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Abstract

Tomographic Diffractive Microscopy is a technique, which permits to image transparent living specimens in three
dimensions without staining. It is commonly implemented in two configurations, by either rotating the sample
illumination keeping the specimen fixed, or by rotating the sample using a fixed illumination. Under the first-order
Born approximation, the volume of the frequency domain that can be mapped with the rotating illumination
method has the shape of a ”doughnut”, which exhibits a so-called ”missing cone” of non-captured frequencies,
responsible for the strong resolution anisotropy characteristic of transmission microscopes. When rotating the
sample, the resolution is almost isotropic, but the set of captured frequencies still exhibits a missing part, the shape
of which resembles that of an apple core. Furthermore, its maximal extension is reduced compared to tomography
with rotating illumination. We propose various configurations for tomographic diffractive microscopy, which
combine both approaches, and aim at obtaining a high and isotropic resolution. We illustrate with simulations the
expected imaging performances of these configurations.

Keywords: Tomography, Holography, Fourier Optics, Image Reconstruction.

1. Introduction

Conventional transmission microscopes suffer from a
poor resolution, especially along the optical axis, because
of an incomplete mapping of the observed object frequen-
cies, and deliver intensity-only images, which contrast is
linked in a complex manner to the index of refraction
distribution of the observed specimen. Tomographic mi-
croscopy [1, 2] has therefore regain interest in recent years
because it allows for the observation of unprepared trans-
parent or quasi-transparent samples, which, due to their
low contrast, pose a real challenge in conventional trans-
mission microscopy, and delivers quantitative 3-D images
of the specimen in both index of refraction and absorb-
tion, quantities, which are not or hardly measurable with
conventional microscopy.

When neglecting diffraction, the reconstruction of the
variations in refractive index of transparent samples is
usually obtained by backprojecting the measured sample
phase using the Radon transform [1, 2, 3, 4]. By ap-
plying backprojection, the obtained spatial resolution is
isotropic and no information is missing along the rota-
tion axis. However this reconstruction by backprojection
can induce artefacts [4, 5], and the achievable resolution

is limited to about the wavelength of observation.

In order to obtain a better view of the observed sam-
ple, high numerical aperture (NA) set-ups should be used
in combination with reconstruction techniques, which
do not neglect diffraction, usually based on the diffrac-
tion tomography theorem [6, 7, 8, 9]. In that case, one
will speak of Tomographic Diffractive Microscopy (TDM)
[10, 11, 12, 13].

The resolution, especially along the optical axis, is
better than with holographic microscopy [14], and may
approach or even exceed that of confocal microscopy
[15, 16, 17]. However, for transmission or reflection
tomographic set-ups with fixed specimen, it is always
anisotropic. With a rotating specimen, the resolution
is almost isotropic [18, 19], but is lower than what is
achievable with tomographic diffractive microscopy with
illumination rotation.

In this work, we study several configurations, combin-
ing sample rotation with illumination rotation and aim-
ing at a final 3-D resolution that is both improved (com-
pared with TDM with sample rotation) and isotropic
(contrary to systems with a fixed sample). Simulations
are used to estimate the imaging performances, which
should be achievable with these improved configurations.
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Figure 1: : (a) Definition of the propagation vector of the scat-
tered light from a scattering medium. (b) The Fourier transform of
the object scattering potential is distributed over the surface of a
spherical cap, the top of which coincides with the frequency origin.
Due to the limited numerical aperture of the detection objective,
only a cap of this sphere is captured in practice.

2. TDM with illumination rota-

tion

We first briefly recall the record of object frequencies
in holographic microscopy, as this technique is at the
heart of all tomographic configurations. For a more de-
tailed description, we refer the interested reader to Refs.
[6, 7, 8, 9] for an introduction to the basics of diffraction,
and to Refs. [20, 21], for a more detailed description of
holographic and tomographic microscopy in the frame-
work of the first order Born approximation.

Figure 1 describes the principle of holographic diffrac-
tive microscopy in a transmission set-up, in two-
dimensions for the sake of simplicity, and in the (u,w)
-plane. Here (u,v,w) correspond to Fourier frequencies
along the (x,y,z) directions, respectively. When illumi-
nated by a plane wave, the observed object scatters waves
in all directions (Figure 1(a)), which wavevector extremi-
ties depict in the Fourier space the so-called Ewald sphere
(Figure 1(b)). Because of the limited numerical aperture
of the detection system, only a cap of this sphere can be
recorded. In the framework of the first Born approxima-
tion (elastic single scattering), the momentum conserva-
tion permits to replace the corresponding object waves
by a simple translation (in green on Fig. 1(b)).

