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ABSTRACT

Tomographic Diffractive Microscopy (TDM) is an advanced digital imaging technique, extending the concept of Digital
Holographic Microscopy (DHM), which provides quantitative information about the index of refraction distribution
within the observed sample, by recording of multiple holograms under varying conditions of illumination, then applying
numerical inversion procedures to reconstruct a 3-D image of the specimen under consideration. After a short recall of
DHM applications and limitations, various implementations of TDM are described, highlighting their respective
advantages and. drawbacks. To conclude, some perspectives and challenges for this imaging modality are presented.

Keywords: Digital Holographic Microscopy; Tomographic Diffractive Microscopy; Computational Imaging; Diffraction

1. INTRODUCTION

Its unique capabilities for imaging living specimens, in three dimensions, possibly over long periods make the optical
microscope an invaluable tool for biological research. Fluorescence microscopy is the reference method, because it
allows for specific labeling of cellular structures and functions, and thanks to the unsurpassed resolution obtainable with
modern techniques like STED or PALM/STORM. Fluorescence labeling may however induce unfavorable effects in
some cases, like photo-toxicity, and labeling itself may be difficult. Speed is also rather limited, especially for 3-D
imaging. In some cases, use of fluorescent markers is also to be avoided. This explains that in recent years, there has
been a regain of interest for developing new imaging techniques not requiring sample labeling. In particular, the coupling
of fast-, high-sensitivity and high-resolution electronic sensors with the exploding capacities of recent computers has
open new possibilities for revisiting optical microscopy.

2. DIGITIAL HOLOGRAPHIC MICROSCOPY

In conventional transmission microscopy (classical wide-field, dark-field, phase-contrast, Differential Interference
Contrast, Hoffman modulation, etc), the image is formed by a complex interaction of the incoherent illuminating light
with the specimen. The recorded image is an intensity-only image, which contrast is very efficient to detect structures,
and therefore is for example very helpful for morphological evolution studies, but which does not easily deliver
quantitative information on the optical characteristics of the observed specimen. In particular, phase and absorption
properties mix to form the final image, and a darker, therefore apparently absorbing zone may in fact simply results from
a destructive interference phenomenon.

On the contrary, the use of coherent light illumination, combined with interferometric detection, permits to record
holograms, encoding both the amplitude and phase of the light interacting with the specimen, therefore delivering a more
complete information about the diffraction phenomenon. Wavefront analyzers also permit to record the amplitude and
phase of the diffracted light, without the need of an interferometer, and with short coherence illumination. These
approaches, usually coined as Digital Holographic Microscopy or phase microscopy [1]-[4], have in particular proven to
be very sensitive to small sample changes, thanks to unsurpassed precision of interferometric measurements. Several
commercial implementations are now available, and phase imaging is now used for many biological studies, including
red blood cells investigation (e.g. malaria infection), non-contact neuronal activity measurements, long period time-lapse
recording of cell growth or cell dynamics, high-throughput screening for drug testing, etc.

But while DHM is very powerful considering integral measurements (projections), its main drawback is its poor
resolution when reconstructing 3-D images of transparent specimens, especially along the optical axis. This limitation is
easily understood when remembering that only one illumination direction is used (contrary to classical microscopy using
an illumination condenser), translating into limited quantity of recorded information [5], so poor 3-D image
reconstructions.



3. TDM WITH ILLUMINATION ROTATION

We consider an object defined by its relative permittivity €(r) and illuminated by a scalar monochromatic incident wave,
(wavelength A = 2xc/®) from source S(r). Helmholtz equation (omitting the exp(-iot) dependence) then writes as:

AE(r) +k, E(r)= X (0)k; E(r) + S(r) (M
with ko = 2@/A, and X = 1-¢ being the contrast of permittivity. With the Green function:
G(r) = -exp(ikor)/4nr , 2)
one obtains the integral equation for the total field:

E(r)=F,
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with E;,. being the field that would exist in the absence of the object. The integral in (3) restricts to support Q of the
object. For an observation point r far from the object, so that r’*/A<<r, with r’ in Q, the diffracted field simplifies as:

E,(r)= —%Z:’”e(k) 4)

with the scattered far-field amplitude written as:
e(k) =k} j exp(—ik.ar )X (r")E(r")dr' (5)

Considering a plane wave with wavevector k;,. as incident field: E;,(r) = Aj,e exp(iki..r), and for a weakly diffracting
object, for which the first Born approximation is valid [2], one finally obtains:

e(k.k,, )= CX(k-k,,) (6)

where C = 87 Ajncko’. Equation (6) provides a direct correspondence between the diffracted far-field amplitude and the
Fourier coefficient of the relative permittivity of the object. Energy conservation in the diffraction process implies that
diffracted kg vectors have same amplitude as k;,, and therefore depict the so-called Ewald sphere. Because of the
limited numerical aperture of the detection objective, only a cap of the Ewald sphere can be captured. Considering elastic
scattering only, this set of diffracted kg vectors then transforms into object k, vectors, via a simple translation:

K, = Kaigr - Kine @)
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Figure 1. Principle of information acquisition in k vector space for (a): Digital Holographic Microscopy with one
illumination, and (b)-(d): Tomographic Diffractive Microscopy with varying illumination angle.

Figure 1 depicts the process of information acquisition for DHM (Fig. 1(a)), and for TDM with illumination rotation
(Figs. 1(b)-(d)). From Fig. 1(a), one understands that the lateral extension of the k, vector set will provide good lateral
resolution in image space. In contrary, the narrow extension along the k, axis translates into very poor resolution and
optical sectioning along the corresponding optical axis [5].

