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Abstract

Incoherent holographic imaging technologies, in general, involve multiple optical
components for beam splitting—combining and shaping—and in most cases, require
an active optical device such as a spatial light modulator (SLM) for generating multi-
ple phase-shifted holograms in time. The above requirements made the realization of
holography-based products expensive, heavy, large, and slow. To successfully transfer
the holography capabilities discussed in research articles to products, it is necessary to
find methods to simplify holography architectures. In this book chapter, two impor-
tant incoherent holography techniques, namely interference-based Fresnel incoherent
correlation holography (FINCH) and interferenceless coded aperture correlation
holography (I-COACH), have been successfully simplified in space and time using
advanced manufacturing methods and nonlinear reconstruction, respectively. Both
techniques have been realized in compact optical architectures using a single static
diffractive optical element manufactured using lithography technologies. Randomly
multiplexed diffractive lenses were manufactured using electron beam lithography for
FINCH. A quasi-random lens and a mask containing a quasi-random array of pinholes
were manufactured using electron beam lithography and photolithography, respec-
tively, for I-COACH. In both cases, the compactification has been achieved without
sacrificing the performances. The design, fabrication, and experiments of FINCH and
[-COACH with static diffractive optical elements are presented in details.

Keywords: Fresnel incoherent correlation holography, coded aperture imaging,

diffractive optics, electron beam lithography, photolithography, imaging, high-speed

imaging, quasi-random lens, scattering, self-interference, incoherent imaging
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1. Introduction

The invention of holography has revolutionized the field of imaging in numerous
ways [1-3]. The capability to record complete three-dimensional (3D) amplitude and
phase information of an object from a few camera recordings is a remarkable advan-
tage for many applications. In coherent holography, the light diffracted from an object
is interfered with a reference wave derived from the same source to form the holo-
gram of the object. With a coherent source such as a laser, the above task can be
achieved in any of the standard interferometry architectures [4]. In the recent years,
there has been a shift in focus from using coherent light sources to incoherent ones
due to many advantages such as low cost, high SNR and high resolution. In incoherent
holography, due to lack of coherence, the hologram cannot be formed by interfering
object wave with reference wave but between two differently modulated object waves
[1]. The above interference is called self-interference. Achieving such a configuration
was a challenging task in the past and many sophisticated architectures such as
rotating shear interferometer [5], triangle interferometer [6], and conoscopic holog-
raphy [7] were developed. With the advent of active devices, such as spatial light
modulators, realization of incoherent holography systems became relatively easier.
Some notable incoherent holography techniques with active devices include Fresnel
incoherent correlation holography (FINCH) [8], Fourier incoherent single-channel
holography (FISCH) [9], and self-interference digital holography (SIDH) [10]. Of all
the above three methods, FINCH and FISCH can exhibit super resolution while SIDH
in off-axis configuration cannot. FINCH requires the simplest and compact optical
configuration of the above three methods with a high field of view. Due to the above
reasons, FINCH became an attractive imaging system [11-15] and moved successfully
to industry as powerful 3D fluorescence microscopy products: FINCH™ and
CINCH™ [16].

Another research direction called coded aperture imaging (CAI) using incoherent
illumination evolved alongside of FINCH [17, 18]. In CAI, the light from an object is
modulated by a coded aperture and the intensity distribution is recorded. The
recorded intensity distribution is reconstructed into object’s image either by using the
transmission function of the coded aperture or by using the recorded point spread
function. The first reports of CAI came in 1968 using random array of pinholes to
perform lensless imaging of X-rays and Gamma rays [19, 20]. However, the image
reconstruction was noisy due to the computational reconstruction mechanism. So,
CAI evolved in search of the coded aperture—computational reconstruction (CA-CR)
compatible pair that can create object’s images with a high quality. During this search,
uniformly redundant array (URA)-based coded aperture was found to exhibit a high
signal-to-noise ratio in comparison to random array of pinholes [21]. Later, modified
URA (MURA) with two shots was found to perform better in signal-to-noise ratio
[22]. In this direction, by designing an appropriate CA-CR pair, spatio-spectral imag-
ing methods, such as coded aperture snapshot spectral imager (CASSI), were devel-
oped [23, 24]. The CASSI approach was later expanded by applying compressive
sensing methods [25]. In 2011, optical imaging using a phase coded aperture was
reported [26]. There are multiple patents awarded on CAI methods for developing
compact imaging products and in some cases, CAI has been used as an assistive
technology in a larger framework.

