Hard x-ray diffraction imaging at
modern synchrotrons and free electron

lasers:
the role of iterative phase retrieval methods

Daniele Pelliccia

School of Physics — Monash University
daniele.pelliccia@monash.edu

7 MONASH

-~ University



mailto:daniele.pelliccia@monash.edu@monash.edu

Monash University - Melbourne

® SYDNEY
e CANBERRA

MELEOURNE *

® HOBART

Bz
100

MELBOURNE
REGION

Fermilab 15 Aug 2013 Daniele Pelliccia



[ ] [ ] [ .Fw,.
Monash University precinct %%E@SH

Fermilab 15 Aug 2013 Daniele Pelliccia



Australian Synchrotron ® &%\QQSH

Specifications

Energy 3 GeV

Total design current 200 mA
Circumference 216 metres

RF frequency 499,654 + 0.1 MHz
Energy loss per turn (dipoles only) 931 keV

Dipole tield (nominal) 13T

Beam size in dipoles gy — 87pum, oy —60um
Beam size in straights g, — 320pm, g, — 16pm
Number of possible Insertion devices 12

Emittance g,— 10 nm

Coupling (nominal) 1%

http://www.synchrotron.org.au/images/newsEventsPublications/Publications/Machine-fact-sheet 230¢t08 final.pdf
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Australian Synchrotron cont.

8 beamline currently in operation

- IR spectroscopy

- Soft x-rays spectromicroscopy

- Hard x-rays absorption and scattering
beamlines

- Hard x-ray imaging for medical research and
therapy (open 2013)
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Techniques available at the Australian Synchrotron

Beamline

Imaging and
medical therapy

Infrared
spectroscopy
{including high
spectral resolution
far-1R)

Microspectroscopy
{x-ray fluorescence
microprobe)

Powder diffraction

Protein

crystallography,
high-throughput

Protein microcrystal
and small molecule
diffraction

Small angle and

wide angle x-ray
scattering

Soft x-ray
spectroscopy

X-ray absorption
spectroscopy

Techniques

Phase contrast enhanced
high energy x-ray imaging

Fourier Transform infrared
spectroscopy and infrared
microspectroscopy

X-ray absorption and
emission spectroscopy at a
submicron scale

Medium to high energy
powder x-ray diffraction

Medium energy, multiple
wavelength anomalous
dispersion x-ray diffraction

Medium energy, multiple
wavelength anomalous
dispersion x-ray diffraction

Medium energy small angle
¥-ray scattering/wide angle
¥-ray scattering

Low energy x-ray
absorption and emission

spectroscopy

Medium and high energy
¥-ray absorption and
emission spectroscopy

Capabilities

Very flexible beamline for research into
high contrast imaging of objects from
small animals through to engineering
components. For research into the
physics and biophysics of cancer therapy
technigques.

Analysis of bond structures in complex
molecules, biological materials, minerals
and band structures in certain semi-
conductors.

For producing high-resolution maps of
elemental distribution in a sample with
very low detection limits (pg/g). Also for
determining the oxidation state and
coordination geometry of atoms in
samples, down to 100nm size.

Versatile high resolution powder
diffraction facility equipped with sample
holders for a wide range of in-situ
axperiments.

Dedicated facility for crystallography of
protein crystals, set up with robotic
loading and centring, and for remote
operation.

Facility with finely focussed x-ray beam
for determining the crystal structure and
electron density maps of small, hard-to-
crystallise proteins, nucleic acids and for
small molecules.

Measurement of atomic and nano-scale
structure in complex molecules and
materials.

Measurement of short and medium range
order, bond lengths, coordination
numbers and local coordination
geometry, and the oxidation state of
atoms for the light elements, Z<20. Also
for the analysis of surfaces and thin films.

As for soft x-ray spectroscopy, from
atomic number Z=20 upwards.

http://www.synchrotron.org.au/images/newsEventsPublications/Publications/AS-factsheet-blue-final.pdf
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Development of brilliance and coherence in hard x-ray sources

2. The role of x-ray crystallography

3. The phase problem in crystallography and imaging: phase
retrieval

4. lterative retrieval of the longitudinal charge distribution of an

electron bunch
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Natively Inhibited Trypanosoma brucei Cathepsin B Structure
Determined by Using an X-ray Laser

Lars Redecke et al.

