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Fundamental limits to far-field

(at a distance) imaging using light
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The Shackles of Diffraction

Diffraction-limited (details below ~ 200 nm are lost)

Fig. 6. A field of 50-nm fluorescent beads, imaged by conventional microscopy (a), cortwqutional microscopy plus filtering (b), linear structured illumination
(c), and saturated structured illumination using illumination pulses with 5.3 mJ/cm2 energy deMsly, taking into account three harmonic orders in the processing
(d). Because no scanning Is necessary, a wide field can be imaged simultaneously.

Super-resolution to below 50 nm (through
M. Gustafsson, PNAS 102, 13081 (2005) nonlinear microscopy)



Imaging using light

Propagation/Optics




Imaging using light
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Imaging using light

Objective limit

Microscope
objective

Excitation light

B. Huang, M. Bates, and X. Zhuang, Annu. Rev. Biochem. 2009. 78:993-1016 (2009)
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Numerical Aperture: NA=nsin3 Collected light

Emitted light

Light emitter

Point-Spread-
Function (PSF)
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Our “vision” of the world
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Science slips beyond conventional opfics...
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Seeings things below the

diffraction/aperture limit at a distance
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Combining imaging with prior knowledge
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Combining imaging with prior knowledge




Combining imaging with «prior» knowledge — Super-resolution!

But how?

This is a multiphoton, i.e., NONLINEAR, process!

Not a single image, but a cumulative effect of many images.

One photon — A
Two photon — A/2
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Imaging through fluorescence

Excitation Fluorescence
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B. Huang, M. Bates, and X. Zhuang, Annu. Rev. Biochem. 2009. 78:993—-1016 (2009)




Super-resolution imaging
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Stimulated emission depletion microscopy

Snap-shots of synaptic vescicles




Super-resolution imaging

Target structure Localizing activated subset of probes Super-resolution image

PALM/STORM

Stochastic optical reconstruction microscopy

Photoactivated localization microscopy

STORM 3D STORM

microtubules pits

B. Huang, M. Bates, and X. Zhuang, Annu. Rev. Biochem. 2009. 78:993—-1016 (2009)




Super-resolution imaging

Excitation

SIM — Structured lllumination microscopy
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‘B. Huang, M. Bates, and X. Zhuang, Annu. Rev. Biochem. 2009. 78:993-1016 (2009)
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Increasing resolution by superimposing known images on unknown objects







The moiré pattern












Is resolution really increased?

2 um

TIRF image of a living
S2 cell expressing
GFP—tubulin.

2D SIM

R. Heintzmann and M. G. L. Gustafsson, Nature Photonics 3, 362(2009)
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Increasing resolution by superimposing known images on unknown objects




Structured lllumination Microscopy
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Patterns

Pattern projected
onto the sample
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Sample results

Wide Field Processed

Particular of BPAE cells
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Sample results
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Scale-free optics
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nature LETTERS
phOtOmC S PUBLISHED ONLINE: 19 DECEMBER 2010 | DOI: 10.1038/NPHOTON.2010.285

Scale-free optics and diffractionless waves in
nanodisordered ferroelectrics

E. DelRe™, E. Spinozzi', A. J. Agranat? and C. Conti3

Experimental setup
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Comparing standard optics and scale-free optics

Non-Paraxial optics
Paraxial optics

\, Plane-wave
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Scale-invariance: the full picture
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PHYSICAL REVIEW A 92, 013835 (2015)

Observation of diffraction cancellation for nonparaxial beams in the scale-free-optics regime

F. Di Mei,"2 D. Pierangeli.' J. Parravicini,! C. Conti,>! A.J. Agranat,* and E. DelRe!*"



Challenge

Propagate a non-paraxial subwavelength-sized beam in a volume
along macroscopic distances for imaging
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Diffraction

d>>A d=A

Small angular aperture Large angular aperture
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?iffraction
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Standard index modulation
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An = 1072

e

Imaging

in the bulk volume

no intensity-level dependence (no standard
nonlinearity)

no wavelength dependence (no periodicity)
no resonance and absorption (no conducting
elements)

must work beyond paraxial optics




Material

Dipolar glass forming inside the KTN:Li crystal
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Compositional
disorder

+
deep-in-band Cu impurities—>Huge non-linear EO response

E. DelRe et al. Nat. Photon. 5, 39 (2011)
A.A. Bokov, Z. Ye Journal of Material Science 41 31-52 (2006)
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Massive beam propagation (L>A)

mitl”r c . LETTERS
p Otomcs PUBLISHED ONLINE: 2 MARCH 2015 | DOI: 10.1038/NPHOTON.2015.21

Subwavelength anti-diffracting beams propagating
over more than 1,000 Rayleigh lengths

Eugenio DelRe', Fabrizio Di Mei'?, Jacopo Parravicini', Gianbattista Parravicini®, Aharon J. Agranat*
and Claudio Conti's

Super-resolution scheme



Massive beam propagation (L/A=1.1)
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Subwavelength massive beam propagation (L/A=1.1)

0.28 micrometers...

b Output

Q.

Transmitted power (a.u.)
Transmitted power (a.u.) ®
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Structured illumination 3D scan
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Idea: structured light with periodic on-off pattern

Experimental setup

Test Surface
Mirror ‘

" 7< z
light source / X /

Beamsplitter
60/40

Mirror

Vertical strip pattern
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Locally, relative distance
between strips  (Ax)
provides information
about relative surface
displacement (Az)




Strips distance versus surface displacement

3 different
displacements

Strips relative
distance

Surface displacement produces relative distance modifications
between pattern strips coming from two different directions
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Test surface and acquisitions

Single Frame

Elastic membrane
deformed with spherical
profile in range 0 to 3 mm

Processeél portion
(displacement of 0,3mm)
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acquisition
frame n+1

Clipping and low
pass filtering

Peaks detection
and identification
(low and high)

Peak alighnment
respect frame n

stripes distances
processing

Displacement
processing
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Processing algorithm

High peaks Low peaks High aligned

Processing is performed using parallel algorithms to
improve efficiency




