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Abstract:  We present a fast and robust non-interferomentric wavefield
retrieval approach suitable for imaging of both amplitude and phase
distributions of scalar coherent beams. It is based on the diversity of the
intensity measurements obtained under controlled astigmatism and it can be
easily implemented in standard imaging systems. Its application for imaging
in microscopy is experimentally studied. Relevant examples illustrate the
approach capabilities for image super-resolution, numerical refocusing,
guantitative imaging and phase mapping.
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1. Introduction

Eitherdigital holography or iterative phase retrieval techniques are widely used for visualiza-
tion as well as for quantitative imaging in microscopy and in other relevant research areas.
Such techniques rely in the numerical capabilities provided by computers to reconstruct the
image of an object from the measurement of the intensity distribution of the coherent wave
diffracted by the object. While in digital holographic microscopy (DHM) the object wavefront
is encoded as an interference pattern [1-5], in phase retrieval several intensity measurements of
the propagated beam are required to reconstruct the phase of the object wavefront [6—11].

To mitigate problems such as twin-image and dc-term (zeroth-order diffraction) overlapping
in the hologram reconstruction, that distort the image of the object, additional techniques are
often applied in DHM as for example phase-shifting interferometry [12, 13]. It increases the
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setup complexity and requires high stability during the recording of the interferograms, used
for accurate recovering of the wavefront’s phase information.

On the other hand, the iterative phase retrieval techniques can provide robustness and a ver-
satile experimental implementation without the need of an interference process with a reference
beam. However such phase retrieval algorithms also suffer from several limitations, depending
upon the considered approach. In the case of conventional iterative approaches based on the
Gerchberg-Saxton (GS) algorithm [6], the main limitation is the ambiguity (e.g. defocus and
twin-image) in the retrieved phase caused by convergence stagnation to spurious local minima
solutions. Moreover, the reconstruction is more difficult if not only the phase but also the am-
plitude of the signal in the object plane are unknown as it is well-known in coherent optical and
X-ray imaging [14—-16], wavefront sensing, etc.

In the last few years, several strategies to overcome such problems as well as for improv-
ing the iterative phase retrieval algorithms, have been developed. Most of them rely on the
use of multiple measurements of diverse intensity distributions (also referred as constraint im-
ages) to increase the algorithm robustness and to mitigate ambiguity and stagnation [16—18].
For instance, Faulkner and Rodenburg [17, 18] introduced a form of diversity that consists of
acquiring a set of far-field intensity patterns obtained when the object is displaced transversely
relative to a pre-designed illumination beam. However it requires an accurate knowledge of
both the illumination beam and the transverse displacements of the object. Moreover, a high
precision translation stage has to be used for its experimental implementation.

Other relevant way to increase the information diversity is based on the appropriate trans-
formation of the diffracted field by means of an astigmatic operation [19-23]. Specifically,
the technique developed in Ref. [23] consists of the measurement of several constraint images
(squared root of the intensity distribution) that correspond to Wigner distribution projections of
the beam. The controlled astigmatism breaks the symmetry of the imaging system and provides
by this way uniqueness of the retrieved complex-field amplitude. It also makes the iterative GS
algorithm fast and robust against noisy measurements, ambiguities and stagnation. Indeed, the
measurement of few constraint images to retrieve the phase information after tens instead of
thousands iterations is required. Its application for accurate laser beam characterization was ex-
perimentally demonstrated [23]. We also underline that the implementation of controlled aber-
rations (e.g. astigmatism) has been found useful for phase retrieval in the context of electron
diffraction imaging [24—26].

