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ABSTRACT

Computer Generated Holograms (CGHs) are powerful optical elements used in many fields, such as wavefront shaping,
quality testing of complex optics and anti-counterfeiting devices. Lee algorithm is the most used to generate binary
amplitude Fourier holograms. Grayscale CGHs are known to give a higher reconstruction quality than binary holograms,
but they usually require a cumbersome production process. A very simple and straightforward method of manufacturing
rewritable grayscale CGHs is here proposed by taking advantage of two key components: a Digital Micro-mirror Device
(DMDs) and a photochromic plate. An innovative algorithm, named Island algorithm, able to generate grayscale
amplitude Fourier CGHs, is reported and compared with the standard Lee approach, based on 9 levels. A crucial
advantage lies on the fact that the increase or decrease of the quantification does not affect the spatial resolution. In other
words, the new coding leads to a higher spatial resolution (for a given CGH size) and a reconstructed image with an
order of magnitude higher contrast with respect to the classical Lee-coded hologram. In order to show the large potential
of our approach, a 201 levels Island hologram is designed, produced and reconstructed, pushing the contrast to values
higher than 1074. These results reveal the high potential of our process as well as our algorithm for generating
programmable grayscale CGHs. Grayscale objects are also studied in order to be produced with our new coding scheme:
simulations show a much better reconstruction (resolution, fidelity, contrast) thanks to the quantification of the
transparency than the Lee algorithm commonly used.

Key words: Computer Generated Hologram, CGH, Fourier coding, programmable CGH, photochromic
material, optical testing, wavefront shaping, DMD.

1. INTRODUCTION

Wavefront shaping, complex optics testing, including aspherical and free-form optics or optical instrument alignment
techniques will greatly benefit from Computer Generated Holograms (CGHs) [1]. They are classified in two groups:

1- phase holograms, which are obtained by recording a phase variation in a material having a modulated refractive
index or thickness;

2- amplitude holograms, where an intensity pattern is recorded in a material whose transparency can be locally
controlled. Phase and amplitude holograms provide the same performances in terms of image reconstruction
quality, but different diffraction efficiency. For instance, binary phase holograms, show 40% diffraction
efficiency in the first order, whereas efficiency is limited to 10% for binary amplitude holograms [2]. Therefore,
amplitude holograms are usually applied in interferometry, which is not intensity limited.

Grayscale amplitude and grayscale phase holograms are known to give a higher reconstruction quality than binary
holograms [2], but they require a more complex production process. Specifically, the production of phase grayscale
CGHs is complex since a series of masks has to be consecutively aligned very precisely, and a developing step is
required after each exposure step to obtain the final hologram.

To our best knowledge, only grayscale phase CGHs have been obtained so far by micro-lithography [3], the uniformity
of the material thickness being the main limiting parameter for these components [4]. Concerning amplitude CGHs, they
are nowadays produced in chrome on glass by means of lithographic techniques, either mask or maskless (by direct



writing) lithography. Due to the binary nature of the chrome developing process, these techniques allow for easily
writing binary CGHs, but they cannot provide grayscale CGHs.

We previously demonstrated an original recording technique, which makes use of a programmable mask and a non-
threshold photosensitive material, to produce ready to use grayscale CGHs in a one exposure process without requiring
any developing step [5,6]. Indeed, a set-up based on a Digital Micro-mirror Device (DMD), which has been originally
developed to generate programmable slit masks in multi-object spectrographs [7], is considered. DMDs are
programmable devices, composed of millions of micro-mirrors reconfigurable in real time. Actually, DMDs have been
extensively used to generate dynamic binary or grayscale holograms [8], by exploiting the fast switching of the mirrors at
frequencies higher than the human vision frame rate. The grayscale originates as a dynamic effect and not as a steady
state effect. However, the discrete structure of the device induces a high scattering and background noise from the
mirrors edges when illuminated with laser light [9], making such holograms useless for interferometry and metrology.
Nevertheless, DMDs perfectly reproduce binary masks to be projected with incoherent light on photosensitive plates,
thus producing amplitude CGHs. In this work, such plate consists in a photochromic film that can be reversibly
converted from an opaque and colored form to a transparent form upon exposure with light of suitable wavelengths [10].

