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Abstract: Tomographic diffractive microscopy exhibits intrinsic features making it a method
of choice for 3D high-resolution label-free imaging. However, these results are achieved at the
cost of a heavy data acquisition/reconstruction process. This drawback can be circumvented for
certain class of samples. For example, axisymmetric samples, like optical or textile fibers, present
geometrical properties that can be advantageously used to speed-up the acquisition process.
We propose to take benefit of these properties to allow for full reconstruction of axisymmetric
samples’ complex refractive index distribution, using four approaches, adapted to 3D samples.
We applied the proposed reconstruction scheme, based on a numerical rotation of data, to both
simulated and experimental data sets.

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

1. Introduction

For the last decades, several non-destructive techniques have been used for quality control
purposes [1,2]. Among these procedures, optical techniques have been particularly useful
to reconstruct natural and optical fibers [3—8]. For instance, interferometric techniques such
as Digital Holographic Microscopy (DHM) have been used, with the benefit of recording the
complex field, i.e. both amplitude and phase images [9, 10].

In interferometric microscopy, information about the investigated medium is encoded in an
interferogram allowing for extraction of either amplitude or phase contrast, in a three-dimensional
volume, without the need of fluorescent dye [11-18]. This is namely the case of DHM, which,
coupled with data processing, allows reconstruction of a 3D complex volume from only one
recording [19,20]. However, due to the fact that the complex field is reconstructed using a single
2D image, resolution along the light propagation axis is very limited [21].

Full 3D reconstruction has been demonstrated in the framework of Tomographic Diffractive
Microscopy (TDM), which is an extension of DHM. In transmission regime, lateral resolution
down to 1/3.5NA has been demonstrated [13]. To achieve full 3D reconstruction, the investigated
object is observed from several illumination directions. This can be done either by sequentially
varying the illumination angle or by rotating the imaged sample [22-25]. However, both methods
exhibit a lack of spatial frequencies, resulting in a resolution loss. One way to alleviate this issue
is to combine illumination angle sweeping with sample rotation [26], allowing for improved
isotropic resolution without sample labelling [18].

When axisymmetric samples are considered, acquiring the full set of tomographic acquisition
is not mandatory, and 3D refractive index distribution reconstruction can be performed through a
single acquisition [27]. It is hereby demonstrated that, considering axial symmetry of the sample,
inverse Abel transform [28] allows for reconstructing 3D refractive index distribution from a
single acquisition. This might be a method of choice for reducing data acquisition load [29],
while keeping a true 3D reconstructed information. However, this method can only be applied to
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either pure phase or pure amplitude objects, and does not account for diffraction, which limits its
accuracy.

Based on the intrinsic capabilities of TDM, we propose a reconstruction framework, accounting
for diffraction and allowing for complete 3D reconstruction of refractive index distribution from a
single holographic or tomographic acquisition. We will first describe our TDM acquisition scheme.
Then the proposed reconstruction methods are applied to simulated data when axisymmetric
samples are considered. Robustness of the proposed methods is then discussed. Finally, benefits
of the proposed schemes is applied on experimental data.

2. Tomographic Diffractive Microscopy principles

DHM allows for extraction of both amplitude and phase information either through spatial [30]
or temporal phase [31,32] modulation/demodulation. TDM can be considered as an extension of
DHM [33-35], allowing for a full control of the object illumination angle. A schematic view of
our TDM configuration is given by Fig. 1.
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Fig. 1: Schematic representation of the TDM set-up. BS: beam splitter; CD;, CD, and CD3:
collimating doublets; FD: field diaphragm; L;: scanning lens; Lt: tube lens; AD: aperture
diaphragm; RC: recombination cube; M, and Ms: mirrors. L, and CDj3 are used for sampling
purposes.

