which require
the additional 4f imaging system (significantly extending the physical size of the optical setup),
our system does not need secondary scanning mirrors for pinhole alignment as in [69–71].
The downside of the proposed configuration is the limitation to sparsely distributed samples
(object should be surrounded, in the direction perpendicular to the grating lines, by object-free
areas of comparable size to the object itself) [73]. However, tomographic measurements very
often focus on single isolated cells, hence our system does not differ significantly from the
classical ODT systems giving the advantages of simplicity, achromaticity (that enables the usage
of low-coherence light sources, decreasing coherent noise) and open-top like configuration
(possibility to measure living specimen in multi-well plates and Petri dishes).

2.3. Data acquisition and processing

In order to carry out the tomographic reconstruction, a set of 360 holograms is collected for
360 various illumination directions. Here, we applied a cone illumination scenario (Fig. 1(a))
with the incidence angle of β= 64° with respect to the optical axis and the azimuthal angle
step of 1°. It is important to note that the angle β corresponds to direction of the illumination
beam in the air, thus the actual incidence angle of the sample is decreased according to Snell
law βn0= sin−1(sinβ/n0)= 36.3°, where n0 is the refractive index of the medium surrounding the
sample.

For validation of the system we used a 3D printed biological cell phantom with the known size
and refractive index distribution. Such phantom faithfully reproduces the real biological cell and
thus properly confirms the bio-imaging capabilities of the tomographic system. Details about the
fabrication and verification process can be found in [74]. The 3D view of this test object is shown
in Fig. 2. The phantom is placed between two #1.5H coverslips and separated with the 0.12 mm
imaging spacer. The space between the coverslips is filled with the immersion oil (Zeiss Immersol
518F) with refractive index n0= 1.518 (n0= 1.511 at λ= 650 nm and 25°C), which ensures similar
measurement conditions as in the case of biological cells in the culture medium, as well as fulfills
the weakly-scattering requirement of the ODT reconstruction algorithms. The same immersion
oil was used for the imaging objective. The phantom has been slightly modified since the previous
work and has the total height of 13.90 µm and the designed RI of its compartments (at λ= 650 nm
and 25°C) is as follows: cell body and nucleoli 1.5383± 0.0006; nucleus 1.5260± 0.0006; USAF
resolution test 1.5148± 0.0006. See Visualization 1 and Visualization 2 for the raw phantom
structure.

In order to test the achromatic character of the system two tomographic data series of the
cell phantom were registered using light sources of various coherence degrees: coherent laser
diode and partially coherent superluminescent diode. Note that the central wavelengths of these
two sources is slightly different (635 nm vs 650 nm), which results in minor dispersion related
difference in the refractive index values of the cell phantom (∆RI∼0.001).

Hologram series for both sources were processed in exactly the same way. First, the individual
holograms were reconstructed using Fourier transform method. During this process, the
interference term corresponding to the coherent superposition of −1st and +1st diffraction orders
(object and reference beam) was used. Thanks to this conjugated beam interference configuration,
the illumination-related phase tilts of the beams cancel out thus the interference peak location is

https://doi.org/10.6084/m9.figshare.14736387
https://doi.org/10.6084/m9.figshare.14736384
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Fig. 2. 3D model of the cell phantom internal features, their sizes and refractive index
values.

independent of the illumination direction. Therefore, the sampling conditions for all incidence
angles are the same and the Fourier reconstruction method can be easily automated.

The radius fr of the applied circular filtering mask was selected in such a way to pass through
the entire numerical aperture of all object beams, i.e., fr =NA/λ+ n0 sin(βn0)/λ, which gives 3.7
µm−1 and 3.6 µm−1 for the LD and SLD cases, respectively. During the reconstruction we did not
restore the phase carrier of the beams since the tomographic reconstruction algorithm requires
low frequency shifted field representation.

One of the holograms from each data series is presented in Figs. 3(a) and 3(c), for LD and SLD
sources, respectively. Figures 3(b) and 3(d) show the Fourier transform amplitude (in logarithmic
scale) of the corresponding holograms and the applied filtering masks (red circles).