The FINCH technique has a relatively low axial resolution in comparison to lens-
based imaging and so coded aperture correlation holography (COACH) was devel-
oped in 2016 from FINCH by modifying the beam modulations [27]. In FINCH, the

2



Compact Incoherent Multidimensional Imaging Systems Using Static Diffractive Coded...
DOI: hitp://dx.doi.org/10.5772/intechopen.105864

light from an object was modulated by two quadratic phase masks with different focal
distances and the resulting two different object waves were interfered to form the
hologram. In COACH, the light from a point is modulated by a quasi-random phase
mask and a constant phase mask and interfered to form the hologram. In FINCH, at
least three camera shots were recorded with different phase-shifts between the two
interfering beams and combined into a complex hologram in order to cancel the twin
image and bias terms. This complex hologram was numerically propagated to one of
the focal planes of the quadratic phase mask to reconstruct the object information. In
COACH, the phase mask is random and therefore, there is no focal plane where the
hologram can be propagated. So, in COACH, the complex hologram was
reconstructed by cross-correlating it with the complex point spread hologram
recorded for different depths. In COACH, the lateral and axial resolutions are there-
fore given by the lateral and axial correlation lengths governed by the numerical
aperture as in the case of lens-based imaging. During the development of COACH, it
was identified that two-beam interference was not needed to record 3D information
of the object, which led to the development of non-interferometric or interferenceless
COACH (I-COACH) [28]. The development of I-COACH linked the capabilities of
incoherent holography with the simplicity of CAI The connection became evident
after the demonstration of a super-resolution I-COACH method using specially coded
apertures that generate random array of sub-diffraction and a lateral resolution
approaching that of FINCH [29].

As a matter of fact, the current state-of-the-art FINCH as well as -COACH
technology are not optimal. The FINCH™ and CINCH™ still require numerous
optical components and active devices, which makes the implementation challenging
and as a product, less attractive and expensive. In I-COACH, or in general CAI, the
requirements are less but the challenges lie in the lower efficiency of coded aperture
and limited applications. During the past years, at Nanolab of Swinburne University
of Technology (SUT), we have been working on expanding FINCH and I-COACH
beyond the current state-of-the-art technologies using static diffractive optical
elements manufactured using advanced fabrication technologies [30-34]. In this
book chapter, we present the design, fabrication, and implementation of static
diffractive optical elements in FINCH and I-COACH. Furthermore, we also present
a conceptual configuration using static diffractive optical elements for optical
trapping and imaging.

2. Fresnel incoherent correlation holography (FINCH)
2.1 Methodology and simulation results

FINCH was developed by Rosen and Brooker in the year 2007 [8]. The optical
configuration of FINCH is shown in Figure 1a. Light from an object point is split into
two waves using an SLM in which a phase mask formed by a random multiplexing of
two quadratic phase functions with different focal lengths was displayed. These two
object waves were interfered to form the object hologram. As FINCH is in in-line
configuration, at least three object holograms need to be recorded with relative phase
shifts of © = 0, 2x/3, and 4n/3 radians and combined in complex space to remove the
twin image and bias terms during reconstruction by numerical backpropagation. Let
us consider a point object with an amplitude of v/I,. The complex amplitude at a
distance of z; from the point and entering the SLM is given as C11/1,Q(1/21), where
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(a) Optical configuration of FINCH. Two orientations of polarigers P1 and P2 are shown: red for spatial
multiplexing and green for polarvization multiplexing. The active axis of SLM is shown in yellow. Refractive lens L
is not needed in the case of spatial multiplexing. (b) Random multiplexing matrix. Phase images of the randomly
multiplexed bifocal lenses with (c) © = 0, (d) © = 27/3, and (¢) O = 47/3 radians. Simulated PSFs corresponding
to (f) © =0, (g) O =21/3, and (h) O = 41/3 radians. (i) Test object. Holograms simulated for (j) © = o,

(k) O = 27/3, and (1) O = 47/3 radians. (m) Amplitude and (n) phase components of the complex hologram.
Reconstructed image of the object by (o) numerical backpropagation and (p) NLR (a = o, f = 0.6).

