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Abstract. In this paper, we introduce a self-referencing microsphere-assisted
transmission digital holographic micreseopy (DHM) system in real-image operating
mode. Self-referencing DHM arrangements provide a compact geometry that are
temporally stable against environmental vibrations and suitable for the measurement
of dynamic specimens such agicells. These advantages may be more pronounced for
microsphere-assisted DHM systems: In the real-image mode, unlike the virtual-image
mode, the working distance is increased. This, in turn, provides flexibility for insertion
of additional elements forhenhancement of the image quality, or for other required
tasks. The lateral resolution enhancement is similar to the virtual image arrangement
and the axial resolution is decoupled from the lateral one. The methodology is
discussed theoretically and validated experimentally by conducting DHM experiments
on standard micro-objects and aggregation of micro-particles. Our results show that,
by the assistance ofa rather big size 550 pm silica microsphere, a 10x microscope
objective can, resolve the 3D structure of a compact disk. The arrangement may
be useful toward having a compact and inexpensive bench-top high-resolution three-
dimensional imaging apparatus.

Keywords: [Microsphere-assisted microscopy, Digital holographic microscopy, Self-
referencing holography

1. Introduction

Digital holegraphic microscopy (DHM), in transmission mode, provides a non-invasive
tool fermguantitative three-dimensional (3D) imaging of phase objects such as cells and
biematerials [1, 2, 3, 4], and in reflection mode it is a non-contact and non-destructive
technique for surface profile measurement [5, 6]. The reconstruction of the digital
holograms is carried out numerically and leads to the whole-field information about the
object under investigation. In order to separate out the undiffracted reference beam,
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the virtual and the real images at the reconstruction plane, a slight angle between
the object and the reference waves is introduced in off-axis holography arrangement.
However, these arrangements become highly sensitive to environmental vibratiens,
employ additional optical elements, and lead to higher noise levels. g lInstead, self=
referencing geometry for interferometric techniques greatly reduces sdeh uncorrelated
noises. Various setups to achieve self-referencing geometries are developed, by the use
of a Lloyd’s mirror [7], a microscope binocular module [8], a glass plate for applying
a lateral shearing [9], etc. Furthermore, employing interferometric objectives such as
modified Michelson objective [10], Mirau objective [11], and Linnik Jojective [12] are
the other (expensive) possibilities for common-path DHM.

In DHM, similar to classical optical microscopy, the spatial‘resolution is restricted
by the diffraction limit. The lateral resolution, in addition,to the dependence on the
performance of the imaging system, depends also on the features of the recording sensor
and the spatial frequency windowing within the numerical reconstruction process [13].
The axial resolution is defined by the sensitivity of. the detection system to optical
path length changes. Optical super-resolution imaging diie to its application benefits in
many areas of biology, medicine, and matérial sciences has seen increasing global interest
and rapid growth. Some of the super-resolution approaches approaches are based on
the use of near-field optics [14]. The main far-field approaches include stimulated
emission depletion microscopy, stechastie.optical reconstruction microscopy, photo-
activated localization microscopy, Fourier ptychographic microscopy, and structured
illumination microscopy [15].“Moreover, simple geometrical super-resolution methods,
based on exchanging the degrees-of freedom of the imaging system, such as the object’s
shape and temporal behavior; wavelength behavior, dimensions, and polarization, have
been applied for synthetic inéreasing of the numerical aperture (NA)[16, 17]. Synthetic
increasing of the effective NA through geometrical super-resolution methods may be
extended to be similarly applied for super-resolution and field-of-view extension in DHM
[18].

In the last few years, @ simple super-resolution method utilizing a transparent
microsphere (M$) has shown promising experimental results [19, 20, 21, 22]. Several
aspects of thermethod have been studied and detailed theoretical investigations have
been provided to'model the methodology [23, 24, 25, 26, 27|. Super-resolution imaging
by the MSsapproach has also been extended to DHM for quantitative phase contrast
imaging and surface profilometry [28, 29, 30, 31, 32]. The improvement in the resolution
and the final magnification of the MS-assisted imaging system depends on the relative
distance between the MS and the objective and the size and refractive index of the MS
[29]., The resolution can be further enhanced if the MS-assisted DHM is combined with
structured illumination technique [33, 34, 35] or oblique illumination technique [36, 37].