Fig. 3. Holograms acquired for laser (coherent) (a) and its Fourier spectra (b); corresponding
hologram acquired for SLD (partially coherent) illumination (c) and its Fourier spectra (d).
Spectral filtering window margins are marked by red circle.

Here, we would like to emphasize the effect of the coherence of the light source. The OPD
between ±1st and 0th diffraction orders is equal to λ2z/2d2. In our experimental setup we are using
a diffraction grating with the period of d=10 µm, which is placed at the distance of 100 mm from
the CMOS camera. This gives the OPD ≈ 201 µm and 211 µm, while the coherence length lc ≈
λ0

2/∆λ is equal to 403 and 70 µm for the LD and SLD, respectively. This means that the 0th and
±1st diffraction orders will interfere for the LD illumination and we will observe the three-beam
interference pattern on the camera while for the case of SLD illumination we will only observe
two-beam interference between +1st and −1st orders as their OPD= 0. This effect is clearly
observed in the spectra of the holograms in Fig. 3, as the first harmonic (interference between
±1st and 0th orders) is visible in the case of LD illumination and for the SLD illumination the first
harmonic disappears and only the second harmonic remains present (interference between +1st
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and −1st orders, with double frequency compared to the first harmonic – double off-axis regime).
Such effect enables much larger filtering window to be available when demodulating the phase
using Fourier transform. Moreover, application of partially coherent illumination facilitated
eliminating spurious interference patterns, which are visible in the spectrum of the LD hologram
as smaller side peaks (Fig. 3(b)). These peaks are not present in Fig. 3(d) that corresponds to the
partially coherent case.

An additional effect that can be spotted in Fig. 3(d) is a vertical fringe pattern. In fact, the
same fringes are also present in Fig. 3(b) but with the reduced contrast. The fringes are probably
related to the cover glass of the camera that introduces three, displaced aberration distributions
(one for each diffraction order). The copies, after Fourier transformation, result in the fringes
that are orthogonal to the shear direction.

The reconstructed object waves suffered from the phase aberration, which can be observed
in Fig. 4 showing the amplitude (Figs. 4(a), 4(d)) and phase distributions (Figs. 4(b), 4(d)) of
the fields corresponding to holograms in Figs. 3(a) and 3(b), respectively. The phase aberration
was removed using a set of matched sample-free compensation holograms. The result of this
operation can be seen in Fig. 4(c), 4(f). Note that we can observe much less noise and smaller
background component for the case of partially coherent illumination.

Fig. 4. Amplitude (a,d), wrapped phase (b,c) and the phase with subtracted background
(c,f) of the holograms shown in Fig. 3(a) (LD illumination) and Fig. 3(c) (SLD illumination),
respectively.

Afterwards, the phase unwrapping algorithm was applied to remove any potential 2π phase
discontinuities. To minimize the computational burden, the field’s size was reduced to the region
of interest containing the cell phantom image. The fields were also downsampled taking into
account the maximum optical frequency in the signal fr. The final tomographic series consisted
of 360 amplitude and unwrapped phase distributions of size 360× 548 pixels and sampling of
0.125 µm.

For tomographic evaluation we applied direct inversion algorithm (DI) [82] utilizing first order
Rytov approximation [18]. The algorithm is a straightforward implementation of the generalized
projection theorem [83]. It applies direct interpolation of the object beam information in the
three-dimensional spectrum of the sample. We chose this reconstruction method because of its
popularity, robustness and fast computation; however, it is important to note that DI suffers from
out-of-focus errors [25], that is, it provides decreased accuracy for peripheral, out-of-focus areas
of the reconstruction.