The lateral ((u,v)-plane) extension of the Optical
Transfer Function (OTF) of holographic microscopy is
non negligible. This explains the good lateral resolution
of holographic microscopy [14]. However, the longitudi-
nal (w -axis) extension is very small, inducing bad dis-
criminating capabilities of holographic microscopy along
the optical axis [14]. The aim of all TDM set-ups is to in-
crease this set of recorded frequencies in order to improve
the lateral and/or longitudinal resolution.

For tomographic diffractive microscopy with illumina-
tion rotation [11, 12, 14] , one usually uses a condenser
to control the incidence of the illumination, with same
NA as the objective used for detection (other configu-
rations have been described in [22]). For a full scan-
ning of the condenser aperture, the OTF of the sys-
tem takes the ”doughnut” shape described by Fig. 2.
A detailed explanation of its construction can be found

Figure 2: Representation of the optical transfer function of a to-
mographic diffractive microscope with illumination rotation. While
the resolution is doubled with respect to a conventional transmis-
sion microscope, the frequency support exhibits a missing-cone (in
red) of uncaptured frequencies, responsible for the poorer resolu-
tion along the optical axis.

in [12, 20]. The lateral extension is twice that of holo-
graphic microscopy [12], but the most noticeable feature
is the now non-negligible extension along the optical axis,
which permit a better discrimination along the optical
axis [14]. The frequency support is identical to that of
conventional transmission microscopy. However, in con-
ventional microscopy, high frequencies are strongly at-
tenuated. In tomographic diffractive microscopy, thanks
to the use of coherent detection, the high frequencies are
recorded without attenuation. As a consequence, the res-
olution is improved by a factor 2, as explained in Refs.
[12, 20, 21] and experimentally demonstrated in Ref. [15].
As in any transmission set-up, the OTF however presents
a so-called missing cone (in red) of unregistered frequen-
cies, responsible for a much lower resolution along the
optical axis than in the transverse plane.

A variant of this set-up has been proposed, with a one-
axis illumination rotation only [2]. In that case, the OTF
takes a more complex ”peanut” shape [23], but this set-
up has the advantage that very fast scanning speed is
achievable, rendering possible the observation of dynamic
phenomena within living specimens [24, 25, 26].

3. TDM with sample rotation

Because of the strong resolution anisotropy of tomo-
graphic diffraction microscopy with illumination rota-
tion, other configurations have been studied [21], among
them, tomographic diffraction microscopy with specimen
rotation.

In this configuration, the specimen is rotated under the
microscope objective. The successive sets of measured
object frequencies are combined in Fourier space by ro-
tating back the captured cap of the Ewald sphere (see Fig.
1). The resulting optical transfer function is depicted on
Fig. 3, and takes the shape of a ”ball”, but because of the
curvature of the successive caps of sphere, a small subset
of uncaptured frequencies does remain along the rotation
axis (here the x-axis), which takes a characteristic shape
of an apple-core [18, 19].

The resolution is therefore almost isotropic, but is
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Figure 3: Representation of the optical transfer function of a to-
mographic diffractive microscope with specimen rotation. The fre-
quency support is almost spherical, but exhibits a set (in red) of
uncaptured frequencies, which as the shape of an apple core.

lower than in the previous configuration for two reasons.
First, the use of a constant illumination (along the optical
axis) limits the set of captured frequencies at each step
to a cap of sphere, which summit corresponds to the fre-
quency origin. With TDM with illumination variation, it
is indeed possible to extend the set of captured frequen-
cies, because the rotation of the illumination (and not
the specimen) translates actually into a shift to higher
frequencies of the registered specimen information (see
Refs. [12, 20, 21] for a complete description).

Then, rotating the specimen is usually performed by
embedding the sample within a micropipette or a capil-
lary [1, 2, 5, 27, 28, 29], so that it is both easy to handle
and to rotate. The specimen itself may be of cylindri-
cal geometry [4]. A very thin syringe needle may also
be used to guide the rotation [30]. These sample ma-
nipulations require more free space under the microscope
objective, which explains that tomographic microscopy
with specimen rotation has up-to-now been performed
with lower NA objectives, leading to an (isotropic, but)
intrisinquely lower resolution that TDM with illumina-
tion rotation, which can use the highest NA objectives,
the sample being classically prepared within a glass slide
and a cover. In some cases, the sample itself may be
rotated without the requirement of additional handling
hardware [31], but in that case, long working distances,
low NA objectives have to be used.

