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Introduction P WATT

e Astronomy

— whether from space or ground require large-
collecting aperture® collect fluxand

— high-quality opticdo concentrate flux the
smallest-possible image for good signal to noise

e Large-optics require wavefront control
— Deployable/segmented optics in space
— Atmospheric correction on ground
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=  AO/Wavefront sensing| e

 Most-popular method is

Shack-Hartman

» Measures local tilts

 |ntegration gives wavefront
shape

* Widely used, reliable and
simple

 Not so good for..

e Discontinuous wavefronts
» Highly-distorted wavefronts
» Extended sources

 Phase-diversity...
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Phase diversity WL

« Wavefront curvature leads
to focussing (concave
wavefront) or defocussing
(convex wavefront)

e Reconstruct wavefront
from differential equation

f(r)y=-k dr&(r,r )tﬂl';—;g: -k dr GQ(r,r )k(r[')%
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Diversity/curvature Data |gwarr

«Some examples of the data
seen at the focal plane.

*Easy to see the aberrations
present in the data just by eye.

*Defocus
«Astigmatism

Coma

*Trefoll

*Spherical Aberration

Blanchard, P.M., et alPhase-diversity wave-front sensing with a
distorted diffraction gratingApplied Optics, 200039%35): p. 6649-6655.
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E.g. Segmented Optics®¥Lr

OWL/ELT/....

Next generation of large
telescopes will be segmented
(ground or space)

Strategic need for
ESA/ESO

Metrology of mirror
segments

Intra-segment alignment

Atmospheric compensation
Incl. anisoplanatism

Colour and order of colours shows amplitude and
direction of piston and tilt misalignments

10 March 2010 http://waf.eps.hw.ac.uk/




HERIOT

Basic principles

e Conventional imaging system gives in-focus
Image of a single object plane

 Combined with conventional grating gives
multiple images of single object plane

(B

@@; | o O 0 0

(B
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3-D Snapshot Imaging |¥IT

Simple & cheap to manufacture
Good control of divergence
Phase grating etch gives
energy- balance control

High optical efficiency from
binary grating

Q

(B —
1C

<Al (0] +1

In-focus images have

Blanchard & Greenaway ) ~ )
different magnification

App.Opt. 38(1999)6692
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3-D Snapshot Imaging |¥IT

Simple & cheap to manufacture
Good control of divergence
Phase grating etch gives
energy- balance control

High optical efficiency from
binar

s= f
Telecentric performance

Djidel, Gansel, Campbell & Greenaway,
Opt Exp 14(2006)8269-8277

10 March 2010 http://waf.eps.hw.ac.uk/




Astronomy vs Biology TWATT

Similarities Differences

Obsession with Repeatability of
photometric efficiency observation

Low-flux observations Cost of instruments

Observation
dominates experiment

Statistical inferences

Role of imaging vs
spectroscopy

Ownership of data
Ethics
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Live-cell imaging:
Challenges

e Signal to Noise
— Can be very good..
— ... tracking sperm

— guite good
— ...tracking single
proteins....

— Or better described as
noise to signal...
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Live-cell imaging HERIOT
Challenges

TWATT

= UNIVERSITY

e 3D/4D imaging Z-stack

requires.... » Hope specimen hasn'’t
changed too fast...

Holography
* Images reconstructed
posteriori

Scanning confocal

e Hope specimen hasn’t
changed too fast...

... or beamsplitter and Hope there is enough
many focl... light...
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Practicality & Efficiency? ®4Lx

Practicality Efficiency

 Used on inverted and < Optical efficiency
upright systems ~84% overall

0
nm etch depth

e (~28% each order)

10 March 2010 http://waf.eps.hw.ac.uk/




HERIOT

First Biology Images &I

GFP in drosophila egg chamber

Epi-fluorescence images with 7.3um
between in-focus planes

Principal application microtubule
dynamics through EB1 tracks

(with Davis, Oxford)
GFP in plant-cell mitochondria bright
field (upper row) and epi-fluorescence
(bottom row)

