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Abstract

We propose an on-axis microscope optical system to implement programmable optical Fourier
transform image processing operations, taking advantage of phase and polarization modulation
of a liquid crystal on silicon (LCOS) display. We use a Hamamatsu spatial light modulator (SLM),
free of flickering, which therefore can be tuned to fully eliminate the zero order component of
the encoded diffractive filter. This allows the realization of filtering operation on axis (as
opposed to other systems in the literature that require operating off axis), therefore making use
of the full space bandwidth provided by the SLM. The system is first demonstrated by
implementing different optical processing operations based on phase-only blazed gratings such
as phase contrast, band-pass filtering, or additive and substractive imaging. Then, a simple
Differential Interference Contrast (DIC) imaging is obtained changing to a polarization
modulation scheme, achieved simply by selecting a different incident state of polarization on
the incident beam.
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1. INTRODUCTION

Spatial light modulators (SLM) are currently used in various applications in optical microscopy,
including the generation of an array of optical beams [1], the production of optical traps [2],
photo-stimulation [3], the synthesis of arbitrary point spread functions [4], or quantitative phase
microscopy [5]. One of the most promising methods is the use of liquid crystal displays (LCD) as
programmable phase diffractive optical elements (DOE) placed in the Fourier plane giving access
to the spatial frequencies, which can be phased shifted individually, allowing to emulate a
wealth of contrast enhancing methods [6,7]. Some of those DOE elements are spiral phase
patterns [8,9] giving a strong contrast enhancement of microscopic amplitude and phase
samples [10], or phase masks as circular rings or annular structures [11].

In these cases, blazed gratings are displayed on the SLM acting as phase masks that diffract the
incoming wave into the first diffraction order image plane [5,6,12,13]. This is mainly due to the
SLM flicker effect, that causes a temporal fluctuation of the phase values displayed on the SLM,
and is the origin of some important amount of undiffracted intensity [14,15]. So, for such
systems it is needed to block the zero-order, and to operate with an off-axis architecture. This
operation with a blazed grating reduces substantially the available space bandwidth provided
by the SLM. Although a better control of the spatial phase and amplitude modulation of the
diffracted beams are a justification to use those systems, what it is true is that off-axis systems
have a relevant reduction of light and field of view, as well as some difficulties of stability and
optical implementation.

In this work, instead, we use a parallel-aligned Hamamatsu LCOS display, PAL-LCOS-SLM model
X10468-01 [16]. Although these LCOS devices suffer from other typical problems of LCOS SLMs
like non-uniformities, fringing effects or Fabry-Perot effects [17], they are free of flicker and
therefore they can completely eliminate the zero order component of blazed phase diffractive
elements, when operated correctly. Therefore, the purpose of this paper is to describe a
programmable microscope system where such an LCOS SLM is employed to display Fourier
transform filters, with the advantage of operating on axis. We demonstrate this ability by
applying some simple pass band filtering operations, as well as some polarization filtering.

Various imaging-based measurement techniques are capable of delivering information in the
form of phase, where phase imaging methods and polarized microscopy are used to extract
anisotropy or birefringence information. In fact birefringence characterized the differential
speed of propagation between two orthogonal polarization states. Several techniques for
determining the optical birefringence have been used, including interferometric [18] and
polarimetric methods [19,20]. Polarized microscopy is based on optical microcopy techniques
involving polarized light. A more complex microscopy techniques which take advantage of
polarized light include differential interference contrast microscopy (DIC) [21]. DIC works on the
principle of interferometry to gain information about the optical path length of the sample, to
see otherwise invisible features. Traditionally it is performed using Wollaston prisms to create
two slightly offset coherent images that are superimposed in the image plane [21,22]. DIC has
been used satisfactorily with SLM [12,23] where Wollaston prism are replaced by a SLM to
generate and overlap the two displaced images without taking advantage of the polarization
orthogonality of the anisotropy of the LC. In previous methods the shear, orientation and phase
difference of the images are all computer controlled and can be varied at video rates. The
requirement of computer processing is not always an advantage since the illumination
conditions and alignment is critical to perform the correct digital image addition.