The light source (475 nm DPSS B&W Tek BWB-475-10-OEM) is split into two beams with a
fiber-based beam splitter. One beam is used as an interferometric reference (depicted in green in
Fig. 1), while the other is used for the object illumination (in blue). Full control of the illumination
beam is brought by the use of a fast tip/tilt mirror (Newport® FSM-300). The illumination is
then focalized using a X100 NA = 1.4 oil immersion Olympus® objective as a condenser, and
diffracted by the object (in red stripes). The diffracted wave is collected through the objective
(x100 NA = 1.4 oil immersion Olympus®), collimated using a tube lens, resized and filtered
with a telecentric system. Finally, for each illumination angle, an interference pattern between
the reference beam and the beam diffracted by the object is generated using a recombination
cube and recorded onto a CMOS camera (PHF-MV 1-D2048-96-G2 PhotonFocus®). Typically, a
tomographic acquisition consists in the recording of tens to hundreds of holograms, recorded at
various illumination angles [13]. Then, amplitude and phase can be straightforwardly retrieved
via spatial demodulation of the acquired hologram stack [30]. Under the first Born approximation,
we have

ko = kg — ki, (D

with Kk, the object vector potential, k; the illumination vector and kg the diffracted vector [34].



The light diffracted by the sample maps the Ewald sphere [35]. Light collection being realized
through a microscope objective with limited numerical aperture, only a cap of sphere is mapped,
which radius is linked to the wavelength in the propagating medium. The aim of TDM is to
collect a sufficient amount of caps so that the Fourier space is adequately filled [36].
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Fig. 2: (a) Optical Transfert Function (OTF) in a simple holographic transmission setup. (b) OTF
in TDM with illumination otation (note the “missing cone” along the optical axis). (c) OTF in
TDM with sample rotation (note the “missing apple core” along k). (d) OTF for a combination
of illumination and sample rotation approaches (0°, 60° and 120°).

Optical Transfer Functions (OTF) are presented Fig. 2 for DHM (Fig. 2(a)), TDM with
illumination rotation (Fig. 2(b)), TDM with sample rotation (Fig. 2(c)) and TDM combining
both approaches (Fig. 2(d)). For illumination rotation, spatial frequency extension along k
is doubled compared to classical holographic experiments. However, because of the so-called
“missing cone”, no frequency along k, can be captured [13,37]. In other words, axial resolution of
TDM with illumination rotation is very limited. As noticed from Fig. 2(c), when sample rotation
is considered, frequency content is degraded along the sample’s rotation axis (kx frequency
component in that case) [38]. Finally, by combining sample rotation with illumination rotation
for each sample angular position, it is possible to obtain the OTF depicted Fig. 2(d). Here, 3D
accessible resolution is isotropic [18,26]. From these constructed 3D spectra, the complex 3D
information about the sample’s permittivity is obtained applying an inverse three-dimensional
Fourier transform. Accuracy of the reconstruction and achievable resolution are therefore closely
linked to the acquisition method (see Fig. 2). For instance, to obtain an accurate reconstruction
considering illumination rotation tens to hundreds of acquisition are needed. Also, for sample
rotation, several tens [24] to hundreds [39] rotation angles are needed. Moreover, quality of the
reconstruction is highly dependent on the accuracy of the view to view registration. Combining
both schemes leads to several hundreds of acquisition per sample angular position [18,40], which
can become prohibitive for routine sample characterization.

This complicated characterization can be alleviated for certain classes of sample. In the next
section, we consider the case of samples, which exhibit axial symmetry. Exploiting this symmetry
permits to dramatically reduce the acquisition load.

3. Simplification of acquisition: application to axisymmetric samples
3.1. Limitation of the Abel inverse transform

As stated in Sec. 2, TDM can lead to an accurate reconstruction with an almost isotropic resolution.
However, the higher the targeted image quality, the longer the acquisition time. In order to be able
to use TDM for routine characterization, a trade-off between acquisition speed and resolution has
to be considered. For certain classes of samples, we can reduce the amount of acquired holograms
while maintaining the same resolution as for one complete TDM acquisition. For example,
axial-symmetry coupled with an adapted reconstruction scheme allows for reconstructing 3D
refractive index distribution from a unique holographic acquisition (for cylindrical samples) or a
single tomographic acquisition (for axisymmetric samples but not invariant along their axis of
symmetry).