1um separation between in-focus plane
(with Logan, St Andrews)
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Motility Measurement @I

o Sperm motility from phase-
contract and/or dark-field
Imaging

Current approach uses
apparent length as a proxy
for out-of-plane
deformation of tail

Multi z-plane images
provide extra information

(with Kirkman-Brown, Birmingham)
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Imaging- summary S

3D ‘snapshot’images Z-plane separations 0
on commercial to many microns

MICroscopes Simultaneous z-stacks

Up to 9 simultaneous
planes demonstrated

« All image modes but Low-cost add on
scanning demonstrated

« 3D tracking (4D data)  Sperm motility work
started Nov 09
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Tracking
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e For any given z-
position of source

— PDF for sharpness ;
dependence on photon %
flux and optics is
‘known’

— Particle depth is ‘most
likely’ value that is
consistent with
measured data —
choose z to maximise(s|2 H s|
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ML sharpness P

Problem:

A single image sharpness
measurement gives
ambiguous depth position

«— P(sl9

«——— P(s/3

z-depth in um
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Experimental J
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What Is possible? | ®¥IT

MVB for 768 detected photons

MVB model

MVB( 2) = -

k 2
' 3)

1:1(a2+(z- 4)2)

— algorithm independent

SNR per |mag¢l \/ﬁ Source z-position

simulated photon-limited ‘movie’

Many approximations —
check...

For k=2 this implies
+14nm accuracy for
<1000 photons
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Tracking - summary |®¥I

e Simple algorithm +8.1nm demonstrated
tracking points with In first experiment

high resolution nm depth resolution
with ~thousand
detected photons

Ad-hoc calibration

 More analytic work Work on models
needed continues

e Cluttered backgrounds
yet to be tried
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Future... gL

e 3D PALM Molecular biology

 Principles of synthesis  Structured
Imaging illumination in biology
e Superresolution Interferometric PALM
Centroiding and

spectroscopy of
unresolved sources
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Thanks... - A

STFC for PIPPS/Bio-Mini-PIPSS funding...
EPSRC bio-photonics platform funding...

P.A. Dalgarnot, H.I.C. Dalgarno!, R.J. Warburton, A. Putod, S. Aitkeri,
A Weis!, C DieZ, Alan Baird,Yan Feng

D.P. Towers, C.E. Towers N.C Angarita-JaimésS Chen

D.J. SmitR, J.C. Kirkman-Browd, J. Gaharh

V J Allar®, R Souther?y P Marsh,

| Davis®, R Partof, K Lillie 6

Dept Physics, SUPA/IIS, Heriot-Watt University, UK
School of Mechanical Engineering, Universit Leeds, Leeds, UK

Centre for Human Reproductive Science, Birminghdamen’s NHS Foundation Trust,
Edgbaston Birmingham, UK

Cairn Research Ltd, UK
Faculty of Life Sciences, University of Manchester
Dept of Biochemistry, University of Oxford
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Questions?? GYATT
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Telecentricity

Combination optical system

Djidel, Gansel, Campbell & Greenaway,
Opt Exp 14(2006)8269-8277

2
f.=f and|q=f—]c andp, =

m'g
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Broadband Application @I

o Careful design
achieve ‘white
light’ Imaging

« Unfiltered halogen
light

Blanchard & Greenaway, Opt. Commun.
1832000)29-36

-
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Molecular Biology  |#u

Optical-trapping RNA polymerase
measurement of length measurements at A-
at bp level level accuracy

Abbondanzieri et al 2005

Dual optical traps for Hierarchical folding in

force-displacement riboswitch aptameters
measurement Greenleaf et al 2008

Use common-path
Interferometry and
aperture synthesis?
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Ranging in Depth with e
Sharpness
Beam divergence from

source depends on optical
aperture

Defocused image on non-
source planes reduces

Intensity...

...thus to a reduction In
sharpness (integral of
Intensity squared)

Suitable for real-time
analysis and CMOS detector
technologies
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Molecular Biology  |#u

Single-molecule Based on stellar
detection with wide- Spectroscopy
fleld imaging In two- technigues
colour fluorescence 2D colour images

Ahrawal et al, 2008

10° photoelectrons per
particle!

Precise relative
position required
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