In this work we generalize the approach proposed in Ref. [23] to the retrieval of both am-
plitude and phase distribution, withoatpriori knowledge about the object, that allows its
implementation in imaging systems. The proposed technique and its performance are briefly
discussed in Section 2. An optical system for its experimental implementation, which can be
easily inserted in other imaging devices, is described in Section 3. The Section 4 is devoted
to the applications of the proposed approach for imaging in the context of transmission mi-
croscopy. In particular, we study the method’s capabilities for relevant imaging tasks such as
resolution enhancement of the retrieved image, numerical refocusing and quantitative phase
mapping. The problem of detection and localization of micron-sized particles is also studied by
using the proposed approach, which experimental results are compared with the ones provided
by a conventional in-line holography technique. Relevant parameters (e.g. shape and refractive
index) of such miro-particles are determined form the retrieved signal and compared with the
values quoted by the manufacturer. Concluding remarks are drawn in Section 5.

2. Algorithm for iterative wavefield retrieval

The proposed algorithm exploits the diversity provided by a controlled astigmatic phase mod-
ulation of the object bear(x,y) under study. The modulated beam is free-space propagated a
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fixed distance andit is expressed ag&ut(ro; j) = F2[f(rin)Lj(rin)] (ro) :
. exp(i2mz/A) —%in)%+ (Yo — Yin)?
fout(ro;l) = p Nz / // |n lin exp( (XO Xm) /\Z(yo Ym) > drin, D

beingrino = (Xin0,Yin,0) the input and output spatial coordinat¢ss an integer and is the
wavelength. Herd j(riy) stands for the transmittance function of the convergent cylindrical
lens with variable focal length = ajz that controls the astigmatism of the constraint images

| fout(ro; j)| (square root of the measured intensity) and, therefore, provides the required infor-
mation diversity.

This procedure is inspired on the iterative phase retrieval algorithm developed in Ref. [23],
in which such a varifocal cylindrical lens is fixed. It is important to note that this algorithm re-
quires the measurement of the constraint imagesZ, 2,..., M ), which includes the intensity
distribution of the object field (riy) whose direct acquisition is not always possible. While,
in this work, we generalize this approach to retrieve both amplitude and phase distributions of
the object field. In this case the diversity required for accurate signal recovery is provided by
modulating the object field (ri,) with an astigmatic phase in two orthogonal directions. For
instance, a cylindrical leris;(rj,) oriented according to the- andy—axis can be used for odd
and evenj, respectively. Notice that the orientation of the cylindrical lenses (e.g. along-the
andy—axis) is arbitrary if they remain orthogonally oriented. Nevertheless, because the con-
straintimages are often registered in a square area of the CCD chip (as itis in our case), it could
be useful rotating them by an angig’4 for optimizing the acquisition of such an astigmatic
field. In this case, the lenses necessary for wavefield retrieval can be easily expressed as

(x+(-ly)’

Lj(xy) =exp| —irr AT, , 2)

which corresponds to a cylindrical lens rotatedw# and—r/4 for odd and everj, respec-

tively.
CERE) e

's A
- Forward
Ok, =F; [ O, ;- Lj] propagation
— o . i Replace
Gk, = Ej expli-arg(oy j)] amplitude
_F Backward
Ok,j=Fz [ Ok, j ] propagation
Iteration over _ .7 * : New wavefield
j=1,,M Ok, j+1= Ok, j Lf estimation
. J

Iteration over
N
k+1,j=1 k, j=M =N

.....

Fig. 1. Flow chart of the proposed wavefield retrieval algorithm, where * stands for the
comple conjugate.
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The flow chart of the proposed iterative wavefield retrieval is depicted in Fig. 1. As ini-
tial wavefield estimatiora.—1 j—1 the pupil function PX,y) of the lens is applied. The pupil
function serves as a realistic estimation. In each iteration kogfd, 2, ..., N, all the measured
constraints images; = |Fz[f (rin)L; (rm)H are applied as shownin Fig. 1, whgre 1,2,....M
(M constraint images). Therefore affdrx M iterations it is expected a successful wavefield
retrieval:awn m(X,Y) = f(rin). Notice that the entire wavefield is updated in each iteration step
rather than just the phase distribution, which is done in the retrieval algorithm developed in
Ref. [23].

