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Welcome

On behalf of the Organising Committee and the International Advisory Committee I would like to welcome you to the Second International Workshop on Non-Crystallographic Phase Retrieval. This is the second in the series started by John Spence in Berkeley in May 2000. The aim of this meeting is to bring experts in this area together in an informal setting to discuss approaches to what is known, probably rather inaccurately, as the non-crystallographic problem.

This meeting has been organized in what we hope will be very pleasant and relaxing environment. We have decided to choose a live-in conference format in order to encourage discussion and that will ultimately result in longer-term collaboration. One of the things that I took away from the last meeting was the observation that the experimental results, particularly in the x-ray regime, were not matching the expectations indicated by the numerical work. In this meeting, then, I have tried to raise the experimental input in the hope that experiment and theory can be brought into better agreement.

We are also fortunate in obtaining significant funding from the Department of Education Science and Training, the Australian Synchrotron Project and Iatia Ltd which has greatly assisted in strengthening international participation in this workshop and in creating a forum for the discussion of issues, many of which will be of relevance in forthcoming planning for the Synchrotron beamlines.

North Queensland is a beautiful and relatively unspoiled part of the world so we hope that you will have time to enjoy both the surroundings and the science. Finally, I would like to express my particular thanks to Dr Andrew Peele who has done a great deal of the detailed organizing for this meeting.

I hope that you find the meeting both productive and enjoyable.
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Program

Locations and information.
1. All speaker sessions will be held in the Arlington room of the Novotel conference centre.

2. Morning tea, lunch and afternoon tea will be provided during the day sessions on the Terrace of the Novotel conference centre.
3. The poster session will be held on the Terrace of the Novotel conference centre.

4. Poster boards will be set up on the Terrace. Both sides of the boards can be used for displaying posters. The poster boards will be moved inside for continuing display on Tuesday 1 July. Authors should remove their posters at the end of Tuesday as the boards will be removed after this. 

5. The poster session will include complementary drinks and some food from 16:45 – 18:45 on Monday 30 June 2003.

6. The conference dinner will be held from 19:30 in the Novotel Spice Market (at the restaurant near reception). Some complementary wine is included and thereafter drinks will be at delegates own expense. 
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ABSTRACTS

 Coherence and Phase Discontinuities

Chair: Timur Gureyev
Manufacturing & Infrastructure Technology, CSIRO 

Phase Discontinuities and Phase

Andrew Peele and Keith Nugent
School of Physics, University of Melbourne
Propagation-based methods of phase recovery, such as methods using iterative schemes or the Transport of Intensity Equation cannot yield a unique solution for the transverse phase of a beam in the presence of certain phase discontinuities. In particular, a point discontinuity about which a path integral gives an integer multiple of 2(. Such structures are often referred to as a phase singularity and wavefields carrying them are often described as a vortex wave and it has become recognised that wavefields will often carry vorticies. Optical vortices possess a range of interesting properties that have led to a wide range of possible applications at visible wavelengths. Our recent demonstration of an optical vortex at x-ray wavelengths opens up a whole new area of possible application. I will discuss some of the properties of vortex systems and will describe our experimental results in the area of x-ray vortex generation. Also I discuss the use of these structures as pathological test objects for phase recovery methods.
This work was supported by the Australian Synchrotron Research Program, which is funded by the Commonwealth of Australia under the Major National Research Facilities Program, and by the Australian Research Council. Use of the Advanced Photon Source was supported by the U.S. Department of Energy, Basic Energy Sciences, Office of Energy Research under Contract No. W-31-109-Eng-38.

Measurement of X-ray Coherence

I. McNulty

Advanced Photon Source, Argonne National Laboratory

9700 S. Cass Avenue, Argonne, IL 60439 USA

Interest in quantitative measurement of the coherence properties and wavefront quality of x-ray beams has grown rapidly since the advent of high brilliance x-ray synchrotron and laser sources. Important techniques that depend upon coherent x-ray illumination include scanning microscopy, speckle, holography, phase contrast microscopy, and microscopy by coherent diffraction. The modulus of the complex degree of spatial coherence can be obtained by several methods, notably Young's experiment (amplitude interferometry, sensitive to the first-order coherence moment), the Hanbury Brown – Twiss experiment (intensity interferometry, sensitive to the second-order moment), and various non-interferometric methods. Complete characterization of the wavefield requires determination of its phase. While the Young's approach is experimentally straightforward and can also yield the wavefield phase, it is very time consuming in practice. This paper discusses recent experiments in which the spatial coherence function of soft and hard x-ray beams was measured using both intensity and amplitude interferometric methods, including use of complex apertures to obtain the modulus of the entire coherence function in one measurement. Future work will focus on complete measurement of the wavefield using, for example, the Transport of Intensity Equation to recover the phase. Armed with an understanding of the coherence properties of future high degeneracy x-ray laser beams, we may next consider study of novel, nonclassical coherence phenomena in the x-ray region. This work is supported by the U.S. Department of Energy, Basic Energy Sciences, Office of Science, under contract W-31-109-ENG-38.

 X-Ray Imaging and Diffraction
Chair: Janos Kirz

Advanced Light Source, Lawrence Berkeley National Laboratory
(on leave from Stony Brook University) 

Quantitative phase contrast tomography using coherent synchrotron radiation

P. Cloetensa, J.P. Guigaya, O. Hignettea, W. Ludwigb, M. Schlenkerc and S. Zablera
aEuropean Synchrotron Radiation Facility, BP 220, F-38043 Grenoble.

bGEMPPM, INSA de Lyon, F-69621 Villeurbanne, France.

cLaboratoire Louis Néel du CNRS, F-38042 Grenoble, France.

Phase imaging can be instrumentally very simple at third generation synchrotrons due to the partial coherence of the X-ray beam, provided by the small cross-section of the source and, on the imaging beamline ID19, to the large source-to-specimen distance of 145 m. Phase images can be understood as resulting from Fresnel diffraction, i.e. simple propagation. They can be used in two distinct modes. When the defocusing distance D is 'small', the phase discontinuities are revealed through fine fringes. These can be used as the input for approximate three-dimensional reconstruction. On the other hand, the Fresnel fringe systems that turn the images into an in-line hologram can be used to retrieve the phase distribution, through a holographic reconstruction process derived from electron microscopy, based on the use of a series of images, taken at different distances from the sample. The phase maps are used as the input for tomographic reconstruction, yielding quantitatively the 3D distribution of the electron density (holotomography). This work explores some possibilities for improving this holotomographic approach.

One aim is to optimise the data acquisition and processing. We try to rationalise the choice of parameters in the data acquisition: how many radiographs are necessary in practice toward phase reconstruction? What distances should be chosen? What photon energies are to be preferred? The data processing procedures, in particular the choice among the available methods for phase retrieval, are discussed.

A second aim is to overcome in an efficient way the resolution limit, of the order of one micron, in hard X-ray imaging. Image magnification is obtained in a projection microscope by focusing the beam, upstream of the sample, using a Kirkpatrick-Baez mirror system. Beams with diameter below 100 nm have been obtained and were used to record magnified Fresnel diffraction patterns.

X-Ray Imaging and Diffraction
Dean Chapman 
Dept. Bio.Chem & Phys Science, Illinois Institute of Technology
Abstract not available at time of printing. 