Use of single shot interferometric techniques for reconstruction of 3D refractive index profiles
have been discussed for example in [27]. The proposed method, based on the Abel transform
and its inversion [28], has been successfully applied to the characterization of axisymmetric jets.
It relies on the fact that, for a transparent sample with axial symmetry, and considering light
propagation along z axis, the reconstructed phase ¢(x, y) is linked to the refractive index of the
sample by the line integral
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where An(r, y) is the refractive index difference between the object index n(r, y) and the immersion
medium refractive index niy, and zg is the thickness of the axisymmetric object. The radial
coordinate r is defined by r = Vx2 + z2. Integral presented Eq. (2) is the Abel transform linking
the refractive index distribution An(r, y) to the reconstructed phase ¢(x, y). From Eq. (2), it is
possible to retrieve the 3D refractive index distribution calculating the inverse Abel transform of
the reconstructed phase distribution ¢(x, y)
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with R being an arbitrary maximal value for the radius . Computing Eq. (3) makes it possible to
retrieve 3D information about refractive index of the investigated sample. However, this method
is limited to pure phase object, as absorption is not taken into account in the model. If one
has to measure absorption only, an inverse transform based on the Beer-Lambert law can be
used [41]. This approach has also been proven to be quite efficient with strongly refracting phase
objects [42]. However, the main drawback is that these methods can only be used for either pure
amplitude or pure phase phase objects, and do not account for diffraction, which prevents them

for being used for microscopic samples presenting absorption and refraction properties.

3.2.  Accounting for diffraction

In order to take benefit of axisymmetry while accounting for diffraction, we developed two
alternative schemes, depicted in Fig. 3, which are based on a numerical rotation of data. For
axisymmetric objects, spectral content of the acquired hologram (after spatial demodulation)
maps a spherical cap in the 3D Fourier space (red cap in Fig. 3(a)). Therefore, only a limited
portion of the object spectrum is acquired. Nevertheless, as in such case rotating the sample
is mathematically equivalent to a rotation of its 3D Fourier spectrum, it is possible to retrieve
a more complete information [43]. Doing so enables reconstruction of the spectrum that one
would have obtained if a real physical sample rotation was realized (see Fig. 2(c)), with the main
advantage of both simplifing acquisition process and reducing the acquisition time.

Based on the projection-slice theorem, the rotation equivalency can be mathematically written
as (p. 37 in [44] and adapted to our 3D problem)

FT{g(x",y",2")} = G(fx, fy cos O + f, sin6, —f, sin + f; cos ), )

where FT designates the Fourier Transform operation, g is the object function, G its Fourier
transform, 6 the rotation angle in relation to the x axis, (x’, y’, z’) the rotated Cartesian coordinates
and (fx, fy, fz) = (kx, ky, k;)/27 the frequencies corresponding to the initial coordinates (x, y, z).
This equation corresponds to a rotation made in the Fourier space, hence we called this approach
FINER (Fourier Image NumErical Rotation) method. It can be noticed that there exists a dual
equation, which can be written as

G(f., f), f]) = FT{g(x, ycos @ + zsin6, —y sinf + zcos 6)} , 5)
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Fig. 3: Synoptics of the simulated data acquisition/reconstruction procedures of (a) FINER/DINER
methods (applied to infinite samples) and (b) TINER/F-TINER method (applied to finite samples).

where (fy, f,, ) are the frequencies rotated by the 6 angle. It corresponds to a rotation made in
the image space; we called this approach DINER (DHM Image NumErical Rotation) method.

However, applying the numerical rotation of data (in either space) based on a single cap of
sphere leads to a specific shape of the frequency support (Fig. 2(c)), displaying a typical lack of
frequencies (“missing apple core”) along the rotation axis [38,45]. Hence, as depicted Fig. 3(b),
a prior illumination rotation is performed, filling the Fourier space as in Fig. 2(b), thus allowing
for better resolution along the rotation axis. This step is then followed by a numerical rotation
of the support, as indicated in Fig. 2(d), so a resolution improvement along the k, axis can be
achieved. We called these approaches TINER (TDM Image NumErical Rotation, rotation in
image space) and F-TINER (rotation in Fourier space) methods. In the next section, validations
of these concepts are shown using simulations.

4. Simulations

We consider an illumination wavelength of A = 475 nm, and a NA = 1.4 microscope objective for
detection. In order to mimic experimental conditions, we chose a fiber with a core refractive
index of n,, = 1.45 with a diameter of 1 ym and a cladding of n, = 1.43 of diameter 5 um,
10 um long, immersed in oil with a matching refractive index of niy = 1.51, and illuminated
perpendicularly to the rotation axis.