Science 339, 227 (2013);

DOI: 10.1126/science.1229663
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9.4 keV photon energy
~40 fs pulse duration




Evolution of brilliance for x-ray sources %%E@SH
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Brilliance and coherence & &%EQSH

photons

Br = > >
sec mrad- mm~ BWO0.1%

The number of photon in a mode (coherence volume) is proportional to the brilliance

N, ~ }\3 Br
&
mm—

Hg lamp 210" 0.003

ESRF undulator @ 6 keV ~RW 210%° 0.002
He-Ne laser ImW 8 10 2 x 107

XFEL @ 6 keV 10 GW ~102%6 ~10°

ILL 25 meV neutrons 2 10™ neutrons/sec 500 3 x 107
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Brilliance and focusing

Gene E. Ice et al.
Science 334, 1234 (201 1&
Dol 10. ‘I1EEISCIEI'|[:E 12023665
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2nd Generation 3rd Generation

The Race to X-ray Microbeam and Nanobeam Science

4th Generation

Fresnel

ultilayer
Laue Lenses

Mested Montel mirrors

University

Higher brilliance
enables focusing at
~10 nm
level
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2. The role of x-ray crystallography
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Why x-ray crystallography Al &%EQSH

Why use x-rays....

S crystal Pros:

L

- Non-destructive
x-rays
‘ - Access the bulk

-Natural contrast for bio-samples

diffraction

pattern Cons:

- Weak interaction
- Imaging resolution ( ~ optical, << TEM)
- Radiation damage

X-ray crystallography overcomes many of these

electron limitations...
density map

refinement

- Diffraction from each cell sums up coherently
into intense Bragg peaks

- Radiation damage is spread over ~10° unit
cells

atu:lilc ... but it needs crystals
.;) mode

http://en.wikipedia.org/wiki/File:X_ray diffraction.png
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Synchrotron radiation and crystallography ® &%EQSH

Proc. Nat. Acad. Sci. USA
Vol. 73, No. 1, pp. 128-132, January 1976
Biophysics

Applications of synchrotron radiation to protein crystallography:
Preliminary results

ABSTRACT  X-ray diffraction photographs of protein sin-
gle crystals have been obtained using syn n radiation
produced by an electron-positron storage ring.

............

---------

Diffraction data have been collected by the precession ) P 5. i i inay
method to higher resolution and using smaller protein crys- ' SRR - - S -
tals than would have been possible with a conventional IR E O e :
source. The crystal decay rate in the synchrotron beam for AR TR e S
several proteins appears to be substantially less than that ob- R A B b
served with Ni-filtered Cu radiation. The tunable nature of h SRR - G i, LA R
‘the source (which allows selective optimization of anomalous TR A SRR R
contributions to the scattering factors) and the low angular A VRETRR RS s - kRN ‘;'
divergence of the beam make the source very useful for sin- k TR LR t il
gle crystal protein diffraction studies. . 1 s B 3

Data from SPEAR electron-positron

Storage ring Qt SLAC FiG. 1. Precession photograph of the hk0 plane of a rubredox-
in crystal. Synchrotron radiation, E = 3.7 GeV, average current 19
mA, A\ = 1.744 A, precession angle u = 25°, exposure time 5 hr.
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Dauter, Jaskolski, Wlodawer, J. Synchrotron Rad. 17,

433 (2010)
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0
1985 1990 1995 2000 2005

The number of structures deposited
annually in the Protein Data Bank.
Structures determined with the use

of synchrotron radiation are
represented in green, and those
with conventional sources in red.
The data represent the time
window between 1985 and 2009,
(20009 statistics still incomplete)

2010
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Protein and membrane protein

hDI:I'IB ra:iaﬁoh source L —

synchrotron

6000
5000 |
4000 |

2

8

©

S 3000

2

E

=

=
2000
1000
0
1985

Dauter, Jaskolski,

433 (2010)