In this work we propose the on-axis microscope set-up to implement optical image processing
operations by exploiting the phase and polarization properties of the LCOS display. The optical
system is equivalent to other typical previous architectures [6,7,12,13,23] where a LC SLM is
used as spatial filter in a Fourier plane that is made available by means of a relay optics. There,
a phase or polarization filter is displayed, but no zero-order component is obtained. We then
use a beam splitter (BS) to recover the information that come from the Fourier plane and
recombining it in the final image plane, where a CCD camera is placed. By selecting the proper
linear polarization impinging to the LCOS SLM different parallel basic image processing
operations are done. In addition we propose a simple architecture to perform DIC microscopy
without need to computer processing. We use the polarization properties of the LCD by placing
a polarizer oriented 452 angle with respect the two orthogonal polarizations. So the two slightly
offset coherent images are superimposed in the final image plane. This is the fundamental work
of DIC by separating a polarized light source into two orthogonally polarized mutually coherent
parts, which are spatially displaced (sheared) at the sample plane, and recombined before
observation. However to produce the two orthogonal polarization quartz prism where used to
illuminate the sample, in our proposed optical set-up both images are generated directly with
two orthogonal polarization.

The paper is organized as follows: after this introduction, Section 2 introduces and described the
optical setup and the main elements. Then, in Section 3 we present some experimental results
on the application as different Fourier transform filters based on the phase-only modulation
operation of the display. These results show how the microscope filter operates on axis. Then,
section 4 introduces some other filtering operations based on the control of the state of
polarization, which can be considered as a DIC equivalent. Finally, Section 5 present the
conclusions of the work.

2. OPTICAL SYSTEM

The optical setup is shown in Fig. 1. A He-Ne laser (A=633 nm) is spatially filtered and collimated,
and illuminates the sample. Then an infinity corrected microscope objective is used, a 10X
objective from Nikon, with a focal length of fo,;=20 mm. The Fourier transform (FT) of the sample
transmittance is obtained in the back focal plane of the objective. However, it is difficult or even
impossible to access this FT plane (FT plane 1 in Fig. 1). This, following previous systems [5,6],
we use a relay optics composed of two converging lenses L1 and L2, with focal lengths f1=175
mm and f,=400 mm respectively, to image FT plane 1 onto FT plane 2, where the LCOS SLM can
be placed. The relay optics can be viewed as a 4f system from FT plane 1 to FT plane 2. An
intermediate image plane is produced in between (image plane 1). This magnification allows to
have a FT size that can be manipulated with the LCOS SLM.

The LCOS SLM is used to display a diffractive mask that performs the Fourier transform filtering
operation. Here we use a Hamamatsu LCOS display, parallel aligned PAL-LCOS-SLM model
X10468-01, with 792x600 pixels, 20x20 um? pixel size and video-rate operation (60 Hz). The LC
director is oriented horizontal with respect to the laboratory frame. This device is a
programmable linear retarder with the extraordinary axis oriented horizontally, and the
ordinary axis oriented vertically. Therefore, it produces a phase-only modulation for linearly
polarized light oriented horizontally. A phase retardation variation of 2w radians is obtained for
the operating wavelength of 633 nm for a gray level variation of 196 levels. The electronics of



the SLM is corrected to provide a linear relation of the retardance variation with the addressed
gray level.

Light reflected back from the SLM is isolated from the input beam by means of a non-polarizing
beam splitter (NPBS). A final converging lens (L3), with focal length f;, performs a final FT
operation. The final magnification of the microscope can be adjusted by adjusting the location
of lens L3 and the CCD detector. We use a CCD camera from Basler, model scA1390-17fc, with
1392x1040 pixels.

Two rotatable polarizers are included in the system (P1 and P2), before and after the NPBS. The
input polarizer (P1) is used to select the polarization of the beam impinging the LCOS SLM.
Polarizer P2 is used to select the output transmitted polarization. The polarization of the beam
illuminating the sample is selected circularly polarized, so polarizer P1 can be rotated without
changing the intensity of the beam.
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Fig. 1: Scheme of the optical setup. L denotes a converging lens, and P denotes a linear polarizer.

3. IMAGING PROCESSING OPERATIONS WITH PHASE-ONLY FILTERS

It is well known that by manipulating the spatial frequencies of the Fourier spectrum of an image
different image processing operations such as band-pass filtering can be obtained [24]. For
instance, high pass filtering produce edges detection whereas low pass filtering averages the
borders by smoothing the image appearance. All those processes are normally applied to
microscopic samples. However in a conventional microscope it is difficult to have access to
Fourier plane where a mask should be placed in order to block the desired frequency band. It
would be also complicated in a conventional microscope to apply different filters
simultaneously.

