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ABSTRACT

We present a novel technique for coherence engineering of the microscope illumination based on a DLP projector
providing fast (millisecond range) switchable both temporal and spatial coherence design. Its performance is
experimentally demonstrated for speckle-noise free quantitative phase imaging with different spatial coherence
states. Strategies for design and control of the light coherence are discussed.
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1. INTRODUCTION

The coherence properties of light are one of the basis of numerous imaging techniques, for example, ranging
from optical coherence tomography to quantitative phase microscopy.!»? Both temporal and spatial coherence
of the light play a crucial role in the imaging process and have to be properly considered for the reconstruction
of information about the imaged specimen. The control of the coherence state provides relevant advantages
such as suppression of speckle noise and cross-talk artifacts in the image by reducing the temporal and spatial
coherence. This fact together the optical sectioning capabilities of the partial coherence (e.g. gating effect
exploited for inspection of the specimen, etc.) have attracted wide interest in bioimaging applications. In
particular, speckle-noise and cross-talk reduction allow for accurate quantitative phase imaging of specimens,
see for example.> 7 Other relevant advantage in controlling the light coherence state is that one may achieve
subwavelength spatial resolution when the specimen is illuminated by an evanescent field with its spatial coherence
adjusted at subwavelenght scales.® An illumination or probe beam with adjustable coherence properties according
to the standing application opens up new and promising perspectives.

In this work, we present a method and device for design and fast control of temporal and spatial coherence of
the illumination beam in the context of optical microscopy imaging. The coherence control of the beam is achieved
by using a programmable DLP (digital light processing) projector based on DMD (digital micro-mirror device)
and LED (light emission diode) technologies. This kind of device can easily be incorporated in optical microscopes
and is cost-effective. This technique has been recently proposed in? and allows for wavelength switchable speckle-
noise free quantitative phase imaging and also stands for multi-spectral analysis of the specimen. In our case,
the amplitude and phase of the beam scattered by the specimen are retrieved by measuring several defocused
images used as constraint images in the iterative algorithm reported in,” which takes into account the spatial and
temporal coherence characteristics of the illumination. From this field information the thickness of the specimen
and its refractive index distribution can be reconstructed.

We underline that several works have demonstrated the use of multimedia projectors for different applications
in optical microscopy.'%'2 For instance, in'® a multimedia projector is applied to created a re-configurable
condenser-lens diaphragm (thus replacing the mechanical iris) and therefore make easier obtaining multiple
contrast-enhanced imaging configurations (such as dark-field, Rheinberg optical-staining and oblique
illumination microscopy) of transparent samples in a conventional widefield microscope. While in'! the
projector has been applied to create a light pattern into the sample plane for selective fluorescence
microscopy. DMD-based projectors have also been used for fast structured illumination to obtain image super-
resolution.'? In contrast, here we present a novel application of the DLP technology for coherence engineering
of light.
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2. TEMPORAL AND SPATIAL COHERENCE ENGINEERING

We considered a DLP projector (LG PA70G, 750 ANSI lumens of power, Texas Instruments DMD) with three
LED sources providing quasi-monochromatic RGB (red-green-blue) channels. The experimental setup is sketched
in Fig. 1(a), where all optical elements are fixed. Note that the projection lens of the projector is replaced by
a 4-f setup (x1 Keplerian telescope) that images the DMD into a static ground glass diffuser (GGD, Thorlabs
N-BK7 glass, 1500 grit) that warrants for light spatially incoherent. The projected image at the GGD is then
relayed (x1 Keplerian telescope) into the back focal plane of the condenser lens (Nikon Plan-Achromat, 1.25
NA, x100, Oil). In this way, the cross-spectral density J(r,v) of the illumination beam (at the sample x — y
plane), which describes the correlation of the field at two points separated by a vector r = (x,y), is related to
the spectral density of the projected image I4(r,v) through the Fourier transform