To illustrate the algorithm performance, let us consider as input beam the
Laguerre—Gaussian (LG) mode given by

LGE) (rw) = (\/ﬁxt/iy)' % <3v721r2> exp (—W—Zrz) : ®3)

where:r? = x2 +y?, wis the beam waist, anﬁﬂr', is the Laguerre polynomial with radial index
p and azimuthal indek In particular, we study the input beaffri,) = LG§4 , see Fig. 2(a),

with a beam waistv = /A z, where the wavelength = 532 nm and the propagation distance
z=10 cm that correspond to our experimental setup described in Section 3. We remind that
the LG beams are stable under free-space propagation, which means that its form is preserved
except for scaling. Moreover a LG mode cannot be distinguished from its complex conjugate
(twin-image) under propagation. These facts make difficult the wavefield retrieval of a LG mode
and therefore it is well-suited for testing signal recovery algorithms.

The algorithm convergence is monitored by calculating the relative root mean square error
(RMSE) of the estimated constrainfg; = \Fz [akj L (rin)} ] corresponding to each iteration,
with respect to the measured origsas it follows

RMSE(.j) = (// [E;(r) @@k,j(r)}zdr)l/zx <// [Ej(r)]zdr> _1/2. )

The corresponding wavefields retrieved afiex M = 96 are shown in Fig. 2(b), while the
corresponding evolution of the RMSE is shown in Fig. 2(c). These results demonstrate that the
increase of the numbeé of constraint images significantly speeds up the convergence of the
RMSE. Convergence in the wavefield retrieval is reach&tbaM = 96 iterations with a RMSE

value of 0.04 (M= 2), 0.01 (M= 3), and 5x 102 (M = 4). We conclude that at least three
constraint images are necessary to obtain successful signal retrieval, using a low number of
iterations. We remind that each constraint im&gés associated with a single value of the focal
length given asjf= a;z[see the lens function Eqg. (2)], where the orientation of the cylindrical
lens is alternatively varied according with the rotation ariglé)’ 77/4 . In particular, we have
chosenor; = 0.35,a2, =05,a3 =0.75 andas = 1.

To obtain an accurate signal recovery and mitigate ambiguities caused by noisy experimen-
tal measurements, the number)(bf constraint images has to be increased. It was previously
demonstrated in the astigmatic phase retrieval approaches reported in Refs. [22,23]. We under-
line that this fact is ignored in the astigmatic phase retrieval technique proposed by Hender-
son et al. [20], in which only three constraint images are used. In the latter work an iterative
algorithm comprising forward and backward beam propagation is also applied, where: Two
cylindrical lenses (orthogonally oriented as well) with fixed and identical focal length are used
for generating two constraint images, while the third one corresponds to the measurement of
the far-field diffraction pattern. Such an algorithm is based on the astigmatic phase retrieval ap-
proach reported by Nugent et al. [19]. In contrast to our approach, in Henderson'’s algorithm the
wavefield is estimated via arithmetic average of the three retrieved signals obtained in each iter-
ation step. Notice that the averaging process is often introduced in order to provide robustness
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Fig. 2. (a) Intensity and phase distributions of thegT,nanutsignal. (b) The wavefield
wn,m (X Y) retrieved afteN x M = 96 iterations using several constraint imagés(c)
Evolution of the RMSE as a function of the number of iterations and constraint images by
using the proposed algorithm. (d) The RMSE evolution for the case of the algorithm type 2,
in which arithmetic averaging for wavefield estimation is performed in each iteration step.

against noise [27]. Such an averaging process significantly degrades the algorithm convergence,
although the considered diversity effectively provides uniqueness [20]. This fact can be easily
demonstrated by comparing the behavior of the RMSE convergence obtained without and with
the implementation of such an averaging process in the algorithm, see Fig. 2(c) and 2(d) re-
spectively. Indeed, in our case the RMSE convergence is stable [Fig. 2(c)] afastx than
the one obtained in the case of using the Henderson’s method, referred to as algorithm type 2 in
Fig. 2(d). Specifically, foM = 3 constraint images the RMSE convergence is reachedat O.
after 96 iterations, while using the Henderson’s algorithm about 576 iterations are required
to reach convergence at the same RMSE value. Therefore the proposed technique provides
an accurate and fast signal retrieval using tens instead of hundreds iterations. It is important
to note that the same improvement ratio in the algorithm convergence is also obtained when
M = 2 and 4 constraint images are applied, which RMSE evolution is also shown in Fig. 2(d).