In. this Letter, we present a compact, vibration immune, and high resolution MS-
assisted DHM arrangement for transparent objects such as biological specimen.
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Sample plane of MO Camera
Image plane of MS

Figure 1. Scheme of the MS-assisted self-referencing DHM in transmission mode
setup; S: sample; MS: microsphere; RI: Real image; MO: Microscope objective; GP:
Glass plate; TL: Tube lens. Inset: Image formation precedure.

2. Experimental Setup

The scheme of the system is shown in ‘Eiga. 1. The collimated He-Ne laser beam
(Pooyafarazma, 632.8 nm, 2 mW) illuminates the,sample (S) and the diffracted light
from the sample is transmitted through,the MS. We have used Silica microspheres
of 250 pum and 550 pm diameters. “The diffracted wave, which includes the high
spatial frequencies of the obje¢t, is carried by the microsphere, and then the microscope
objective (MO, Nikon, NA=0.3,10x) produces a magnified image of the object. One of
the easiest ways to implement self-referencing geometry is the use of a glass plate (GP)
to create two laterally shearedireplicas of the object wavefront and then superposing
them. Two beams follow the samepath and go through the same set of optical elements,
reducing the unwantedsvibrations/in the setup. The interference patterns of the sheared
wavefronts, containing sample phase information, are recorded by the digital camera
(DCC1545M, Thorlabsy, 8 bit' dynamic range, 5.2 um pixel pitch) and are subjected to
numerical reconstruction process. The shearing applied to the object beam by the use
of a GP can bemalternatively applied by the use of a proper grating [38]. In a shearing
based self-referencing arrangement the sample needs to have object-free regions, which
in turn reduces the/effective field of view. However, by employing a proper pinhole,
one of the interfering object beams can be converted into a separate reference beam
providing,a similar self-referencing DHM arrangement but with wider field of view [39].

The inset of Fig. 1 shows the image formation protocol in the present setup. When
no MS is inserted, the sample is placed at plane z = 0 and the scattered beams within
the angle®#,, shown by black dashed lines can enter the optical system and the associated
spatial frequencies can be resolved. However, in MS-assisted DHM, two cases may be
operated: virtual image mode and real image mode [40]. The gray color beams are
the beams originated from the sample, placed at a distance p_ from the MS, and enter
into the aperture of the MS. Minus sign stands for the case that the object distance is
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below the focal length of the MS. As can be seen, wider light collecting angle (f;) can
be obtained when an MS is placed in front of the sample. These beams forniya biggen
virtual image at the sample plane of the the MO at a distance ¢g_ from the MS. In tumn,
the intermediate virtual image that includes higher magnification andshigher spatial
frequency acts as an object for the MO. In short, the MO will resolve further details
of the sample under study in MS-assisted DHM. In the real image mode, shown by red
color beams, however, first the MS forms a real image of the sample (distaneed p, from
the MS) at the sample plane of the MO (distanced ¢4 from the"MS)andis the same
as acts as a sample for the MO. The coverage of the spatial frequencie; resolved by the
MS-assisted DHM system is almost the same for the two cases, because the collecting
angles and the sample-MS distances of the two modes are almostithe same; p_ and p,
values are very close to the focal length of the MS. Therefore, the lateral resolution
enhancement of real image is as the one in virtual itnagerarrangement. However, the
real image mode comes along with further advantages over virtual mode. In real-image
mode, the working distance (WD) unlike the virgnalsimage mode is increased. Further,
the rate of magnification and effective NA variations in the p4 region is much lower
than that of p_ region, hence deeper depth of focus of the system in real mode may
be achieved. Thus, the combination of ‘a lew, magnification MO and an MS in real
mode, can be an appropriate alternative for a highymagnification MO (which normally
has a low WD). Moreover, longer WD provides flexibility for insertion of additional
image quality enhancement elements, orfor example dichroic mirrors for redirection of
fluorescent excitation light if‘imtegration ofithe MS microscopy or MS-assisted DHM
with fluorescent microscopy is_eonsidered. The difference between the WDs of the two
modes (AWD = q_ + q;) depends on the diameter of the MS and the collecting angle
of the MO, if the TL and.camera positions are remained unchanged; bigger MS leads
to lower resolution enhancement and lower WD improvement. However, the final image
formation in MS-assisted microcopy depends on the sample axial position with respect
to the MS and the MO»29]. Therefore, by adjusting the positions of TL and camera,
the position of thelMS and hence the resolution and the WD enhancement can be tuned.
In the experiment the two modes can be distinguished by following the formed image
plane after inserting the/MS. If the intermediate image plane, with respect to the no-
MS case, is closer todhe objective the image is virtual, and if is farther it is a real one.
Moreovergreal image is direct while the virtual image is inverse (upside-down) and this,
additionally, can be used to discriminate the two modes. It should be noted that the
theoretical mechanisms for explanation of the MS-assisted microscopy that have been
presented for virtual imaging can also be applied to real images.