Actually, reversible holograms have been already obtained with photochromic materials [11, 12] and real-time
photochromic holograms were shown, by exploiting the fast transition of imidazole dimers [13, 14]. Moreover,
photochromic binary CGHs for optical testing have been recently demonstrated [15]. In photochromic materials, a ready
to use hologram is generated just after the light exposure, and the reversibility of the photoconversion makes devices
rewritable. Even more interesting, the transparency of a photochromic layer can be tuned by the dose of light absorbed,
which opens to the development of grayscale patterns [16]. In fact, the DMD set-up allows for easily recording grayscale
CGHs in a single exposure process. The lower diffraction efficiency of grayscale amplitude holograms with respect to
binary amplitude holograms (6% vs. 10% [2]) is here compensated by a better image reconstruction quality, an easy
exposure process and no developing steps, which are the limiting factors in the production of grayscale phase holograms.

Previously, we have successfully recorded the very first amplitude grayscale CGH, in equally spaced levels, so called
stepped CGH. We recorded up to 1000x1000 pixels CGHs with a contrast greater than 50, using Fresnel coding scheme.
Fresnel’s CGH are obtained by calculating the inverse Fresnel transform of the original image at a given focus, ranging
from 50cm to 2m. The reconstruction of the recorded images with a 632.8nm He-Ne laser beam leads to images with a
high fidelity in shape, intensity, size and location. These results reveal the high potential of this method for generating
programmable/rewritable grayscale CGHs, which combine DMDs and photochromic substrates. [5,17]

In this paper, we report innovative results for Fourier holograms: a new family of Fourier holograms named Island
CGHs, including an original coding algorithm, leading to higher spatial resolution and a reconstructed image with a
much higher resolution, a better compacity and an increased throughput, in comparison with the classical Lee-coded
holograms. Grayscale objects are also studied in order to be produced with our new coding scheme.

2. RECORDING AND RECONSTRUCTION OF A CGH

Two set-ups have been developed for the recording of the calculated CGH and for the reconstruction of the original
encoded images.

2.1 Recording set-up

Figure 1 shows our recording set-up, dedicated to the CGH recording on the photosensitive plate. The DMD, controlled
by the formatter board [18] is illuminated by a collimated beam from a white source, and redirects the light toward the
plate. The beam is illuminating the entire DMD and the light power is homogeneous on the plate. The pattern reproduced
by the DMD has to be projected onto the plate as precisely as possible, so the plate is illuminated through an Offner relay
with a magnification of 1:1. This relay provides a nearly aberration free beam and has the advantage of being compact.
The unit magnification means that the maximum size of CGH is directly limited by the size of the DMD; the micro-
mirrors of the DMD therefore correspond to the “pixels” of the CGH. Finally, a post-CGH imaging system located right
after the CGH plate consists of two lenses, a filter around 600 nm and a CCD camera. This system in an afocal assembly
allows imaging of the CGH during writing, in situ and in real time. Magnification is tuned by changing properly the pair
of lenses, from a value of 1 up to 4.



DMD, CGH and camera planes are then conjugated. Note that DMD plane is a tilted focal plane due to the nature of
micro-mirror array: each micro-mirrors tilts out of the array plane by 12°, leading to a global 24° tilted focal plane.
This effect is reproduced as well at the post-CGH imaging camera level (the camera plane is tilted by 24°).
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Fig. 1: Picture of the set-up dedicated to CGHs recording; it is based on an illumination unit
towards the DMD, an imaging optical system based on a 1:1 magnification Offner relay
from the DMD plane to the CGH plane, and a post-CGH imaging system.