-hR2

Q(b) =¢7 ,R = /x2+y? and C; is a complex constant. The phase function displayed
on the SLM is given by &(x,y) = { (’%) }2 M + { (’%) }2 (1 — M), where the first

function collimates the incoming light when f; = 2;, while the second function focuses
light at z,/2, when 1/f, = 1/21+2/2; and M is a binary random matrix {0,1}. The complex

amplitude after the SLM is given as C,1/1,Q (1 /zl)e_j‘p("’i"), where C, is a complex

constant. The self-interference point spread function is given as Ipsr =
|CovI,Q(1/21)e 769 QQ (1/25) |2. The hologram H for an object O can be given as
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Ipsr @O, where ‘@)’ is a 2D convolutional operator. At least three holograms H,, H,, and
Hj corresponding to © = 0, 2n/3, and 4n/3 are recorded, and projected into the complex

space as He = Hy (e 747/3 — ¢727/3) + H,(1 — ¢ 7*/3) + H3(¢72"/> — 1) to form a
complex hologram. The image of the object is reconstructed as [x = H C®Q< ) , where

o
zg is the reconstruction distance.

In the above case, FINCH hologram was reconstructed by a numerical
backpropagation. Recalling the cases of COACH [27] and I-COACH [28], where there
was no real or virtual image plane associated with the optical configuration and the
phase masks, the reconstruction was carried out using cross-correlation with
prerecorded point spread functions (PSFs). Since FINCH is a linear shift-invariant
system, the same approach can be applied to FINCH as well. This idea was tested in
2020, which yielded notable results for FINCH [35, 36]. The past studies with
scattering masks revealed that nonlinear reconstruction (NLR) [37] yielded
better results than cross-correlation, Lucy—Richardson algorithm (LRA) [38, 39],

and regularized filter algorithm [40]. The reconstructed image can be given as I =

‘.7-"_1{ |Tpse|“ exp [i arg (Ipsg)] ‘FI}/} exp [—i arg(H)] }
-1and 1, to obtain the minimum entropy given as — Y . > ¢(m,n) log [¢p(m,n)], where
dp(m,n) = |C(m,n)|/> > n|IC(m,n)| and (m,n) are the indexes of the correlation
matrix, and C(m,n) is the correlation distribution.

A simulation study was carried out using the above equations in MATLAB [41].
The matrix size was 500 x 500 pixels, pixel size A = 10 pm, A = 650 nm, 2; = 50 cm,
2, = 1 m, and diameter of optical modulator was 3 mm. The image of the binary
random function M used for multiplexing is shown in Figure 1b. The phase images for
creating three different phase-shifted holograms with © = 0, 2n/3, and 4n/3 radians
are shown in Figure 1c—e, respectively. The PSFs corresponding to Figure 1c—e are
shown in Figure 1f-h, respectively. A test smiley object as shown in Figure 1i was
used for simulation. The holograms Hy, H,, and Hj of the smiley object for © = 0, 2x/3
and 4n/3 are shown in Figure 1j-1, respectively. The amplitude and phase of H, are
shown in Figure 1m and n, respectively. The reconstructed image is shown in
Figure 1o. The reconstruction results using NLR are shown in Figure 1p. By compar-
ing Figure 1o and p, it is seen that the reconstruction using NLR was better. In the
evolution of FINCH, the phase-shifting method removed the twin image and bias
terms, but the noises associated with the random multiplexing affected the quality of
reconstruction.

To avoid the reconstruction noises due to random multiplexing, a polarization
multiplexing scheme was introduced [42]. In the first spatial random multiplexing
scheme, the light from the object was polarized along the active axis of the SLM,
whereas in the polarization multiplexing method, the light from an object was polar-
ized at n/4 radians along the active axis of the SLM. As a result, only about 50% of the
incoming light is modulated by the SLM, while the remaining part was not modulated.
A second polarizer oriented at n/4 radians along the active axis of the SLM was
mounted before the image sensor to create interference between the two object waves.
An additional refractive lens was used to collimate the object wave before it is incident
on the SLM. In the case of polarization multiplexing scheme, the PSF is given as

evias) P ga(t) «cvia(2) P ga(y)