Exploding Molecules and FELs
Chair: Atsushi Momose
Grad. School of Frontier Science, The Univ. of Tokyo
	
	


Crystallography without Crystals and the Potential of Imaging Single Biomolecules

John Miao
SSRL, SLAC
When a coherent diffraction pattern of a finite sample is sampled at a spacing finer than the Nyquist frequency (i.e. the inverse of the sample size), the phase information is available from the diffraction pattern itself and can be directly retrieved by using an iterative process. In combination of this oversampling phasing method with coherent X-rays and electrons, the methodology of crystallography has recently been extended to determine the electron density of nano-crystals, non-crystalline materials and biological samples. In this talk, I will discuss the theory of the oversampling method, present some experimental results, and outline a future experiment based on simulations --- the  imaging of single protein molecules at near atomic resolution by combining the oversampling method with X-ray free electron lasers.

Prospects for single-particle imaging at XFELs

Henry Chapman, Stefan Hau-Riege, Richard London, Stefano Marchesini, Alex Noy and Abraham Szoke

Lawrence Livermore National Laboratory, USA

Janos Hajdu and Gosta Huldt

University of Uppsala, Sweden

Malcolm Howells and Haifeng He

Lawrence Berkeley National Laboratory, USA

John Spence and Uwe Weierstall

Arizona State University, USA

Keith Nugent and Andrew Peele

The University of Melbourne, Australia

One of the most impressive and far reaching experiments that has been envisioned for x-ray free-electron lasers (XFELs) is single-particle imaging at atomic resolution, by lensless diffraction imaging.  This experiment will also be one of the most difficult.  At LLNL, in collaboration with the University of Uppsala, LBNL, Arizona State University, and The University of Melbourne, we are studying the feasibility of single-particle imaging and determining the XFEL pulse parameters that are required to achieve atomic resolution imaging.  The destructive interaction of the particle with the XFEL pulse is calculated with a hydrodynamic model.  Pulse durations of 30 fs or less are required, and best resolution will be achieved with the lowest possible pulse fluence.  The ultimate resolution is determined by the ability to average diffraction patterns.  Thus resolution improves in going from randomly oriented particles imaged sequentially, to oriented particles imaged sequentially, to oriented particles imaged in parallel.  The feasibility of the method also relies upon robust reconstruction algorithms, and ways to optimally extract information from the diffraction pattern.  Recent results of two- and three-dimensional x-ray diffraction imaging experiments will be presented.  We find there is an enormous amount of work to do before we can fulfill the promise of XFELs, and our plans will be discussed.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48.

Experimental diffractive imaging with X-rays, electrons and visible light.

J.C.H.Spence.

Dept of Physics, Arizona State University,

Tempe, Az. 85287-1504. USA.

spence@asu.edu

In collaboration M. Howells, H. He, Q. Chen, U. Weierstall , H. Chapman and S. Marchesini, we have collected far-field transmission soft X-ray, coherent electron and laser-light diffraction patterns, and applied the Gerchberg-Saxton-Feinup hybrid input-output (HiO) algorithm to their inversion to images. This method, which offers a technique for diffraction-limited lensless imaging using radiations for which no lenses exist and which can minimize radiation damage, is elsewhere referred to as oversampling). These results will be reviewed and experimental issues discussed. Recent soft-Xray work has indicated the power of using "prepared objects" to assist the reconstruction, and the use of a 50nm diameter gold ball, positioned using an atomic-force microscope near an unknown sample will be demonstrated. The accessible autocorrelation function then includes a faithful image of the object (as in the heavy atom method) which may be used to provide an improved support. The general use of the support of the autocorrelation function to obtain the support of the object (following Feinup's ideas) will also be demonstrated using samples consisting of clusters of gold nanoballs , since this avoids the need for any "secondary imaging" technique. The prospects for extending this work to atomic resolution using coherent hard X-rays will be reviewed. If time allows  a new method of phasing protein monolayer crystals will be described. Work on comparisons of radiation damage between zone-plate and diffractive X-ray imaging and their relative merits for tomography may be presented by M.Howells or this author. A comparison of brightness and degeneracy for field emission electron and soft X-ray undulators may also be presented.

References

H. He et al. Experimental lensless soft-X-ray imaging using iterative algorithms: phasing diffuse scattering. Acta Cryst A (2003) in press.

H. He et al. Inversion of X-ray diffuse scattering to images without secondary imaging. Phys Rev Letts (2003). Submitted.

J. Spence, U. Weierstall, M.Howells. Phase recovery and lensless imaging by iterative methods in optical, X-ray, and electron diffraction. Phil Trans. 360, p. 875 (2002).

J. Spence and M. Howells. Synchrotrons and electron field-emission sources for spectroscopy - a comparison. Ultramic. 93, p.213  (2002).

 X-Ray Imaging and Diffraction
Chair: Dean Chapman

Dept. Bio.Chem & Phys Science, Illinois Institute of Technology

Development of 3D microscopy of biological

Specimens using soft X-ray diffraction

Janos Kirz

Advanced Light Source, Lawrence Berkeley National Laboratory

(on leave from Stony Brook University)*^

Tobias Beetz, Chris Jacobsen, Enju Lima, David Sayre, and David Shapiro

Stony Brook University*

Malcolm Howells

Advanced Light Source, Lawrence Berkeley National Laboratory^

For a number of years, we have been developing techniques to reconstruct the structure of biological specimens from their soft X-ray diffraction patterns, and from a series of holograms by the methods of diffraction tomography. Most recently the Stony Brook group built and is commissioning a new instrument to record diffraction patterns, holograms as well as low resolution X-ray images. This project is aimed at the study of the 3D structure of the yeast Saccharomyces Cerevisiae. We have also been concerned about the effects of radiation damage and the ultimate limit it sets to the resolution in radiation-sensitive specimens.

In addition to describing these activities, we will also look at the challenges in the recording and reconstruction of diffraction patterns, and some of the ways to meet these challenges.

*Supported in part by NIH grant #GM64846-02 ^Supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Material Sciences Division of the U. S. Department of Energy, under Contract No. DE-AC03-76SF00098.

Limits of Coherent X-ray Diffraction for Imaging Small Crystals

Ian Robinson

University of Illinois, USA

I will demonstrate how the phase may be recovered from measurements of continuous diffraction surrounding Bragg peaks from small crystal.  Gerchberg-Saxton-Fienup methods are found to work for sufficiently oversampled data.  Inversion of the phased diffraction yields 3D images of the internal structure of these crystals, with a resolution of about 50nm.  I will show examples of Au and Pb nanocrystals [1] in the size range of around 400nm to 1 micron.

Both the resolution and the smallest achievable particle size are limited ultimately by the source brightness.  At third-generation SR sources, the coherence is ten to a hundred times better than necessary.  Methods have therefore been developed for trading off this excess coherence for flux on the sample.  This has allowed the method to image particles of 170nm and should extend below 100nm.  These represent significant steps towards the ultimate goal of atomic resolution on single molecules.

[1] "Three-dimensional Imaging of Microstructure in Gold Nanocrystals", G. J. Williams, M. A. Pfeifer, I. A. Vartanyants and K. Robinson, Physical Review Letters 90 175501-1 (2003)
Theoretical and Computational Methods
Chair: Peter Cloetens

European Synchrotron Radiation Facility

Composite techniques for phase retrieval and visualization in the near-Fresnel region

T.E. Gureyev1, D.M. Paganin2, A. Pogany1, S.C. Mayo1, A.W. Stevenson1 

and S.W. Wilkins1
1CSIRO Manufacturing & Infrastructure Technology, Private Bag 33, Clayton South, Victoria 3169, Australia

2 School of Physics & Materials Engineering, Monash University, Victoria 3800, Australia

New techniques for phase retrieval will be presented which are particularly suitable for application in the near-Fresnel region, i.e. the region where the Fresnel number is less or equal to one.  The mathematical framework of the proposed algorithms will be discussed, followed by computer-simulated examples and results of application of the techniques to X-ray images collected using laboratory-based microfocus X-ray sources and synchrotron radiation.  Real-time examples of X-ray phase retrieval and visualization using simulated and experimental data will be presented.  The results obtained with the new techniques will be compared to the ones obtained using the Transport of Intensity equation, Gerchberg-Saxton-Fienup type algorithms and other methods.  Relative advantages and limitations of various techniques for phase retrieval in the near-Fresnel region will be discussed.

