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Particle imaging, localisation and tracking

Image velocimetry.

Applications: time-resolved imaging, single molecule tracking, microfluidics, particle

Techniques of the depth estimation

J Optical microscopy

(2D imaging — PSF engineering needed)

» evaluation of defocusing image spreading
» astigmatic imaging
> rotating double helix PSF mp

o instantaneous depth estimation ¢/
(direct image detection)

o narrow range of localisation x

O Digital holographic microscopy (DHM)

(Inherently 3D resolving technique)

» reconstruction of axial intensity
» peak searching algorithms
» 3D deconvolution methods D

o extended range of localisation t/

o time-consuming successive reconstructions
and iterative algorithms x




Digital holography with vortex localisation

Optical microscopy with

double helix PSF

Digital holographic
microscopy

» based on filtration in Fourier domain

> optical implementation of 4-f system needed

> rotation evaluated by image intensity detection
(fast processing, restrictions on PSF engineering)

» high accuracy — must be in compromise with
localisation range  Az~A/NA2 x L~A/NAZ2

» wide localisation range
» lower accuracy
» time-consuming processing
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New idea: DIGITAL VORTEX BEAM

HOLOGRAPHY

» all-digital vortex implementation

» processing of a single in-line hologram without phase shifting

» 3D localisation from single plane hologram reconstruction

» fast processing enabling dynamic localisation and tracking of particles

» accuracy comparable with double helix localisation

» processing of electric field possible — an extreme variability in PSF control




Concept of PSF rotation in digital holography

O Implementation of rotating PSF: hologram acquisition, standard reconstruction, spiral post-processing.

Digital
reconstruction
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» Rotation occurs in intensity. » Rotation occurs in electric field.

+¢ Spiral modulation in Fresnel zones

¢ Interference of defocusing-invariant
vortex beams

s Analogy with the self-imaging

¢ Limited rotation control

+¢+ Spiral modulation in single ring

¢ Rotating defocusing-invariant vortex
beam

¢ Analogy with diffraction-free beam

+¢ Full control of the rotation




Implementation of PSF rotation in digital holography

 Technique applicable to: (a) Classical holography, (b) Self correlation imaging.
OPTICAL PART DIGITAL PART
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Bessel function (L>1) is azimuthally modulated, resulting in
rotating PSF with multiple symmetry.



PSF scaling and control of rotation rate

Point hologram  Spiral phase filter

O (|F|—Fp)exp(ilo)

Parameters of the vortex image

e, o< Ji (r'a) cos(i® + i Az), where
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By o, B the PSF can be scaled and the rotation

rate controlled.
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adjusted in order to satisfy
particular experimental
conditions.
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PSF shaping and change of axial range

O Finite width and Gaussian apodization of the filter results in:

—

| » Image spot analogous to the Bessel-Gauss beam is created
» Side lobes of the Bessel profile are attenuated

| » The axial range available for localisation is changed

Gaussian apodization - FWHM AR
AR=3.3um AR=10pm AR=16.6pm

O

Filter transmittance

PSF



Fresnel incoherent correlation holography

O Experimental demonstrations were carried out in the system for the Fresnel Incoherent
Correlation Holography (FINCH) [1,2].

—_
| » Conventional microscope connected to relay lenses L1, L2 [3] and a common-path interferometr.

| » Wave splitting realized by a Spatial Light Modulator (SLM).
: » Correlation records of incoherently illuminated 3D object captured at the CCD

Conventional
microscope |
excitation

filter SLM (a) (b)
(a) standard configuration
(b) dual lens configuration

TlnterferometerT
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Experimental results

Sample: fluorescent focal check test, fixed microspheres-5um in diameter, excit./emiss.-543nm/582nm.
Experimental configuration: microscope objective NA=0.55, standard FINCH (f=400mm).

— — — — — — — — — — —

Standard reconstruction :Ecapture‘j hologram | spiral post-processing

Fixed fluorescent
microspheres

Numerical refocusing
corresponding to
object defocusing in
the range
IAZO <-8.8um ; 8.8um>..

Numerical image

refocusing



Experimental results

Sample: suspension of polystyrene microspheres-0.5um in diameter.
Experimental configuration: microscope objective NA=0.5, standard FINCH (f=400mm).

Reconstruction with 3D trajectory
Hologram spiral post-proccessing Selected particle

p
*Part selected from full field of view

~ Range:
X <-5um ; 4.7um>
y <-2.8um; 4.6um>
Z <-6.6um; 7.6um>

Experimental demonstration of dynamic, high resolution capabilities of proposed method.




Conclusions

U The benefits of the PSF rotation in inherently 3D resolving systems were discussed and
demonstrated.

O The holographic axial localisation using the rotating diffraction-free vortex beams was
examined.

O It was verified that just one reconstruction of a single in-line hologram is sufficient for 3D
particle localisation.

U The proposed techniques of digital vortex holography were experimentally demonstrated
by real-time localisation of fluorescent and polystyrene beads of sub-micrometer size.

The results presented were obtained in a close cooperation between the Brno University of
Technology and the Palacky University Olomouc.
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