C,4 are complex constants. The phase images of the mask for © = 0, 27/3 and 4x/3 are

, where a and f are tuned between

Ipsp = , where C; and
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shown in Figure 2a-c, respectively. The images of the PSFs for © = 0, 2n/3, and 4n/3
are shown in Figure 2d-f, respectively and the images of object holograms for © = 0,
2n/3, and 4n/3 are shown in Figure 2g-i, respectively. The amplitude and phase of the
complex hologram formed by projecting Figure 2g-i in complex space are shown in
Figure 2j and k, respectively. The reconstructed image of the object is shown in
Figure 21. The reconstruction result using NLR is shown in Figure 2m.

Recently, a new reconstruction method called Lucy—Richardson—Rosen
algorithm (LRRA) was developed by combining the well-known Lucy—Richardson
algorithm (LRA) and NLR [43]. In LRA, the (n+ 1)™ reconstructed image is given as

I . J . .
[ZH = Iz{m RIpsr’ }, where Ipgr’ is the complex conjugate of Ipgr. This process is

iterated until an optimal reconstruction is obtained. The LRA has a forward convolu-
tion I ® Ipsr and the ratio between this and I, is correlated with Ipsr, which is
replaced by the NLR to achieve a better estimation. However, a recent study showed
the high sensitivity of LRRA to spatial shifts with a high-resolution image sensor and
so may not be suitable for experiments [44]. The reconstruction result (a« = 0, f = 0.7,
iterations = 10) of LRRA is shown in Figure 2n and the direct imaging result is shown
in Figure 2o0.

The above two spatial multiplexing and polarization multiplexing schemes remain
the two main configurations of FINCH. Comparing the performances of the above
two schemes, it is seen that spatial multiplexing has a higher light throughput than
polarization multiplexing while polarization multiplexing has a higher signal-to-noise
ratio than spatial multiplexing. As a matter of fact, polarization multiplexing was
widely adapted for further developments of FINCH. A secondary multiplexing
method was used to reduce the number of camera shots of FINCH from three to one.

Figure 2.

Phase images of the quadratic phase masks for (a) © = o, (b) O = 27/3, and (c) © = 47/3 radians. PSFs for (d) ©
=0, (¢) O = 21/3, and (f) © = 47/3 radians. Object holograms for (g) © = o, (h) O = 27/3, and (i) O = 47/3
radians. (j) Amplitude and (k) phase of the complex hologram. Reconstruction by (1) numerical
backpropagation, (m) nonlinear reconstruction, and (n) Lucy-Richardson-Rosen algorithm. (o) Direct imaging.
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In the polarization multiplexing scheme, either spatial multiplexing [45, 46] or a
polarization multiplexing with a 4-pol camera [47] was used to record multiple phase-
shifted holograms from a single recording. The spatial multiplexing sacrificed the field
of view while the polarization multiplexing sacrificed the signal-to-noise ratio. In the
above secondary multiplexing schemes, the number of shots required remained the
same but it was collected simultaneously distributed in space and polarization states.
Recently, a two-step phase-shifting method was developed, which reduced the
required number of camera shots in FINCH to two [48]. The evolution of FINCH over
the years has been described chronologically in [1, 49].

2.2 Experimental results

To compactify FINCH, from a manufacturing point of view, the spatial
multiplexing scheme is easier to realize as the diffractive optical elements involved
have features that are super-wavelength. To realize FINCH in polarization
multiplexing scheme, metasurfaces with subwavelength features are needed, which
will increase the cost of the manufacturing process and often difficult to achieve a
large area. As a matter of fact, there have been attempts to realize FINCH in polariza-
tion multiplexing scheme using metasurfaces and geometric phase lenses, which
resulted in a high cost, low performance, and suffered from low light throughput due
to polarizing of the incoming light [50, 51]. At Nanolab of SUT, two different ran-
domly multiplexed diffractive optical elements were designed. The first element
consisted of two binary Fresnel zone lenses with focal lengths of 2.5 cm and 5 cm such
that the object is at 5 cm and the sensor is at 10 cm from the diffractive element. The
second element consisted of a Fresnel zone lens with a focal length of 5 cm and an
axicon. The Fresnel zone lenses were designed to include the thickness of glass plate to
avoid spherical aberrations [52].