J(r,v) /Is(r’,y) exp [ikrr’ /f] dr’, (1)
according to the Van Cittert-Zernike theorem.'® Here k = 27v/c = 27n /) is a wavenumber, v is temporal

frequency, with A\g being the wavelength, n is the refractive index of the condenser lens immersion medium (e.g.
oil Cargille Type B, n = 1.51), f is the focal length of the condenser lens. This optical setup generates uniform

illumination beam over the sample, where the spatial coherence state follows the Schell model.”> !3-14
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Fig. 1. (a) Sketch of the setup for illumination coherence engineering, transmission microscope and phase retrieval system.
Relay lenses (RLs) and tube lens are achromatic doublets with focal length of 150 mm. ETL is a low dispersion varifocal
lens electrically controlled by a PC. (b) Measured LED light spectra (Ocean Optics USB2000+ spectrometer).

This system allows for exploring the effects and benefits of coherence sates different from the traditional
ones used in imaging. For instance, in the case of an image I (r,v) corresponding with a circle of radius a
(centered at the condenser lens) the complex degree of coherence is given by the well-known Besinc function:
J(r,v) = 2Jy(kar/f)/(kar/f). Other projected images Is(r, ) generate other coherence states J(r,v), where the
geometric form of the image I (r, V), its intensity as well as its color distributions define the illumination coherence
and thus the image formation. Note that the temporal coherence is controlled by choosing the appropriate color
spectrum of the projected image. Fig. 1(b) displays the measured light spectra of the DLP projector, the
central wavelengths are: \g = 622, 518 and 450 nm with AX = 16, 30 and 20 nm being the full width at half
maximum (FWHM) of the spectrum, respectively. We recall that in the case of quasi-monochromatic LED source
(AX < \g) with nearly Gaussian spectrum, the coherence length is often approximated as I, ~ 0.88\%/AM, see.'?
Combining three RGB channels a temporally low coherent illumination is obtained, which can be beneficial for
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Fig. 2. (a)-(c) Amplitude of the cross-spectral density J(r,v) associated with three images I(r,v) projected into the
back focal plane of the condenser lens for central wavelength A\¢ = 518 nm. Diffraction patterns measured in brightfield
for a polystyrene bead at three focusing distances (in each coherence state) are also shown in (a)-(c). The profile of the
reconstructed thickness distributions of the polystyrene bead in the latter coherence states are displayed in (d).

tomographic reconstruction of the sample.> Moreover, by choosing consecutively one of the RGB channels,
dispersion analysis of the sample can be performed. This design results in more versatile and faster control of
light coherence (in microscopy) than the ones based on: Varying color filters and mechanical diaphragm (iris) of
the condenser lens, or alternatively by using partially coherent beams generated from a coherent laser modulated
by a moving diffuser or a re-configurable laser cavity.!®

A brightfield microscope comprising a high numerical aperture objective lens (Olympus UPLSAPO, 1.4 NA,
100x, Oil) and a color camera (Thorlabs-DCC1240C) have been used for image monitoring tasks and qualitative
analysis of the sample, see Fig. 1(a). To obtain quantitative phase imaging, several defocused images are
measured by using the setup developed in” comprising a fast electrically tunable lens (ETL, Optotune EL-10-
30-C) and monochrome high-resolution sCMOS camera (Hamamatsu, Orca Flash 4.0, 16-bit gray-level, pixel
size of 6.5 pum), see Fig. 1(a). As an example we considered a sample of polystyrene spheres (4.7 um bead
diameter, Spherotech Lot. AD01) immersed in distiller water. In Fig. 2 the diffraction pattern of a polystyrene
sphere (defocused before and after the focal plane z = 0 um) are shown for three different illumination states
corresponding to I4(r,v): Green circle, rectangle and triangle. The amplitude of spatial coherence is displayed
in Fig. 2(a)-(c) for each case. The diffraction patterns reveal the change in the light coherence state caused by
the shape of the projected images I;(r,v). Indeed, the pattern is symmetric when I4(r,v) is a centered circle
[Fig. 2(a)] and asymmetric in the other cases. As expected, diffraction fringes are well-observed only in the
direction corresponding to the smallest side of the projected rectangle image in Fig. 2(b), where the coherence is
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Fig. 3. Diffraction patterns measured in brightfield for a polystyrene bead at three focusing distances and for tow different
spatial-temporal coherence states associated to the image images I(r,v) displayed in top at (a) and (b), respectively.
This example illustrates the capabilities of the proposed setup for beam coherence engineering at different wavelengths.

