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Abstract

The ability to interpret and inverse x-ray diffraction patterns from crystals has largely

shaped our understanding of the structure of matter. However, structure determina-

tion of noncrystalline objects from their diffraction patterns is a much more difficult

task. The dramatic increase in available coherent x-ray photon flux over the past

decade has made possible a technique known as lensless coherent diffractive imaging

(CDI), that addresses exactly this problem.

The central question around CDI is the so-called phase problem: upon detection of

the diffraction intensity, the phase information of the diffracted wave is inevitably lost.

Generally, the phase problem is approached using iterative phase retrieval algorithms.

Holographic methods, through interference with reference diffractions, encode the

phase information directly inside the measured x-ray holograms, and are therefore

able to avoid the stagnation and uniqueness problems commonly encountered by the

iterative algorithms.

This dissertation discusses two novel holographic methods for coherent lensless

imaging using resonant soft x-rays. The first part focuses on generalizing the multiple-

wavelength anomalous diffraction technique, a highly successful method for solving

the crystal structures of biomacromolecules, into a multiple-wavelength holography

technique for nanoscale resonant x-ray imaging. Using this method I show element

specific reconstructions of nanoparticles and magnetization distribution in magnetic

thin films with sub 50 nm resolution. The second part discusses progress in X-ray

Fourier holography, an ultrafast lensless imaging platform that can be used with the

upcoming x-ray free electron lasers. In particular, I will present experiments using

two novel types of extended reference structures that bring the resolution beyond the
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precision of reference fabrication, previously regarded as the resolution limit for x-ray

Fourier transform holography. Finally, future applications of holographic methods,

especially experimental considerations for time-resolved studies of nanostructures us-

ing X-FELs, will be discussed.
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Chapter 1

Introduction

The past decade has witnessed rapidly-growing interest in coherent x-ray lensless

imaging as a new form of microscopy. After recording the angular distribution of

the diffracted x-rays, an algorithmic approach is used to reconstruct the structure of

the coherently illuminated object where the diffraction originates. This method drew

great attentions because of its simple lensless experimental setup, and a resolution

technically only limited by the wavelength of the x-rays being used. This disser-

tation presents recent developments at the coherent scattering beamline, beamline

13-3(BL13-3) of the Stanford Synchrotron Radiation Lightsource (SSRL) on resonant

soft x-ray lensless holographic imaging1.

What is lensless imaging? Let us think first about the structure of conventional

microscopes that use lenses, as schematically shown in the upper part of Figure 1.1.

The light coming from the object is collected and manipulated by the imaging optics,

the “lens”, to form a magnified version of the object which is in turn recorded in the

detector plane, by a photosensitive film or a two-dimensional (2D) array detector. The

difficulty in fabricating high resolution x-ray lenses down to the wavelength precision

for x-ray microscopes has stimulated the interest in the lensless approach, as depicted

in the lower part of Figure 1.1. The new imaging scheme consists of two steps: 1.

Remove the lens and record directly the distribution of the diffracted x-rays from the

object of interest. 2. Numerically invert the recorded diffraction pattern to achieve

1In this thesis, the term coherernt scattering and coherent diffraction are used interchangeably.
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CHAPTER 1. INTRODUCTION 2

a digital reconstruction. The second step is often referred to as the “computational

lens”. One key element here is that this method requires coherent illumination of the

object, since this is the precondition for the coherent scattering pattern to serve as a

fingerprint of the object.

imaging optics

object

detector

sample plane

detector plane

coherent
illumination

numerical
reconstruction

Figure 1.1: Imaging with and without lenses. Unlike the former which forms the
image in a single step, the latter is a two step imaging process composed of data
collection and numerical image reconstruction.

If this two step imaging process reminds you of something, most likely you are

thinking about x-ray crystallography. In fact, this two-step approach as a “micro-

scope” was reported as early as 1939, when Bragg wrote to the editor of Nature about

his new type of “x-ray microscope” [1]. Since he had neither a computer nor digi-

tal image acquisition and processing tools, Bragg performed the reconstruction using

optical processing methods as the second step. Nowadays, x-ray crystallography is

routinely performed in this two step fashion: the first step, diffraction data collection,

and the second step, computational structure determination. The periodic structure

of crystals not only magnifies the diffraction signal but also makes the diffraction

pattern much easier to interpret. Moreover, an important feature that distinguishes
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lensless imaging from x-ray crystallography is that the crystal diffraction pattern is

an incoherent superposition of coherent interference patterns from different regions of

the crystal that spans only a few lattice sites. This means there is not a one-to-one

correspondence between the crystal and the diffraction pattern: two different crys-

tals of the same type would produce exactly the same diffraction patterns. There

were suggestions of establishing this one-to-one correspondence as early as the 50s

[2], but not until 1999 did we see the first experimental demonstration by Miao et. al.

[3], thanks to the increase of coherent photon flux delivered by 3rd generation syn-

chrotron sources [4, 5], and the invention and development of iterative phase retrieval

algorithms [6, 7]. The field has progressed significantly since then.

This thesis concentrates on holographic methods that address the phase problem

in a very different way: by recording the phases rather than using phase retrieval

algorithms. As Gabor wrote in his Nobel lecture: “No wonder we lose the phase, if

there is nothing to compare it with!” [8]. If we can introduce a reference diffraction

source into the lensless imaging experiment, as shown in Figure 1.2, the phase infor-

mation will be embedded in the measured interference pattern, which is nowadays

referred to as the hologram.

sample plane

detector plane

coherent
illumination

reference wave

numerical
reconstruction

Figure 1.2: Lensless holography by introducing a reference wave.

Another important aspect of the work being discussed is the use of resonant soft

x-rays. The soft x-ray wavelength we are interested in covers the wavelength range

between 0.5-10 nm, corresponding to photon energy of about 100 eV to 2 keV. Soft
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x-ray sources with sufficient coherent flux can be accessed presently at 3rd generation

synchrotron sources as well as with x-ray free electron lasers. Within this photon

energy range lies a plethora of atomic resonances and absorption edges that provide

the contrast mechanism for x-ray imaging. Moreover, spectral shifts induced by

differences in the local atomic environment and polarization dependent dichroism

phenomena provide soft x-rays access to the chemical and magnetic properties of

the material. All these characteristics combined with the enhanced scattering cross

section make resonant soft x-ray a sensitive tool ideal for coherent scattering and

lensless imaging [9, 10].

In Chapter 2 of this dissertation I will start with the mathematical formalism of

lensless imaging in general. There I also describe the basics of the iterative phase

retrieval algorithms. Chapter 3 introduces a holographic imaging concept inspired by

the highly successful multiple-wavelength anomalous diffraction (MAD) method for

structure determination of macrobiomolecules. We’ll first discuss the connection be-

tween MAD crystallography and holography, then establish the formalism for MAD

phasing. Three experimental demonstrations to image nonperiodic objects will be

then presented [11, 12, 13]. In chapter 4, I’ll discuss progress on soft x-ray Fourier

transform holography which was initiated by previous group members at SSRL and

BESSY (the Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung)

[14, 15]. In particular, I will describe the details of three proof of principle experiments

utilizing extended reference structures [16, 17] with the potential for achieving sub-20

nm resolution. Chapter 5 discusses a few technical issues as we prepare for time re-

solved single-shot experiments using the recently commissioned Linac Coherent Light

Source at the SLAC National Accelerator Laboratory [18]. Chapter 6 presents a brief

summary and outlook for future experiments.