The randomly multiplexed Fresnel zone lenses were manufactured on Indium-Tin-
Oxide (ITO)-coated commercial glass plates with a thickness of ~1 mm, index of
refraction of ~1.5, and a high transmittivity (>95%). The substrate was cleaned in an
ultrasonic bath in acetone and iso-propyl alcohol (IPA) for 10 minutes and baked on a
hotplate at 180°C for 5 minutes to remove the residual solvents. When the substrate
was cooled to room temperature, it was spin-coated with PMMA 950K A7 positive
resist at 2000 RPM for a minute to achieve a resist thickness of A. During spin coating,
an edge of the substrate was masked with a tape, which was removed after spin
coating. This masked area was connected to the metal clip of substrate holder in the
electron beam lithography system RAITH150™W©. An acceleration voltage of 10kV,
aperture of 120 pm, and a beam current of ~3 nA was used with a working distance of
10 mm and write field of 100 pm. The diffractive element designed with a diameter of
5 mm was fabricated (~6 hours) without any stitching errors. The fabricated device
was developed in methyl isobutyl ketone (MIBK) and IPA in the ratio of 1:3 for 1
minute. The optical microscope image of the randomly multiplexed Fresnel zone
lenses is shown in Figure 3a. A second diffractive element consisting of a Fresnel zone
lens and an axicon with a period of 100 pm was fabricated under the same fabrication
conditions. The optical microscope image of the fabricated device is shown in
Figure 3b. The magnified sections of the 3(a) and 3(b) are shown in Figure 3c and d,
respectively.

Optical experiments were carried out using the fabricated devices and a spatially
incoherent source (Thorlabs, M617L3, A, = 617 nm, FWHM = 18 nm). The diffractive
element was located at 5 cm from the object and the sensor (Thorlabs DCU223M, 1024
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Figure 3.

Optical microscope images of randomly multiplexed (a) Fresnel zone lenses and (b) Fresnel zone lens and axicon.
Magnified images of sections of (a) and (b) are shown in (c) and (d), respectively.

x 768 pixels, pixel size = 4.65 pm) was located at 10 cm from the diffractive lens. In
the first experiment, the randomly multiplexed Fresnel zone lenses were mounted. In
the first step, the PSF was recorded using a pinhole with a diameter of 20 pm as shown
in Figure 4a. The element 1 of Group 4 (16 lp/mm, grating period = 62.5 pm) of the
United States Air Force (USAF) resolution target replaced the pinhole in the next step.
The direct imaging result recorded at a distance of 5 cm from the diffractive element is
shown in Figure 4b. The image of the recorded object hologram at 10 cm from the
diffractive element is shown in Figure 4c. The reconstruction result using NLR (a =
0.2, # = 0.6) is shown in Figure 4d. The experiment was repeated to image a dragonfly
larva wing, whose hologram is shown in Figure 4e. The reconstruction result and
direct imaging result are shown in Figure 4f and g, respectively. The biological
sample was reconstructed using PSFs recorded at different depths of the wing. The
computational refocusing at different planes of the sample is shown in Figure 4h.

The experiment was repeated using the second diffractive element — randomly
multiplexed Fresnel zone lens and axicon. The PSFs recorded for A = 617 nm and A =
530 nm are shown in Figure 5a and b, respectively. Two objects (Group - 2, Element —
6, 7.13 [p/mm) of USAF and National Bureau of Standards (NBS) resolution target (7.1
lp/mm) were mounted one after the other, and their holograms were captured and
summed as shown in Figure 5c. The reconstructed results of USAF and NBS objects
using the corresponding PSFs are shown in Figure 5d and e, respectively.

2.3 Discussion

FINCH has been implemented in a compact optical configuration using static
diffractive optical elements manufactured using electron beam lithography
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Figure 4.

(a) PSF. (b) Direct imaging result recorded at the focal plane of one of the Fresnel zone lenses, (c) object hologram
and (d) reconstruction result for randomly multiplexed Fresnel zone lenses. (e) Hologram of a section of dragonfly
larvae wing. (f) Reconstruction result using NLR (o = 0, B = 0.58) and (g) direct imaging vesult. (h) Results of 3D
computational refocusing.

techniques. The imaging distances were only 5 cm between object to diffractive
element and 10 cm between diffractive element and sensor, which is close to palm-
size systems [53]. The diffraction efficiency was about 40%, which is higher than
polarization multiplexing configurations. Both 3D spatial and spectral imaging have
been demonstrated. The preliminary results are promising.