4. Combined approaches

We propose to combine TDM with illumination rota-
tion together with a specimen rotation, in order to per-
form data acquisition, which allows for a simultaneous
isotropic and improved resolution. This idea stems from
the fact that the missing cone in the first configuration
corresponds to the optical axis of the acquisition set-up,
while the missing apple-core in the second configuration
is oriented along the specimen rotation axis, which itself
is usually perpendicular to the optical axis.

Three configurations are studied:
1) Combining the ”doughnut” from Fig. 2 with the

”ball” of Fig. 3. This requires a precise rotation of the
sample with a large number of intermediary steps, typi-
cally 200 in TDM [5] and 90 in tomographic microscopy

with an inverse Radon reconstruction [1]. The ”dough-
nut” OTF is obtained without sample mouvement by op-
tical tilting only, and therefore, allows for high precision
and high speed [2, 24, 25, 26]. The final OTF corresponds
to the addition of the ”ball” OTF (Fig. 4(b)) with the
”doughnut” OTF (Fig. 4(c)), and is depicted by Fig.
4(d). No missing cone remains, but the extension of this
OTF remains smaller along the optical w -axis than in the
(u,v) transverse plane.

2) Combining several ”doughnuts” with a limited set
of specimen rotations around the x-axis. This would have
the advantage of strongly decreasing the required num-
ber of specimen rotations. Figure 4(e) depicts the final
OTF for two acquisitions after a 90° rotation of the sam-
ple. Similarly, Figures 4(f,g) show the final OTF after 4
and 8 rotations of the sample, respectively. Figure 4(h)
shows the completely filled sphere for a very large (infi-
nite) number of specimen rotations. Note that already
for 8 specimen rotations only is the final OTF (Fig. 4(g))
very close to the ideal case depicted by Fig. 4(h). The
resolution in that case would be the same in all direc-
tions, and noticeably improved compared to holographic
microscopy or conventional transmission microscopy.

3) Combining several ”doughnuts” from Fig. 2, with
90° specimen rotations along both x-axis and y-axis. Fig-
ure 4(i) shows for example the OTF obtained with three
acquisitions only, after one rotation of the sample along
the x-axis and one along the y-axis. The resolution would
be the same along the three directions, but the OTF still
exhibits regions with uncaptured frequencies. More rota-
tion would be necessary for a more isotropic coverage of
the object frequencies. Furthermore, the usual specimen
preparation within a glass capillary for rotation prevents
a possible rotation along a second axis.

5. Simulations

We now study the reconstructions of a synthetic object,
mimicking a bacteria, and composed of a cylinder closed
at both ends by half spheres, and comprizing two solid
spheres, and considering the various proposed set-ups. It
is depicted on Fig. 4(a) by (x-y), (x,z) and (y-z) views.

The parameters for the simulations are: 633 nm illumi-
nation wavelength, NA=1.2 water immersion objective.
The Abbe resolution is in that case 264 nm (λ/2NA), and
the tomographic resolution 132 nm (λ/4NA) [12]. The
membrane-like object has a length of 6.5 µm, a width
of 2.77 µm, a ”membrane” thickness of 90 nm, and con-
tains two solid spheres with diameter 830 nm and 600
nm, respectively. All simulations were performed using
Matlab, by filtering the Fourier spectrum of the object,
taking into account the specific OTF corresponding to
the various proposed configurations.

Figures 4(b’) and 4(c’) show the simulated image for
TDM with sample rotation and for TDM with illumi-
nation rotation, respectively. Note that the transverse
resolution of the latter is better, but a strong elonga-
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tion, characteristic of transmission microscopes, and due
to the missing cone is clearly visible on the (x-z) view.

Figure 4(d’) shows the simulated image for TDM with
sample rotation and illumination rotation. Note that no
strong elongation along the optical axis is visible any-
more (the missing cone of the ”doughnut” OTF is filled
by the ”ball” OTF), but the resolution is not isotropic,
because of the OTF not having the same extension along
the optical axis than in the transverse plane.