Fermilab 15 Aug 2013

1990 1995 2000 2005
Deposition year
Wlodawer, J. Synchrotron Rad. 17,

2010

d 204

%]
[=]
1

Murmber of structures

10+

% MONASH

University

B Matural sources
[0 Recombinant
M Yeast
B Inzect

\ B Mammalian

FEEFEFLEEEES I FF TS S

Year

After decades of slow progress, the pace of research on
membrane protein structures is beginning to quicken thanks
to various improvements in technology, including protein
engineering and microfocus X-ray diffraction. Here we review
these developments and, where possible, highlight generic
new approaches to solving membrane protein structures based
on recent technological advances.

R.M. Bill et al,

Nature Biotech 29, 335 (2011)
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X-ray crystallography with Free electron lasers @ &%EQSH

Membrane proteins are hard to pack into 3D crystals of
sufficient size.

Natively Inhibited Trypanosoma brucei Cathepsin B Structure
Determined by Using an X-ray Laser

Lars Redecke et al.

Science 339, 227 (2013);

DOI: 10.1126/science.1229663

Interaction Y
point
LCLS pulses CSPAD detector

9.4 keV photon energy
~40 fs pulse duration

X-ray lasers can make images using micro-
crystals, possibly single molecules
thanks to the high brilliance

Fermilab 15 Aug 2013 Daniele Pelliccia
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3. The phase problem in crystallography and imaging: phase
retrieval
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The phase problem

% crystal

diffraction
pattern

electron
density map

refinement

atomic
=, model

http://en.wikipedia.org/wiki/File:X ray diffraction.png
Fermilab 15 Aug 2013
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There is a Fourier transform relation between the
electron density of a sample and the amplitude of
the diffracted field

F(q) = f p(r)e2mardy

— 2

While only the intensity is measured....
I(q) < |F(q)[*
The phase is unknown!

Phase information is lost in the detection and must
be recovered to solve the structure.

Daniele Pelliccia
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Coherent diffractive imaging
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D. Sayre (1980) proposed a “crystallographic” approach to image non-periodic objects

with soft x-rays.

The far-field diffracted amplitude from a (non-periodic) sample obtained with coherent is the
Fourier transform of the sample electron density.

This approach can potentially overcome the resolution limitation due to the small NA of x-ray

optics.
,..—-—"""ﬂ_)
(a)
:...3 P A_’,d#_ -
; Eﬁl ::.‘:': T S
. ~May ... f
I i——f-*-”“”"““" ,,,,, T _______ "‘ %
1 v - Yoy ‘o::;-
A F ;

Figure 6. X-ray diffraction from a disordered medium with particle distance 4. The object size
is a. (a) Incoherent scattering, giving rise to a continuous diffraction ring: (b) coherent scattering,

resulting in a speckled diffraction ring.

Resolution ~

We still need the phase though....

F. Van der Veen and F. Pfeiffer, J. Phys. Condens. Matter 16,

Fermilab 15 Aug 2013
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Phase retrieval algorithms @ &%EQSH

t field

detector

I(q) = |FTlp(r)]?

Recorded far-field
diffraction pattern

Real Space E> Fourier Space

4 v
Real Space Fouri
constraints c Outne.r t

support onstraints

4 v

Real Space _.m Fourier space
(modified) (modified)

R.W. Gerchberg & W.O. Saxton, Optik 35, 237 (1972)
J.R. Fienup, Appl Opt. 21, 2758 (1982)
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Phase retrieval algorithms cont. @ &%EQSH

Recorded far-field
diffraction pattern

P ('i") Real Space E> Fourier Space

4 v
Real Space Fouri
constraints c outr|e'r t

support onstraints

4 v

.. Real Space _ﬁm Fourier space
Pl (7) (modified) (modified)

A(r) =0  error reduction
= pr(r) = Bpl(r)  HO

A(r) = —ﬂiﬁq(?') charge-flipping

S. Marchesini, Rev. Sci. Inst. 78, 011301 (2007)

Fermilab 15 Aug 2013 Daniele Pelliccia
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1D phase retrieval @ &%EQSH

v 1 > .
Flp(x)] = b(ky) = — ) [:I:]E_EI‘.EJI-‘.]!T‘L'.