Chapter 2

Coherent imaging fundamentals

The general historical and technical background of coherent imaging is briefly de-

scribed in this chapter. I will first try to establish the connection between coherent

lensless imaging and its predecessor, x-ray crystallography. There are connections in

both the historical aspect, on how the method was conceived and developed, and the

technical aspect, in terms of the experimental setup and the mathematical formula-

tion. Not surprisingly, the initial coherent lensless imaging experiments were usually

performed using x-ray crystallography instruments until there was enough interest to

build dedicated coherent diffraction and imaging beamlines. The second section of

the chapter describes a generic experimental geometry and the basic mathematical

formalism of coherent diffraction experiments. The concept of phase retrieval algo-

rithms is discussed in Section 2.3, where I also summarize the notable experimental

demonstrations and technique improvements in the past decade. This will provide

the broad ongoing context within which our x-ray holographic methods were devel-

oped. Finally, I will point out the motivations behind the development of holographic

methods using resonant soft x-rays as the focus of the thesis moves on to holography

in the later chapters.

5



CHAPTER 2. COHERENT IMAGING FUNDAMENTALS 6

2.1 X-ray diffraction and crystallography

More than a decade after the discovery by Röngten in 1895, it was still unknown

whether x-rays consisted of particles or were a form of electromagnetic wave. Around

the same time, although there were conjectures by mineralogists about the structure

of crystals, no experimental evidence existed that provided direct support for the peri-

odical arrangement of the atoms. It was not until 1912 when Max von Laue suggested

that crystals might diffract Röngten’s ray just as visible light was diffracted by optical

gratings, assuming x-rays were a electromagnetic waves with wavelength as short as

the periodicity of the crystals. Soon the observation of diffraction by Friedlich and

Knipping confirmed Laue’s suggestions and initiated the long and fruitful marriage

of the two: x-ray crystallography [19].

Among different types of x-ray diffraction techniques, diffraction from a single

crystal is by far the most informative data a crystallographer could wish for, as the

measurement bears a direct and straight forward connection with the electron density

within a unit cell. The relative intensity of each reciprocal lattice site (h, k, l) being

measured

I(h, k, l) ∝ |F (h, k, l)|2

are related to the coefficients in the Fourier expansion series of the electron density

function [20]

ρ(x, y, z) =
∑
h

∑
k

∑
l

F (h, k, l) exp[−2πi(hx+ ky + lz)]. (2.1)

However, the measurement does not directly lead to the recovery of the crystal struc-

ture in the form of ρ(x, y, z), because the structure factor F (h, k, l) is in general

a complex quantity, thus F (h, k, l) ̸= |F (h, k, l)|, so the phase of F (h, k, l) is not

measured. This is the famous phase problem in crystallography. Solving the phase

problem leads to determination of the crystal structure.

Over the years, development of sophisticated sample preparation techniques and

phasing algorithms have greatly facilitated the process of phasing and structure de-

termination from x-ray diffraction data. Crystallographers have learned how to solve
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complicated crystal structures such as proteins and enzymes that contains hundreds

of thousands of atoms. To date, almost 50,000 structures of proteins and other

biomolecules have been determined by x-ray crystallography, and the number is grow-

ing daily [21]. Phasing crystal diffraction patterns have become more of a routine and

much less of a difficulty compared with the preparation of high quality crystalline pro-

tein samples.

2.2 Coherent diffraction and coherent imaging

D

Ψ(X,Y)

ψ( )x,y

scattered wave

Figure 2.1: The generic transmission geometry of a coherent imaging experiment
setup. The exit wave at the sample plane ψ(x, y) propagates freely to the detector
plane a distance of D away..

The experimental geometry for coherent lensless imaging bears a lot of similarities

to a single crystal diffraction measurement. It is illustrated in Figure 2.1 for the 2D

forward scattering case. According to the laws of electromagnetic wave propagation,

the far field diffracted wave distribution at the detector plane Ψ(X,Y ) can be written
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as the Fourier transform of the exit wave ψ(x, y) in the sample plane [22]:

Ψ(X, Y ) =
eikD

iλD

∞∫∫
−∞

dxdy e−i2π(ux+vy)ψ(x, y) (2.2)

where we have defined u = X/λD, v = Y/λD. The exit wave is related to the

transmittance of the sample integrated along the beam propagation direction within

the Born approximation:

ψ(x, y) = ψ0 t(x, y) = ψ0

∫
ℓ

dz eikn(x,y,z)z, (2.3)

where ℓ denotes the sample extent along the illumination propagation direction.

Therefore, for thin samples, the exit wave ψ(x, y) becomes a two-dimensional pro-

jection of the structure of the sample. As in crystal diffraction, only the intensity

of the scattered wavefront |Ψ(X, Y )|2 can be measured, the phase information of the

diffracted wave field will be inevitably lost. The problem of coherent lensless imaging

is again reduced to reconstructing ψ(x, y) from the reciprocal space1 measurement:

the amplitude of its Fourier transform |Ψ(X, Y )|.
In practice, as the diffraction data is recorded with a 2D array detector and

reconstructions performed through numerical calculations. It is helpful to look at the

relation between the scattered wave Ψ(X, Y ) and the exit wave ψ(x, y) in its discrete

form. Let w be the pixel size of the square N × N pixel 2D array detector used for

the experiment, we have:

Ψ(hw, kw) =
N−1∑
m=0

N−1∑
n=0

ψ(mδ, nδ) exp

[
πi(hn+ km)

N

]
. (2.4)

Comparing with Equation 2.2 leads to the basic relation between the detector distance

D, chosen wavelength λ, detector parameter w and N , and the size of the resolution

element in the sample plane δ:

δ = λD/Nw, (2.5)

1The notions of real and reciprocal space will appear repeatedly in the text, they are equivalent
to the notions of sample space and Fourier space.
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as well as the field of view in the sample plane

Nδ = λD/w. (2.6)

Take a typical soft x-ray experiment setup at SSRL for example. We use a 1340×1300

pixel Princeton PI-MTE CCD detector with 20×20 µm pixel size. By placing the

detector 200 mm from the sample and choosing a wavelength of 1.5 nm, the imaging

system has a nominal field of view of 15 µm and can potentially achieve 11 nm pixel

resolution. However, it does not mean a 15 µm size object can be imaged using this

experiment setup. The final object size and resolution will be decided by the exact

experimental conditions and the data quality. As we will soon discuss, a requirement

called oversampling limits the size of the object that can be reconstructed. In most

cases, the smaller the object, the higher the oversampling ratio and the easier it is to

reconstruct the scattering object. The experiment setup can be scaled conveniently by

changing the x-ray wavelength, or the distance between the sample and the detector.

2.3 Phase retrieval methods

Once a high quality coherent diffraction pattern is recorded, the remaining task is

to inverse and interpret the reciprocal space pattern and obtain the real space image

reconstruction. This can be accomplished by computer algorithms which are also

commonly referred to as the “computational lenses”, in comparison with the image

forming optics in a real space microscope. Because the key to the problem is to recover

the missing phase of the scattered wave at the detector just as in x-ray crystallography,

the algorithms are generally referred to as phasing or phase retrieval algorithms.

Phase retrieval algorithms were first developed as a wave front reconstruction

method based on intensity measurements [6, 7]. The most well know example of

its application is probably for characterizing the initial abberations of the Hubble

telescope [23] after launch, which finally led to the successful design and fabrication

of the corrective optics that was later installed during a service mission. In the

case of coherent imaging, phase retrieval algorithms search for a solution for the
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phase of the scattered wavefront based on the intensity measurement and certain a

priori knowledge about the scatterers. A solution for the problem is an estimation

of the scatterer that agrees with the a priori information and can also reproduce the

measured diffraction intensity.

real space
constraint

Fourier
constraint

g’ G’=|F|eiΦ

g G =|G|eiΦ’

iFT

FTg(0)

Figure 2.2: Block diagram of the iterative routine originally proposed by Gerchberg
and Saxton.

Let me start by introducing the general routine of the iterative Fourier transform

phase retrieval algorithms. As illustrated in Figure 2.2, the algorithm iteratively

forms new estimation of the phase Φ by Fourier transforming back and forth between

real and reciprocal space: 1. Starting from an initial guess of the object g(0), a

new estimation in the reciprocal space G(1) = F[g(0)] = |G(1)|eiΦ(1) can be obtained

through a Fourier transform. 2. Replace |G(1)| with measured amplitude F while

keep the estimated Φ(1). An inverse Fourier transform of |F |eiΦ(1) provides a new

estimate g′(1) for the real space image. 3. Apply the real space constraint on g′(1),

which e. g. enforces certain regions within the the field of view to have vanishing

values. This leads to a new estimation g(1) which can either be the solution of the

problem or can serve as the starting point for the next iteration.