4.1. 3D reconstructions
4.1.1. DHM reconstruction

Simulation of the holographic acquisition process can be realized by applying a mask, corre-
sponding to the accessible frequency content, onto the Fourier transform of the object. The mask
corresponding to a holographic experiment is depicted Fig. 4(a), limited to a 2D cut for the
sake of simplicity. As we are here working in 2D only, the cap of sphere is actually limited to a
circular arc. Our method, shown Fig. 4(b), aims at filling the Fourier space by digitally rotating
the frequency support. The effect on Fourier space is illustrated Fig. 4(c) for nine rotation angles:
the Fourier space is better mapped, anticipating a better object reconstruction. Hence, one can
easily improve image quality considering more angles in the reconstruction process. Images were
obtained by first performing a 3D-FFT on our simulated object. Then, considering the first Born
approximation, a product is made between and the object spectrum and the theoretical OTF using
experimental conditions, i.e. numerical aperture, illumination wavelength, objectives immersion



medium, magnification and CMOS pixel size. This step mimics the backpropagation approach,
which is mandatory in order to take into account the diffraction phenomena. A comparison
with the (filtered-)backprojection algorithm has been discussed by Gorski et al. [46], concluding
filtered-backprojection is not as accurate as backpropagation when the diffraction phenomena is
taken into account. Finally, an inverse 3D-FFT is performed to retrieve the diffracted field.

K, /
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Fig. 4: (a) Accessible information in 2D Fourier space for DHM. (b) Digital rotation of the
holographic circular arc. (c) Final frequency support merging nine digital rotations.

Results using both FINER and DINER reconstruction methods are displayed Fig. 5. Note that
we used a special lookup-table that emphasizes artifacts. As expected by the theory, reconstruction
in the DHM case shows very poor resolution in the three x, y and z directions due to its limited
bandwidth (Fig. 5(a)) compared to ground truth shown Fig. 5(c),(g). It can also be noticed in
Fig. 5(k),(1) a poor quantitative restitution of the refractive index of the cladding around 1.49.

For FINER and DINER reconstructions (Fig. 5(e),(i) and (f),(j) respectively), resolution is
closer to that of the simulated object thanks to the frequency spectrum enlargment seen in
Fig. 5(b). Contrary to the DHM case, a resolution improvement is clearly visible along the z
axis, as well as a perfectly circular shape of the fiber. Quantitatively, it also better matches the
expected values of core and cladding of the fiber. In order to discriminate quality reconstruction
of both methods, mean squared error has been calculated: the FINER approach leads to a MSE
of 3.3 x 107> while the DINER one leads to 4.3 x 107>. Furthermore, while FINER uses only
two 3D-FFT (one at the beginning and one at the end to reconstruct the object after the rotation
process), DINER uses 2N 3D-FFT for N rotation angles (one forward to get the spectrum and
one backward to reconstruct the object for each angle). Hence, the FINER approach is more
appropriate for that task, being more accurate and faster than the DINER method. However,
one can see large oscillations in the fiber and in the immersion medium: this is an effect of the
“missing apple core”, which is discussed in section 2.

Thus, a simple numerical rotation of a DHM image might not be enough to reconstruct smaller
objects or sharp edges. For that purpose, i.e. retrieving higher frequencies as well as frequencies
in the so-called “missing apple core” [38], we propose to apply DINER and TINER techniques
to TDM with illumination rotation images.

4.1.2. TDM reconstructions

If one wants to reconstruct the sample more precisely than with FINER/DINER methods, TDM
images can be used as a basis in the rotation process. In that case, a prior illumination rotation has
to be performed so as to record the typical OTF shape seen in Fig. 2(b). Reconstruction results
in this configuration with corresponding Fourier space sections (ky—k.) are shown in Fig. 6.
Figs. 6(e),(j) represent the sagittal and transversal cuts of the simulated object, respectively. In
order to compare the obtained results, we also show the reconstructions in DHM (Fig. 6(a),(f)
and (k)) and with FINER method (Fig. 6(b),(g) and (1)).

