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Abstract: Recent developments in Digital Holographic Microscopy (DHM) have permitted to
achieve imaging accuracies and resolutions down to the nano-range. This result could be obtained
by careful control of all parameters involved in the wavefront reconstruction.

©2007 Optical Society of America
OCIS codes: (090.1760) Computer Holography; (010.0180) Microscopy; (110.6880), Three Dimensional Imaging
Acquisition; (110,6960) Tomography.

1. Introduction

The present proceeding paper will report mainly the results of the collaboration achieved in the Lausanne group and,
intentionally, does not cover the litterature of other groups, since the limited place allotted to this communication
could not offer the opportunity of a review of the DHM field.

Digital Holographic Microscopy (DHM) is an imaging technique offering both sub-wavelength resolution
[1-3] and real time observation capabilities. Moreover, the possibility of reconstructing “automatically”, i.e. without
the “manual” intervention of the microscopist, the profile of the object or, more recently its true 3D conformation
(refractive index distribution) from the digitized hologram is particularly attractive for end users. These combined
features make DHM appear as a real innovative modality in phase contrast microscopy. From that point of view , it
outsurpasses many of the previous interference microscopy methods.

2. Working principle:

DHM microscopy accomodates reflection as well as transmission geometries [3]. In DHM, The principles of
hologram formation, acquisition and wavefront reconstruction from digital holograms, acquired in a non-scanned
modality, have been described in details in several papers [1-5]. The reconstruction of the wavefront from the
hologram provides the amplitude and the absolute phase of the wave diffracted by the microscopic objects [3]. If a
carefull control of the experimental conditions allows maintaining the phase STD below one degree, the Absolute
phase contrast yields longitudinal accuracies as low as four [6], down to less than one nanometer in air (depending
on the statistical treatment of the holograms), or even less in dielectric media. In a transmission geometry, the
accuracy can be kept below 15nm [6]. Thanks to the introduction of a Microscope Objective (M.O.) between the
object and the camera in order to pick up the hologram (proposed by our group in 1997 [1] ), the lateral accuracy,
after appropriate image processing is also in the nanometer range and the corresponding resolution could be kept at a
sub-micron level by the use of a high Numerical Aperture (N.A.) M.O. In the present state of the art, resolution can
be kept commonly below 600nm [7]. The role of the M.O. consists in acquiring the high spatial frequency
components of the beam diffracted by the object. Their high fidelity restitution in the image plane through the M.O.
and an optional tube lens, has permitted to reduce the scale of the lateral wavevector k after the passage through the
M.O. and tubelens by a factor equal to the magnification, providing the final advantage of adapting the spatial
frequencies of the hologram to the sampling capacity of the camera.

The performances, in term of accuracy, resolution, of 3D imaging is limited by considerations which
directly follow from the practical realization of the optical DHM setup as well as from the fundamental optics laws:

3. Correction of image aberrations :

Corrections of the imperfections of the optical DHM setup: Numerical methods [8-11] have been recently developed
which enables to reconstruct correct and accurate phase distributions, even in the presence of strong and high-order
aberrations. The developed procedure compensates for phase aberrations in digital holographic microscopy by
computing a polynomial phase mask directly from the hologram. The so-called phase-mask parameters are
computed automatically without knowledge of physical values such as wave vectors, focal lengths, or distances. The



DMA1.pdf

implementation of this technique allows palliating the imperfections of optical components and setups, opening the
way to quasi perfect, numerically corrected, optical systems: the corrected images can be superimposed and
combined for 3D imaging by true tomography.

Corrections to compensate the diffraction and aberrations induced by the M.O: a method to measure the complex
3D amplitude point spread function (APSF) of an optical imaging system has been developed [12] and possibly used
to correct the aberrations caused by the M.O. The approach consists in measuring and interpreting the APSF by
evaluating in amplitude and phase the image of a single emitting point. A single hologram gives access to the
transverse APSF. The 3D APSF is obtained by performing an axial scan

4. Axial and lateral imaging accuracy and resolution down to the physical limits

Accuracies: Imaging objects along the optical axis of the DHM is directly limited in its accuracy by the
fluctuations of the phase of the reconstructed wavefront . These fluctuations can occur both in time and space, due to
the uncertainty in the acquisition of the hologram. These uncertainties arise basically from the time fluctuations of
the signal: the quantum nature of light: shot noise, is the unavoidable tribute to pay to the physical nature of light,
but fluctuations can also arise from thermodynamic fluctuations of the systems in presence: optical DHM setup,
medium crossed by the optical beam and the observed object itself. The space variance of the hologram arises from
stationary variations of light intensity in the hologram, due to various mechanisms, originating either from the
camera or the optical setup: unavoidable interferences or components defects. Recent progresses [13] in the
understanding of the origin of the noise have allowed to gain much in the accuracy of images, both in the axial and
lateral domain. It was found that the experimental and theoretical (shot noise limitations) uncertainties were off only
by a factor of two.

Resolutions: The problem of resolution in DHM, must be addressed in the frame of a more general concept
which must take into account the characteristics of the object. Some guess concerning the nature, the texture and
constitution of the observed object must be made. A first distinction must be made between two or three dimensional
objects: an object may be two dimensional or, in other terms, in the case of a 3D object, we could be interested only
in its surface (2D object). In this case, one can shrink resolutions “in height” down to the nano level, thanks to a
high strength of the signal. For 3D isolated punctual objects, resolution can be confounded with accuracy, making
feasible localization at the nano level of isolated punctual objects like nano- particles. However, the signal is usually
weak and the uncertainties reduce the accuracy and resolution. More generally , for true 3D objects: sparsity may
play a key role, by permitting localization of individual parts of the object with ultra-high resolution

True 3D tomography: For denser physical objects, multi-wavelength acquisition of holograms can allow slicing
of the object by superposition of reconstructed wavefronts. Out of focus images are thereby rubbed out and true 3D
configuration of the object, in general characterized by its 3D distribution of the refractive index can be imaged in
3D. High resolutions or even so-called “ultrahigh resolutions” can be achieved in this case: typically 750 nm as
established in [14]. The distribution of the refractive index can be also established by applying Radon theorem to
projected phase images in a plurality of directions, each image being obtained by reconstruction of wavefront
scattered by a rotated beam. Tomographic images have been obtained for pollen grains [15] and amoebas [16], with
subwavelength resolution.

5. Applications: A variety of applications of this new type of optical microscopy are possible: material research:
stress evaluation by imaging birefringence [17-21], surface and interface sciences, microtechnologies, micro-optics
and MOEMS [22] are field where DHM brings innovative solutions. Applications to cell dynamics studies: nano-
movements and  cyto-architectures deformations constitute another field of investigations. [7,23]. Finally,
tomographic images of tissues by short coherence gating have also been obtained: they show in depth and “en face”
images of the anterior chamber of the eye [24].
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