2.1.1 Mask generator

Digital Micromirror Devices (DMD) from Texas Instruments could act as reconfigurable mask generator. The largest
DMD chip developed by TI features 2048 x 1080 mirrors on a 13.68pum pitch, where each mirror can be independently
switched between an ON (+12°) position and an OFF (-12°) position (Fig. 2). This component has been extensively
studied in the framework of an ESA technical assessment of using this DMD component (2048 x 1080 mirrors) for space
applications (for example in EUCLID mission). Specialized driving electronics and a cold temperature test set-up have
been developed. Our tests reveal that the DMD remains fully operational at -40°C and in vacuum. A 1038 hours life test
in space survey conditions (-40°C and vacuum) has been successfully completed. Total Ionizing Dose (TID) radiation
tests, thermal cycling (over 500 cycles between room temperature and cold temperature, on a non-operating device) and
vibration and shock tests have also been done; no degradation is observed from the optical measurements. These results
do not reveal any concerns regarding the ability of the DMD to meet environmental space requirements [18].

Fig. 2: DMD chip from Texas Instruments (2048 x 1080 micromirrors).



2.1.2 DMD mask projection

A simple imaging Offner-type layout has been set up, based on two identical spherical concave mirrors and a convex
mirror (Fig. 3). Indeed, spherical mirrors belong to the same mother mirror, sharing the same radius and center of
curvature. One mirror only could be used instead of two separate ones, helping the alignment of the system. However,
mechanical and operational constraints can lead to split these two mirrors. We have preferred two identical spherical
mirrors with a diameter of 160mm and a radius of curvature of 438mm. The convex mirror has a 224mm radius of
curvature. [19]

CGH location

lllumination beam

Fig. 3: Optical layout of the imaging set-up.

This optical layout will make the system simple and efficient. Additionally it will not suffer from chromatic aberrations.
Delivered image quality onto the CGH plane is high enough to not degrade spatial resolution. Typical monochromatic
spot diameters are <20um over the whole FOV for wavelengths between 400nm and 800nm.

2.2 Reconstruction set-up

The reconstruction set-up, shown in Fig. 4, is dedicated to CGH reconstruction. The source is a collimated 632.8 nm He-
Ne laser. The camera, placed at the distance z from the plate, is illuminated through the CGH. As described in the next
section, the Fresnel holograms are directly calculated from the propagation equations of light, and they are for a given
focus. It is thus not necessary to add a lens between the plate and the camera to reconstruct the image, unlike with the
Fourier holograms. This is why the source should be rigorously collimated, because a variation in the quality of the
collimation can displace the focal plane along the optical axis and change the size of the encoded image.
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Fig. 4: Picture of the set-up dedicated to image reconstruction, including a 632.8 nm He-Ne laser, the CGH plane and the camera
located at the hologram projection distance (2m in this case) for Fresnel CGHs.
For Fourier holograms, an additional collimating lens is required.



3. PHOTOCHROMIC PLATES

The photosensitive material is a diarylethene-based polyurethane [20]. Such kind of photochromic substrate contains a
large content of photochromic units (i.e. 50% wt. in this work) that turns into a high contrast between the colored and
uncolored forms, also for thin films. This layer can be reversibly converted from an opaque and colored form to a
transparent form upon exposure with light of suitable wavelengths, around 600nm (Fig. 5). Moreover, the optical quality
in terms of transparency and scattering is very good. The photochromic plate is 3um thick and the film is set uniformly
to the opaque state by a UV exposure. The conversion under light illumination of the photochromic film has been
previously determined by a kinetic model that provides the degree of transparency as function of the film features and

illumination conditions [16].

Transmission (OD))

\ S e——
~———— i
0 |
300 350 400 450 500 550 600 650 700 750 800 e ——
Lambda (nm)
600 nm

Figure 5: Transmission (Optical Density) of the photochromic material used in the UV-Visible range of the spectrum
showing the opaque to the transparent states, according to the illumination amount of the plate

4. FOURIER CGH

Fourier holograms are obtained using algorithms encoding the inverse Fourier transform of the wavefront to be
reproduced. These algorithms [21, 22, 23] are operating in a common way. Once the inverse Fourier transform is
calculated, the complex information contained in each pixel is encoded in a cell of WxH pixels, W and H depending on
the used algorithm. Lohmann, Lee and Burkhardt algorithms, all generate binary CGH with compactness and
quantification of information at different levels. The Lee algorithm is the most widely used and will be considered as a
reference for the current work. Only binary Fourier holograms have been produced using these algorithms. The number
of pixels of a Fourier hologram is therefore necessarily larger than the number of pixels defining the image. This leads to
limiting the resolution and size of images to be encoded. Since these holograms are based on the Fourier transform, it is
necessary to add a lens after the CGH in the reconstruction set-up, for applying the optical Fourier transform to the CGH,
and display the image.