3. Interferenceless-coded aperture correlation holography (I-COACH)
3.1 Methodology and simulation results

The optical configuration of I-COACH or CAI is simpler than FINCH, as shown in
Figure 6, consisting of only one optical element between the object and image sensor.
In this study, only chaotic coded apertures are considered [54]. The use of URA [21],
MURA [22], and masks for spectral imaging methods involve many optical compo-
nents [23] unlike I-COACH with chaotic coded apertures. The intensity distribution
for an object O is given as Io=Ipsr ® O and the reconstructed image is given as I =
Io * Ipsp = Ipsr * Ipsp @ O, where ‘s’ is a 2D correlation operator. The above cross-
correlation procedure is not optimal and NLR is the currently known best reconstruc-
tion method. So, the above procedure will be implemented using NLR. The simulation
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Figure 5.

PSFs recorded for (a) A = 617 nm and (b) 530 nm. Holograms of USAF and NBS illuminated by A = 617 nm and
A = 530 nm, respectively, but mounted at the same distance of 5 cm. The reconstruction results using NLR (o = o,
B =0.63), (d) PSF (A =617 nm), and (e) PSF () = 530 nm).

) N Image
Chaotic coded sensor

aperture

Figure 6.
Optical configuration of I-COACH or CAI with chaotic coded aperture.

conditions were as described in Section 2 with the object distance at 50 cm from the
diffractive element, and the distance between the diffractive element and the image
sensor is 1 m. The images of an amplitude type mask with a fill factor of 0.5 and
chaotic coded aperture phase masks with scattering ratios ¢ = 1, 0.5, 0.2, 0.1, and 0.02
are shown in the first row of Figure 7. The simulated PSFs, object intensity distribu-
tions, and reconstruction results of the test object using NLR are shown in the second,
third, and fourth rows, respectively.

The amplitude mask was designed by rounding off a normalized (0,1) 2D random
function. The phase masks were engineered using Gerchberg—Saxton algorithm [55]
by imposing a constraint on the size of the window in the spectrum domain as
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Figure 7.
Simulation results of PSF, object intensity distribution and reconstruction results using NLR for an amplitude mask
with 50% light throughput (green window), phase masks with ¢ = 1, 0.5, 0.2, 0.1, and 0.02.

discussed in [54], where 6 = p/P, where P is the size of the matrix and p is the size of
the window. The speckle sizes decrease with an increase in the scattering degree and
consequently, the resolution of the reconstruction improves with an increase in the
scattering degree. The reconstruction result of the amplitude mask had a similar
resolution as that of the phase mask with maximum scattering degree but additional
background noise. In addition to the above, there are other scattering masks that
generate a random array of points [56] and ring patterns [57], but multiplane imaging
requires a multiplexing approach.

3.2 Experimental results

The chaotic coded apertures were realized as a pinhole array [58, 59] as well as a
quasi-random phase mask manufactured using lithography procedures [60]. It must
be noted that the first demonstrations of -COACH without lens required an SLM as at
least two camera shots were needed in order to create a bipolar matrix [28, 61]. Due to
the expected background noise in amplitude masks, the pinhole array mask was
designed using a two-step optimization procedure. The number of pinholes was
selected as 2000. In the first step, the 2000 pinholes were spatially randomly arranged
in 1000 ways and the reconstruction noise was simulated for every case. The optimal
case of random arrangement was selected for the next round of optimization. In the
next step, the location of every pinhole was shifted in steps of 5 pixels every time the
background noise was estimated. When the noise decreased, the new position was
retained and if the noise increased, the pinhole was shifted back to the previous
position. The above two optimization procedures involved a total of about 5000
iterations. The final mask pattern demonstrated an SNR improvement of ~60% in
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comparison to a case with a minimum SNR. The final mask design was transferred to a
chromium-coated mask plate using Intelligent micropatterning SF100 XPRESS. The
size of the QRAP was 8 mm and the diameter of the pinholes was 80 pm after
fabrication.