In our case the numerical simulation was performed using X034 pixels, where the Fast
Fourier Transform (FFT) is applied for accurate calculation of the Fresnel diffraction integral,
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Eq. (1), see for example [28]. The algorithm typically converges within 1 minute (GNU/Linux
workstation, Intel Core i7 processor, Matlab R2010a) dfterM = 96 iterations, wher# is

the number of constraintimages of 1024024 pixels. These facts make the described method
a versatile tool for wavefield retrieval. Notice that almost real time calculation can be reached
by using a highly parallel processor, as for example a graphic processing unit [29].

3. Experimental implementation

The lensed.j (x,y) necessary for wavefield retrieval [see Eq.(2)] are addressed into a pro-
grammable spatial light modulator (SLM) operating in phase-only modulation. Specifically,
we use a reflective LCoS-SLM (Holoeye PLUTO, 8-bit gray-level, pixel pitch gfrBand

1920x 1080 pixels), which was calibrated for arphase shift at the wavelength= 532 nm

and corrected from static aberrations caused by the deviation of flatness of the SLM display,
as reported in Ref. [23]. The wavefront flatness was compensated udlBRMS for a cir-

cular area of 4 mm in diameter of the SLM display, where the digital lenses are addressed,
which guarantees for an accurate lens implementation. In this work we apply the same exper-
imental setup described in Ref. [23], in which a collimated Nd:YAG laser (linearly polarized
atA =532 nm, with output power of 300 mW) is spatially modulated by the SLM in order to
generate such signals. Nevertheless, conventional glass cylindrical lenses can be used instead
of such digital ones.

Collimated

SLM / laser beam
BS
RL4
Output plane
- RLy Z,=0)
’ & Recording
plane (CCD)
\ V'
f1
™~
S~

Fig. 3. Experimental setup used for the digital 1&g, y) generation. BS is a cube beam
splitter, RL; and RLy are spherical relay lenses (with a diameter of 5.1 cm) working as
telescope 0.4 x, focal lengths: £ 25 cm and $ = 10 cm, in our case. SF is a spatial filter
located at Fourier plane of Rlfor filtering of unwanted diffraction terms caused by the
discrete structure of the SLM display.

The experimental setup is sketched in Fig. 3. Two relay lenses é#Rt RLy) are set as a
4-f system or telescope for spatial filtering to isolate the addressed signal from the unmodu-
lated light as well as from unwanted diffraction terms caused by the discrete structure of the
SLM display. Notice that this spatial filtering is achieved at the Fourier plane of the spherical
relay lens R, whereas the SLM is located at its back focal plane. Therefore the encoded lens
L;j (x,y) is generated at the output plane fat= 0) of the telescope, which corresponds to the
focal plane of relay lens Ri. see Fig. 3. The cylindrical leris; (x,y) addressed into the SLM
was set with a focal length = ajz/s? to deal with the telescope magnificatfofThe intensity
distribution of the outgoing beam is recorded by a CCD camera (Spiricon SP620U, 12-bit gray-
level, pixel pitch of 44 um and 1620< 1200 pixels), which is placed at distarcfor acquiring
the constraint images.
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The measurement of the constraint images is mostly limited by the size of the active area of
the CCD chip. Notice that the numerical aperture (NA) of such a system is given by both the
chip size of the CCD and the propagation distanc&herefore, in order to reach a maximum
NA, the distancez was chosen as short as possible. Indeed, the shortest focal length that the
SLM is able to implement at the considered wavelength is abgytf 15 cm. Since the lens
addressed in the SLM has a focal length given oy fajz/s?, wheres= 0.4 is the magnifica-
tion of the telescope anal,i, = 0.35, the shortest propagation distance4s10 cm. To reduce
as much as possible the artifacts as well as ambiguities, caused by noisy experimental measure-
ments and the limited dynamic range of the CCD camera, weévise8 constraints images
obtained for the transformation parameter valaes 0.35, 0.42, 0.5, 0.62, 0.75, 0.87, 1, and
1.12. The analysis shows that at least four constraint images are necessary to obtain successful
retrieval from experimental data.