4.1 The Lee algorithm
The algorithm proposed by Lee is encoding the real and imaginary parts of the complex Fourier function (Fig. 6a)
instead of the phase and amplitude [24]. The binary version of the algorithm, which is the only one developed up to now,
foresees a 4x4 elements cell for each pixel and encodes the real and the imaginary part of the complex number in two
times two columns (separating the positive and the negative values), leading to 9 quantification levels (8 discrete levels
plus the zero position), as shown in the Fig. 6b.
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Fig. 6: (a) Complex number to be encoded; (b) correspondent cell of the Lee algorithm; (c) example of a Lee hologram



The only way to increase the number of quantification levels is to increase the size of the cell, 8x8 elements cell for
33 levels, and 16x16 elements cell for 129 levels, increasing then the hologram size. An example of a Lee hologram is
provided in Fig. 6c.

4.2 The Lee-compact algorithm
The grayscale approach proposed in this paper opens to new possibilities to increase the hologram information density
and hence the reconstruction fidelity against binary holograms of the same size and resolution.
Our first newly proposed algorithm uses the grayscale approach to pop-up the columns of Lee cells, squeezing the
information of a quadrant of the complex plane into a single element (Lee-Compact). As shown in Fig. 7b, the cell is
composed by 2x2 elements, representing the positive and negative components of the real and imaginary parts of the
complex function. Lee-compact algorithm gives better results than the binary Lee algorithm in terms of compactness and
quantification levels, but shows small diffraction efficiency since two pixels are intrinsically black.
The number of discrete levels available with this algorithm is infinite, limited by the recording medium to display these
levels. This is done without changing the size of the elementary cell.
An example of a Lee-compact hologram is provided in Fig. 7c.

3 -
1 .
hRe 17 /S
2 1 0.5
him
N
() 4 ® . 2 SN (9)

Fig. 7: (a) Complex number to be encoded; (b) correspondent cell of the Lee-compact algorithm;
(c) example of a Lee-compact hologram

4.3 The Island algorithm
In order to overcome the limitation due to the two intrinsically black pixels of the Lee-compact algorithm, we introduce a
new coding scheme (named Island), where the cell is composed by 2x1 elements corresponding to the real and the
imaginary parts of the complex number. An offset is added to obtain positive values only that can be transformed into
transparency levels (Fig. 8b). However, we still keep coding the information in a 2x2 elements cell to avoid
anamorphism in the reconstructed image.
The number of discrete levels available with this algorithm is also infinite, limited by the recording medium to display
these levels. This is done without changing the size of the elementary cell. For example, let’s consider a CGH with
129 quantification levels; a 256-elements pixel is required with the Lee-code, while the size of the pixel always relies on
a 2x2 element cell with the Island code; this is therefore 64 times more compact than the Lee-code in the case of
129 quantification levels.
An example of an Island hologram is provided in Fig. 8c.
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Fig. 8: (a) Complex number to be encoded; (b) correspondent cell of the Island algorithm; (c) example of an Island hologram



5. ISLAND CGH FOR BINARY IMAGES

5.1 Island CGH for binary images calculation
We chose as object the logo of the astronomical instrument BATMAN project as shown in Fig. 9a [19], coded on
256 x 256 pixels, for a CGH of 1000x 1000 pixels, with an actual size of 14mm. The actual size of the CGH is limited by
the size of the DMD device used for the CGH recording, see paragraph 2. The size of the object to be reconstructed must
be smaller than the size of the image to be encoded. For a better balance between the frequency and the spatial domain,
we set a ratio of one third between the object size and the image size; the logo is not centered in order to locate the
reconstructed image as far as possible from the 0™ order signal, increasing the SNR.

b.',

Fig. 9: (a) BATMAN logo original image; regions where parameters are calculated, in red: neighborhood (b), and background (c).