The PSF was recorded using a pinhole of diameter of 20 pm for an object distance of
10 cm from the pinhole array and sensor at 10 cm from the pinhole array as shown in
Figure 8a. The pinhole was replaced by a USAF object (Group 2, Elements 4, 5, and 6)
and the intensity distribution was recorded as shown in Figure 8b. The reconstruction
result using NLR for (a = 0, = 0.6) is shown in Figure 8c. The experiment was
repeated for a section of wing of an insect. The PSF and object intensity distributions
are shown in Figure 8d and e, respectively. The reconstructed image is shown in
Figure 8f. The experiment was repeated to record the 5D information along x, y, 2, 4,
and t. A spark was generated by creating an electrical discharge and the light was
modulated by the pinhole array mask and the intensity distribution was recorded. A
high-speed camera (Phantom v2512, monochrome, 800 x 1280, A=28um) was used for
recording the event. The intensity distribution at times ¢ = 0, 80, and 160 ps are shown
in Figure 9a, d, and g, respectively, which were reconstructed using green and red
PSFs using NLR, and the reconstructed images for green wavelength at times ¢ = 0, 80,
and 160 ps are shown in Figure 9b, e and f, respectively. The reconstructed images for
red wavelength at times ¢ = 0, 80, and 160 ps are shown in Figure 9c, f, and i,
respectively. The object intensity pattern was reconstructed using PSFs synthesized for
different depths using the scaling approach and tomography of the spark pattern at
time ¢ = 0 was generated as shown in Figure 9j.

In the experiments using pinhole array, the results were significant, but the main
challenge was the low light throughput. The above mask could not be used for imaging
in low-intensity conditions such as fluorescence and astronomical imaging. To expand
the applicability of the method, improvement to design was made at multiple levels.
In the first step, the amplitude mask was replaced by a phase mask. A ground glass
diffuser is a good choice but offers less control over the intensity distribution [62-64].

Figure 8.
Images of the (a) PSF and (b) object intensity distribution for USAF object, and (c) reconstruction vesult by NLR.
(d) PSF and (e) object intensity distribution for wing of an insect, and (f) reconstruction vesult by NLR.
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Object intensity
Green channel Red channel

Figure 9.

(a) Recorded object intensity pattern and veconstruction vesult for (b) green channel and (c) red channel at t = o.
(d) Recorded object intensity pattern and reconstruction result for (e) green channel and (f) red channel at t = 8o
us. (g) Recorded object intensity pattern and reconstruction vesult for (h) green channel and (i) ved channel at t =
160 ps. (j) Tomography of the spark pattern.

So, the phase mask was designed in a specific way by combining a chaotic coded phase
mask and a quadratic phase function. The resulting phase function is called a quasi-
random lens (QRL). This special lens behaves like a Fresnel zone lens, but instead of
collecting light and focusing it on a point, it focuses on an area and within the area,
light is scattered. In other words, the QRL creates controlled scattering similar to the
mask designed in lensless I-COACH [61]. The generated phase of the QRL was
converted into two levels by a standard rounding-off procedure. A QRL with a diam-
eter of 5 mm and focal length of 5 cm was fabricated using electron beam lithography
(RAITH150""°) using the same fabrication settings as described in Section 2. The
optical microscope image of the fabricated device is shown in Figure 10a. The PSFs
recorded using a pinhole with a diameter of 100 pm and using red (617 nm) and green
wavelengths (530 nm) as shown in Figure 10b and c, respectively. The object holo-
gram obtained by summing of the object intensity distributions recorded for two
objects NBS (10 Ip/mm) and USAF (Group 2, Element 2) separated by 1 cm and

Figure 10.
(a) Optical microscope image of the QRL. Recorded PSFs for (b) 617 nm and (c) 530 nm. (d) Object hologram.
Reconstruction results using PSFs recorded using (e) red and (f) green LEDs.
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illuminated by red and green wavelengths, respectively, is shown in Figure 10d.
The reconstruction results using NLR and red and green PSFs are shown in Figure 10e
and f, respectively.

3.3 Discussion

[-COACH has been realized in a compact optical configuration with a total length
of 20 cm. This is quite compact in comparison to CASSI, MURA, and also other
incoherent holography techniques. The maximum efficiency achievable with the
binary QRL is only about 40%, which can be improved to >90% by manufacturing a
greyscale version of the QRL. With the latest advancements in rapid fabrication
technologies and nanoimprint techniques, mass production of greyscale QRL is not
expensive in comparison to using active devices such as SLM [65-68].