Unique Phase Recovery Using Astigmatic Fields

Keith A Nugent1, Andrew G Peele1, Henry N Chapman2 and Adrian P Mancuso1
1School of Physics, The University of Melbourne, Vic., 3010, Australia

2Lawrence Livermore National University, PO Box 808, Livermore, CA., 94550, USA

Since the discovery of the laws describing the diffraction of x-rays by crystals, x-ray diffraction has played a pivotal role in developing an understanding of the physics of materials and is a central technique of modern structural biology.  The development of very high-brightness x-ray sources, such as third-generation synchrotron sources, enables diffraction data to be acquired from ever-smaller samples. The loss of phase information at measurement may be compensated by introducing additional information via, for example, atomicity assumptions in direct methods, structural substitution methods and single- or multiple anomalous dispersion methods. 

The development of x-ray free-election lasers promises the acquisition of diffraction data from very small crystals, or even single molecules and recent work by Miao et al has demonstrated the reconstruction of such non-crystallographic specimens from diffraction data, although the uniqueness of the reconstruction cannot be guaranteed. Successful unique real-space phase recovery methods, such as the transport of intensity approach, have been demonstrated and successfully applied but have hitherto been thought to fail in the far-field limit. 

In this paper we consider the real-space ideas in the context of the diffraction of fields containing phase curvature, which we term astigmatic fields. We show that astigmatic diffraction patterns allow unique recovery of structural information from diffracted intensities in reciprocal space. We demonstrate an algorithm that allows the phase to be recovered uniquely and reliably.

Theoretical and Computational Methods
Chair: John Miao

SSRL, SLAC 

Convex counterparts to iterative transform algorithms and Hybrid

Projection-Reflection
Russell Luke
Pacific Institute for the Mathematical Sciences, Simon Fraser University

While iterative transform algorithms have been successfully used for decades to solve the phase retrieval problem, the mathematical analysis regarding convergence of these techniques is scant.  In an attempt to provide a solid mathematical foundation for the leading iterative transform algorithms, namely Fienup's Basic Input/Output (BIO) and Hybrid Input/Output Algorithms (HIO), we identify them with well understood convex projection/reflection algorithms developed independently within the mathematical community.  The payoff to such an analysis has been the development of a new algorithm for phase retrieval, which we call Hybrid Projection-Reflection (HPR).  In numerical experiments, which we shall demonstrate, we find the HPR algorithm to be a competitive alternative to the HIO algorithm.  Moreover, HPR is robust and does not need user intervention or mixing output with other algorithms as is common with HIO. 

This is joint work with Heinz Bauschke of the University of Guelph and Patrick Combettes of Universit`e Pierre et Marie Curie - Paris 6."

Phase retrieval with atoms, bits and pixels

Veit Elser

Cornell University
Fienup's "input-output" algorithms were originally proposed as a set of iterative schemes motivated by a linear control theory model of phase retrieval. When expressed in geometrical terms, the unique properties of the "hybrid" form become at once easy to understand and readily adapted for a wide variety of phase retrieval applications. Its most general form, the "difference map", comprises a symmetrical combination of two projections. Normally one projection implements the Fourier modulus constraints while the other imposes whatever a priori information applies to the object being retrieved: support, positivity, atomicity, ... This talk will use examples from crystallography (atoms), cryptography (bits), and x-ray speckle microscopy (pixels) to illuminate the workings of the difference map and hopefully convey a sense of its remarkable versatility.

PANEL  DISCUSSION

Different classes of phase recovery problems; different classes of methods; their different regimes; what is solved and what is not?

Chair:  
Rick Millane

Dept. of Elect. & Computer Engg., Univeristy of Canterbury
Panel: 
Russell Luke
Pacific Institute for the Mathematical Sciences, Simon Fraser University

Ian Robinson

Dept. of Physics, University of Illinois 

Les Allen
Dept. of Physics, University of Melbourne
TEM & Electron Holography
Chair: David Paganin

School of Physics/Mat. Engg., Monash University 

From exit wave to structure: Is the phase object approximation useless ?
D. Van Dyck and  P. Geuens

EMAT, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium

Recently is has become a matter of routine to reconstruct the exit wave of an object at sub-angstrom resolution either by focal series reconstruction or by of-axis holography. However in order to interpret the amplitude and phase of the exit wave  in terms of mass and position of the projected columns, one has to “invert” the dynamical scattering of the electrons in the object so as to obtain a starting structure which can the be used as a “seed” for further quantitative structure refinement. 

Multislice methods or plane-wave based methods are not useful for this purpose since they do not  explain on an intuitive basis why even in case of highly dynamical scattering the HREM exit wave can still be locally related to the projected structure.  The classical picture of electrons traversing the crystal as plane-like waves in the directions of the Bragg beams which stems from the X-ray diffraction picture and upon which most of the simulation programmes are based, is in fact misleading.  The physical reason for this "local" dynamical diffraction is the channelling of the electrons along the atom columns parallel to the beam direction.  Due to the positive electrostatic potential of the atoms, a column acts as a guide or channel for the electron [1] within which the electron can scatter dynamically without leaving the column .

If the distance between the columns is not too small, a one-to-one correspondence between the exit wave and the column structure of the crystal is maintained.  Within the columns, the electrons oscillate as a function of depth without however leaving the column. . The periodicity is inversely related to the ''density'' of the column.   It is important to note that channelling is not a property of a crystal, but occurs even in an isolated column and is not much affected by the neighbouring columns, provided the columns do not develop.  Hence the one-to-one relationship is still present in case of defects such as translation interfaces or dislocations provided they are oriented with the atom columns parallel to the incident beam.

Furthermore it is possible  to parameterise the exit wave in terms of the atomic number Z and the interatomic distance d of the atoms constituting the column.  This enables to retrieve the projected structure of the object from matching with the exit wave.

In good approximation the channelling theory can be written in closed analytical form (described by three parameters par1, par2, par3):
[image: image5.jpg]U(R,2) = N (1+3 pargexp (_ [par|(R — R;) ) lexp _parik

2 EO 2]70/!“2} - 1])




with N a normalisation constant, i the column index, E0 the incident electron energy and k proportional to the inverse wavelength2. This expression enables to determine the position and “weight” of the columns by direct fitting with the exit wave. It can be shown that the analytical channelling model describes the reality quite well for one column up to a thickness, which is equal to the first extinction distance3.  Figure 1 shows that for a crystal the maximum thickness for which the theory is still valid is only slightly less (about 10 %) than for one single column.  Moreover it is clear from figure 1 that the systematic error on the column position as determined by direct fitting with the exit wave is smaller than 0.05 Å for Sn and 0.2 Å for Si up to relatively large thicknesses.  The atom column positions in a dumbbell tend to move to each other to correct for the effect of overlap of their potential, which is not correctly described by the analytic channelling model.  To prove this, the exit wave calculated with the channelling model, described by the equation above, is compared to the exit wave calculated by means of a multislice algorithm for various thicknesses.  Figure 2 shows the amplitude and phase of respectively the analytical channeling model and a multislice calculation for Sn [110] at 90 Å specimen thickness.  It is clear that the calculations of the channeling model agree fairly wel well those of the multislice simulation.