Figures 4(e’-h’) show the results obtained for multi-
angle TDM with illumination rotation, with 2, 4, 8 and
a very large number of specimen rotations. Figure 4(e’)
seems to indicate a good reconstruction, but the large
gaps still present in the OTF indeed translate into lower
image quality, as illustrated by cuts along the x-rotation
axis, after a 45° rotation around this axis (Fig. 4(e”),
see arrow). The situation improves with 4 specimen ro-
tations, and there is no noticeable difference between
the reconstruction with a very large number of rotations
and the reconstruction with 8 rotations, which there-
fore seems to constitute an excellent compromise between
number of acquisitions and reconstruction quality.

Figure 4(i) shows the image simulated for two succes-
sive 90° specimen rotations along the x-axis, then the
y-axis. The OTF still presents gaps, indicating that a
larger number of rotations would be necessary, as illus-
trated by Fig. 4(i”) (same view as for Fig. 4(e”)).

Note the artefacts visible around the objects. They are
Gibbs oscillations, characteristic of filtering in Fourier
space, and inherent to reconstruction of high contrast
specimens under the first Born approximation. Similar
artefacts have been observed in experimental images [15].
These kind of artefacts may be simply filtered [32, 33],
but, strictly speaking, this comes at the expense of reso-
lution. Other artefacts are the remaining deformations of
the observed sample caused by the missing frequencies.
In order to further improve the images, a possible ap-
proach would be to make use of constraint deconvolution,
which as been successfully implemented for holographic
[34] and tomographic microscopy with 1D illumination
scanning [24, 25, 26]. More elaborate reconstruction al-
gorithms may also be used for highly contrasted speci-
mens [35, 36]. Note also that, when a priori information
can be introduced in the inversion algorithm, the res-
olution of the reconstruction can be much better than
that imposed by the diffraction limit, even for weakly
diffracting specimen [37, 38]. These methods however
are characterized by a much-increased algorithmic com-
plexity, therefore resulting in computationnaly expensive
and time consuming specimen reconstructions.

6. Conclusion

Tomographic diffractive microscopy is a promising tech-
nique for imaging unlabelled specimens. The two most
common approaches, specimen rotation or illumination
rotation, are limited in terms of resolution. We have

studied numerically several options, which combine these
two methods, in order to allow for an optimal specimen
reconstruction. The best compromise in terms of exper-
imental simplicity with respect to image quality would
be to use TDM with illumination variation, combined
to a small number (4 or better 8) of specimen rotations
along one axis, which may be performed mechanically
[1, 5, 27, 28, 29, 30] or optically [39].

Optical tweezers may be used to perform a rotation
along one or two axes [40], without mechanical contact
with the sample. Similarly, rotation of the sample in-
duced by electric fields may be used [41]. Such devices
have not yet, to our knowledge, been used in the frame-
work of optical tomography, but may have several advan-
tages. They permit to handle specimens between a slide
and a cover glass, which remains the preferred option for
preparing microscopic samples. Doing so will also permit
to use high NA objectives (contrary to microcapillaries,
requiring a larger working distance, hence a lower NA).

Combining the specimen rotation with illumination ro-
tation permits to simplify the optical system required to
capture the entire specimen Fourier spectrum: the two-
objective set-up, similar to 4Pi microscopy [42] and pro-
posed in Ref. [12], necessitates a double interferometer,
and three successive acquisitions (one in transmission,
and two in reflection mode). Furthermore, even with high
NA objectives, missing frequencies still exist [12]. How-
ever, no specimen rotation is needed, allowing its use for
imaging tissues, or complex structures, and not only in-
dividual structures, like isolated cells, pollen grains, or
diatomes.

Recently, a novel approach, called mirror assisted to-
mography [43] has been proposed to simplify the two-
objective detection system of Lauer [12]. This promising
technique may also be combined with specimen rotation.
In that case, only two acquisitions (with a specimen ro-
tated by 90° along one axis) would permit to recover the
maximum allowed sample Fourier spectrum (Fig. 4(h)),
with almost no remaining gap. This mirror assisted to-
mography (which however has not yet been demonstrated
experimentally), would probably constitute the easiest
approach for performing isotropic-, ultimate resolution
tomographic diffractive microscopy.
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Figure 4: (a): numerical object under consideration viewed as cuts
in the (x-y), (x-z), and (y-z) planes. (b)-(i): Optical transfer func-
tion of the proposed TDM configurations. (b’)-(i’): corresponding
simulated images. (e”),(i”): alternate views (see text).
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