The “real space constraint” is based on what is know about the scattering object.

The most important type of real space constraint is the support constraint. It sets a

limit to the size and rough shape of the reconstruction by defining regions in ϕ(i, j)

where the values must be zero, correspond to a vanishing scattering cross section, as
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formulated in Equation 2.7 for the error-reduction algorithm [6, 7].

gk+1(x) =

g′k(x), if x ∈ s

0, otherwise
(2.7)

The oversampling ratio is defined as the total pixel numbers of the field of view divided

by the number of pixels that have nonzero values [24]. Sufficient oversampling, usually

larger than 2 in each dimension, ensures the details within the diffraction pattern

is properly sampled, and thus the solution exists for the phase retrieval problem.

Another important constraint is the positivity of the solution. This is also a very

strong constraint since it immediately cuts the phase space of the algorithmic search

to half the initial size. Complex valued objects were shown to be soluble when the

sign of the imaginary part is know. This requirement can be further loosened when

a tight and non-concave support is available.

Base on the same iterative Fourier transform approach, several other improved

forms of phase retrieval algorithms were developed, most notably the hybrid input-

output (HIO) algorithm [7], which uses a combination of the new guess and the

previous guess to force the next guess to have non-zero values only within the support

region. For HIO, Equation 2.7 is modified as

gk+1(x) =

g′k(x) if x ∈ s

gk(x)− βg′k(x), otherwise,
(2.8)

where β is a feedback parameter usually valued between 0.5 and 1. This modification

makes the algorithm less prone to stagnation inside a local minima, a problem fre-

quently encountered by the error-reduction algorithm. A more generalized algorithmic

paradigm called the difference map was formulated by Elser [25]. The introduction

of a dynamic support region by Marchesini [26], the “shrinkwrap” algorithm, let the

computer program to choose the support constraint automatically. This helped re-

duce the operator-influence on the reconstruction result. A theoretical framework

that considers partially spatially coherent illumination was formulated by Williams
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et. al. [27].

Since the first demonstration of reconstructing an artificial specimen was made

by Miao et. al. [3], phase retrieval algorithms were later successfully used to recon-

struct several two-dimensional objects [28, 29, 30, 31, 32, 33]. Extension to three-

dimensional objects was a natural next-step, and was soon demonstrated by Miao

[34, 35], Williams [36], Pfeifer [37], Chapman [38], Barty [39], Robinson [40], and

Raines [41]. There are also quite a few successful reconstructions of biological objects

such as yeast cells [42, 43, 44, 45, 46, 47], unstained virus [48], mineral crystals inside

fish bones [49], and human chromosomes [50].

More recent progress features the introduction of additional constraints to improve

the robustness and convergence speed. One method that is gaining a lot of popularity

is ptychography [51, 52, 53, 54, 55], which uses multiple diffraction patterns obtained

from overlapping illuminated regions. A second example is Fresnel CDI that uses a

diverging wavefront rather than a plane wave to illuminate the sample [56, 57, 58].

The introduction of a variable phase modulation in between the sample and the

detector was also reported as a way towards more robust phase retrieval [59].

2.4 Holography: full wavefront measurement

Seeing the rapid progress summarized in the end of the previous section, you may ask

why we are still interested in x-ray holographic methods? Phase retrieval methods

seem to work just fine! Our interest in pursuing holography as an alternative path

partly arose from our initial frustration with phase retrieval algorithms. One partic-

ular problem was that in the early days, strong real space constraints were needed for

the algorithm to converge [24]. The assumption that the object is real and positive

was essential for the algorithm convergence. Other proof of principle demonstrations

worked well also because the object being binary and only absorptive. Phase retrieval

on complex objects turned out to be a much more delicate endeavor [60]. However, as

our group research interest lies mostly in the soft x-ray regime and in combining the

spectroscopic capability of resonant x-rays with the high resolution aspect of x-ray

microscopy, anomalous scattering at resonances made the phase retrieval much more
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difficult than previously thought.

On the other hand, holography was invented as a technique to record the phase in-

formation of the wavefront [61]. Being able to measure the phase, rather than relying

on an iterative algorithmic approach to correctly guess the phase, addresses the two

main problems faced by the coherent diffractive imaging community: uniqueness of

the solution and algorithm stagnation. The recorded phase information makes holo-

graphic methods perfectly happy regardless of whether the object is real or imaginary

or complex valued, allowing us to pursue high resolution lensless imaging using reso-

nant soft x-rays. In the next chapters, developments at SSRL on several holographic

methods will be discussed in detail.



Chapter 3

MAD holography and reference

guided phase retrieval

Nanoscale imaging with resonant soft x-ray is an active research area pursued by

real space microscopes that use Fresnel zone plates to either form a magnified im-

age on the detector plane, or to create a nanofocus to scan the sample [62, 63, 64].

Coherent lensless imaging, whose resolution is in principle not limited by the pre-

cision of x-ray optics fabrication, and only limited by the wavelength of the x-ray

being used, promises to push the resolution of soft x-ray spectro-microscopy further

down to the sub-10 nm regime. However, as mentioned in Chapter 2, iterative phase

retrieval algorithms encounter convergence problems when the data is obtained at

resonances due to anomalous absorption and dispersion. In this chapter we describe

a holographic imaging scheme inspired by the method of multiple-wavelength anoma-

lous diffraction (MAD) crystallography which we term as MAD holography. It takes

advantage of the wavelength-dependent interference between the anomalous and the

normal scattering. I will first briefly review the basic concepts that lead to the success

of multiple-wavelength anomalous diffraction. I will then connect this idea to x-ray

lensless holographic imaging with a tunable reference, and introduce the formalism of

the reference-guided phase retrieval (RPR) algorithm [12]. Under the framework of

RPR, I will present three experimental demonstrations with reconstructions of litho-

graphically defined test structures, polystyrene nanoparticles, and magnetic stripe

14
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domains in multilayer thin films with perpendicular anisotropy [12, 11, 13].

3.1 MAD protein crystallography

3.1.1 A brief introduction to MAD phasing

Multiple-wavelength anomalous diffraction (MAD) phasing has revolutionized macro-

molecular structure determination on atomic scales and has become a well established

technique in x-ray crystallography [65, 66, 67, 68, 69]. The method is based on the

measurement of diffraction patterns at multiple wavelengths near the resonance of

heavy atoms in the molecule, which can be either native to the molecule or artificially

introduced by isomorphous replacement. The problem of solving the configuration

of thousands of atoms is then reduced to the problem of initially determining the

positions of the few anomalous scattering centers. The positions of these anomalous

scattering centers then serve as a reference for building up a model for the entire

molecular structure.