Figs. 6(h),(m) show the reconstruction obtained in TDM with illumination rotation, and its
corresponding spectrum Fig. 6(c). One can see the improved resolution along the x and y
axes compared to Figs. 6(f),(k) due to the extended frequency spectrum along the respective
kx, ky frequency axes. However, even with such a frequency filling, we can still notice a limited
resolution due to the so-called “missing cone”, best seen in the sagittal view, which does not
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Fig. 5: Reconstruction of the simulated fiber in holography. (a) and (b) show the Fourier spectra
corresponding to the images in the lower row. (c),(g) Simulated cylinder. (d),(h) Reconstruction
in the DHM case. (e),(i) Reconstruction using FINER and (f),(j) DINER approach with 360
rotation angles. (k),(1) Profiles of (y—z) and (x—z) cross sections respectively. Color bar: real part
of the refractive index. Scale bar: 2.5 um.

show the circular shape of the fiber. One can assess reconstruction quality looking at the plotted
profiles in Figs 6(0),(p). Even if TDM does not show oscillations as large as with the FINER
method, the three approaches display non fitting values of refractive indices due to their lost
frequencies, coming from the very limited bandwidth (for DHM)), the so-called “missing apple
core” (for FINER) or “missing cone” (for TDM). Figs. 6(i),(n) display the reconstruction images
obtained using F-TINER approach for two rotation angles (0° and 90°). The corresponding
spectrum in Fig. 6(d) shows an identical space filling along the three perpendicular directions
kx, ky and k;. A clear resolution improvement can also be seen, especially in the sagittal view,
displaying an almost perfectly circular shape of the cylinder contrary to a single illumination
rotation reconstruction. Also, the exact values of 1.45 and 1.43 for the average cladding and core
optical indexes are retrieved.

Another example of application of the proposed methods is presented in Fig. 7, comparing
reconstructions with FINER, illumination rotation and F-TINER methods (from left to right).
The sample (Fig. 7(a)) consists of a bead attached to an optical fiber [47]. While Fig. 7(b) displays
a good resolution in x direction as in Fig. 7(c), it shows a lack of resolution along the y axis,
compared to the illumination rotation method. Also, one can notice oscillations in the x direction
due to the “missing apple core” effect as discussed in the previous sections. Finally, a numerical
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Fig. 6: Reconstrution of the simulated fiber in tomography. (a)-(d) show the Fourier spectra
corresponding to the images in the lower row. (e),(j) Simulated cylinder. (f),(k) Reconstruction
in DHM. (g),(i) Reconstruction using FINER method. (h),(m) Reconstruction in TDM with
illumination rotation (600 angles). (i),(n) Reconstruction using F-TINER approach with two
rotation angles (0° and 90°). (0),(p) Profiles of (x—y) and (x—z) cross sections respectively. Color
bar: real part of the refractive index. Scale bar: 2.5 ym.

rotation with F-TINER (Fig. 7(d)) allows for an excellent reconstruction, both in terms of shape
and refraction index homogeneity.

(a) — (D) (c)

—1.51

i1.43

Fig. 7: Reconstruction of a simulated bead attached to an optical fiber. (a) Simulated object.
(b) FINER method. (c) TDM with illumination rotation. (d) F-TINER method. Scale bar:
2.5 um.




4.1.3. Number of acquisitions leveraging

A drawback of TDM is the necessity to acquire many views. An advantage of the proposed
methods is that Fourier space filling is also performed numerically, which can compensate lower
filling by physical acquisitions. To illustrate this feature, we investigate whether it is better to
have a lot of illumination angles and a few numerical rotation of data, or a few illumination
angles and a lot of numerical rotation of data. Hence, we compared two cases, both based on a
total of 600 angles: the first one is with 300 illumination angles and only 2 numerical rotations
of data, the second one with 100 illumination angles and 6 numerical rotations of data. Results
are shown in Fig. 8.
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Fig. 8: Top row: Fourier space. Bottom row: sagittal cut. (a),(c) D300-T2: 300 illuminations
angles donut-shaped spectrum numerically rotated twice using F-TINER method. (b),(d) D100-T®6.
(e) Plotted profiles. Scale bar: 2.5 um.