References

1 D. Van Dyck , M. Op De Beeck Ultramicroscopy (1996). 64, 99-107 
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Ph. Geuens, J.H. Chen, A.J. den Dekker, and D. Van Dyck (1999), Acta Crystallographica   Section 55, Supplement P11.0E.002.

P. Geuens, and D.Van Dyck, submitted to Ultramicroscopy. 
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Figure 1 The systematic error on the position of both the left column and right column of a dumbbell along [001].

Figure 2 The exit wave of Sn [110] at a thickness of 90 Å. a.) the amplitude of the channeling model b.) the phase of the channeling model c.) the amplitude of a multislice d.) the phase of a multislice.

email: dirk.vandyck@ua.ac.be
Phase Retrieval at Atomic Resolution in the Presence of Incoherence
M. P. Oxley,  L. J. Allen, W. McBride & N. L. O’Leary
Theoretical Condensed Matter Physics

The University of Melbourne, Victoria 3010, Australia

Many advances have been made in recent years in the reduction of coherent aberrations, such as spherical aberration, in the field of high resolution electron microscopy (HRTEM).  This potentially allows imaging, and hence phase retrieval methods based on through focal series (TFS), to be interpreted at atomic resolution.  However, incoherent aberrations, such as finite source size and defocus spread, lead to a “blurring” of the measured images, which results in a loss of resolution.  An iterative method, based on the propagation of the exit surface wave function, is presented which corrects, not only for coherent aberrations, but also provides robust results in the presence of low levels of incoherence, typical in modern field emission gun (FEG) microscopes.  The method has the advantage of being simple to implement and works rapidly, even for large numbers of images (~20).  The speed of the algorithm allows the suitability of  individual images in the TFS to be ascertained during the measurement process, allowing alternative data sets to be taken if required for successful phase retrieval.  

TEM & Electron Holography
Chair: Steve Wilkins

Manufacturing & Infrastructure Technology, CSIRO 

Comparison of Two Phase-Retrieval Methods in TEM; Interference with Phase Plates and Noninterference Based on TIE.

Kuniaki Nagayama

CIB, Okazaki National Research Institutes

Okazaki, 444-8585, Japan (nagayama@nips.ac.jp)

Phase-retrieval in transmission electron microscopy (TEM) has long been relying only on the off-axis electron holography.1)    The widely prevailing method using defocus series seems to be appropriate to correct the deformation in images but improper to separate phases from amplitudes in electron waves.2)   Recently two alternatives have been proposed to manage the issue of true phase-retrieval, in other words, to reconstruct complex wave functions from images.   One is the complex observation (COBS) based on the combination of two observation schemes, the conventional bright-field and the Zernike phase contrast.3)   COBS is using the interference, as like holography, between the scattered and the reference (primary) electron waves.   Another is a noninterference method specifically based on the solution of the transport of intensity equation (TIE), which is derived from the Green’s function describing the wave propagation.4-6)   Both methods, COBS and TIE, can be applied to whatever objects, transparent or absorptive and weak or strong (for strong objects COBS needs to use three experiments including the dark-field scheme7)) but what they try to observe  as microscopy are different.   The former exclusively extracts elastic scattering components coherent to the primary wave but the latter observes all kinds of scattering whether they are elastic or not.

     Standing on this general understanding, we compared the two methods mentioned mainly using computer simulation.    Among various approaches to the solution of TIE, we followed the Fourier transform approach for its advantage of high speed.8)   The criterion of the quantitative comparison were; i) in the ideal case, explicit expressions of what are observed with the two methods and ii) in the practical case, the methodological robustness to the shot noise inevitable in TEM, which was evaluated by two measures, the least square deviation from original wave functions in the real space and the information transfer reliability calculated in the k-space.9)   Preliminary work resulted that for weak objects COSB was more robust as compared with TIE but for the strong objects, due to the rapid decrease of the elastic scattering, TIE was overwhelming.
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Electron Waves

Hannes Lichte, Institute of Structure Physics, Dresden University, D 01062 Dresden, Germany www.triebenberg.de, Hannes.Lichte@triebenberg.de
Electron Holography

Electron holography is a unique tool both for studying basic properties of electron waves and for their application for structure analysis of the solid state. For the most advanced method called off-axis image-plane holography, a coherent reference wave is superimposed to the object wave by means of the Moellenstedt electron biprism as a beam splitter. From such an off-axis image plane hologram, by means of numeric Fourier optics, the complete image wave is reconstructed and evaluated by both amplitude and phase in real space and/or in Fourier space. This is the starting point for the quantitative analysis of 

mesoscopic phase structures such as

· variations of thickness and/or mean inner potential

· dynamic phase shifts by thickness and /or tilt variations of the object

· potentials in semiconductors, e.g. across pn-junctions

· ferroelectric polarisation 

· magnetization and stray fields 

nanoscopic structures 

· aberration correction: point resolution is expanded to about 
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· quantitative evaluation, e.g. of atom species (which atom is where ?)

· determination of atomic potential distributions, etc.

An overview can be found in [1]. In the following, special features are outlined in more detail.

Noise problems: Phase detection limit and lateral resolution

Accuracy and sensitivity of phase measurements can be described by the phase detection limit 
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; this figure of merit sets a lower limit for the minimum phase difference detectable between two adjacent pixels in the reconstructed phase image. 
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 depends on the quality of the hologram, on the properties of the object, and on the desirable lateral resolution  
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with spatial frequency 
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 reconstructed from a hologram of width 
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 contrast reduction by inelastic interaction with the object; 
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 means the signal/noise-number, at which phase differences are to be measured. The quality of the hologram is characterized by the
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 the total electron current available at the degree of coherence 
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 from a source of brightness 
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[image: image17.wmf]l

/

1

=

k

; 
[image: image18.wmf]inst

V

 means contrast reduction by instabilities, 
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 is ellipticity of illumination, and 
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 exposure time; 
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describe the transfer properties of the CCD-camera. For example, reasonable data of the microscopes in our lab yield a 
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There is a linear relation between the number of reconstructed pixels 
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 and the achievable phase detection limit 
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. It shows that, expectedly, 
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 increases (worsens) proportional to 
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, i.e. the “information volume” 
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 is a constant for any given hologram: either one can optimize phase sensitivity, or lateral resolution.  Phase detection limits down to 
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 can be reached at moderate  and at atomic resolution, respectively.

Inelastic interaction and coherence

If the object wave suffers an energy loss 
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, the hologram fringes get time-dependent with a beat frequency 
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. Therefore, at usual exposure times of some seconds, the recorded fringes are wiped out for 
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. Consequently, inelastically scattered electrons virtually do not contribute to the hologram fringes hence not to the reconstructed wave, instead they provoke the above-mentioned contrast damping by 
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; for details see [2]. The situation is quite different, if both superimposed waves have suffered the same energy transfer. Then, no beat shows up reducing contrast of hologram fringes. Consequently, for achieving a fringe contrast, now phase coherence is decisive, i.e. the question, whether the two distant points of the inelastically scattered wavefield, subsequently superimposed, have a well-defined phase relation [3]. Without going into deep theoretical considerations, one can state that phase coherency is conserved for those scattering processes, which excite the same quantum-mechanical state of the object [4,5], consequently, would not allow a Which Way Experiment. 