Let’s first review the mathematical framework of the MAD phasing technique. In

the ideal situation, neglecting crystal imperfections and thermal effects, the measured

diffraction intensity is proportional to the squared amplitude of the structure factor:

I(q) ∝ |F (q)|2 = |
atoms∑

j

fi exp(iq · rj)|2 (3.1)

where we have used q instead of the Miller indices (h, k, l) to be consistent with the

q space notation used in lensless imaging. For the anomalous scatterers, the atomic

scattering factor can be decomposed into three parts:

fA = f◦
A + f ′

A(λ)− if ′′
A(λ), (3.2)

the wavelength independent f ◦
A and the real and imaginary part of the anomalous

contribution f ′
A and f ′′

A. If we denote the normal scatterer’s scattering factor as f◦
N ,

one can separate the contributions from the distinctive components of the scattering
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factor according to Hendrickson and Ogata [67, 68, 69] to obtain the total structure

factor

F(q, λ) =F◦
N(q) + F◦

A(q) + F′
A(q, λ)− iF′′

A(q, λ)

=F◦(q) + [f ′(λ)− if ′′(λ)]FA(q).
(3.3)

By factoring out the wavelength dependent contriubtion, the total diffraction intensity

can be written as

I(q, λ) ∝ |F(q, λ)|2 = |F◦|2 + a(λ)|FA|2 + b(λ)|F◦||FA| cos(φ◦ − φA)

+ c(λ)|F◦||FA| sin(φ◦ − φA).
(3.4)

where

a(λ) = (f ′2 + f ′′2)/f◦ 2, (3.5a)

b(λ) = 2(f ′/f◦), (3.5b)

c(λ) = −2(f ′′/f◦). (3.5c)

The interference term in Equation 3.4 leads to a non-central-symmetric diffraction

pattern, known by crystallographers as the breakdown of Friedel’s law. As we will

later show, the symmetry of the diffraction pattern also plays an important role in

the context of imaging. Since the atomic scattering factor of the anomalous scat-

terers can be obtained through other independent spectroscopy measurements, good

estimations of the wavelength dependent parameters a(λ), b(λ), c(λ) are normally

available. By measuring multiple diffraction patterns at several different wavelengths

near the resonance (usually 3 to 5 different wavelengths), a system of equations can

be established to determine the parameters |FA|, |F◦|, and φ◦ − φA. As there are

usually a small numbers of anomalous scatterers in each unit cell, solving the loca-

tions of the anomalous scatterers using |FA| becomes a much reduced effort. From

the reconstructed structure of the anomalous scattering centers, φA can be calculated

and thus the desired phase φ◦ can be determined.
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3.1.2 Connection with holography

In lensless holography, a reference component is introduced to the exit wave:

ψ(x, y) = ψo(x, y) + ψr(x, y). (3.6)

Define Ψo(p, q) and Ψr(p, q) as the Fourier transforms of ψo(x, y) and ψr(x, y) respec-

tively, the far field hologram intensity can in turn be written as

I = |Ψo +Ψr|2 = |Ψo|2 + |Ψr|2 + 2|Ψo||Ψr| cos(∆φ). (3.7)

When we compare this expression with Equation 3.4, one immediately sees the resem-

blance. From a holography point of view, one can think of the anomalous scatterers as

a tunable holographic reference, and ◦φ−φA as the holographic phase that is encoded

in the hologram. The part that differs from holography is that the structure of the ref-

erence isn’t necessarily known. A reconstruction for the reference must be performed

first before the object, the main structure of the protein, can be determined.

This can be readily extended to noncrystalline objects, if in one way or another,

anomalous scatterers can be introduced into the sample to provide the tunable diffrac-

tion necessary for obtaining the relative phase. Let’s consider an exit wave at the

sample plane composed of an object wave and a tunable reference wave

ψ(x, y, ξ) = ψo(x, y) + ξ · ψr(x, y) (3.8)

where ξ denotes a global reference tuning parameter that is independent of x and y.

The far-field scattered wave distribution can be written as:

Ψ(p, q) = Ψo(p, q) + ξ ·Ψr(p, q). (3.9)

Thus the hologram intensity in Equation 3.7 takes the modified form:

I(p, q, ξ) = |Ψo|2 + |ξ|2|Ψr|2 + |Ψo||Ψr|(ξe−i∆φ + ξ∗ei∆φ), (3.10)
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where we have defined ∆φ = φo−φr, the relative phase of the object and the reference

wave in reciprocal space. For each Fourier coordinate (p, q), the three unknowns can

be determined by tuning ξ and recording multiple hologram intensities. This allows

us to establish a system of nonlinear equations, from which |Ψo|, |Ψr|, and φo − φr

can be determined.

3.2 The RPR algorithm

3.2.1 Formalism

Following the strategy used in MAD crystallography, with the knowledge of |Ψr|, one
could in principle solve the structure ψr(x, y) first using a phase retrieval method,

assuming the chosen reference structure is a much easier object to reconstruct, for

example, a central symmetric object with a relatively flat phase. ψr(x, y) can then be

used to calculate φr and through ∆φ, the object phase φo can be obtained. However,

there can be photon counting noise and other experimental imperfections that prevent

an immediate and accurate reconstruction of ψr(x, y), which in turn leads to errors

ψo(x, y). For a more accurate reconstruction, ψr(x, y) needs to be refined several

times to get to the optimum solution.

In fact, the solution to the new problem is the pair of ψr and ψo that satisfies all

Fourier constraints and their respective real space support constraints at the same

time. As a result, rather than trying to determine the reference first and deduce

the object from the result, as was done in MAD phasing, we proposed an integrated

iterative algorithm that uses the three components |Ψo|, |Ψr|, and ∆φ as the Fourier

domain constraints, which solves both the reference and object structure at the same

time [12]. This iterative routine, as illustrated in Figure 3.1, performs phase retrieval

for the object and the reference, and crosschecks the results with each other in every

iteration, using ∆φ as the link. In this way, the best solution that agrees with

the three Fourier domain constraints and also both real space support constraints

simultaneously can be obtained. Because the simple reference structure provides the

guidance that allows the algorithm to quickly converge, we name the new iterative
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| |Ψo
error reduction for

updating the phase

ΔΦ
phase constraint

| |rΨ
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updating the phase

Φ’
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Φo (1)
initial guess

Φ’
r(i)

Φr (i+1)

Φo (i+1)

Figure 3.1: Figure-eight schematics of the reference-guided phase retrieval routine.
The algorithm implements the error reduction method alternating between the ref-
erence and the object, applying the relative phase ∆Φ as an extra Fourier domain
constraint.

routine reference-guided phase retrieval (RPR).

The algorithm starts with a random guess for Φo and uses the error reduction

method on the object to update the object’s phase to Φ′
o(i). We then use the knowl-

edge of ∆Φ to obtain an update for the reference phase Φ′
r(i) = Φ′

o(i) − ∆Φ. This

phase is then used to perform another error reduction cycle on the reference, which

delivers the update Φr(i + 1) and Ψo(i + 1) = ∆Φ + Φr(i + 1). The RPR routine

iterates until the iteration update, the difference between the output of consecutive

iterations [43], falls below a preset threshold.

3.2.2 Simulation

To investigate the convergence characteristics of RPR, we choose a real valued test

structure, shown in Figure 3.2, with a large circular reference placed next to it whose

intensity is assumed to be tunable. Assuming the values of |Ψo|, |Ψr|, and ∆Φ are

already obtained, the convergence is quantified by calculating the normalized mean
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0.5 0.2

0.1 0.01

Figure 3.2: Left: Overview of the test matrix used for the simulations. The blue
boxes show the loose RPR support regions for the object and the reference. A tighter
support region in orange is an important prerequisite for HIO to converge. Right:
A magnified region of the sample (correspond to black box on the left) shows the
image quality for a few typical given NMSE values, which is used to evaluate the
convergence of the algorithm.

square error (NMSE) and comparing with the correct solution ψ0 for each iteration i.

NMSEi =

∑
|ψi − ψo|2∑

|ψo|2
. (3.11)

The image quality associated with typical NMSE values are shown in Figure 3.2 as

a reference. We compare the performance of RPR with a popular single diffraction

pattern phase retrieval algorithm called the hybrid input-output algorithm(HIO) [7].

The convergence of RPR and HIO using β = 0.5 is shown in Figure 3.3. The RPR

routine reaches a NMSE of 0.1 within 100 Fourier transforms or 25 iterations, following

consistent trajectories in each try. On the other hand, HIO is very sensitive to the

initial guess and requires a much tighter support. The convergence usually takes 104

iterations and follows a very different path towards the convergence limit each time.

This is a clear indication that the holographic phase as the Fourier domain constraint

produces a clear direction for convergence.
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number of Fourier transforms
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Figure 3.3: Convergence speed of RPR versus HIO runs on idealistic input, four
independent runs for each. Note the logarithmic scale on the abscissa.