Here we use the LCOS SLM to display blazed grating masks in the Fourier plane. For that purpose,
we orient polarizers P1 and P2 horizontally, to be parallel to the LC director of the display, and
this way produce a phase-only modulation operation. Then we have used a mask composed by
a blazed grating acting in the high frequency domain, with the result of a first-diffraction order
shifting of high frequency image, whereas a low-frequency image is obtained in the zero-order.
The mask that we used is shown in Fig. 2(a). It consists on the central circle with uniform gray
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level, surrounded with a blazed grating with 4 pixels period. The microscopic object is Microcopy
Resolution Test Chart (NBS 1010A) test where number 18 is imaged. This is an amplitude
resolution test is composed by five-bar chart. Each of the five bars in a test element is 25 times
as long as it is wide. We have imaged number 18, meaning 8 cycles/mm, so the width of the
number is around 65 microns.

The final image is shown in Fig. 2(b) corresponds to displaying constant image on the LCOS SLM,
therefore not producing any filtering operation. The location of the number 18 image indicates
the optical axis, since the object is selected centered. Note that there is no indication of a DC
component that would appear if flickering were being produced in the SLM. Note also the sharp
edges of the image.

Then, we apply the filter in Fig. 2(a) and the final image is placed in Fig. 2(c), and the result shows
two version of the input object: 1) a low-pass filtered version of the object is obtained on axis,
with smooth borders, corresponding to the low spatial frequencies passing through the circle
with uniform gray level in Fig. 2(a); 2) a high-pass filtered edge enhanced version of the image is
being obtained off axis, corresponding to the spatial frequencies being reflected on the outer
part of the filter in Fig. 2(a), where the blazed grating diffracts the light with 100% efficiency
onto the first diffraction order. One advantage of the system that is shown in Fig. 2(c) is that
both high- and low-pass filtered images are obtained at once and simultaneously.

© (d)

Figure 2. (a) Phase mask addressed on the LCD the Fourier plane, the blazed grating has a period of 4 pixels and the

size of the circular mask has a radius of 45 pixels. (b) Image of number 18 in Microcopy Resolution Test Chart (NBS

1010A) (18 pairs/mm) using the microscope without filtering. (c) Final image plane with the two filtered images. (d)
Equivalent results when the blazed grating is oriented at 45° with respect the LC director.

Note that by changing the orientation of the blazed grating, it is possible to direct the filtered
first diffraction order onto different directions, as can be shown in Fig. 2(d), where the grating
has been oriented at 45°, thus providing the high pass filtered version of the object to appear
diffracted in the diagonal direction of the final image. The period of the grating can be adjusted
as well, to provide different angular separation of the filtered image, and avoid overlapping with
the opposite filtered image appearing on axis.



A similar experiment can be done but using now an opposite filter as provided by the phase
mask in Fig 3(a), where the blazed grating is inside the central circle mask, and the surrounding
image is uniform. In this case, the first diffracted order is the low-pass filtered version of the
image, while the central image reproduces the high-pass version of the image. Again, changing
the orientation of the blazed grating in the central circle allows changing the position of the low-
pass image, while the high-pass filtered version is maintained in the original location (Figs. 3(b)-

(d)).

Figure 3. (a) Phase mask addressed on the LCD the Fourier plane, the blazed grating has a period of 4pixels and the
size of the circular mask has a radius of 47 pixels. (b) Blazed grating oriented a 0°, (c) oriented at 135°, and (d)
oriented at 90°.

These simple results demonstrate that the LCOS SLM is providing an excellent phase-only
modulation, with no significant evidence of the zero order component of the diffraction grating,
thus showing the full profit of the SLM space bandwidth. Nevertheless, the filtering operations
require the use of a blazed grating to diffract off-axis the spatial frequencies that are filtered.
Next we show that similar results can be obtained by exploiting of the polarization modulation
provided by the display.

For the sake of clarity and in order to quantify our results, we have calculated the error of the
high pass and low pass images in comparison to well-known digital image processing operation
as Sobel and Gaussian filtering [24]. Sobel filtering is used as edge extractor simulating a high
pass filtering whereas digital Gaussian filter smooth the borders acting as a low-pass filter. For
simulating the digital results we have used a binary version of number 18 shown in Fig. 2(b). We
have also select the same 1D profile of the images to make easier the comparison. The metric
used to compare the 1D profiles of the images is the mean squared error (MSE) defined as:

MSE = <304 [fi() = f(m)]? (1)



where f;(n) and f,(n) are respectively the 1D profile of the digitally filtered image, and the
optical result obtained in our system, respectively and N is the number of pixels. We also

calculated the Peak Signal-to-Noise Ratio (PSNR) defined as
PSNR = —10l0g,o (*oF ) 2)

where S is the maximum pixel value and the PSNR is measured in dB. We have normalized the
images so S=1.