4. Optical tweezer perspectives inspired by FINCH configuration

Optical Tweezer (OT) is a powerful tool to manipulate micron-sized objects by
creating an optical trap [69, 70]. In 1970, Arthur Ashkin first reported that the
gradient forces from the laser can trap micron-sized particles [71]. Years later, Ashkin
and his colleagues invented optical tweezers and demonstrated the ability of the
single-beam optical trap to attract particles intended for analysis [72]. The advance-
ments in the technologies such as invention of SLMs and diffractive optical elements
led to the development of holographic optical tweezers (HOT) [73]. In general, a
conventional tweezer system comprises trapping architecture and imaging architec-
ture as shown in Figure 11. In HOT, computer-generated holograms (CGH) are
designed and displayed in the SLM to modulate the trapping beam for sample control
and manipulation. The trapping beam can be single or multiple based on the design
adapted in the CGH and can be dynamically manipulated. The HOT quickly emerged
and became indispensable in the field of biology [74-76].

P
MO, Ly
Laser 1 0 M,
(532 nm) - .A >

MO, =20X MO;= 100X, oil (NA=1.3) /120
MO,=20X L;=15cm SLM
L,=10cm Ls=25cm > =
L, =25cm \ |
L, =10 cm , .

CMOS, | Hybrid profile

Pixel size 5.2 pm X 5.2 pm CccD

Pixel number 1024 X 1280 MO, L 5

SRS N
SF MO, BS Filter
NA=1.3
Figure 11.

Schematic of the typical holographic optical tweezer. Red and green represent the trapping and the imaging system
architectures.
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Figure 12.
Optical trapping and imaging configuration inspired for FINCH’s polarization multiplexing scheme.

An alternate architecture inspired by FINCH polarization multiplexing scheme to
the conventional trapping architecture for single beam compact trapping and imaging
is shown in Figure 12. The proposed optical configuration uses a polarization
multiplexing scheme. A polarizer P; at 45° orientation with respect to the active axis of
the SLM was set before the SLM and a diffractive lens is displayed on the SLM. At the
SLM, only part of the optical beam is modulated and so two beams namely, trapping
beam and imaging beam, are generated. The modulated trapping beam creates a
tightly focused spot to trap the sample and the unmodulated imaging beam is utilized
for the imaging. Before the image sensor, a second polarizer P, oriented at 90° with
respect to the active axis of the SLM was introduced to avoid the trapping beam,
affecting the imaging. The optical power of the trapping beam can be controlled by
adjusting the polarization degree of P;. To achieve tight focusing, a projection system
might be needed, which can increase the strength of the trap and imaging beams.

5. Summary and conclusion

In this chapter, two widely used incoherent holography systems, namely FINCH
and I-COACH, are discussed with a focus on compactification using static diffractive
optical elements. In FINCH, the required three camera shots and active optical device
have been avoided by applying NLR. The diffractive optical element proposed in the
first version of FINCH was designed and fabricated using electron beam lithography
techniques in a compact optical configuration of 15 cm. I-COACH was realized using
both an amplitude element and a phase element fabricated using photolithography
and electron beam lithography systems, respectively, in a compact 20 cm configura-
tion. The preliminary results are promising to begin research on building prototypes.
There are still some challenges present in FINCH, as well as in I-COACH. From the
manufacturing side, it is necessary to fabricate multilevel structures to improve the
efficiency from the current 40% to >90%, which increases the cost and time of
fabrication. With the latest developments in Femtosecond fabrication methods, it is
possible to rapidly manufacture high-efficiency diffractive optical elements at a low
cost [77-79]. The second challenge lies in the current performances of computational
reconstruction methods. In both FINCH and I-COACH, the computational
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reconstruction generated background noise that could not be minimized to the level of
lens-based imaging. With the advancements in deep learning techniques, we believe
that it is possible to achieve a high SNR. The chapter concludes with an intriguing
possibility of extending FINCH configuration for optical trapping experiments, which
we believe may revolutionize optical tweezer and tomography research directions.
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