For experimental verification, we used plasmon excitation, which is sufficiently widely extended across the object hence accessible to electron holographic investigation at medium resolution. In fact, first experiments with Al-plasmons (
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) showed that there is a degree of phase coherence sufficient to record inelastic hologram fringes [6]; in [2] a lower limit of 
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was estimated for the mutual distance of coherently superimposed object points. In a recent experiment, we measured the degree of coherence across plasmons, i.e. as a function of distance of overlapping points in the Al-foil. The results show that there is lateral coherence for widths as large as 
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 [7].

Phases from ray tracing

Because of orthogonality of electron particle trajectories and the corresponding electron wave front, the general relation 
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 holds between momentum 
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 and phase 
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. This suggests determining the phase modulation by an object from ray tracing and subsequent integration of the in-plane components of 
[image: image41.wmf]p

r

 across the observation plane. However, it turns out that - due to the Heisenberg uncertainty relation limiting the accuracy of a particle measurement  - phase shifts can only be discerned by this “particle-method”, if they are larger than 
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. As shown above, Heisenberg does not restrict phase measurements from waves, waves are restricted only by noise.  Atoms or microfields could hardly be detected at incoherent illumination in a bright field TEM-image, for this coherent illumination is urgently needed.
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3D X-ray microscopy by phasing diffraction patterns: prospects and limitations

M. R. Howells1, H. Chapman2, R. M. Glaeser1, S. Hau-Riege2, H. He1, J. Kirz1,3, S. Marchesini1, H. A. Padmore1, J. C. H. Spence4,1, U. Weierstall4.
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Corresponding author: mrhowells@lbl.gov
This presentation addresses the questions of what performance can we expect from a 3D diffraction microscope and what will set the limits.  In particular we make a quantitative calculation of the dose required for imaging at any given resolution and statistical accuracy with a model sample consisting of protein against a background of water.  We derive the dose needed for 3D imaging by use of the dose-fractionation theorem of Hergel and Hoppe and determine that for 3D imaging, the dose scales inversely as the fourth power of the resolution.  Thus far the calculation has made no reference to the amount of dose that the sample can tolerate.  The critical dose for destruction of features of a given size in a protein sample has been fairly widely investigated by various interested communities (spot-fading experiments etc) and we have assembled a body of information from the literature of both x-ray and electron imaging.  When the dose required for imaging a feature according to the Rose criterion and the critical dose for destruction of features is displayed on a common plot of the dose against feature-size, one can see that imaging life science samples with a resolution of about 10 nm should be possible.  For the more radiation-resistant samples investigated in material science research, significantly better resolution of about 2-4 nm is expected.  Another requirement for these experiments to be useful is that the exposure time should be not more than a few hours for a complete tilt series.  We address this question in a similar way to the dose and find that (a) the required coherent flux also scales with the inverse fourth power of the resolution and (b) the exposure times are reasonable even for present-day synchrotron sources provided that optimally chosen undulators and optical systems achieving their design performance are used.
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Atomic Resolution Imaging of a Carbon Nanotube from Diffraction Intensities

J.M. Zuo1, I.A. Vartaniants*2 , M. Gao1, R. Zhang3, L.A. Nagahara3
1Department of Material Science and Engineering and F. Seitz Materials Research Laboratory University of Illinois in Urbana-Champaign IL 61801,

2Department of Physics, University of Illinois in Urbana-Champaign IL 61801,

3Physical Sciences Research Laboratories, Motorola Labs, 7700 South River Parkway, Tempe AZ 85284
Atomic imaging of three dimensional structures has required a crystal in diffraction or a lens in electron imaging. While diffraction achieves very high resolution by averaging over many cells, imaging gives localized structural information such as the position of a single dopant atom. However, lens aberrations limit electron imaging resolution to approximately one Ångstrom. Resolution is reduced further by low contrast from weak scattering or the limited electron dose for radiation sensitive molecules. We show that both high resolution and high contrast can be achieved by imaging from diffraction with a nanometer-sized coherent electron beam. The phase problem is solved by over-sampling and iterative phase retrieval. We apply this technique to image a double wall carbon nanotube at one Ångstrom resolution, revealing for the first time the structure of two tubes of different helicities. Since the only requirement for imaging is a diffraction pattern sampled below the Nyquist frequency, our technique has the potential to image non-periodic nanostructures, including biological macromolecules, at diffraction intensity limited resolution.

*Corresponding author. e-mail address: vartaniants@mrl.uiuc.edu 

Imaging of Quantum Array Structures with Coherent and 

Partially Coherent Diffraction

I.A. Vartaniants* and I. K. Robinson

Department of Physics, University of Illinois, 1110 W. Green St., Urbana, IL 61801

Recent achievements in experimental and computational methods open the possibility to measure and invert the diffraction pattern from a finite object of submicron size. The possibilities of such experiments for 2D arrays of quantum dots are discussed. The diffraction pattern corresponding to coherent and partially coherent illumination of a sample was generated. Test calculations based on the iterative algorithms, were applied to reconstruct the shape of the individual islands in such quantum structure directly from its diffraction pattern. It is demonstrated that, in the case of coherent illumination the correct shape and orientation of individual island can be obtained. In the case of partial coherent illumination the correct shape of the particle can be obtained only when the coherence of the incoming beam is reduced to match the size of the island.

*Corresponding author. e-mail address: vartaniants@mrl.uiuc.edu

Origins of Decoherence in Coherent X-ray Diffraction Experiment

I.A. Vartaniants* and I. K. Robinson

Department of Physics, University of Illinois, 1110 W. Green St., Urbana, IL 61801

The propagation of the mutual intensity function from an incoherent synchrotron source to the sample is discussed. It is shown how coherency properties of the beam are changed by propagation through random optical elements, such as Be windows and mirrors present in the beamline. The mutual intensity function in this case can not be described by one coherence length but will rather have several components with different coherence lengths. With computer simulations it is shown how such multicomponent mutual intensity function can affect the reconstruction of nano-particles in coherent x-ray diffraction experiments.

*Corresponding author. e-mail address: vartaniants@mrl.uiuc.edu

Phase Retrieval from Two-Dimensional Absorption 

Images of Bose-Einstein Condensates

Yaw-Ren E. Tan, David Paganin, Rotha P. Yu and Michael J. Morgan

School of Physics and Materials Engineering, 

Monash University, 

Victoria 3800, Australia

Email address of contact author: eutan@yoyo.its.monash.edu.au

When a gas of atoms, such as sodium or rubidium, is cooled to very low temperatures (i.e., below 200 nK) it undergoes a phase transition to a new state of matter, called a Bose-Einstein condensate (BEC). In the BEC state atoms lose their individuality and the condensate behaves as a single quantum system. The creation of BECs in the laboratory has attracted enormous interest recently, as it provides a means to produce and manipulate coherent beams of atoms (e.g., atom lasers). To better understand BECs, experimentalists need tools to probe the complex wavefunction of the condensate. Currently, only interferometric techniques are used to determine the phase. This work describes a generalised Gerchberg-Saxton algorithm for retrieving the complex wavefunction of a (2+1)-dimensional BEC from simulated modulus data. The Gross-Pitaveskii equation is used to describe the dynamics of the BEC, with the modulus information being provided by a temporal sequence of absorption images of the BEC. The efficacy of the algorithm is examined for a wide range of simulation conditions, including strong non-linearities, vortex states and Poisson noise. Examples of phase retrieval will be shown, and the ramifications of the new technique discussed.