Simulations were performed to evaluate the performances of the two different coding strategies. We considered:
1. the Lee coding, with 4 by 4 elements cell, corresponding to 9 quantification levels for the real part of the
complex Fourier function and 9 for the imaginary part,
2. the Island coding with the same number of gray tones.
In both cases, we kept constant the size of the hologram at 512 by 512 pixels. To be consistent, the size of the image to
be reconstructed was set to 128 by 128 pixels for the Lee coding, and 256 by 256 pixels for the Island coding.

We applied a random phase between 0 and 27 to the image before the hologram calculation to reconstruct all the spatial
frequencies of the image. The complex hologram is calculated by the Inverse Fast Fourier Transformation (IFFT) of the
complex image. The complete description of our calculation procedure is given in [6].

Original images for the Lee 4 by 4 (128 by 128 pixels) and the Island 2 by 2 (256 by 256 pixels) are shown in Fig. 10(a)
and 10(b). The holograms encoded with the Lee and Island algorithms are reported in Fig. 10(c) and 10(d), respectively,
together with the simulated reconstructed images in Fig. 10(e) and 10(f). Note the average value at the mid-gray level for
the Island hologram.
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Fig. 10: Original images, holograms, and reconstructed images for the Lee 4 by 4 with f=4 (a, c, e)
and the Island 2 by 2 with f= 2 (b, d, f), both coded with 9 quantification levels.

For a comparison of the reconstructed image quality, we considered the following parameters:
- the local contrast, defined as the signal to noise ratio (S/N) between the object and its neighborhood (Fig. 9(b)),
calculated as the ratio between the average intensity of the object and the background in a circle with a diameter
1.5 times that of the object;
- the global contrast, defined as the signal to noise ratio (S/N) between the object and the background (Fig. 9(c)),
calculated as the ratio between the average intensity of the object and of the background;

The Island coding behaves much better than the Lee coding under all aspects: while the correlation is similar (the image
is reconstructed fairly well in any case), the S/N is larger than two orders of magnitude in the Island coding, meaning that
the image is better defined and the contrast between light and dark regions is greater. The summary of the results is
reported in Table 1. With the increase of the quantification levels, the S/N ratios dramatically rise.



Table 1: performances of the two different codings for 9 levels and 201 levels.

5.2 Island CGH for binary images recording

The BATMAN logo is recorded using the set-up and the procedure discussed in paragraph 2. Grayscale CGHs are
generated by a set of masks applied to the DMD, and sequentially projected onto the recording plate. Because of the
nonlinear response of the photochromic material, a calibration curve of the photosensitive plate is measured, and each
mask is projected for a different time in order to get a linear grayscale. The addition of all masks permits to reach the
required level of transparency for each pixel of the CGH. The BATMAN logo has been recorded with a set of
201 masks.

The plates used to record the CGH consisted in a photochromic thin film deposited on 3 mm thick glass substrates. The
active component is a diarylethene molecule [20], namely the 1,2-bis(2-methyl-5-dimethylaminophenyl)
perfluorocyclopentene dispersed in CAB (cellulose acetate butyrate) polymer matrix, with a concentration of 16.6 % wt.

5.3 Island CGH for binary images reconstruction
The image was reconstructed with the reconstruction set-up (paragraph 2), by means of a collimated beam at 632.8nm
and it is shown in Fig. 11. The reconstructed image is including the 0™ order (continuum, horizontal and vertical spikes)
and the 1 order diffracted beams (reconstructed images). The dashed lines tilted by 45° are diffraction patterns due to
the DMD structure (tilting mirrors along their diagonals).
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Fig. 11: Reconstructed image of the Island CGH (object: BATMAN project logo)



The Fig. 12 is a comparison of the original image (Fig. 9a) and the reconstructed one (Fig. 11).
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Fig. 12: (a) Original and (b) reconstructed images. Red marks show that every details of the image are perfectly reproduced.
Single pixels and one pixel wide lines appear clearly on the reconstructed image.

