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Basic Revision of FT

* Recall: any signal may be represented as the sum of sinusoids. Thus all
information about the signal is encoded in the values of the spatial
frequency, the amplitude and the phase.

F(u,.uy) :” f(x,y)e" YY) gxdy

2D FT:
i (U X+U
f(x,y)= ”F(ux,uy)e (UeriyY gy «du,
(2;:)
where: Uy and Uy are the angular
Brightness Image Fourier transform spatial frequencies.

Lowest spatial frequency represented

in the FT (known as the DC term)
corresponds to the average brightness
across the whole image.

The highest spatial frequency encoded

in the FT is known as the Nyquist Frequency




Basic Revision of FT

Brightness Image Fourier Transform Inverse Transformed

Low-Pass Filtered Inverse Transformed High-Pass Filtered Inverse Transformed




Coherent techniques in X-ray imaging

Gaussian source: W = 27T0°
e Transverse coherence length:
horiz.: &, = AR /(270;)~ 3-10 ym
vert.. &, =iR/(27o,)~25-100 pm

Synchrotron
electron storage ring

A=10 angstroms

o

R~40m \
horiz: ¢, ~ 100-500 ym
vert.: ¢, ~ 10-50 um

sample

The longitudinal coherence at the synchrotron is generally good enough
not to destroy the coherence (AE/E for a monochromator is typically ~ 10-4).



Coherent techniques in X-ray imaging

« To produce a coherent illumination we can select out a small part of an
incoherent beam:

“incoherent” coherent
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But coherence is not necessary for all X-ray imaging techniques:
Incoherent techniques: Full field X-ray microscopy.

Coherent techniques: Fluctuation microsopy, Holography
and diffraction methods.



The Complex Refractive Index

In fact for any material there exist several resonant frequencies, these are the characteristic
frequencies at which the atom absorbs and re-emits energy.

L’an

Infrared Yisible Ultraviolet X-ray

Figure 3.41 Refractive index versus frequency.

The refractive index, for X-ray wavelengths is less than 1. In terms of its real and imaginary
components the index of refraction for X-rays is normally given as:N=1-96 + 1

Where ,ﬂ the imaginary component, determines the absorption properties of the material and
O the real part of the refractive index modulates the phase.

We can now define a complex transmission function which characterizes the amplitude and
phase modulation imparted to an incident wavefield via propagation through a particular

material of thickness: T(F) = ‘T (F)‘ = exp(=B(F)kt(F)) exp(i8 (F)kt(F))



Imaging and Phase Retrieval

Exit plane Imaging plane
AX
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yw(z) =y, exp(—iokz) exp(—fkz)



Why Care About Phase Contrast?

complex refractive index: n=1-0-if3.
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Up to 1000 times or more improvement in contrast
that's why!




Phase Contrast (I)

« Contact, Fresnel and Fraunhofer regimes: 7

.
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Phase Contrast (I)

’«2.5111111 j

Immediately 25 mm from screen, 250 mm 2500 mm
behind screen bright fringes just light penetrates pattern doesn’t
inside edges into shadow closely resemble
region mase

In the far-field the diffraction pattern no longer changes just scales with
propagation distance.



Phase Contrast (II)

k=2x/lA

w(X,Y)

Exit surface wave (ESW)
in sample plane V/(X y)

Propagated wave
in detector plane



Phase Contrast (II)

Contact regime: Recall projection approximation for X-rays (weakly interacting). Intensity
distribution 5 simply given by Beer-Lambert for absorption in a homogeneous medium:

_[ B(t)dt _ (only have access to imaginary part of
| =1 o€ A = Ioe I refractive index)

Fresnel Regime (wavefront curvature cannot be neglected):

exp(ikz)
IAZ

X_”W(X,Y)exp{K(Xz +Y2)} exp[—K(XX + yY)}dXdY
21 Z

w(X,y) = exp[%(xz + yﬂ

Fraunhofer regime: : Y :
guadratic terms account for spherical curvature of wavefront

exp(ikz)
1Az

w(X,y) = exp[ > (XZ v yZ)}”W(X ,Y)exp{—i;([(xx + yY)]}dXdY

which is just the FT of the sample ESW



Speckle Experiments

Incoherent scattering — |
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Speckle Experiments

Diffraction
experiment
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The Phase Problem

The phase problem: We have seen that in principle the amplitude and phase of the wave
exiting the sample may be recovered from the diffracted wave via an inverse FT.

f(x)= j F (u) exp(—iux)du

However in practice we can only directly measure the intensity which we may take to be
the square of the magnitude of the FT: | = F (X)* F (X) _ “: (X)‘Z

This quantity cannot be used directly to determine the absolute phase of F(x).

We must use indirect means to retrieve the phase of the diffracted wavefield which may
then be transformed to give the phase of the wavefield exiting the sample.