In the next Section, we study the implementation of the proposed experimental setup for

guantitative imaging in microscopy. Specifically, two experimental schemes are considered for
this application. In the first one, the object under study is placed at the pJan® where it
is illuminated by theprobebeams corresponding to the lensg¢x,y), wherej =1,2,...,M.
While in the second setup scheme the light scattered by the object is directly imaged into
SLM using a microscope objective. The main goal of these experiments is to demonstrate an
accurate retrieval of the wavefield, from which the image of the specimen can be synthesized
and analyzed.

4. Imaging in microscopy by means of wavefield retrieval

The proposed technique for wavefield retrieval has several advantpgies:robust because

the measurement does not require interferometry and the optical elements in the experimental
setups are fixedi) It provides an accurate wavefield recovery since ambiguities such as twin-
image and defocus (typically found in conventional GS algorithms) are suppressed thanks to the
constraint diversityjji) It is fast as in the acquisition of the required constraint images —the CCD
camera and SLM can be synchronized to perform an automatic measurement at video rates (25
fps)— as well as in the retrieval algorithm convergence. We also underline that additional post-
processing tasks such as image resampling and digital alignment of the constraint images are
not required in our approach.

These facts make the proposed approach a promising tool for imaging applications. Here
we consider some of them related to the transmission microscopy geometry. In the following
examples, the convergence of the iterative algorithm is typically reachedNaftevl = 96
iterations usingVl = 8 constraints images.

4.1. Transmission microscopy scheme via multi-illumination probe beams

In this microscopy scheme the specimen (placezy at 0, see Fig. 3) is sequentially illumi-
nated by severgirobeor scanningbeams PX,y)L; (x,y), where PX,y) is the circular pupil of
the addressed lens. Specifically, such a pupil function is fixed with radius 0.8 mm and it cor-
responds to a circular area of 4 mm in diameter of the SLM display. Here the relay telescope
magnification has been taken into account. The specimen image is obtained from the wave-
field retrieved atzg = 0, while the constraint images are acquired by the CCD camera as it is
displayed in Fig. 4(a).

In our case the light scattered from the specimen is registered at fixed digtant@ cm
in the central area of the CCD chip corresponding to 102924 pixels. In order to enhance
the resolution of the retrieved field, one can register the adjacent scattered field for every illu-
mination beam by moving the CCD camera in the recording plane, for example as displayed
in Fig. 4(b). It allows generating an extended synthetic aperture (SA) with an effective spatial
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cutoff frequency higher than the cutoff given by the limited CCD aperture. We underline that
the extended SA in the Fourier domain is often applied for super-resolution imaging, see for
example Refs. [5, 30]. Implementing this technique the corresponding parts of the retrieved
field (obtained from the constraint images registered at each CCD position) are properly as-
sembled in the Fourier domain. Specifically, it is achieved by performing the Fourier transform
of each retrieved part of the signal to compose an extended Fourier spectrum from which the
superresolvedmage is generated, by simple inverse Fourier transformation.
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Fig. 4. (a) Setup scheme for transmission microscopy. (b) Extension of the recording area
by moving the CCD chip in order to achieve super-resolution in the retrieved image.
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Fig. 5. (a) Retrieved image of a high-resolution test target (USAF). (b) Image enhancement
obtainedusing the proposed SA super-resolution technique. (c) Intensity distribution of
the retrieved wavefield corresponding to onion skin specimen asdjpisrresolvednage

(d). Nucleus as well as the cell membranes are clearly distinguished, as observed in the
corresponding zoomed insets.