We have used angular spectrum propagation method [41] to reconstruct the
recorded holograms. The numerical reconstruction includes numerically illuminating the
recorded digital hologram by the reference wave and propagating the resulted complex
wave-field in the Fourier domain. In the Fourier domain the undiffracted reference beam
and the conjugate real image are separated out, and different filtering processes may
also be applied. Finally, the complex amplitude (F(z,y) ) at the desired distance from
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the hologram plane is obtained by inverse Fourier transform of the propagated ¢omplex
amplitude. The phase ¢(z,y) and the intensity I(z,y) of the sample are calculated from
the complex amplitude F(z,y) as:

I(l’,y) = |E(l‘,y)|2, (1)

S[E(z,y)]
RE(,9)] @)

Eq. 1 gives the intensity image similar to the one of conventional mierescopy. However,

¢(z,y) = arctan

the additional benefit of DHM is that it enables numerical refoeusing of the intensity
image at any desired axial distance. For fully-reflective or puresphase objects, the
variations of the amplitude are negligible, and the 3D inférmation are embedded within
the obtained phase distribution. If the object under study encounters some changes on
its shape or refractive index its phase will be varied. The phase difference is related
to such changes occurring between two different states,of the object under study. For
reflective objects the phase distribution leads directly,toythe changes on the surface
height profile of the object. However, for a transparent object undergoing a change in
its refractive index, while keeping its physical thickness constant, the phase distribution
directly provides the refractive index distributionyand if the refractive index is remained
unchanged it provides the object shickness distribution. Therefore, for transparent
objects:
27

@z, y) = Sz, y)h(z,y), (3)
where h(z,y) is the thicknesssprofile,and n(x,y) is the refractive index profile of the
sample. For the samples used in this paper the refractive index in the optical path
difference is set to a constant. According to Eq. 3, the reconstructed phase map values
fall within the range of [-@/247 /2], and to recover the original phase distribution of the
object, the unwrapping process<s applied to the phase map. In this paper, we have
used Goldstein’s branch=eut unwrapping method to convert reconstructed phase into
continuous-phase/distributions [42].

In our experiments to remove the effect of possible contaminations and aberrations
in the opticalitrain, ineliiding the spherical aberration caused by insertion of the MS, we
acquired reference holograms, in which the transparent sample was completely removed
from the@arrangement.

3. Experimental Results and Discussions

In order to prove the capability and usefulness of our approach, first we applied it on a
compact disk (CD) after removing its protecting layer, and investigated the various
adjustment parameters. Then, we successfully applied the technique to investigate
volumetric information of aggregation of micro-spheres and to distinguish the adjacent
ones that cannot be resolved without the use of the MS. The results are shown in
Figs. 2 and 3. Figure 2(a) shows a recorded digital hologram of a CD and its Fourier
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Figure 2., Hologram of a CD, its Fourier spectrum, and the reconstructed 3D image:
(a-b) witheut MS;"(e-d) with an MS of 550 ym diameter, and (e-f) with an MS of
250 pmediameter; (g) the corresponding AFM image of the sample; (h) Comparison of
cross-sectional profiles.

spectrum in'the self-referencing DHM system when no MS was inserted. The numerically
reconstrueted 3D._image is shown in Fig. 2(b), stating that the grooves of the CD
structure werenot resolved by the DHM system, for vairous windowing procedures
that.we ‘applied in the Fourier domain. However, with an MS of 550 um diameter
placed between the sample and the MO (Fig. 2(c-d)), without applying any changes
in the setup, the structure of the sample is resolved. The side lobes appeared in the
Fourier spectrum of the hologram are related to the CD grooves. The 3D image of
the sample in which the structure of the CD is clearly resolved is shown in Fig. 2(d).
It is known that smaller MSs leads to higher enhancement in the final resolution of
MS-assisted microscopies, but reduces the field of view [29]. For the present DHM
setup the insertion of smaller MS is helpful for applying proper shearing to the object
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39 Figure 3. Reconstructed 3D images of two adjacent micro-particles (a) without MS,
40 and (b) with an MS of 250 pum diameter; The corresponding 2D maps (¢) without
41 MS, and.(d) withhe MS; (e) Bright-field microscopy image by a 60x objective; (f)
Crogs-sectional profiles along the lines AB, depicted in panels (c) and (d).