We further introduce photon shot noise to the simulated holograms. In an imag-

ined experimental scenario, assuming ξ represents an adjustable amplitude of the

reference. One can record three diffraction patterns with ξ = 0, 1, 2, and the three

Fourier domain constraints can be obtained analytically from the three measurement

of I(ξ):

|Ψo| =
√
I(0) (3.12a)

|Ψr| =
√

(I0 − 2I1 + I2)/2 (3.12b)

∆Φ = cos−1

{
−3I(0) + 4I(1)− I(2)

2
√
2I(0)[I(0)− 2I(1) + I(2)] + σ

}
. (3.12c)

σ is introduced as theWiener filter parameter to reduce the effect of zero crossings[70].

Notice that cos−1(·) introduces a π-ambiguity to the relative phase and this is cor-

rected by imposing a fixed phase gradient direction[71]. We tested the algorithm

assuming total photon counts ranging from 106 to 1010. As shown in the Figure 3.4,

increasing noise level leads to the decreasing final image quality. Surprisingly, the

convergence speed appears to be rather independent of the noise level. In addition,

we have introduced uncertainties in ξ of up to 10%, since in a real experimental sce-

nario we may only have an estimate of its value. RPR showed good tolerance to this

uncertainty as well.
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Figure 3.4: Convergence speed of RPR on simulated data with shot noise introduced,
different total number of scattered photons detected as indicated.

3.3 Ampelmännchen experiment

1um

reference with

resonant shutter

Co 200 nm Si N 100 nm3 4 Au 600 nm

reference object

Figure 3.5: Top: scanning electron micrograph of the test sample. Bottom: illustra-
tion of the sample cross section.

A tunable reference can be experimentally realized by a reference structure whose

optical constant can be tuned by changing the wavelength, as in MAD crystallography.
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a

Figure 3.6: Two diffraction patterns taken with the tunable reference off and then
on.

Using resonant absorption at the Co L3 edge, we fabricated a sample with a “resonant

shutter” whose transmittance can be controlled over a wide range by changing the

wavelength of the incident x-ray. Shown in Figure 3.5 is the structure of a test

sample that consists of a circular reference whose transmission can be tuned with a

resonant shutter and an Ampelmännchen symbol1. The object is a binary transparent

structure milled through the gold mask, in the shape of the famous east German traffic

light symbol “ampelmännchen”. A 1-µm-diameter reference aperture is covered by a

cobalt film that is 200 nm thick. By tuning the x-ray energy to the Co L3 resonance,

the enhanced resonant absorption reduces the transmission by more than 3 orders of

magnitude such that we can regard the reference as being turned off.

Two diffraction patterns, shown in Figure 3.6 were recorded at 778 eV and 765

eV, with the detector at a distance of 250 mm. In the first case the reference aperture

completely blocks the incoming x-rays as a result of resonant absorption. At 765 eV,

the reference aperture has high transmission. From the insets one can clearly see the

interference fringes in the pre-edge case. Two beam stops of different sizes are used

1Ampelmännchen is the symbolic person shown in traffic lights at pedestrian crossings in the
former East Germany. See http://en.wikipedia.org/wiki/Ampelmännchen.
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Figure 3.7: Shown on the left is the inverse Fourier transform of the on-resonance
diffraction pattern. On the right is the Fourier transform of |Ψ765 eV|2 − |Ψ768 eV|2,
showing different terms in the autocorrelation with clear spatial separation.

to increase the data dynamic range. The missing low-q part from the smaller beam

stop (about 15 pixels in diameter) was recovered with an iterative algorithm that will

be discussed in the next chapter.

In general a minimum of three diffraction patterns are required to calculate the

three Fourier constraints for the RPR algorithm. However, in this case, the special

placement of the reference aperture allows reconstruction from only two diffraction

patterns. The additional equation comes from the spatial separation of different terms

in the Fourier transform of the diffraction pattern taken off-resonance. As shown in

Figure 3.7 a total of four equations can be obtained from the spatial separation of

the four terms in

F−1[Ψ(765 eV)] = |Ψo|2 + |Ψr|2 +Ψo ⋆Ψ
∗
r +Ψr ⋆Ψ

∗
o,

by Fourier transforms the four components in the Figure back into reciprocal space

independently. Figure 3.8 shows the three Fourier components that can be obtained
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Figure 3.8: The three Fourier domain constraints that can be extracted from the two
diffraction intensity measurements.

from only two diffraction patterns. |Ψr| clearly shows the signature of an Airy pat-

tern from a circular reference, and |Ψo| is simply the square root of the diffraction

intensity measured at resonance. The three components can then be fed into the

RPR algorithm to reconstruct the object.

The RPR reconstruction is shown in Figure 3.9 b. For comparison, the recon-

struction obtained with a direct inverse Fourier transform is shown in Figure 3.9 a.

While the FTH resolution is limited by the micrometer-sized reference and gives a

completely blurred rendition, the object becomes clearly recognizable after 20 itera-

tions of RPR. Fixed support constraints determined by the FTH result are used. The

minor artifacts in the RPR reconstruction originate from nodes in Φr where spatial

frequencies of the object are not sampled. Within SNR limitations, the missing spa-

tial frequencies were recovered by HIO initialized with the RPR reconstruction in less

than 100 iterations, as shown in Figure 3.9 c and finally 3.9 d after averaging. Being

an binary object, it allows us to estimate the resolution of the reconstruction using

the 10%-90% criterion. The edge rises within 2 pixels all across the boundary of the

reconstructed Ampelmännchen, indicating a resolution better than 42 nm.
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Figure 3.9: a. FTH result and b. RPR result after 20 iterations. c. HIO after 100
iterations started with RPR result, and d. avarage of 20 independent runs of c. for
eliminating high-frequency noise.

3.4 Element specific MAD imaging

3.4.1 Formalism

Under the symmetric framework of RPR, the tunable part can either be the reference

or the object. In this section, we discuss the scenario when the object of interest is

the anomalous scatterer itself and the nonresonant scattering can be considered as

the reference. This allow us to take advantage the strength of soft x-ray spectroscopy

for obtaining element specific nanoscale images.

Let us consider first a thin samples containing resonant elements whose wave-

length dependent interaction with x-rays can be described by its index of refraction

n = 1 − δ + iβ. In this case, the exit wave can be to a first order approximation

decomposed into the non-resonant contributions and the resonant contributions (see

detailed derivations in Appendix B.1):

ψ(x, y) = ψNR(x, y)− [iδ(λ) + β(λ)]ψR(x, y) (3.13)
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where ψR(x, y) is proportional to the distribution of the resonant scatterers. Denoting

also the Fourier transforms

F[ψNR] = ΨNR(q) = |ΨNR(q)|e−iφNR(q), (3.14a)

F[ψR] = ΨR(q) = |ΨR(q)|e−iφR(q), (3.14b)

∆φ(q) = φNR(q)− φR(q), (3.14c)

we can write down the scattered wave in the far field as

Ψ(q, λ) = ΨNR(q)− iδ(λ)ΨR(q)− β(λ)ΨR(q), (3.15)

and thus the q-dependent scattering intensity distribution is

I(q) = |Ψ(q, λ)|2 = |ΨNR|2 + a(λ)|ΨR|2

−b(λ)|ΨNR||ΨR| sin∆Φ− c(λ)|ΨNR||ΨR| cos∆Φ.
(3.16)

where

a(λ) = δ2(λ) + β2λ, (3.17a)

b(λ) = 2δ(λ), (3.17b)

c(λ) = 2β(λ). (3.17c)

This fits into the previously discussed frame work of MAD holography and allows

reconstruction of ψR by measuring the diffraction intensity at several different wave-

lengths.