The missing frequency problem, that is related to the limited range of the applied illumination
directions, was addressed with 10 iterations of nonnegativity constraint (NNC) procedure. The
computations took approx. 44 s and 162 s for DI and DI+NNC, respectively (MATLAB R2020a,
Intel Core i7-7700HQ 2.80 GHz, RAM 32 GB). The results of the 3D tomographic evaluation
are presented in Fig. 5(a) DI and Fig. 5(b) DI+NNC. For the sake of brevity, only the results for
partially coherent illumination were presented. Nonetheless they allow to locate three selected
cross-sections in the volume of interest.
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Fig. 5. 3D visualization of tomographic reconstructions obtained for partially coherent
illumination with (a) DI and (b) DI+NNC; The presented cross-sections are further analyzed
in Figs. 6–11.

3. Discussion

First, we will focus on the DI tomographic reconstruction obtained without the additional
regularization procedure. Three selected transverse (XY) cross-sections of the reconstructed
3D refractive index distributions are presented in Fig. 6. The distributions correspond to the
following axial depths: z= 2.25 µm (a,c) and z= 5.38 µm (b,d). The applied coordinate system
is centered at the middle of the 3D region of interest. In this system the in-focus plane is at
z= 5.13 µm and z= 6.13 µm for LD and SLD reconstruction, respectively. The minor change in
the in-focus plane location for two measurements comes from the object properties – it is a pure
phase object and finding the proper in-focus plane is not trivial, especially in the case of inclined
illumination. The results at the top row of Fig. 6 were obtained with coherent illumination and
in the bottom row with partially coherent system. The red rectangular region of interest (ROI)
areas (A and B) indicate the transverse resolution test structure of the cell phantom. The white
rectangles specify the regions that were used for local calculations of standard deviation (SD)
that enabled determining the reconstruction noise content and quantitatively compare LD and
SLD illumination cases.

Fig. 6. DI tomographic reconstructions. Two transverse (XY) cross-sections of the
reconstructed 3D refractive index distributions were selected for axial depths of: (a,c)
z= 2.25 µm and (b,d) z= 5.38 µm. Cross-sections (a,b) were obtained for coherent LD
illumination and (c,d) for partially coherent SLD illumination. White rectangles show the
regions used for the estimation of SD, red dotted rectangles specify the ROIs (A and B) that
are further analyzed in Fig. 8.
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In Fig. 7 the analogical axial (ZX) sections of the phantom reconstruction are presented for
y=−0.13 µm and y= 4.88 µm. Red rectangles C indicate the axial resolution test structure of the
investigated phantom. The white rectangles show ROIs for the SD evaluation. The dashed white
lines mark locations of the in-focus planes. For comparison of all XY and ZX slices of the DI
reconstructions see Visualization 3 and Visualization 4, respectively.

Fig. 7. DI tomographic reconstructions. Two axial (ZX) cross-sections of the reconstructed
3D refractive index distributions were selected for y positions of: (a,c) y=−0.13 µm and(b,d)
y= 4.88 µm. Cross-sections (a,b) were obtained for coherent LD illumination and (c,d)
for partially coherent SLD illumination. White rectangles show the regions used for the
estimation of SD; red dotted rectangles specify ROI C that is further analyzed in Fig. 8.

In Visualization 3 one can notice a line pattern located around z=−4 µm. This artefact is
probably a residue of the diffraction grating that is used in the tomograph. For samples with
larger axial depth, it is recommended to shift the pattern away from the central reconstruction
space, which can be achieved by enlarging a distance between the grating and the detector.

Figure 8 presents the magnified ROIs with the resolution targets from Fig. 6 and Fig. 7. Below
each image, 1D cross-section obtained along red, dashed line is included. All the cross-sections
are displayed using the same dynamic range, i.e., the same span of the RI values.

Fig. 8. Magnified ROIs with the resolution targets from Fig. 6 and Fig. 7 for coherent (a-c)
LD and partially coherent (d-f) SLD illumination. Below each image, 1D cross-section
obtained along red, dashed line is included.

https://doi.org/10.6084/m9.figshare.14736393
https://doi.org/10.6084/m9.figshare.14736381
https://doi.org/10.6084/m9.figshare.14736393
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The results obtained for both LD and SLD illumination show that the proposed system offers
convenient configuration and high-quality tomographic reconstruction. All characteristic regions
of the phantom were properly reconstructed. We can distinguish the three nucleoli, each visible
at different depth. Lateral resolution test lines are clearly visible (ROI A and ROI B, although
the thinnest lines were not fully resolved, coherent illumination showed slightly higher spatial
resolution, as the thinnest 300 nm lines can be resolved), and axial resolution test lines can also
be spotted (ROI C, they can be seen vaguely in the partially coherent illumination, in the case of
coherent illumination the axial resolution target gets buried in noise).