46 beam; without re-adjusting any elements of the system, the smaller MS produces finer
48 holographié’ fringes;’as can be seen from the hologram by an MS of 250 pum diameter
49 (Fig. 2(e)). Theassociated 3D height profile is shown in Fig. 2(f). In order to confirm
50 the DHM results, we also acquired AFM image of the sample (Fig. 2(g)). The averaged
52 cross-sectional profiles of the CD structure along the lines perpendicular to the direction
53 of the,CD grooves for all the cases, simple DHM image (no MS), DHM images with two
>4 different size MSs, and the AFM scanning result are compared in Fig. 2(h), and show
a veryigood agreement. Figure 3 shows the experimental results of polystyrene micro-
57 particles. A 5 ul droplet of diluted dispersed micro-particles of 1.65 um diameter in
58 polyvinyl alcohol (PVA) solution was taken and placed on a microscope slide. The
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slide was left in room temperature for the solution to evaporate. Micro-particles are
distributed on the surface randomly. In some cases the particles are close to éach other
such that they cannot be resolved with low resolution configurations. ‘We have chosen
two adjacent micro-particles. Simple DHM cannot distinguish the two particles,that are
present in the sample as the reconstructed 3D image shows. However, @s the 3D"image
and the 2D maps show, MS-assisted DHM setup can easily identifysthe two, particles.
A conventional microscopy image of the particles acquired with a 60x objeetive which
has higher NA is shown in Fig. 3(e), and the cross-sectional profiles along AB lines are
shown in Fig. 3(f) and demonastrate the capability of MS-assisted DHM to resolve fine
structures.

The classic definition of spatial resolution, based on the cencept of the point-
spread function, can be used for quantitative evaluation of the resolution enhancement
introduced by the MS [43]. In our microscopy system, the image plane and the tube
lens remain fixed during the experiments, and répositioning of the MS toward the
objective allows for a higher magnification facter.@n the other hand, this increases
the MS collection cone and the complete system’s effective NA value. Therefore, the
resolution evaluation can be performed by measuring the magnification factor gained
by introducing the MS. For the real-image operating mode, as illustrated in the inset
of Fig. 1, the magnification factor of the system (given by ;’—i) is equal to the ratio of
the sin of the collecting angle of the MS=DHM to the one in the DHM system without
an MS. It has been shown [44, 28] thatithe amplified factor of the microsphere equals
to foSL_Sm, where, p, is the distance from the center of MS to the object plane in the
real-image mode and fyg is thedocallength of the microsphere. For the 250 pm and 550
pm silica microspheres with refractive index of 1.42, the focal lengths are calculated as
420 pm and 930 pum, and magnification factors of 5.5 and 6.5, respectively, when a clear
image as well as well-defined holographic fringes were obtained. By choosing a smaller
microsphere along withra higher magnification objective, it should be possible to resolve
much finer structures. The proper approach for MS-assisted microscopy with small sized
microsphere and high magnification factor objectives is to embed the microspheres of
higher refractiverindex inside a solid transparent medium between the sample and the
objective.

4. Conclusion

In conclusion, we introduced a self-referencing MS-assisted DHM setup effective for
transparent objects which covers a large class of biosamples. The setup is operating
in real-image mode that has the benefit of longer WD. The method was discussed by
imaging'theory and the setup was tested experimentally, by conducting the validating
DHM. experiments on a CD and aggregation of micro-particles. This arrangement
may be useful toward having a compact and inexpensive bench-top high-resolution 3D
imaging apparatus. The system has the potential to be easily integrated with structured
and oblique illumination approaches to achieve even higher resolution enhancements. In
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such systems, similar to conventional microscopy, by inserting a grating or addressing
a grating structure onto a spatial light modulator in the path of the object; higher-
frequency information of the object are shifted into the recording range and the shifted
frequencies are picked up within the numerical reconstruction process of thewecorded
digital holograms.
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