For thin samples, by omitting the higher order terms of the optical constants,

analytical solutions for the three components can be obtained. Assume we measure
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the following three diffraction patterns:

I1 = |ΨA|2 − 2|ΨA||ΨR|(δ1 sin∆φ+ β1 cos∆φ), (3.18a)

I2 = |ΨA|2 − 2|ΨA||ΨR|(δ2 sin∆φ+ β2 cos∆φ), (3.18b)

I3 = |ΨA|2 − 2|ΨA||ΨR|(δ3 sin∆φ+ β3 cos∆φ). (3.18c)

Analytical solutions at each q for the three parameters can be derived as:

tan∆φ =
(I1 − I3)(β2 − β1)− (I1 − I2)(β3 − β1)

(I1 − I2)(δ3 − δ1)− (I1 − I3)(δ2 − δ1)
, (3.19a)

|ΨA| =
[
(I1δ2 − I2δ1) sin∆φ+ (I1β2 − I2β1) cos∆φ

(δ2 − δ1) sin∆φ+ (β2 − β1) cos∆φ

]1/2
, (3.19b)

|ΨR| =
[

|ΨA|2 − I1
2|ΨA|(δ1 sin∆φ+ β1 cos∆φ)

]1/2
. (3.19c)

In situations when ψNR(x, y) represents the illumination defined by the mask

aperture, and ψR(x, y) represents the distribution of the resonating element, both

functions must be real and positive quantities, therefore their Fourier transforms will

have the following symmetry properties:

Ψ(q) = Ψ(−q) (3.20a)

Φ(q) = −Φ(−q). (3.20b)

These symmetry properties give additional information that allows reconstruction

from only two diffraction intensity measurements. Let us write ΨNR as ΨA instead

to represent the aperture, and decompose the two measured intensities into their

respective central-symmetric and anti-symmetric contributions:

I1,sym = |ΨA|2 − 2|ΨA||ΨR|β1 cos∆φ, (3.21a)

I1,asym = −2|ΨA||ΨR|δ1 sin∆φ, (3.21b)

I2,sym = |ΨA|2 − 2|ΨA||ΨR|β2 cos∆φ, (3.21c)

I2,asym = −2|ΨA||ΨR|δ2 sin∆φ. (3.21d)



CHAPTER 3. MAD HOLOGRAPHY 29

200 nm

Au 1000 nm

Si N 100 nm3 4

Polystyrene Spheres

0.004

0.001

0.003

0.002

-0.001

-0.002

0

275 280 285 290   (eV)

b

d

Figure 3.10: A test sample composed of a circular aperture on a gold mask, and
randomly scattered polystyrene spheres of size 300 nm and 90 nm. an illustration of
the sample cross section is also shown. The plot shows the optical constants near the
carbon K resonance.

Analytical solutions for the four equations can be written down as:

|ΨA| =
(
β2I1,sym − β1I2,sym

β2 − β1

) 1
2

, (3.22a)

∆Φ = tan−1 (I2,asym − I1,asym)(β2 − β1)

(I2,sym − I1,sym)(δ2 − δ1)
, (3.22b)

|ΨR| =
I1,sym

2δ1|ΨA| sin∆φ
. (3.22c)

More importantly, Equation 3.21 b and Equation 3.21 d allow unique determination

of the phase angle as the signs of cos∆φ and sin∆φ are both known.

3.4.2 Imaging polystyrene spheres at the carbon K edge

We performed an experiment near the carbon K edge to check the feasibility of the

proposed resonant imaging method. The test sample consists of polystyrene spheres,

300 nm and 90 nm in size. They were dispersed from an aqueous solution on a silicon
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Figure 3.11: Simulated central part of the coherent scattering pattern from the
polystyrene spheres at different photon energies around the carbon K resonance.

nitride membrane window. A 800 nm thick gold film is prepared on the back side

of the membrane. A circular aperture 1.2 µm in diameter milled by FIB defines

the illumination area. The imaginary part of the optical constant β of polystyrene

is obtained via x-ray absorption spectrum measured from another similar sample

without the gold mask, and the real part δ is calculated via the Kramers-Kronig

relation. The optical constant curves are plotted in the upper right of Figure 3.10.

Using the SEM image and the measured optical constant, diffraction pattern can

be simulated for different x-ray wavelengths. As can be seen from the four examples

shown in Figure 3.11, the diffraction pattern shows strong variations near the res-

onance. In addition, one can also see the shifting of the symmetry of the pattern.

At 284.2 eV, the pattern looks more anti-central-symmetric, indicating that the real
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Figure 3.12: Two diffraction patterns measured at 281.5 eV and 283.3 eV.

part of the optical constant is the main contribution. At 284.8 eV, the pattern be-

comes almost completely central symmetric, coinciding with the zero crossing of the

dispersive part of the optical constant δ.

Coherent diffraction data was collected at SSRL BL5-22. We adopted the two-

pattern reconstruction scheme derived in the previous section. The diffraction pat-

terns we recorded near the carbon K resonance, at x-ray energy 281.5 eV and 283.3

eV, are shown in Figure 3.12. The distance between the sample and the detector was

set to 75 mm. Data with total exposure of approximately 1000 seconds were collected

for each energy. The low q portion of the data was recorded using a shorter exposure

time with the beamstop removed. A few saturating pixels at the center were later

replaced by fitting to an Airy pattern. The data have overall very good statistics up

to the q range that correspond to a resolution of 25 nm.

The analytical MAD phasing results are shown in Figure 3.13. The non-resonant

amplitude ΨNR as expected, reproduces an Airy pattern that represents the circular

aperture. In contrast, the resonant part shows a speckle pattern from the local

arrangement of the polystyrene spheres. The nodes in the circular fringe pattern

2The beamline was relocated to BL13-3 at the beginning of year 2008.
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Figure 3.13: Ψo, Ψr, and ∆Φ calculated from the two measurements.

lead to pixels where amplitudes are not sampled because |ΨNR| = 0. For these q

values, a Wiener-type filter parameter σ as used in the previous section prevents the

calculation from diverging. As a result, faint circular artifacts are visible in |ΨR|.
The gradual changes of the phases covering the full range of angles without abrupt

jumps indicates a stable and reliable determination of the phase pattern up to 0.15

nm−1, and is the key for recovering the object phase.

The three patterns together with a tight circular support constraint was used

for the RPR reconstruction. The convergence is presented in Figure 3.14. Again,

consistent trajectories and instant convergence were observed for different random

initial guesses. The structure becomes recognizable after the second iteration, and

the background becomes more cleared out within 10 iterations. The iteration error

is defined here as the difference between consecutive iterations. This is used because

it is hard to objectively choose a final reference image as the correct solution. The

convergence flattens out near 0.01 due to imperfections in the data which will be

discussed later.

The final reconstruction is the sum of 20 independent RPR outputs with 20 itera-

tions, and oversampled by a factor of 2 to present a smoother reconstruction appear-

ance. As shown in Figure 3.15, most small spheres are resolved, and the resolution is

clearly better than the size of the 90 nm spheres. If we use the half-pitch resolution

here, then it suggest a resolution of 45 nm or better.

Although good statistics are obtained to a q range that correpsond to sub 20 nm
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Figure 3.14: Convergence characterized by decreasing iteration error. The upper
plot shows how five independent runs of the RPR algorithm followed a very repro-
ducible trajectory to convergence. Shown below are the estimates of the polystyrene
distribution at iteration 2, 5 and 10.
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Figure 3.15: Final reconstruction over sampled by a factor of two for a smoother look.
On the right is a magnified view of the reconstructed 90 nm-sphere cluster.

resolution, HIO can not refine the result. We believe the following factors may have

caused imperfections in the data collection. First, the undulator produces a significant

amount of second harmonic photons (about 3%) and the monochromator efficiency

at the second harmonic energy are not significantly lower than the fundamental.