Phase-space tomography for 1-D x-ray beams

C.Q. Tran, A. Roberts, A. G. Peele, D. Paterson* and K.A. Nugent

School of Physics, University of Melbourne, Vic. 3010, Australia

*Advanced Photon Source, Argonne National Laboratory, Argonne, IL. 60439-4856, USA
Complete statistical information about the wave field is included in its phase-space description via the Wigner distribution function. In the x-ray regime this is a key goal in the development of x-ray sources producing radiation with a high phase space density and therefore impacts on the development of third generation synchrotrons and X-ray Free Electron Lasers. 

The effect of an object is imprinted on the phase space distribution of the light with the result that a measurement of the phase space density will permit maximum possible information extraction from the object. 

The first attempt at this problem was published by Nugent in 1991
 and improved by researchers at the University of Oregon
. However, there have been no experimental studies in the x-ray energy regime.

This paper highlights major properties of the Wigner distribution function and proposes a technique to measure the Wigner distribution function for 1-dimensional x-ray beams. The experiment does not involve converging optical components such as refractive lens or Fresnel zone plates. 

Quantitative reconstruction from a single diffraction-enhanced image

David Paganin*, Tim Gureyev#, Konstantin Pavlov*, Robert A. Lewis* and Marcus Kitchen*

*School of Physics and Materials Engineering, Monash University, Victoria 3800, Australia 

#Commonwealth Scientific and Industrial Research Organisation, Manufacturing and Infrastructure Technology, Private Bag 33, Clayton South, Victoria 3169, Australia

Email address of contact author: David.Paganin@spme.monash.edu.au

We develop an algorithm for using a single diffraction-enhanced image (DEI) to obtain a quantitative reconstruction of the projected thickness of a single-material sample which is embedded within a substrate of approximately constant thickness.  This algorithm is used to quantitatively map inclusions in a breast phantom, from a single synchrotron  DEI image.  In particular, the reconstructed images quantitatively represent the projected thickness in the bulk of the sample, in contrast to DEI images which greatly emphasise sharp edges (high spatial frequencies).   In the context of an ultimate aim of improved methods for breast cancer detection, the reconstructions are potentially of greater diagnostic value compared to the raw DEI data.  Lastly, we point out that the methods of analysis presented here are also applicable to the quantitative analysis of real-time differential interference contrast (DIC) images, and real-time inline phase-contrast images.

Angle-resolved x-ray imaging using a resolution-tunable analyzer

K. Hirano

Institute of Materials Structure Science, High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

e-mail: keiichi.hirano@kek.jp

When X-rays pass through an object, their propagation directions are slightly changed due to refractions, small-angle scatterings, and edge-diffractions. Angle-resolved X-ray imaging detects these changes in the propagation directions of X-rays with a crystal analyzer, and forms the image of the object on a two-dimensional X-ray detector [1, 2]. Since this imaging method has a much higher sensitivity to light elements (Z < 17) than the conventional absorption-contrast X-ray imaging, it is very useful for non-destructively observing the inner structures of biological and polymeric objects. There has been, however, no simple way to tune the angular resolution of the analyzer at a fixed X-ray energy. Optimizing the angular resolution at a fixed energy for various samples requires a resolution-tunable analyzer. Herein we report the first successful application of a resolution-tunable double-crystal analyzer [3] to the angle-resolved X-ray imaging. Using a Si(220) double-crystal analyzer, we could change the angular-resolution between 0.5” and 2.3” with small loss of peak-intensity at the wavelength of 0.0733 nm. The angle-resolved images of some biological samples were recorded on X-ray films at various angular-resolutions. Several methods to improve the angular-resolution are also discussed.

[1] T. J. Davis, D. Gao, T. E. Gureyev, A. W. Stevenson and S. W. Wilkins: Nature 373 (1995) 595.

[2] D. Chapman, W. Thomlinson, R. E. Johnston, D. Washburn, E. Pisano, N. Gmur, Z. Zhong, R. Menk, F. Arfelli, and D. Sayers: Phys. Med. Biol. 42 (1997) 2015.

[3] T. Ishikawa, K. Hirano, K. Kanzaki and S. Kikuta: Rev. Sci. Instrum. 63 (1992) 1098.

Iterative phasing of coherent X-ray diffraction patterns
G.J. Williams, M.A. Pfeifer, I.A. Vartanyants, and I.K. Robinson

Dept. of Physics, University of Illinois at Urbana-Champaign

High brilliance X-ray sources like the Advanced Photon Source make practical the measurement of coherent diffraction from micron to nanometer sized crystals.  If the phase of these coherent X-ray diffraction (CXD) patterns is recovered, the diffraction is the Fourier transform of an image of these crystals at near atomic resolution. Since the CXD patterns can be sampled with arbitrary frequency, we oversample them relative to the Fourier transform of the diffracting density allowing the use of iterative algorithms to find a set of phases consistent with the measured amplitudes. In the present experiment, the error reduction (ER) method of Fienup and Millane's modified Hybrid Input/Output (HIO) algorithm are used to phase CXD patterns from Au and Pb crystals.  We present the inverted real-space density of Pb crystals as they are heated and images which show possible deformation microstructure and twinning within an annealed Au crystal.
Imaging without lenses

S. Marchesini*, H. He**, H.N. Chapman*, S.P. Hau-Riege*, A. Noy*, M. Howells**, U.

Weierstall***, J.C.H. Spence***.

*Lawrence Livermore National Laboratory

7000 East Ave., Livermore, CA 94550-9234, USA

**Lawrence Berkeley National Laboratory, Cyclotron Rd, Berkeley CA 94720, USA

*** Arizona State University, Department of Physics, Tempe AZ 85287-1504, USA

Current x-ray diffractive imaging methods require prior knowledge of the shape of the object, usually provided by a low-resolution “secondary” image, which also provides the low spatial-frequencies unavoidably lost in experiments. Diffractive imaging has thus previously been used to increase the resolution of images obtained by other means. We demonstrate experimentally here a new inversion method, which reconstructs the image of the object without the need for prior knowledge or "secondary images". This new form of microscopy allows three-dimensional aberration-free imaging of dynamical systems which cannot provide a secondary low resolution image.

Recent developments in phase tomography using a crystal X-ray interferometer

Atsushi Momose, Ichiro Koyama, Yoshitaka Hamaishi, Hideki Yoshikawa, a)Tohoru. Takeda, a)Jin Wu, b)Kengo Takai, b)Kentaro Uesugi, and b)Yoshio Suzuki

Department of Advanced Materials Science, Graduate School of Frontier Sciences, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
a)Institute of Clinical Medicine, University of Tsukuba, Tsukuba, Ibaraki 305-8575, Japan

b)SPring-8, Mikazuki, Hyogo 679-5198, Japan
Among phase-sensitive X-ray imaging methods, X-ray interferometry is the most sensitive to gentle phase gradient. Furthermore, phase retrieval is attained with the technique of phase-shifting interferometry, enabling phase tomography. With this interferometric method using a crystal (Bonse-Hart) X-ray interferometer, biological soft tissues have been observed without using contrast media avoiding excessive X-ray dose.
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One disadvantage of the crystal X-ray interferometer is its spatial resolution, which is limited not by the image detector but by the crystal interferometer itself. The change of X-ray propagation vector induced by a sample is anomalously amplified in the crystal due to dynamical diffraction. As a result, when the crystal is thick (typically 1 mm in our past experiments), image blurring is not negligible. In order to reduce this effect, we fabricated an X-ray interferometer having a 40-µm crystal lamella (Fig. 1).

Using the interferometer, we performed phase-tomography experiments for various biological tissues at an undulator beamline of SPring-8. A CCD-based image detector, whose effective pixel size was 6.5 µm × 6.5 µm, was used. Figure 2 shows a phase tomogram obtained for a rat kidney (medulla-cortex boundary). Three-dimensional tubular structures corresponding to 2-3 pixels are revealed. 