Speckles are inevitable since the source is coherent but the brightness is almost homogeneous. The resolution of the
image is enough to make the edge look round and not pixilated. Structures are remarkably faithful to originals,
reproduced pixel by pixel as the red circles on the Fig. 12a bring out. The two little circles show that one pixel coming
out of a bigger structure is visible on the reproduction. The ellipse that surrounds the top of the image shows that one
pixel wide lines of white pixels are clearly reproduced, and the other ellipse shows the same result for one pixel wide
lines of black pixels inside structures.

These results show that our Island algorithm generates grayscale holograms that give much more compact CGH then the
Lee algorithm commonly used, and a better reconstruction (resolution, fidelity, contrast) thanks to the quantification of
the transparency.

6. ISLAND CGH FOR GRAYSCALE IMAGES

Island coding for grayscale images may also exhibit a much better result with respect to the Lee algorithm. Comparison
of simulated reconstructed images with Lee and Island coding is presented in this paragraph.

We chose as object a dunes image including the entire range of graylevels. In both cases, we kept constant the size of the
hologram at 512 by 512 pixels. To be consistent, the size of the image to be reconstructed was set to 128 by 128 pixels
for the Lee coding, and 256 by 256 pixels for the Island coding. Let’s consider 3 cases:

1- Lee coding with 9 levels

2- Island coding with 9 levels

3- Island coding with 201 levels

In Fig. 13a and Fig. 13b are shown the Lee coding 9-levels original image and the simulated reconstructed image. The
resulting image is noisy with a low dynamical range for the reconstructed grayscales due to the only 9-levels
quantification of the hologram. The binary CGH as well as a detail are in Fig. 13c,d.

In Fig. 14a and Fig. 14b are shown the Island coding 9-levels original image and the simulated reconstructed image. The
resulting image is closer to the original, but the dynamical range for the reconstructed grayscales is still limited. The
grayscale CGH as well as a detail are in Fig. 14c,d. Note the average value at the mid-gray level for the Island hologram.

In Fig. 15a and Fig. 15b are shown the Island coding 201-levels original image and the simulated reconstructed image.
The resulting image is nearly identical with the original, with a full dynamical range for the reconstructed grayscales,
thanks to the high number of quantification levels. The contrast of the image is as well maximized. The grayscale CGH
as well as a detail are in Fig. 15¢,d. Note the average value at the mid-gray level for the Island hologram.
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Fig. 13: Lee-coded 9 levels hologram; (a) Original image, (b) reconstructed image, (c) hologram, (d) detail of the hologram.
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Fig. 15: Island-coded 201 levels hologram; (a) Original image, (b) reconstructed image, (c) hologram, (d) detail of the hologram.

Simulation of grayscale images with our new Island coding scheme shows a much better reconstruction (resolution,
fidelity, contrast) thanks to the quantification of the transparency than the Lee algorithm commonly used.

7. CONCLUSION

Computer generated holograms are well suited for optical testing and wavefront shaping. Up to now amplitude
holograms have only been recorded in binary format, and our method increases their quality by enabling the realization
of stepped holograms with discrete gray levels.

We have proposed a new Fourier CGH coding scheme, called Island algorithm, leading to a quantification exceeding
1000 within a smaller cell size of 2x2 pixels. This code has been implemented for the BATMAN-instrument logo for
visiting very different spatial frequencies. The CGH has been recorded with our DMD-based set-up, leading to a
1000x1000 pixels hologram written on a photochromic plate. The reconstruction of the recorded CGH leads to images
with a perfect fidelity in shape and intensity, for any single pixel of the original object. Our proposed code exhibits a
much higher resolution, a better compacity and an increased throughput, in comparison with the current Fourier CGHs.
Grayscale objects have been simulated with our new coding scheme, and show a much better reconstruction (resolution,
fidelity, contrast) than the Lee algorithm commonly used.

These results reveal the high potential of this method for generating programmable/rewritable CGHs. The next step will
be to code more complex holograms as well as wavefronts containing phase information. We will also use our method to
create beam shapers including apodizers, using the same protocol as for stepped CGHs.
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