The carbon contamination on the surfaces of the beamline optics further absorbs

photons at the carbon K edge, making the percentage of second harmonics in the

illumination even higher. As a result, the sample illumination was not completely

coherent. Second, a circular symmetric aperture is the worst possible support for

phase retrieval algorithms due to its complete central symmetry which leads to a very

low overdetermination ratio [43]. The attempted HIO refinement initialized with the

RPR output quickly finds the other twin image of the large spheres. As a result,

additional noise and artifacts make the small spheres unrecognizable. Third, from

an image contrast point of view, the 90 nm polystyrene spheres only induce ∼ 5%

absorption at 283.3 eV, a relatively small signal in a bright illumination background

and difficult to pick up out of the iteration uncertainties. The 300 nm spheres on the

other hand lead to 30% absorption, thicker than the thin-sample approximation can

account for. Although simulation shows robustness to relatively thick samples, this

can still cause convergence problems when there are other imperfections in the data

that were not included in the simulation. A more detailed resolution evaluation can
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be found in [11], where the convergence and stability of the reconstructed phase angle

at different q are monitored.

3.5 Polarization dependent MAD imaging

3.5.1 The XMCD effect

There is a plethora of polarization dependent x-ray matter interactions in the soft x-

ray regime near resonances. One notable example is x-ray circular magnetic dichroism

(XMCD): a polarization dependence of atomic absorption and scattering cross section

of x-rays. As shown in Figure 3.16, the plotted optical constant of cobalt at its L3

and L2 edge shows significant differences. A detailed explanation of the origin of

XMCD can be found in [10]. For soft x-ray microscopy, such polarization dependence

provides the contrast mechanism for imaging nanoscale magnetic distributions.

The illustration in Figure 3.17 describes how the magnetic contrast is defined.

The difference between the observation from left and right circularly polarized x-rays

is related to the orientation of the local magnetic moment.

3.5.2 Formalism

For elliptically polarized x-rays in general, let ψ0,+ and ψ0,− be the incident waves for

left and right polarizations, the polarization of the beam can be written as:

P =
|ψ0,+|2 − |ψ0,−|2

|ψ0,+|2 + |ψ0,−|2
(3.23)

In the case of a thin film magnetic sample, the exit wave after the beam passes through

the sample can be written as (detailed derivation in Appendix B.2):(
ψ+(x, y)

ψ−(x, y)

)
=

(√
1 + P 0

0
√
1− P

)(
ψNM(x, y)− [iδM(λ) + βM(λ)]ψM(x, y)

ψNM(x, y) + [iδM(λ) + βM(λ)]ψM(x, y)

)
(3.24)



CHAPTER 3. MAD HOLOGRAPHY 36

770 775 780 785 790 795 800

-6

-4

-2

0

2

4

6

8

10

x 10
-3

δ+
β+
δ-
β-

Energy (eV)

O
p

ti
c
a

l 
C

o
n

s
ta

n
ts

Figure 3.16: Measured optical constants β at the cobalt L resonances for left (orange)
and right polarizations (blue) in solid line and also the calculated dispersion δ in the
respective dashed lines using the Kramers-Kronig relation.

where we have defined βm(λ) = β+(λ) − β−(λ). ψNM describes the illumination and

ψM(x, y) is a function proportional to the magnetization at location (x, y).

The hologram intensity can then be written as the sum of the intensities from the

two independent polarizations.

I(q, λ) = |Ψ+(q, λ)|2 + |Ψ−(q, λ)|2

= |ΨNM|2 + [β2
M(λ) + δ2M(λ)]|ΨM|2

−2P [βM(λ) sin∆φ+ δM(λ) cos∆φ]|ΨNM||ΨM|

(3.25)

We can record a diffraction pattern off-resonance where δM and βM both vanishes:

Ioff = |ΨNM(q)|2, (3.26)
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Figure 3.17: a 1-D illustration of magnetic image contrast. One can think of the
scattering pattern as a sum of the contribution from the left and the right polarization.
On the other hand, one can also consider it a sum of the nonmagnetic and the magnetic
contribution.

and two holograms near the resonance for 100% left and right polarization (P = ±1):

I+ = |ΨNM|2 + [β2
M(λ) + δ2M(λ)]|ΨM|2

− 2[βM(λ) sin∆φ+ δM(λ) cos∆φ]|ΨNM||ΨM|,
(3.27)

and

I− = |ΨNM|2 + [β2
M(λ) + δ2M(λ)]|ΨM|2

+ [βM(λ) sin∆φ+ δM(λ) cos∆φ]|ΨNM||ΨM|,
(3.28)

Again, the three equations provide enough information to calculate the three recipro-

cal space constraints for the RPR algorithm: |ΨNM|, ΨM, and the holographic phase

∆φ. First, |ΨM| can be obtained by the cancelation of the cross terms:

|ΨM| =
(I+ + I−)− 2Ioff

2(β2
M + δ2M)

(3.29)

Symmetry properties can again be used as in the previous case of element specific

MAD holography since we know ψNM(x, y) and ψM(x, y) are both real quantities,
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which makes the following decomposition possible:

I−,sym − I+,sym = 2δM cos∆φ|ΨNM||ΨM|, (3.30a)

I−,asym − I+,asym = 2βM sin∆φ|ΨNM||ΨM| (3.30b)

and thus leads to

cos∆φ =
I−,sym − I+,sym

2δM|ΨNM||ΨM|+ σ
, (3.31a)

sin∆φ =
I−,asym − I+,asym

2βM|ΨNM||ΨM|+ σ
. (3.31b)

By now we have enough information to uniquely determine ∆φ, and perform recon-

struction of the magnetization distribution using the RPR algorithm.

3.5.3 Imaging magnetic stripe domains

Using the theoretical framework established above, we performed an experiment on

imaging the magnetic domains in a Co/Pd multilayer thin film [Co(5Å)/Pd(7Å)]

with 15 repeats deposited on a 100 nm thick Si3N4 membrane [72]. In such metallic

multilayer systems, the interface contribution to the anisotropy dominates the shape

anisotropy. The easy axis of magnetization thus turns perpendicular to the plane.

Stripe shaped perpendicular domains at around 100-200 nm scale form in the film,

making it an ideal system for testing our holography scheme by polarization tuning

at the Co L3 edge. An integrated gold mask is deposited on the other side with a 3

µm diameter aperture fabricated by FIB milling to define the isolated illumination.

Three coherent diffraction patterns were recorded, as shown in Figure 3.18. The

off-resonance diffraction pattern shows only the signature diffraction from a circular

aperture. Near resonance, magnetic scattering can be seen clearly and interferes with

charge scattering. The previously continuous circular ring pattern shows interference

speckles at the q range corresponding to the characteristic width of the magnetic

domains. The two diffraction patterns show distinct speckles. ΨNM, ΨNM, ∆φ are

then calculated. ΨNM is simply the off-resonance measurement (Figure 3.18a). For
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Figure 3.18: The three diffraction patterns used for reconstruction: 765 eV and two
polarizations measured at 776.4 eV.

Figure 3.19: Calculated magnetic scattering amplitude and it’s relative phase with
respect to the charge scattering from the aperture.

ΨNM and ∆φ, only the q range where there were intense magnetic scattering are shown

in Figure 3.19. The values in the other q ranges were too noisy and thus suppressed.

The output from the RPR algorithm is presented in Figure 3.20, showing con-

vergence within 10 iterations. The stripe domain pattern is clearly resolved. The

resolution in this case is better than the stripe domain size of 100 nm. Monitoring

the convergence of the algorithm as a function of q suggests a resolution below 80

nm.



CHAPTER 3. MAD HOLOGRAPHY 40

1st 3rd 5th 10th

Figure 3.20: Output after selected number of iterations showing instant convergence.