To experimentally demonstrate the performance of the wavefield retrieval algorithm for
imaging applications, we first consider a high-resolution USAF test target as an object. The
last resolved elements in the retrieved image Fig. 5(a) are G5-E3 corresponding to a cutoff
frequency of 40 Ip/mm. This limit in the spatial resolution can be extended up to 114 Ip/mm
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(G6-E6), see Fig. 5(b) and its zoomed inset, by assembling five retrieved fields obtained from
the measurement of the constraint images as sketched in Fig. 4(b). It implies an spatial reso-
lution enhancement about 3ir the retrieved image, whose size is increased to 303Q72

pixels.

This technique also allows successful imaging of the wavefields produced by biological spec-
imen. In particular, we study an onion skin specimen enclosed into a flow chamber (filled with
distilled water) made by attaching two glass coverslip (thickness about 0.17 mm). The retrieved
intensity distribution of the sample is shown in Fig. 5(c). As observed, the whole cell structure
of the specimen is clearly distinguished: Nucleus as well as the cell membranes. While the su-
perresolved image Fig. 5(d) presents further details. For instance, the nucleus and membranes
are better revolved and distinguished from the rest of the cell structure [see the zoomed inset
of Fig. 5(d)], which also presents fine details. These experimental results demonstrate an accu-
rate wavefield retrieval suitable for imaging with wide field of view. Nevertheless, for proper
analysis of the phase distribution of a specimen wavefield, a microscope objective providing
appropriate magnification is required. This case is studied in detail in the next subsection.

4.2. Transmission microscopy scheme using a microscope objective

The proposed optical setup for wavefield retrieval can be easily assembled with a conventional
microscope. Specifically, the light scattered by the specimen is imaged through the microscope
objective (MO) into the SLM display as sketched in Fig. 6. The optical path between the back
focal plane of the MO and the SLM display is set according to a tube lens distance of 17 cm.
Therefore the image of the specimen is obtained at the output pjand® of the relay tele-
scope, see Fig. 6. While the tube lens is digitally addressed into the SLM together with cylin-
drical lensed | (x,y) necessary for the wavefield retrieval. Applying the algorithm described in
Section 2 we are able to retrieve the wavefieldhat O from the measurement of the constraint
images acquired by the CCD camera at the positiornl0 cm.
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Fig. 6. Experimental setup for wavefield retrieval of the light scattered by the sample,
whichis imaged by means of the microscope objective (MO). The specimen is illuminated
by focusing a collimated laser beam using a condenser.

Notice that the absorption coefficient and the real part of the refractive indekthe sample
play an important role in the imaging processes because both affect to the transmitted wave-
field. Therefore amplitude as well as phase distributions of the scattered field must be recovered
for achieving quantitative analysis of the specimen. In particular, refractive index mapping, as-
sociated with phase distribution, is useful for biological applications because it reveals the cell
activity, molecular dynamics, etc. We underline that in the last years tomographic techniques
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Fig. 7. (a) Intensity distribution of the specimen imaged at plgne 0 using the setup
depicted in Fig. 6. Intensity and phase distributions of the retrieved wavefield are shown
in (b) and (c), respectively. (d) Unwrapped phase distribution corresponding to the central
region of the imaged specimen (b). (e) 3D representation of the unwrapped phase that
reveals the cell structure of the onion skin object.

based on wavefield recovery have been developed for a 3D imaging of live cell, see for ex-
ample [31] and references cited therein. The knowledge of the amplitude and phase of the
scattered field also allows performing more effectively its digital processing including filtering,
denoising, image segmentation, etc. Here we demonstrate in several examples what information
about the specimen can be obtained from the analysis of the intensity and phase distributions
of scattered field retrieved by the proposed approach.