In Figure 4, we show a 1D profile of the filtered images to make easier the analysis.
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Figure 4. (a) 1D profile comparison for optical low pass image shown in Fig. 2 and 3, with (5x5 pixel window) digital
Gaussian filter. (b) 1D profile comparison for optical high pass image shown in Fig 2 and 3 with (5x5 pixel window)
digital Sobel filter.

In Fig. 4(a) we are comparing the 1D profile for digital Gaussian filter (in red) and our optical low-
pass image (in green). The digital filter uses a window of 5x5 pixels. The MSE (in percentage) and
PSNR for those profiles are 0.6% and 22.2dB, respectively. Note that the values show the good
agreement between both profiles. In Fig. 4(b) we compare the 1D profile for digital Sobel filter



(in red) and our optical high-pass image (in green). Again the filter has a 5x5 pixels window. The
MSE and PSNR are 2.6% and 15.8dB, respectively. For this case, the noise coming from
experimental results is more evident, but still we have a good matching.

4. IMAGING PROCESSING OPERATIONS USING POLARIZATION MODULATION

Polarization is a degree of freedom widely used in microscopy. It is well known that biological
samples and other materials exhibit changes in the polarization when they are illuminated. This
optical property can be exploited to enhance the contrast in microscopy [26]. In our optical
microscope we will be able to generate different final images with different polarizations by
using the LCOS SLM as a polarization filter. For that purpose we follow the technique introduced
in [27].

Previous results in Section 2 were obtained using the SLM as phase-only filter, and for that
purpose the polarizers P1 and P2 were aligned both horizontal to be parallel to the LC director
axis. However by selecting the polarizer P1 oriented at 45° angle with respect to the LC director
and addressing a blazed grating in our SLM, two different beams are reflected with orthogonal
polarizations. The horizontal polarization component, parallel to the LC director, is fully affected
by the blazed grating and becomes 100% diffracted onto the first diffraction order. On the
contrary, the vertical polarization component is completely unaffected by the mask displayed
on the SLM, and it is reflected as if the display was a mirror.

As a consequence, if polarizer P2 is removed from the system, two images are obtained in the
final plane with two orthogonal linear states of polarization. This result is shown in Fig. 5(a)
where two equal images are obtained. Note than in this case the two images are identical, since
no filtering operation is being performed yet (the blazed grating completely fills the SLM screen).
But this duplication can be used for future image processing operation. To verify that both
images have two different orthogonal polarization states we placed back the analyzer P2. In Fig
5(b) the analyzer is oriented vertical, i.e., perpendicular to the LC director of the LCOS-SLM.
Therefore, only the zero order undiffracted image is recovered, and the off-axis shifted image is
completely removed. On the contrary, when the analyzer P2 is oriented horizontal, i.e., parallel
to the LC director, only the first-order image is obtained (see Fig. 5(c)), and the image on-axis is
completely removed.



Figure 5. (a) Without analyzer, (b) Zero-order image, (c) First order image. The period of the blazed grating is 4
pixels. The orientation of the analyzer P2 is indicated on the top.

This result is relevant since we are not only obtaining duplicity of the images, but both images
have different orthogonal linear polarization. Changing the period of the blazed grating we are
able to change the relative lateral shift between both images. Therefore, we can reduce the
diffraction angle of the blazed grating to make both images overlap, and then perform different
basic imaging operations such addition and subtraction simply by rotating the analyzer P2.

As an example, in Figs. 6(a) and 6(b) we have implemented a blazed grating with a period of 7
pixels. Note that now the two images share a region where they overlap. In order to view both
images with equal intensity we placed the analyzer P2 oriented at +45°. But the result is
completely different depending on the sign. When P2 is oriented at +45° with respect to the LC
director, the linear polarizations of the two images project onto the analyzer axis with the same
sense, and the images are added. On the contrary, when P2 is oriented at —45°, the electric field



of the two images project with opposite sense, and a subtraction operation is produced. This is
why the region of overlap appears bright in Fig. 6(a) and dark in Fig. 6(b). This addition and
subtraction operation by means of polarization projection has been in fact used for years with
magneto-optic modulators [28].