Notably, the tomographic reconstruction of partially coherent illumination offers significantly
decreased coherent noise when compared with coherent illumination. The SD in the case of
LD reconstruction is higher for each of the XY and ZX slices. The SD levels for mark areas
(Figs. 6–7) are listed in Tab. 1. We conclude that the noise is on average 50% lower for partially
coherent illumination than for the coherent one. This quality augmentation observable in the
SLD case can be directly linked to the lower phase noise level and reduced amount of coherence
related artefacts (e.g. spurious fringes) in comparison with the LD data.

Table 1. Summarized values of the SD for all applied tomographic reconstructions.

z=2.25 µm z=5.38 µm y=−0.13 µm y=4.88 µm

DI
LD illumination 8.4 ·10−4 9.4 ·10−4 9.2 ·10−4 18 ·10−4

SLD illumination 5.1 ·10−4 3.2 ·10−4 3.8 ·10−4 12 ·10−4

Noise reduction gain 39% 66% 59% 33%

DI+NNC
LD illumination 5.7 ·10−4 21 ·10−4 7.6 ·10−4 15 ·10−4

SLD illumination 2.8 ·10−4 11 ·10−4 3.4 ·10−4 8.7 ·10−4

Noise reduction gain 51% 48% 55% 42%

Figure 8 shows enlarged areas of the resolution target. The small contrast of the lines is
caused by limited resolution (especially for the axial direction, Fig. 8(c,f)) as well as probably
inaccuracies of the illumination angle estimation. It is important to note that in our experiment,
the tomogram obtained with coherent illumination shows slightly higher resolution. This effect
may come from the limitation of the DI tomographic reconstruction algorithm, which assumes
that the illumination beam consists of a single optical frequency. This problem may be overcome
with novel reconstruction approaches that account for partially coherent illumination [84]. Even
though the coherent illumination surpasses the partially coherent one in terms of resolution,
very often this advantage may be useless due to the high level of noise and mixing of object
high spatial frequencies with the noise. This results in generally lower effective resolution of
such reconstruction. Especially worth mentioning is that the axial resolution and reconstruction
quality are significantly better for the case of partially coherent illumination – both the nuclei
and resolution target gets buried in noise for laser illumination, while SLD illumination resolves
them correctly.

The presented tomographic reconstructions suffer from the missing frequency problem that
results in poor axial resolution and underestimated refractive index values. To address this
issue, we applied a very popular approach that involves NNC regularization, in which a priori
knowledge of the minimum (or maximum) refractive index value of the investigated sample is
used in the process to fill in the missing information. The results of the evaluation are presented
in Figs. 9–11 that are structured in the analogical way to Figs. 7–8. Similarly to the previous case
the videos with XY and ZX slices are included (Visualization 5 and Visualization 6, respectively).
For comparison refer to Visualization 1 and Visualization 2 with true phantom structure and
Ref. [85], which presents tomograms of the analogical cell phantom obtained with commercial
ODT systems [76,86]. It can be summarized that our simple solution provided comparable
reconstruction quality to the mature ODT systems applying separate reference beam.

https://doi.org/10.6084/m9.figshare.14736390
https://doi.org/10.6084/m9.figshare.14736378
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Fig. 9. DI+NNC tomographic reconstruction. Two transverse (XY) cross-sections of
the reconstructed 3D refractive index distributions were selected for axial depths of: (a,c)
z= 2.25 µm and (b,d) z= 5.38 µm. Cross-sections (a,b) were obtained for coherent LD
illumination and (c,d) for partially coherent SLD illumination. White rectangles show the
regions used for the estimation of SD, red dotted rectangles specify the ROIs (A and B)
further analyzed in Fig. 11.