Let us first study the onion skin object, which is imaged using a Zeissabfective (0.4 NA,

Carl Zeiss Jena Apochromat) at the plage= 0, see Fig. 7(a). The intensity [Fig. 7(b)] and
phase [Fig. 7(c)] distributions of the light modulated by the specimen, projected into the con-
jugated planegy = 0, are simultaneously retrieved using the constraint images registered at the
planez. Notice that the synthesized image Fig. 7(b) is slightly blurred with respect the im-
age Fig. 7(a) due to the limited CCD aperture (cutoff frequency of 40 Ip/mm) comprising the
recording setup, as previously discussed. While the information content of the intensity images
is almost the same, that in particular underlines the accuracy of the retrieval method, the phase
map provides additional details about the cell structure. The nucleus and cell membrane are
clearly distinguished in the unwrapped phase distribution as well as in its 3D representation
displayed in Fig. 7(d) and 7(c), correspondingly. For accurate phase unwrapping we applied the
algorithm reported in Ref. [32].

The retrieved amplitude and phase distributions of the light modulated by the object, can
also be used for the numerical refocusing. Here we demonstrate this technique on the synthe-
sized field recovered using the proposed method. As test object it is considered an aggregate
of polystyrene spheres of &+ 0.3um in radius (Duke Scientific Lot 9949) dispersed in im-
mersion oil to avoid motion artifacts in the retrieved image. Its intensity distribution imaged at
planezy = 0 using a Zeiss 40:x0bjective (0.95 NA, Carl Zeiss Jena Apochromat) is shown in
Fig. 8(a). The light scattered by the beads and the unscattered portion of the illumination laser
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Fig. 8. (a) Aggregate of polystyrene spheres imaged at gtpa® using the setup depicted
in Fig. 6. Intensity and phase distributions of the retrieved wavefield are shown in (b) and
(c), respectively. (d) Unwrapped phase distribution and its 3D representation (e).

beam form an interference pattern yielding an in-line hologram, which is clearly observed in
Fig. 8(a). The retrieved intensity and phase of the field are displayed in Fig. 8(b) and 8(c), re-
spectively. From the unwrapped phase displayed in Fig. 8(d) and 8(e) we conclude that several
particles labeled as 1, 2, 3 and 4 are arranged on top of each other. In particular, the particles
#1 and #2 are partially hidden behind the #3 and #4 ones. This fact is not well-distinguished in
the intensity distribution either.

The particle position can be accurately measured by performing numerical refocusing of
the retrieved wavefield. Indeed, the synthesized wavefield is numerically propagated from the
conjugated image plars = 0 until all particles centers are found by locating the corresponding
maxima in the diffracted field, see Fig. 9. Notice that the particles are labeled as they appear
focused. Specifically, the spheres#5 are focused at = 11+ 1pum, #8— 10 atz= 18+
1pum while the bead #11 is located at= 23+ 1 um. Because the particles #1 and #2 are
correspondingly attached to the ends of the #3 and #4 ones, their axial positions can not be
accurately measured by applying this technique. Nevertheless, the light focused by the pairs
of particles (#1 and #3) and (#2 and #4) is observer-ab+ 1um andz= 8+ 1pum in the
transversal position (plan€Y) indicated as bead #3 and #4, respectively.

Let us now compare the considered particle localization method with another one based on
numerical reconstruction of in-line holograms, which is often applied for fast particle track-
ing in microscopy, see for example [3, 33]. In the latter case, the particle position can be also
found by locating the maximum intensity in the propagated field. This technique requires a
well-defined interference pattern in the hologram, as the one observed in Fig. 8(a). Notice that
a single particle can be detected if its corresponding diffracted field is properly encoded in the
hologram. For the case of particles closely aggregated, the diffraction pattern of the whole struc-
ture is mostly encoded rather than the pattern emerging from each particle. Thus, it is expected
that only some beads of the aggregate could be detected by using this holographic method.
Indeed, as it is demonstrated in Fig. 10, only the beads #7, #8, #10 and #11 are successfully
detected.
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From the unwrapped phase distributipfx, y) shown in Fig. 8(d), it is also possible to deter-
mine the bead’s radius (R) and its refractive indgxHowever, an accurate knowledge about
the refractive index of the surrounding fluid (immersion 0§ = 1.52 at 589 nm) is required.
Because the patrticle is spherical in shape one can estimate both the radius of the bead and the
refractive index difference, — ng by linear fitting of the plot corresponding to the square of the

phasep?(x,y) against? = (x— x0)2 + (y—Yo)?. Notice that in the case of a spherical bead the
square of the phase is theoretically given by the expression

2
Pley) = T 2y ®

see Ref. [34] in which this technique was demonstrated for polystyrene beads as well.