Another approach for improving the spatial resolution is using an interferometer configured with Bragg reflections. Then, the blurring effect can be avoided. However, the fabrication and operation of such an interferometer is not easy, and the interferometer was not used for phase imaging. We will also report successful phase retrieval with the interferometer.
Demonstration of X-ray Talbot Interferometry

Atsushi Momose, Shinya Kawamoto, Ichiro Koyama, Yoshitaka Hamaishi, a)Kengo Takai, and a)Yoshio Suzuki

Department of Advanced Materials Science, Graduate School of Frontier Sciences, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

a)SPring-8, Mikazuki, Hyogo 679-5198, Japan
We present a demonstration experiment of Talbot interferometry in the hard X-ray region performed at a medium-length beamline of SPring-8. A grating, which had gold stripes 1.25 µm in height and 2.45 µm in width with a 4 µm pitch on a 150-µm glass plate, was illuminated by 0.1-nm synchrotron X rays. A phase modulation of /2 amplitude was generated by the grating, and an X-ray self-image was produced behind the grating by the fractional Talbot effect. Another grating was placed on the plane of the self-imaging inclining slightly against the first about the optical axis. By the superposition of the self-image and the stripe pattern of the second grating, moiré fringes were produced. When a phase object (a plastic sphere 1.2 mm in diameter in this experiment) was placed in front of the first grating, the moiré fringes were deformed (Fig. 1) showing wavefront bending due to the phase object. 

Moreover, we measured the differential phase with a technique of phase-shifting interferometry. By moving the second grating step by step in the direction of the spatial modulation, several moiré patterns were recorded. As shown in Fig. 2, an image mapping the differential phase was calculated from the moiré patterns.
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This method would be effective in using laboratory sources if the spatial coherency is assured to some extent. It should also be noted that polychromatic and spherical X rays are available in virtue of its crystal-free optics. X-ray Talbot interferometry is thus a novel and simple method as a phase-sensitive X-ray radiography. Through the quantitative technique, phase tomography is also attainable. 

Phase-contrast X-ray Imaging and Phase-Retrieval Analysis with a Laboratory-based Microfocus Source

A.W. Stevenson1*, D. Gao1, T.E.Gureyev1, D. Paganin1,2, S.C. Mayo1, Ya.I. Nesterets1, D.J. Parry1, A. Pogany1, S.W.Wilkins1
1 CSIRO Manufacturing & Infrastructure Technology, Private Bag 33, Clayton South, Victoria 3169, Australia

2 School of Physics & Materials Engineering, Monash University, Victoria 3800, Australia

Since Röntgen’s discovery of X rays over a century ago the majority of radiographs have been recorded and interpreted on the basis of absorption contrast.  The possibility of obtaining new and complementary information in X-ray images by utilizing phase-contrast effects is now a reality, both at synchrotron sources1 and in the laboratory2.  Phase-contrast X-ray imaging with laboratory-based microfocus sources is capable of providing improved information from weakly-absorbing features in an object and improved edge definition.  Results obtained using a microfocus source in conjunction with imaging plates, for a variety of areas of application will be presented and demonstration of the analysis of such data (via phase-retrieval techniques) to yield quantitative information about the sample will be given3.
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(a) Phase-contrast X-ray image of dried human proximal        phalanx (finger bone).

(b) Magnified section from (a).

 (c) Reconstructed map of projected thickness of apatite (bone mineral)

1Snigirev, A., Snigireva, I., Kohn, V., Kuznetsov, S., and Schelokov, I. (1995). On the possibilities of X-ray phase contrast microimaging by coherent high-energy synchrotron radiation. Rev.Sci.Inst. 66, 5486-5492.

2Wilkins, S. W., Gureyev, T. E., Gao, D., Pogany, A., and Stevenson, A. W. (1996). Phase-contrast imaging using polychromatic hard X-rays. Nature 384, 335-338.

3Gureyev, T. E., Stevenson, A. W., Paganin, D., Mayo, S. C., Pogany, A., Gao, D., and Wilkins, S. W. (2000). Quantitative methods in phase-contrast X-ray imaging. J.Dig.Imag. 13, 121-126.
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Quantitative Phase Amplitude Microscope of Three Dimensional Objects.
C.J. Bellair§,+, C. Curl#, B.E.Allman*, P.J.Harris#, A. Roberts§, L.Delbridge#, , and K.A.Nugent§
§School of Physics, The University of Melbourne, Vic., 3010, Australia

#Department of Physiology, The University of Melbourne, Vic., 3010, Australia

*IATIA Ltd, Rutland Road, Box Hill, Vic., 3128, AUSTRALIA
+ Author for correspondence, email: c.bellair@physics.unimelb.edu.au
The ability to image phase distributions with high spatial resolution is a key capability of microscopy systems and so the development and use of phase microscopy has been an important aspect of microscopy research and development.  A new approach to non-interferometric phase measurement in optical microscopy, Quantitative Phase Amplitude Microscopy, has recently been implemented [Barty et al 1998] and can be described using three dimensional optical transfer functions [Barone-Nugent et al 2002].  QPAM is easily understood when dealing with thin objects, that is objects whose thickness is much less than the depth of field of the imaging system.  In practice, especially in the biological sciences, objects will not often be thin and the question arises as to what precisely is being measured when QPAM is applied to a thick object.  The optical transfer function analysis under the Born approximation [Streibl 1985] is ideally suited to considering the issues involved in imaging three-dimensional objects and this is the aim of this presentation.

The three dimensional optical transfer function formalism was used to theoretical predict the behaviour of the phase in a variety of different imaging conditions and these predictions were compared with experimentally obtained phase values from both thick and thin objects.  In all situations, the theoretical predictions were in good agreement with the experimental data.  This led to the conclusion that three dimensional optical transfer functions can be used to describe the imaging of thick objects and that it is possible to obtain phase images of thick objects which describe the phase accumulated through the whole object.

The implications of our results are discussed and some general rules developed for interpreting the phase images.

Barone-Nugent, ED et al, Quantitative phase-amplitude microscopy I: Optical 

Microscopy, Journal of Microscopy, vol. 206, pt. 3, June 2002, pp. 194-203.
Barty A, Nugent K.A., Roberts A. and Paganin D., Quantitative Phase Microscopy, Optics Letters, 23, 817-819 (1998) 
Streibl, N., Three-Dimensional Imaging by a Microscope, J.Opt.Soc.Am., A2, 121-127 (1985)
Effects of Amplitude and Phase Errors on Perceived Images

R.P. Millane and W.H. Hsiao

Department of Electrical and Computer Engineering

University of Canterbury

Private Bag 4800, Christchurch, New Zealand

rick@elec.canterbury.ac.nz
The difficulty of phase retrieval, as compared to “amplitude retrieval,” is related, at least in part, to the phenomenon of “phase dominance” – the observation that an image constructed using the spectral amplitude from image A and the spectral phase of image B generally looks more like image B than image A [1].  This phenomenon has been known for a long time in crystallography [2], image processing [3] and visual perception [4].  A rather straightforward analysis of the mean-square-error for images constructed using randomised amplitudes or phases, e.g. for Wilson statistics, gives some indication as to why this is the case.  However, visual perception also plays a role in the interpretability of different reconstructed images.  We have studied the effects of perturbing the spectral amplitude and phase (either alone or together) by varying degrees on the interpretability images.  For small and medium errors the results are easily characterised, and amplitude and phase errors have similar effects.  For larger errors one must correct for various effects to obtain quantitative measures that are related to the perceived image errors.  Only for very large errors is the dominance of phase is evident.