The 1D problem has in general no unique solution. Some a priori information on the solution is
needed. Under some assumption of finite extent solution a log dispersion relation can be written

y 1 [ log, [(k,’ .
Argih(k) = —— ][ e [Wka)l gty + 2 Arg(k — &),

T) o ky—r

J=1

The minimal phase is the logarithmic Hilbert transform of the amplitude of the (measured) Fourier
transform.
But

Ambiguities inherent to the inversion process under specific transformation:
w(x) = e y(x),
wir) — wlr +a2).
w(x) = yp*(-x).

D. Paganin, “Coherent X-ray Optics”
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Production of coherent 1D x-ray wave fields

Planar x-ray waveguides produce a coherent line-like focus.
uXRF@Elettra with E=7.6 keV

D. Pelliccia et al. Spectroc. Acta B, 62 215 (2007).

l. Bukreeva et al. ). Synchrotron Rad. 17, 61 (2010).

Fermilab 15 Aug 2013

Intensity (a.u.)

Intensity (a.u.)

1200 4

1000

800 4

600 4

400

700

600

500 4

400 4

300 4

200 4

100 4

.

] 1

T T T T T T T T T T
-10 0 10 20 30 40 50 60 70 80

J
\

T T T T T T T T T T
-10 0 10 20 30 40 50 60 70 80

Pixel

Bex, degrees

Oex, degrees

7 MONASH

~ University
0.3 !
0.2
0.1
L
0
0 0.06 0.12
0i, degrees
0.3
0.2
0.1
0
-0.1 ,
0 0.06 0.12
0i, degrees

Daniele Pelliccia



Correlation approach for retrieval of 1D wave fields 4 &%EQSH

1. N independent runs of the algorithm
v = |y/|exp(id), G = 1.....N)
2. Calculate correlation between the retrieved phases of any pair of solutions:

{{,: _ Zf ‘7('] "1{'!;. Fn _ Fi);r _ Z! (f} ‘f/f}'\ —k+m _
(‘Zﬂ'|!’/-’i| ) (Zf Py |};| )U3 (‘Z;.-Mii. |g) (Z! [~k }m )”2

3. Choose a reference (best correlated) solution and discard the poorly correlated ones.
4. Find the shift that maximizes the correlation of the remainder solutions with the

reference and apply it

. i 1

v ¢! > ¢!
W — k+n n m
V' l +] Jj_ i
WN-k+m Cn = Cp

5. Minimize the error introducing a global phase

r(a) = Z ! G"“i;f}i, k

6. Average the results

Wy = ; Zi;ﬂ'

D. Pelliccia et al. Opt. Lett, 37 262 (2012)

Daniele Pelliccia
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Correlation approach for retrieval of 1D wave fields @ Unversty
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4. lterative retrieval of the longitudinal charge distribution of an
electron bunch

Fermilab 15 Aug 2013 Daniele Pelliccia



Retrieval of longitudinal profile of electron bunch
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The longitudinal profile of an electron bunch can be characterized by the measurement of the
spectrum of the coherent transition radiation.

Interferometric measurements give the form factor |F (w J|

F(w) x / p(t)e wtdt

The minimal phase can be obtained by Kramers-Kronig method, while the presence of zeros in the
upper-half complex plane give an additional contribution.

2

Data taken at AO photo-injector, Fermilab
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Pulse h

1.

First tests on the use of iterative phase retrieval:
Start from the minimal phase plus random contributions
Impose known properties of the charge distribution (i.e. real and positive)
3. Seek best convergence

Profile M, Dec 2012: Updated algorithm

0.14 T T T T
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Profile N, Dec 2012: Updated algorithm
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with Tanaji Sen

Daniele Pelliccia



Preliminary results...
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Lorentzian Profile comparison: May-June 2012
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Retrieval of simulated pulse structures
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Lorentzian Profile comparison with noise: May-June 2012
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