Fig. 10. DI+NNC tomographic reconstruction. Two axial (ZX) cross-sections of the
reconstructed 3D refractive index distributions were selected for y positions of: (a,c)
y=−0.13 µm and (b,d) y= 4.88 µm. Cross-sections (a,b) were obtained for coherent LD
illumination and (c,d) for partially coherent SLD illumination. White rectangles show the
regions used for the estimation of SD; red dotted rectangles specify ROI C further analyzed
in Fig. 11.
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Fig. 11. Magnified ROIs with the resolution targets from Fig. 9 and Fig. 10 for coherent
(a-c) LD illumination and partially coherent (d-f) SLD illumination. Below each image, 1D
cross-section obtained along red, dashed line is included.

Another important effect of NNC is that it enabled increasing the refractive index values,
which are now close to the reference values (mean value of RI for cell body area equal to 1.5396
and 1.5356 for LD and SLD reconstructions, respectively; the reference value 1.5383). It can be
spotted that the SLD result still has slightly underestimated RI value which may be attributed to
single optical frequency assumption of the NNC procedure (Fig. 9).

Moreover, the local SD analysis shows that the superiority of partially coherent illumination in
terms of the noise level is still valid for the DI+NNC reconstructions. SD is higher for LD than
for SLD reconstruction on average by 50% (see Table 1).

Table 1 summarizes local SD values for regions showed in Fig. 6–7 and Fig. 9–10

4. Conclusions

In this paper, we proposed the open-top like, common-path, intrinsically achromatic ODT system
that applies the total-shear, grating-based interferometric configuration. The system enables
simple, compact architecture without the need of designated reference beam. The phase coding
is achieved only through the introduction of the standard binary amplitude diffraction grating,
placed between the tube lens and the camera, that provides double off-axis hologram acquisition
mode. Thanks to the common-path configuration the system shows great stability and immunity
to vibrations, aberrations and other disturbances, which is especially important for tomographic
measurements The system works as an inverted microscope, which generally is preferable by
life scientists, as it enables more flexibility in the sample preparation and choice of coverslips,
multi-well plates, Petri dishes and incubator chambers. Due to the addition of the azimuthal
illumination module above the sample, a set of projections can be acquired which enables
tomographic evaluation.

The key advantage of the system is its intrinsic achromaticity (detailed analytical derivation in
Patorski et al. [73]). The feature enables application of a partially coherent light source, here
SLD, that provides relatively inexpensive manner for high-quality tomographic reconstruction
thanks to limiting coherence artifacts and increasing the phase signal to noise ratio. This intrinsic
achromaticity allows not only for low temporal coherence of the illumination source but also
promotes the setup for future potential applications in extremely fast impulse illumination regime.

It is important to stress that all these advantageous features of the proposed system come with
no requirement for any additional complex systems, such as the 4f system in DPM [60–63,69–71]
or the compensation element such as in [36,37,72,87]. The lack of the pinhole and 4f processor
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significantly simplifies the acquisition of various sample projections as there is no need for the
beam tilt compensation.

To demonstrate the utility of our system we performed the experimental tomographic measure-
ment of the 3D-printed cell phantom using two types of illumination sources: coherent LD source
and partially coherent SLD source and two reconstruction approaches: DI and DI+NNC. The
experimental results fully corroborated the analytical description of the proposed system. For
both illumination types, our setup provided high-quality tomographic results that are comparable
to the results of the commercial, often more complicated, ODT systems. Moreover, the study
emphasized an importance of the achromaticity of our setup. The local SD analysis showed that
the reconstruction obtained with partially coherent illumination outperforms the coherent one in
terms of reduced noise level. It was also shown that in the case of LD illumination, the NNC
procedure induced the RI distribution errors, which are is probably caused by coherence-related
artefacts in the data that deceive the regularizer.
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