1. R.P. Millane and W.H. Hsiao, On apparent counterexamples to phase dominance, J. Opt. Soc. Am. A, 20, 753-756, 2003.

2. G.N. Ramachandran and R. Srinivasan, Fourier methods in crystallography, Wiley, New York, 1970.

3. A.V. Oppenheim and J.S. Lim, The importance of phase in signals, Proc. IEEE, 69, 529-541, 1981.

4. L.N. Piotrowski and F.W. Campbell, A demonstration of the visual importance and flexibility of spatial-frequency amplitude and phase, Preception, 11, 337-346, 1982.

Two-Beam Interferometer Using X-ray Prism

Yoshiki Kohmura,* Tatsuyuki Sakurai, Hidekazu Takano, Yoshio Suzuki, Tetsuya Ishikawa

SPring-8, 1-1-1, Touto, Mikazuki-cho, Sayo-gun, Hyogo, 679-5148, Japan

*To whom correspondence should be addressed. E-mail:
kohmura@spring8.or.jp
A wave-front dividing interferometer was devised in which half of a highly spatially coherent beam deflected by an x-ray prism is overlapped with another half. The interferometer was applied to the phase retrieval of non-crystalline materials. The experiments were carried out using the 12.4 keV X-rays from the undulator beamlines, BL20XU and BL29XU of SPring-8.

The shearing interferometer has been realized by placing a sample in the overlap region of the two beams and by recording the differential phase of the sample with an imaging detector. The shearing interferometer is designed so that the distance between the sample and the detector is minimized to reduce the diffraction effect. By integrating the differential phase, the phase is retrieved for the area of the interest even for large samples. The phase retrieval using the shearing interferometers such as for the biological specimens will be reported in the workshop.

The interferometer is also used for the Leith-Upatnics two-beam holography by placing a sample in one of the two beams. 

Reference

Y. Suzuki, Jpn. J. Appl. Phys. letter, 41, 9AB, 1019-1021 (2002)
Y.Kohmura, T.Ishikawa, H.Takano, Y.Suzuki, J. Appl. Phys., 93, 4, 2283-2285 (2003)
Phase imaging cold atoms with a single intensity image using a non-interferometric propagation-based technique

LD Turner, KP Weber, I. Colton, D Paganin† and RE Scholten

School of Physics, University of Melbourne, Victoria 3010, Australia

† School of Physics and Materials Engineering, Monash University, Victoria 3800, Australia

Phone: +61-3-8344 5457, FAX: +61-3-9347 4783, email: r.scholten@physics.unimelb.edu.au

We demonstrate quantitative retrieval of the column density of a cloud of trapped atoms, using a non-interferometric phase imaging technique based on a single off-resonant and defocused diffraction image.  Our technique relies on free-space propagation to yield phase contrast.1  We use a standard absorption imaging configuration, modified by detuning the probe laser, and defocusing. 


[image: image43]
Fig. 1.  Our method uses a conventional absorption imaging configuration, defocused and detuned such that free-space diffraction allows recovery of the phase shift and hence column density of a dilute atomic gas. Off-resonant light from a single-mode fibre is collimated and then passes through a Rb87 MOT.  The irradiance profile at some variable defocus distance R is imaged on to a CCD detector array.

The Fresnel-diffracted image is processed with an efficient algorithm based on the transport of intensity equation (TIE) (D. Paganin et al., J. Microsc. 206, 33, 2002) which via Fourier transforms directly retrieves the column-density distribution of atoms in the MOT.  For a thin homogeneous sample and imaging at a defocus distance R in the Fresnel regime, the TIE can be solved to find the column density in terms of a single diffracted image I(r,z=R):
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Fig. 2.  Defocused absorption image (left) and retrieved column density (right) for a sample of trapped atoms; detuning ( =+18MHz, defocus R=30mm.  The peak column density is approximately 0.7 ( 1013 m-2.  The images are approximately 1.4mm square.
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where I(r,z) and ((r,z) are the irradiance and phase profiles of a monochromatic beam (k=2(/( for wavelength () propagating paraxially along z, 
[image: image45.wmf]Á

represents a Fourier transform, k is spatial frequency, and Iin the incident irradiance.

Our quantitative technique is experimentally simple and robust to changes in defocus and detuning, and offers comparable resolution and signal to noise relative to more complicated conventional phase imaging techniques.  We will also present results for imaging of Bose-Einstein condensates.

Column-density retrieval from Fresnel projection

Lincoln Turner

School of Physics, University of Melbourne, Victoria 3010, Australia
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A point-projection microscope consists of a point source of radiation a distance R1 behind an object and a detector a distance R2 the other side. Magnification occurs purely by the propagation of radiation in free space; the absence of lenses makes projection microscopy particularly attractive for X-ray applications. 

X-ray point-projection microscopes first demonstrated in the 1950s were limited in resolution by large source sizes and required long exposure times. Recently, improvements in electron optics and CCD detectors have revived interest in these microscopes. In addition to magnification, free-space propagation induces a form of phase-contrast due to edge-diffraction, permitting imaging of objects with low X-ray absorption. However, at higher magnifications diffraction effects become prominent and the image must be processed before it may be interpreted. In the readily-constructed configuration shown above, the pixel resolution is 10 nm, but structures smaller than ~1 (m will be in holographic contrast.

Recently Paganin et al. have shown that the assumption of a homogeneous sample (fixed complex refractive index) results in a simplification of the Transport-of-Intensity equation (TIE) allowing the column-density (object thickness) to be recovered from a projection microscope image.
 The TIE method is limited to the near-field where only a single diffraction fringe is evident – it does not extend retrieval to the holographic contrast regime.

I show that for relatively thin homogeneous objects, column-density retrieval from a holographic image is a linear inverse problem, soluble by standard deconvolution methods
. The near-field limit of my solution corresponds to the weak-absorption limit of Paganin’s algorithm. Column-densities may be retrieved directly from fully holographic images without iteration and uncontaminated by twin images.
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Hybrid Approach to Iterative Phase Determination

Adrian P. Mancuso, Andrew G. Peele and Keith A. Nugent

School of Physics, University of Melbourne, Australia

Reconstructing the refractive index of a sample often uses iterative techniques and the application of real space constraints to the Fourier transform of a measured far-field diffraction pattern.

Direct methods have also been employed in an attempt to produce images (in intensity and phase) of samples from transmitted wavefields.  These include methods based on solving the so-called Transport of Intensity Equation (TIE) which has also been successfully demonstrated for x-rays incident upon a sample.  The main advantage of direct methods over iterative methods is that they are robust and produce a unique solution.  However, these methods are limited in resolution which moderates their application.

Instead of using either method alone, the robust but resolution limited direct solution can be applied as an initial guess of a sample’s refractive index to be recovered using iterative methods.

In this poster we present simulated results that demonstrate the success of these hybrid techniques by supplying an initial low resolution guess for the object’s intensity and phase given by a resolution limited direct method.  The additional information is incorporated as a low resolution guess for the phases of the diffracted far field.  We show improved convergence times and noise robustness for  simulated patterns illuminated by x-rays.
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Fig. 1. A crystal X-ray interferometer having a 40-µm lamella (right side).
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Fig. 2. Phase tomogram of a tissue of rat kidney (medulla-cortex boundary).
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Fig. 2 An image mapping the differential phase generated by the sphere. 
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Fig. 1 A moiré image generated by X-ray Talbot interferometry. Fringes are bent due to a sphere phase object. Structures seen inside the sphere corresponds to bubbles. 　 
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