So, in order to improve image quality, one has to expand the k, coverage. In TDM with illumination rotation, the
illumination can be tilted (Fig. 1(b)), so that one finally records a complementary subset of information (Fig. 1(c)). For a
large number of illuminations, a synthetic aperture approach delivers an enlarged frequency support (Fig. 1(d)). The
latter explains the better resolution and optical sectioning capability of TDM; compared to DHM. On can theoretically
double the lateral resolution [6][7], experimentally reaching resolution in the 100 nm range [8][9]. Also, it allows for a



clear distinction of refractive and absorptive subregions within the observed sample [10]. This technique is developed in
several laboratories, and now even available commercially [11][12]. See websites of Nanolive [11] and Tomocube [12]
companies for various examples of applications on biological samples. The Nanolive system offers a large accessible
space over the sample, while the Tomocube allows for faster acquisitions.

4. MULTIWAVELENGTH TDM

A variant of TDM for increasing the frequency coverage in Fourier space consists in varying the illumination
wavelength. Figure 2(a) describes the obtained object frequency support, for two wavelengths A; and A, = 2[JA,. Both
caps of sphere (arc of circles in 2-D) have their summit at the frequency origin, so that a continuous wavelength scanning
could provide a filled frequency support in-between (Fig. 2(b)).

The main advantage of this approach is that a no-moving-part setup could be built, contrary to TDM with illumination
rotation or with sample rotation, but one can also see that it gives access to a more limited frequency range. Furthermore,
wide spectrum (“white”) coherent light sources are still of limited availability, and complex.
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Figure 2. TDM with illumination wavelength variation: construction of the object frequency support

This problem has been nicely solved by the introduction of white-light diffraction tomography [13][14], which can be
seen as an extension of phase contrast microscopy, with controllable phase masks. Scanning the observed sample in z,
and properly processing of the data then allows for reconstruction of 3-D transparent samples in a tomographic mode.
This technique is also commercially distributed [15], with the advantage of being available as an add-on module, which
can be fitted to a standard microscope. The PhiOptics website describes various applications of this technique.

5. TDM WITH SPECIMEN ROTATION

Another method to increase captured object frequencies coverage consists in rotating the sample, while keeping the
illumination and detection static. Figure 3 describes the obtained object frequency support. This approach delivers quasi-
isotropic resolution images, with only a small, so-called “missing apple-core”, along the specimen rotation axis [16].

The main advantage of this technique is that a standard DHM can be used, but performing precise sample rotation,
compatible with interferometric measurements for TDM reconstructions, is challenging. Sample can be embedded within
a rotating microcapillary [17][18]. Recently, optical tweezers [19][20] and dielectrophoretic cell rotation [21] have been
used, as well as natural rotation of samples such as red blood cells when flowing through microfluidic channels [22].
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Figure 3. Object frequency support for TDM with specimen rotation. (a): in k,-k, plane. Thick solid line: frequency support
obtained for the initial position of the sample, thin solid line: frequency support obtained for one sample rotation around the
x-axis. Grey disk: frequency support obtained when the sample is continuously rotated. (c): as (a) but in the k,-k, plane.



6. COMBINED APPROCHES

As TDM with illumination rotation and TDM with sample rotation both present sets of uncaptured frequencies, but
oriented along different axes (z-axis, or optical axis for TDM with illumination rotation, and sample rotation axis for
TDM with sample rotation), which are perpendicular to each other, combining both approaches has been proposed [23],
in order to obtain simultaneously improved- and isotropic-resolution images. Figure 4 describes the obtained frequency
support for (a): one acquisition with TDM with illumination rotation, (b): two acquisitions with one 90° sample rotation,
(c): 4 acquisitions with 45° sample rotations. This method has for advantage, compared to TDM with sample rotation
only (Fig. 3), that only a few rotations are necessary to properly fill the Fourier space. This approach has been
successfully demonstrated, delivering high-resolution images of test samples such as optical fiber tip, microcrystals or
pollens [24]. Recently, a variant involving full sample rotation TDM acquisition (using optical tweezers) with data from
TDM with illumination rotation has also been published [25], highlighting the possibility of studying free-floating live
yeasts with this approach.
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Figure 4. Combined tomography, with illumination and specimen rotation. (a)-(b)-(c): TDM with illumination rotation
acquisitions for 1, 2 and 4 sample positions, respectively. (d): Combination of one TDM with illumination rotation
acquisition and one TDM with sample rotation (in grey) acquisition.

7. CONCLUSION AND PERSPECTIVES

Tomographic diffractive microscopy allows for high-resolution observations of unlabeled samples, with various
implementations, attracting the interest of more and more end-users. Its sequential nature is among present limitations,
because it limits speed acquisition. Also, its computational nature limits final 3-D image delivery rate. But high-speed
acquisitions are possible [26], and modern GPUs also allow for high-speed reconstructions [27], the present bottleneck
being the data transfer rate between camera and computer. Several groups are also active in developing simplified, low-
cost approaches [28][29], and TDM in reflection mode, not developed in this summary, also present advantages
compared to standard optical microscopy, even with simple image reconstruction approaches [30]. Note also that a close
relationship does exist between conventional microscopy and TDM [7], and recently, a unified description of TDM has
been proposed, to which the interested reader is referred [31] for more details.
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