The first case results (called D300-T2) are displayed Fig. 8(a) for the spectrum spectrum and
Fig. 8(c) for the corresponding sample reconstruction. Figure 8(b) depicts the spectrum obtained
with the second case (called D100-T6), for 100 illumination angles, which would correspond
to a speed-up of a factor 3 in the acquisition process, compensated by 6 F-TINER rotations,
only limited by computer speed. Figure 8(e) shows reconstruction profiles: despite strong
decrease in the quantity of original TDM data, final reconstructions are of almost same accuracy.
One could even further decrease the number of acquisitions if using more elaborate iterative
reconstruction methods, but those, as Abel inversion, often make restrictive assumptions such as
non-absorbing samples, or involve positivity constraints [48]. These results show that F-TINER
can also help decreasing the number of acquisitions necessary for precise image reconstructions,
but such optimizations are often specimen-dependent, so would require detailed-, case-by-case
investigations.

4.2. Robustness

In this section, we study the robustness of the numerical rotation, considering first the effect of
noise on the reconstructions, then the case of an inclusion in the sample.

4.2.1. Noise influence

For this study, we examine the effect of noise only on a sagittal view of the sample. In that
case, we only consider phase noise one would have obtain with a DHM acquisition. Other noise
sources like speckle noise or shot noise are not relevant for our system because of their respective
origins:

a) speckle noise depends on the beam apparent angle on the sample and the illumination
wavelength. In our setup, as we work with a 475 nm laser source and a x120 magnification
system, the speckle grain size appears to be bigger than the field of view (about 45 pm X 45 um);



b) astrong advantage of TDM is that one can work with strong signals and high dynamics, contrary
to other microscopy imaging modalities (fluorescence for example). As a consequence, shot
noise does not need to be considered in our tomographic setup. As a matter of fact, its effect
is well bellow that of the other noise sources.

We first apply a white Gaussian noise with a standard deviation o of 10 % of the minimal
index variation of the object, i.e. between the core (optical index 1.45) and the cladding (1.43):
0 = Anpin X 10 % = 0.002 (Fig. 9(a)). This noisy image, for a given standard deviation, is used
as a basis for every following reconstructions, as theoretically only one holographic acquisition is
performed. Hence, even with a limited bandwidth, all the frequencies are equally affected by
the white noise. Then, both Fourier and DHM image rotations are performed, which results are
displayed in Figs. 9(b) and 9(c). Respective profiles are plotted in Fig. 9(d). Both reconstruction
methods show good results, being robust to noise. This can be explained as follow: numerically
rotating and merging of the data induces circular arcs to overlap in Fourier space (see Fig. 4(c)),
generating frequency redundancy; information is then averaged, reducing the noise effect on the
reconstructions.
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Fig. 9: Noise effect on reconstructions. (a) Cylinder with white Gaussian noise of oo = 10 % of
the global value range. Reconstructions using (b) FINER and (c) DINER methods for 360 angles
of rotation. (d) Respective profiles. Scale bar: 5 um.

In order to obtain a more quantitative information of the effect of noise in the reconstructed
images, we investigated the signal-to-noise ratio (SNR) as a function of the number of rotation
angles. For this purpose, six different Gaussian noise levels are applied on the simulated object,
defined by their standard deviation in percentage of minimum range value, going from 1 % to
30 % of Anpin. Then, a DHM image is generated, which serves as a basis: for every number of
rotation angles, reconstructions are obtained by rotation of the DHM image in Fourier space as
with the FINER method. Results are depicted Fig. 10 in decibels, in logarithmic scale.

One can see two parts in the SNR graph. The first part, going from 1 (DHM) to 10 rotation
angles, shows a decreasing function: this might come from the low number of rotated caps of
sphere, which does not allow for a proper frequency averaging. The second part, starting from
about 10 rotation angles and displaying an increasing SNR, shows that, in order to have a SNR
close to DHM reconstruction one, at least 45 rotation angles are necessary. For 180 angles, SNR
for a o = 5% rises up to 61 dB whereas it is only at 55 dB for o = 30 %. Also, one can notice
that the more reconstruction angles are considered, the higher the SNR (at least until 180 rotation
angles), thanks to the averaging of frequencies in Fourier space. For example, for a standard
deviation of oo = 10 % and 180 rotation angles, SNR stands at 60 dB, while for 10 angles it is
around 47 dB.
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Fig. 10: Logarithmic representation of SNR in dB as a function of the number of rotation angles
for different values of standard deviation.