© )

Figure 6. Addition and subtraction of the two images by means of polarization: (a)-(c) Analyzer P2 oriented at 45° to
produce addition; (b)-(d) Analyzer P2 oriented at -45° to produce subtraction. In (a)-(b) the blazed grating has a
period of 7 pixels. In (c)-(d) the blazed grating has a period of 90 pixels.

This type of operation based on polarization allows reproducing the implementation of DIC type
image processing. In fact DIC techniques use the interference of two beams to measure the path
length difference between adjacent points in the image. It is like producing a gradient in the
image. DIC works better in amplitude images since in typical biological samples the birefringence
(phase content) is not too high and so the amplitude differences are not well visualized. Here
we applied DIC to amplitude images. However DIC can be used to quantify phase and to obtained
3D profiles of the samples [12].

This is shown in Figs. 6(c) and 6(d). Here we have increased the period of the blazed grating to
90 pixels in order to reduce the angular diffraction and make the two images practically overlap.
The small lateral displacement produces a high gradient of the final image. Therefore, when we
orient the analyzer P2 at £45° to produce the addition and subtraction operations, we obtain a
single version with smooth wedges (Fig. 6(c)) or enhanced edges (Fig. 6(d)). Note that these
operations can be made on axis, exploiting the polarization orthogonally of the two beams
because we use a LCOS-SLM without flicker effect. Otherwise, the on-axis zero-order component
of the blazed diffraction grating will additionally contribute to the other polarization component,
and prevent to perfectly produce these effects.

Note that the edge enhancement in Fig. 6(d) is produced only in the vertical edges, while the
horizontal edges are not visible. This is due to the lateral displacement of the diffracted image,
which is made in the horizontal direction in this example. This could be avoided for instance by
implementing a diffractive lens on the LCOS-SLM instead of the blazed grating. If the focal length
is large enough, the horizontal polarization will be focused in a plane slight different than the
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vertical polarization, and will appear slightly defocused. Then the subtraction operation will
provide all edges, as it was shown for instance in [29].

This is what we did in the final result provided in Fig. 7. Here we used as a sample a thin layer of
onion skin cells. In order to avoid speckle due to the laser illumination, we incorporated a
diffuser in the illumination of the sample. Figure 7(a) shows the images captured when the LCOS-
SLM displays a uniform image. And Figure 7(b) shows results but now the SLM displays a
diffractive lens of focal length as large as 2 meters and the analyzer P2 is oriented at —45° to
produce a subtraction of the focused and the defocused image. Now two images with
orthogonal polarizations are again obtained, but instead of being laterally shifted, one of them
is focused in the final plane, while the other one (affected by the diffracted lens on the SLM) is
slightly defocused. This result in Fig. 7(b) reproduces the classical 3D effect characteristic of DIC
imaging.

(a) (b)

Figure 7. (a) Image of onion skin cells with uniform image in the SLM (b) 3D effect obtained by displaying a
diffractive lens (f=2000 mm) in the SLM.

Note that all these experiments included in this last section do not require to operating off-axis
as other previous systems in the literature. Blazed gratings with very large period or lenses with
very large focal length are implemented by the SLM, thus reducing the spatial resolution
requirements in the display.

5. CONCLUSIONS

In summary, in this paper we have optically implemented a simple programmable microscope
setup based on placing a LCOS-SLM in a Fourier transform plane, and we showed how it can
perform different filtering operations. We have used a Hamamatsu LCOS-SLM free of flicker,
which allows operating the system on axis, as opposed to other systems in the literature that
must be operated off-axis due to the zero order component caused by this effect.

The possibility to modulate both the phase and the polarization of the optical beam permits to
implement basic image processing operation for microscopic amplitude objects by selecting
properly the polarization states. In addition we have implemented differential interference
contrast (DIC) simply by generating two images exploiting the polarization splitting properties
when a blazed diffraction grating is displayed in the SLM. This polarization based technique could
be applied because of the operation on-axis achieved with the use of our LCOS-SLM display.
Biological microscopy samples are used for enhancing contrast using a diffractive lens in the
SLM.

In addition, due to the possibility to work on-axis, we can use the whole area of the SLM
(800x600 pixels in our case) to codify the filtering masks. This is an advantage compared to other
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systems in the literature, which must be operated off-axis due to the zero-order component,
and therefore need to codify a grating to shift information to first-order.
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