Note that the T2 [|FF ()] exp(—iux)du = f (x)® f (x)

Where the convolution: T (X) X f (X) is known as the autocorrelation function.



The Autocorrelation function

triangle log of autocorrelation of triangle



Autocorrelation and Sampling

autocorrelation + Banana autocorrelation of Banana



Coherent Diffractive Imaging

« Bragg diffraction Vs. continuous diffraction

Diffraction from infinite array of objects

w=d

vyyy

Diffraction from single object of size a

» W=2a
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One would need amplitude
and phase at each Bragg point.
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it Shannon
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p(r) < — ‘F(H)‘z -

Oversampling by a factor of two
enables direct inversion!

sampling




Phase Retrieval

There are numerous approaches to obtaining the phase of the sample ESW, the main
approaches are:

Propagation based phase imaging: Transport of Intensity (TIE), Transfer function
approach.

Interference methods: In-line Holography, interferometry.

Diffraction techniques: Fourier Transform Holography, Coherent diffractive imaging.

Here we will look at two diffraction techniques (far-field).



Fourier Transform Holography

Holography: interference between sample and reference waves.
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Principles behind FTH

The autocorrelation function in FTH which is obtained
from applying the FT1to the far-field intensity distribution
(assuming no phase information) is the sum of four
terms:

G, (F) =|A"5(F) + G, (F) + Af "(F —d) + A" f (F +d)

Terms:

1. Autocorrelation of aperture AR

2. Autocorrelation of object R A |

3. Conjugate image of object T s T

4. Primary image of object Magnetic domain structure

In practice the finite width of the reference aperture means that the é function should be
replaced by a known function . The primary and conjugate images are then convolved with the
autocorrelation and self convolution respectively of . Provided is still reasonably sharp (i.e. close
to being a & function) the blurring this convolution introduces does not reduce the resolution of
the reconstruction significantly.



Coherent Diffractive Imaging

« Coherent diffractive imaging

Object of unknown structure, p(r)

; G .............................. R I(K) = |E(K)?

Coherent X-rays

Diffracted field, E(K)

Diffraction from unstained bacteria



Algorithms: error reduction

Start from this:

G-S/Error reduction

Real space

Real space constraints:

Fourier space

Starting point: measured

positivity, support, Fourier magnitudes,
histogram... random phases . .
wlr End with this:
Revised result in FT Present result in
real space ; Fourier space
constraints T | l constraints
Present result in ¢ FT- Revised result in
real space Fourier space

Shapiro et al. PNAS, 2005



Normalised (MSE)

The plane wave Banana
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Fresnel Coherent Diffractive Imaging

CDI with curved incident illumination Williams et al., PRL, 2007
Benefits:
Favourable convergence characteristics

More robust with respect to partial conerence
Can image ‘extended objects’

Focusing
optic |—»

Detector

rF ”
-
Incident plane
waves

1.27f

Abbey et al., Nature Phys., 2008




Normalised (MSE)

The Fresnel Banana
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Ptychographic Diffractive Imaging

diffraction | diffraction
pattern 4 \ pattern 1 . . i .
R | The Ptychographic Iterative Engine (PIE) is a means
/ | of reconstructing extended objects with plane wave
FFT illumination using the redundant information contained
Hr) | —_— . .
— in the overlap of multiple exposures.

diffraction diffraction
pattern 3 V4 pattern 2

The method has been shown
to converge rapidly and
provides very high quality
images of extended objects.

Thibault et al., Science, 2008



The Ptychographic Banana

Initial ‘Guess’ Final Result



Bragg diffraction and CDI gﬂoaquoo' etal, INT,

Each Bragg spot is itself a continuous diffraction
pattern containing information about the overall
shape of the crystal.

‘ \
Bragg diffraction from a finite crystal: k * | \ |
AR

Departure from perfect spatial symmetry is
indicative of strain within the nanocrystal

Robinson et al., Nature, 2007 Coughlan et al., Journal of Optics, 2016



Peak brilliance

Peak brilliance many times

Future Directions: XFELS

brighter than conventional
3'd generation sources.
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100 fs x-ray
laser pulse

e single particle jet

gated detector

t=0fs t=2fs t=56fs t=10fs t=20fs t=501s

At very short pulse durations < 5 fs there is the potential
for imaging single molecules using CDI.

Neutze et al., Nature, 2000



Reconstruction of
Bacteriorhodopsin

()30

Quiney & Nugent et al., Nature Physics, 2011



Opportunities in Australia

Look into crystal ball

Melbourne scientists in molecule breakthrough

MARK DUNN

MELBOURNE  researchers
have accidentally discovered
how to transform molecules
into a new type of crystal — a
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and molecules, the machines
of life,” Prof Abbey said.
“Being able to see these
structures in new ways will
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nut with a sledgehammer and
instead of destroying it and
shattering it into a million pie-
ces, we instead created a differ-
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