4.2.2. Reconstruction with inclusions

In order to test the numerical rotation robustness onto more realistic samples, we added a defect
in the simulated object, consisting in an inclusion of 500 nm and of optical index 1.51, like the
immersion medium index. Results using both FINER and DINER methods are displayed Fig. 11.

Fig. 11: Reconstruction of the sample presenting a defect of refractive index 1.51. (a)—
(c) Simulated object. (d)—(f) Reconstruction with FINER approach. (g)—(i) Reconstruction with
DINER approach. Color bar: refractive index. Scale bar: 2.5 pm.

For both reconstruction approaches, the inclusion is smeared out as an annular structure around
the fiber core, with a diameter corresponding to the initial distance between the defect and the
core, as expected from the proposed methods, which consist in rotating available data. However,
the inclusion is less visible with both methods. It can be explained by two factors:

* not all inclusion frequencies might have been recorded when simulating a DHM acquisition
due to the limited numerical aperture of the objectives;



* the frequency averaging in the Fourier space, as already observed with the noise effect in
the previous part, which smears out the defect.

The main drawback of this technique is inherent to the numerical rotation itself: if a defect
is too big compared to the initial sample, it will be considered as a distinct object. As we
rotate the information, it will therefore propagate over the whole space, leading to an incorrect
reconstruction. If needed, this could be counteracted using a priori information on the sample
or inpainting techniques [49], but also indicates that such larger defects could be detected as
unexpected structures, then triggering a more detailed investigation, with physical rotation of the
sample, as in [18].

In conclusion, we showed the proposed methods are robust to strong noise and strongly
diffracting small defects, especially with the FINER approach, which is an advantage in
diffraction tomography compared to other methods such as Abel inverse transform.

5. Application to experimental data

In order to validate the proposed approach for practical cases, we apply the numerical reconstruc-
tion to experimental data. For this purpose a stretched optical fiber is used, having a very sharp tip
of about 1 um long on one end (obtained by the heat-and-pull technique [50], which can produce
tips with end diameter of less than 100 nm [18]). It is illuminated by a 475 nm wavelength laser,
and the diffracted field is collected using a X100 magnification and 1.4 numerical aperture oil
immersion objective. Reconstructions are made in the Rytov approximation [51]. A stepper
motor controls the rotation of the specimen. Results are displayed Fig. 12.

Figures 12(a)—(f) show lateral (x—y), axial (x—z) and sagittal (y—z) planes of the optical fiber
obtained in illumination rotation TDM with no sample rotation and with a 4-angles specimen
rotation respectively (0°, 54°, 90° and 126° — for more details about data acquisition, see [18]).
The estimated resolution in Fig. 12(a) is 95 nm in (x—y) plane for a single TDM acquisition.
After four TDM data registration, the obtained resolution is almost isotropic, at 150 nm in (x—y)
plane and 180 nm in (x—z) plane, thanks to the better filling of the Fourier space [18]. This
improvement allows to see the tip of the fiber indicated with a white arrow. The difference in
resolutions is due to residual mismatches during the registration process, which is not perfect.
This effect, combined with the limited number of angles used for the reconstruction, can be seen
in the sagittal view where the shape of the fiber is not perfectly circular.

In Figs. 12(g)—(i) are shown the reconstructions using the numerical rotation of data, as in the
TINER method, with the same 4 angles. One can see a dramatic improvement in image quality
in both (x—y) and (x—z) planes. But contrary to physical rotation of the sample, our method
easily allows for considering more rotations, providing better reconstruction, as can be seen in
Figs. 12(j)—(1), displaying the reconstructed object using 20 rotation angles. The fiber is now
reconstructed as circular (Fig. 12(1)). Finally, reconstruction quality can be assessed by looking
at the normalized optical index shown in Fig. 12(m). A higher number of rotation angles allows
for a better reconstruction, closer to the expected values if a physical rotation of the fiber was
made, compared to TDM with no sample rotation.