higher. Note that this effect is not observed in the focal plane (z = 0) because the intensity distribution at this
plane does not depend of the spatial coherence state for the Schell-model illumination.'® We also underline that
the spherical particle works as a micro-lens that re-imaged Is(r,v) at its focal plane as observed in the fourth
row of Fig. 2(a)-(c). To illustrate the versatility of the proposed approach, two different spatial coherence states
comprising multiple wavelengths are shown in Fig. 3. This combination of colors and spatial coherence states
could be useful to study the wavelength-dispersion properties of a sample and its optical inspection apart from
quantitative imaging studies (e.g. thickness distribution reconstruction).

3. QUANTITATIVE PHASE IMAGING WITH THE
CONTROLLED ILLUMINATION COHERENCE STATES

In the case of partially coherent light the reconstruction of the phase delay caused by the specimen is more
complex than in the case of coherent light microscopy.? Such a phase retrieval problem has been studied in
detail in the context of electron microscopy and X-ray imaging by means of non-interferometric methods such as
transport of intensity equation (TIE) and iterative algorithms.!” 2?2 The developed techniques can be extended
to the visible wavelength range to obtain quantitative phase imaging with a brightfield microscope under Kholer
illumination, see.>” 923725 For instance, inspired by the method proposed in,?' we have developed an iterative
technique that is able to retrieve both the phase delay caused by the object and degree of spatial coherence of
the microscope illumination beam.” Note that, due to the loss of both temporal and spatial coherence, the phase
retrieval using interferometric methods is much difficult in practice.

Our approach requires the measurement of at least four defocused images at the detector plane [e.g. SCMOS
camera in the measurement setup displayed in Fig. 1(a)]. Specifically, each defocused image is given as a function
of the ETL focal length, f,,, and coherence sate as it follows:

IP- (r,v) x /Igf (', v) I [(xr —1') Sy, v] dr, (2)
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see” for further details. Here, S,, = f,,/ (d — f,,) is a scaling factor where d is a fixed distance between the ETL
and the sCMOS camera. The expression Eq. (2) is the convolution between I (r, ) and I} (r, v) that corresponds
to the intensity distribution which would be obtained using ideal (speckle-free) spatially coherent illumination.
The measurement is performed inside the coherence gate according to the value of coherence length, in our case
le ~ 9 pm for \y = 518 nm. Note that as the coherence becomes low the defocusing range in the measurement has
to be shorter. In this range the object’s diffraction patterns have to be well resolved and sufficiently vary with
defocus such that the iterative algorithm can recover the sample phase information.” ! Fig. 2(b) displays the
profile of the bead’s thickness distribution obtained from the retrieved phase information for each configuration
of spatial coherence considered in Fig. 2(a)-(c). Here we have used the same procedure as reported in” (see
Section 2) and images I} (r,v) of 1024 x 1024 pixels, the convergence is typically reached after 10 iterations
in a few seconds (20 s). These experimental results are in good agreement with the expected thickness profile
of a spherical bead and demonstrate that quantitative phase imaging is possible even using partially coherent
illumination whose spatial coherence exhibits rather different symmetry with respect the conventional circular
one.”

4. CONCLUSIONS

The studied examples illustrate the versatility of the developed illumination setup for light coherence control in
optical microscopy and in particular for quantitative phase imaging. This setup comprises three color LED sources
(RGB) and a micromirror-based spatial light modulator (DMD) providing a programmable and fast performance
in the millisecond range. Control of temporal (e.g. by changing the LED color) and spatial coherence (e.g. by
varying the pattern displayed into the DMD) according to the standing application brings promising advantages
due to speckle-noise free and optical gating effect (axial image sectioning). Fast control of light coherence opens
up new perspectives for in vivo inspection and quantitative analysis of samples, for example multilayered cell
structures. It can be useful for analys of information at subwavelent spatial resolution when using an evanescent
illumination field.®
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