¥ (um)

20

0
x (um)

Fig. 9. Numerical refocusing of the retrieved fiefo O um, corresponding with Fig. 8(b)
and 8(c)] reveals the particle position at several propagation distandé® particles are
labeled as their appear focused, by locating the maximum of the diffracted light.
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Fig. 10. Numerical reconstruction at several propagation distaraféke in-line hologram
shown in Fig. 8(a).
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In our case, the exact determination of the cefigry,) of the sphere was obtained from
the numerical refocusing results previously discussed. It allows for easy determination of the
phase profile of the bead needed for accurate fitting. In particular, we consider the bead #7
for which the phase profile determined by averaging in four directions is shown in Fig. 11(a).
The corresponding best linear fitting is displayed in Fig. 11(b). A refractive index difference
n, —hs = 0.063+ 0.004 is obtained from the slope of the fitted line according with Eq. (5).
Thus, the quoted refractive index at 532 nmmjs= 1.583+ 0.004 whereas a bead'’s radius
value of R = (5.04+0.2) um is found from the intercept of the fitted line. These values are
consistent with the ones quoted by the manufactier,(5.0+0.3) um andn, = 1.59—1.60
at 589 nm. The refractive index determination is in good agreement with the value reported
by Ma et al. [35] (n = 1.588 at 532 nm), although slightly smaller than the one quoted in
Ref. [36] (n, = 1.5986) and Ref. [34] (p= 1.602). These results demonstrate that proposed
approach can be used for determination of quantitative information about the object. Moreover,
the considered examples illustrate the potential applications of the proposed wavefield retrieval
approach for advanced microscopic imaging which includes enhanced resolution, numerical
refocusing, quantitative imaging and phase mapping, etc.
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Fig. 11. (a) Averaged phase profieof the polystyrene bead #7. (b) Square of the phase
profile (¢?) and the fit corresponding to Eq. (5).

5. Conclusions

We have developed an iterative wavefield retrieval approach that exploits controlled astigmatic
phase modulation to obtain appropriate diversity in the intensity measurements. The algorithm
is robust against noise, ambiguities and stagnation and provides recovery uniqueness. The com-
parison with another similar technique demonstrates that tens instead of hundreds iterations are
needed for its convergence.

The experimental setup for the implementation of the proposed method is highly robust
(all the optical elements and the CCD camera are fixed) and its incorporation in other opti-
cal schemes is straightforward. It is based on a SLM that accurately implements the cylin-
drical lenses with corrected aberration required in this wavefield retrieval approach. A digital
lens implementation at video rates synchronized with the CCD camera provides fast intensity
measurements (constraint images) in a millisecond range. The high versatility of the proposed
setup also allow simple implementation of advanced techniques for improving the resolution of
the retrieved image.

The fast and accurate retrieval of complex-valued fields has been experimentally demon-
strated for several applications in microscopic imaging. In particular, it has been demonstrated
that super-resolution in the retrieved image of the object can be easily obtained using the pro-
posed technique for generating an extended synthetic aperture. Indeed, a super-resolution factor
about 3 xin the cutoff frequency of the setup was reached by the proper assembling of five ad-
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jacent parts of the scattered field. The proposed approach promises to make easier and more
practicalthe wavefield retrieval for quantitative imaging required in relevant optical applica-
tions. For instance, it has been demonstrated that shape, size and refractive index of polystyrene
micro-particles can be accurately determined from the retrieved field. These results are in good
agreement with the ones quoted by the manufacturer, although further research is needed to
definitely establish its accuracy.
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