However, one can see residual artifacts in the middle of the fiber of Figs. 12(g), (h), (j) and (k),
depicted by a double red arrow. For our sample, it coincides with the fiber tip, which image is then
degraded. This noise artifact is common in TDM, while it does not occur in other tomographic
imaging fields. When considering full TDM acquisition with illumination scanning, artifacts
present in the reference beam arm are coherently summed for each acquired image. This lead to
a very noisy plane at the center of the reconstructed volume. This effect has been pointed out by
Kostencka [52]. Moreover, in a classical TDM acquisition the imaged object is brought into focus
prior recording (this step is mandatory to maintain the acquisition resolution). Thus, the central
plane of the reconstructed object coincides with the noisy plane. One solution is to slightly
defocus the object before the acquisition and the object’s image is then numerically brought back
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Fig. 12: Lateral (left), axial (center) and sagittal (right) views of a stretched optical fiber
reconstructed in the Rytov approximation using TDM. (a)—(c) Reconstruction in TDM with
illumination rotation without sample rotation. (d)—(f) 4-angles physical rotation (0°, 54°, 90°
and 126°). (g)—(i) 4-angles numerical rotation with the same 4 angles using TINER method.
(j)—() 20-angles numerical rotation. (m) Plotted profiles. Scale bar: 3 um.

to focus in the reconstruction. The same effect is noticeable with our method. However, as we
rotate one tomographic acquisition, this noisy plane becomes a noisy line, corresponding to the
symmetry axis of the sample. Two solutions can be found to this problem. As above, starting
with a defocused acquisition, and alternately, as only a single line is corrupted by this noise,
one could remove it by image processing approaches. This effect is clearly detrimental on the



reconstruction of the microtip at the end of the tapered fiber, which is better seen Figs. 12(d),(e)
(physical rotation of the fiber) than on Figs. 12(j),(k) (numerical rotation of data). This is however
a very specific drawback of our sample, which smallest structure coincides with the axis of
symmetry. On the contrary, the advantage of our approach clearly appears when measuring the
global shape of the object, which is much better reconstructed, as seen in Fig. 12(m).

6. Conclusion

We propose four reconstruction methods in TDM, applicable to specific samples exhibiting
cylindrical symmetry. These approaches allow for a simplification of the acquisition process
and a reduction of the acquisition time. Compared to the Abel inverse transform, our methods
takes into account diffraction. For cylindrical samples (invariant along the rotation axis), we
show the feasibility of the numerical rotation of an holographic spectrum in Fourier space, or
by rotating the holographic image recorded with a conventional DHM. However, this method
is less efficient for axisymmetric samples (not invariant along the rotation axis) because of the
“missing apple core” present in the OTF recorded in TDM with sample rotation. For such objects,
one has to proceed to one TDM acquisition with illumination rotation first, in order to have
a good resolution along the rotation axis. Then this spectrum is numerically rotated so as to
enhance resolution along the optical axis. We show this last method to work on both simulated
and experimental data.

This approach could have applications to study various natural (for example spider silk
fibers [53]) as well as artificial samples (functionnalized nano/microfibers [54], Taylor cones and
cone jet bridges [55,56], textile fibers, 3D imaging of glass micro-capillary [57], nanopipettes [58],
droplets levitation [59] and spreading [60], and polymer fiber tip fabrication [47,61]). Indeed,
for spherical samples such as droplets or cylindrical samples such as fibers, inverse problem
approaches deliver unsurpassed results in terms of measurements’ accuracy [62,63]. They are
however often used to precise determination of few parameters about the sample (its diameter
for example), while making very strong assumptions about its shape (spherical, cylindrical,
ellipsoidal), and its index of refraction (usually being homogeneous). Our approach is less
precise in terms of measurements’ accuracy, but leverage hypotheses about the sample, only
assuming axisymmetry. But our techniques could also be used in conjonction with inverse
problem approaches in holography [64] and tomography [65, 66], to further improve image
quality, and also has the advantage that it could be readily used by interested readers, wether
willing to develop their own DHM/TDM microscopes, or using commercially available ones.
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