3.6 Discussion

MAD holography presents itself as a method whose resolution is in principle not

limited by reference fabrication, as the RPR algorithm reconstructs both the reference

and the object simultaneously. Although it requires recording multiple diffraction

patterns, the positioning of the sample with respect to the beam is not critical,

and the only tuning parameter for taking different diffraction patterns is the x-ray

wavelength. This makes the method robust against micrometer scale vibrations,

whereas Ptychography [51] and Fresnel CDI [56] both require system stability and

reproducibility 3 orders of magnitude higher. Another advantage of utilizing the

resonance effect is that the enhanced cross section makes it possible to pick up even

smaller effects, assuming the resonant element is of interest. For the other scenario

where the resonant component serves as the reference, we all know that holography

benefits greatly from a stronger reference signal. One natural extension would be

to add sample scanning capabilities, or to decouple the resonant and non-resonant

scatterer physically, so the field of view would not be limited to a fixed view aperture

on the object.



Chapter 4

Fourier transform holography and

its variations

This chapter describes x-ray Fourier transform holography (FTH), a single-shot com-

patible x-ray imaging platform that can be potentially used with an x-ray free elec-

tron laser. The first section reviews the concept of Fourier transform holography and

discusses the effect caused by partially coherent illumination. In section 4.1.3, an iter-

ative method to reduce image artifacts caused by the beam stop is described. Section

4.1.4 discusses the possibility of resolution enhancement by phase retrieval algorithms

using holography reconstructions as an initial input. In the following three sections

we discuss the advantages brought by off-axis extended reference structures, includ-

ing reference pin hole arrays in section 4.2, reference slits and structures with sharp

corners in section 4.3, and finally crossed slits in section 4.4. Both the theoretical

framework and experimental demonstrations will be presented. Details of potential

single-shot time-resolved experiments will be discussed in the following chapter.

41
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Figure 4.1: Optical system used to record a lensless Fourier hologram

4.1 X-ray lensless Fourier transform holography

4.1.1 Previous experimental demonstrations

A good historical recount of x-ray holography can be found in [73]. When the idea

of FTH was initially proposed and demonstrated at optical wavelengths, there was

already the clear vision of potential applications using x-rays to achieve nanoscale

and atomic resolution [74, 75, 76, 77]. The method is a direct outcome of the au-

tocorrelation theorem of Fourier transforms. According to the theorem, the Fourier

transform of the measured diffraction intensity yields the autocorrelation of the scat-

tering object:

F−1[|Ψ(p, q)|2] = ψ(x, y) ⋆ ψ(x, y). (4.1)

As a result, if a point scatterer is introduced in the sample plane, and the distance

between the point scatterer and the object of interest is large enough, within the

autocorrelation function of the exit wave a well separated image of the object shows

up: the convolution of the object with the point source. An optical lensless holography

geometry is shown in Figure 4.1. The resolution in such a setup will be determined

by the focal size at the sample plane.
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A few difficulties needed to be overcome before x-rays were able to produce reso-

lution that exceeds their optical counterpart. One problem was that at x-ray wave-

lengths, the fringe spacing became so small that high resolution recording media were

needed to resolve the interference fringes which scaled with the wavelength. Another

problem was the lack of sufficient coherent flux. Of course, creating an x-ray point

source was by no means easy in the early days of x-ray optics fabrication. Helped

by parallel developments in high resolution x-ray detection media, undulator based

x-ray sources, and high resolution x-ray diffractive optics, McNulty et. al. [78] finally

demonstrated significant improvement in resolution using the original geometry as

shown in Figure 4.1, replacing the lens with a Fresnel zone plate to create the bright

point reference. They were able to image another zone plate that was positioned

in the same plane as the focal point of the first zone plate. For the first time the

resolution exceeded what was achievable with an optical microscope at the time.

Later experiments by Eisebitt et. al. [14] and Schlotter et. al. [79] removed the

last lens (Fresnel zone plate) in the imaging system and the method developed into

its current lensless version. Instead of using a Fresnel zone plate to create the point

source, an integrated FTH mask was developed for soft x-ray applications [15]. A

gold film typically 1 µm thick was prepared on the other side of the silicon nitride

membrane on which the sample sits. Micron sized aperture can be fabricated using

focused ion beam(FIB) milling from the gold side to define the viewing window while

the nitride film protects the sample on the other side. A sub-100-nm pin hole can be

milled all the way through the film and the sample in the vicinity of the aperture to

serve as the off axis holographic reference.

Although this procedure adds complications to the sample preparation, it sets up

a flexible single-shot imaging platform that can be used in time-resolved microscopy

experiments using intense pulsed x-ray sources [80, 81, 82]. For synchrotron experi-

ments, another advantage is the way the isolated object is defined by the gold mask.

It eliminates parasitic scattering from inhomogeneities from other portions of the

sample by the absorbing gold mask. The oversampling criterion in the case of holog-

raphy is equivalent to ensuring that the interference fringes due to the interference

between the object and the reference diffraction are well sampled beyond the Nyquist
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frequency.

4.1.2 FTH with partially coherent light

In previous experiments, effort was made to ensure the whole sample is illuminated

coherently. This involves inserting micron-sized pin holes into the beam upstream for

spatial filtering. This can lead to a significant reduction in the x-ray intensity illumi-

nating the sample. Although spatial filtering makes the beam more coherent, a fully

coherent beam remains the statistical perfection not reachable in real experiments.

As a result, a more complete treatment of x-ray FTH needs to take into consideration

the detailed coherence properties of the beam. This will finally provide guidance in

balancing the need for both photon flux and coherence in coherent lensless imaging

experiments.

When the sample is illuminated with partially coherent x-rays, a reduction in the

fringe visibility and speckle contrast is expected. Will this cause the reconstruction

to be completely unreliable or is the effect only a corresponding reduction in image

quality? In this section, we try to answer this question under the framework of the

propagation of mutual intensity, and show that other than a reduced signal strength,

the FTH reconstruction is not influenced by the reduction of beam coherence. This is

in contrast with the failure of convergence for iterative phase retrieval methods unless

detailed knowledge of the coherence of the beam is known and special algorithmic

treatment is applied [27, 83].

Let’s start with the more complete description of light and its propagation: the

mutual coherence function [84]. It is also called the mutual intensity, defined as

J(r1, r2, τ) = ⟨ψ(r1, t1)ψ∗(r2, t2)⟩. (4.2)

Mutual intensity describes the correlation of an electromagnetic field ψ(r, t) at posi-

tions r1 and r2, separated in time by τ , assuming that the field is stationary. For the

quasi-monochromatic case, the mutual intensity is more or less independent of τ . We

limit our discussion here for the cases when τ = 0, and focus on the spatial coherence

problem.
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In the diffractive imaging scenario, the mutual intensity propagates from the sam-

ple plane z = 0 to plane z = D. This propagation is described by Zernike’s propaga-

tion law for the mutual intensity:

J(r1, r2) =

(
k

2π

)2 ∫∫
J(r′1, r

′
2)
eik(R2−R1)

R2R1

dr′1 dr
′
2. (4.3)

Note that in the special case when r1 = r2, J(r1, r2) reduces to the stationary field

intensity I(r1). At the detector plane, under the paraxial approximation, the intensity

can be written as:

I(p, q) =
k2

4π2D2

∫∫
dx1dy1

∫∫
dx2dy2e

−ip(x2−x1)−iq(y2−y1)J(x1, y1, x2, y2) (4.4)

If we assume the beam has a Guassian coherence function with coherent length

ℓc, the mutual intensity at the sample plane can be written as

J(x1, y1, x2, y2) = ψ(x1, y1)ψ
∗(x2, y2) exp

[
−(x1 − x2)

2 − (y1 − y2)
2

2ℓ2c

]
. (4.5)

Some rearrangement of notations leads to

I(p, q) =

∫∫
dhdle−i(ph+ql)e−(h2+l2)/2ℓ2c

∫∫
dxdyψ(x, y)ψ∗(x+ h, y + l)

=

∫∫
dhdle−i(ph+ql)[e−(h2+l2)/2ℓ2c ψ ⋆ ψ],

(4.6)

where we have replaced x1 with x and x2 = x+ h, and the same for the y dimension.

The Fourier transform of the measured intensity can thus be written as:

F−1[I(p, q)] = e−(h2+l2)/2ℓ2c [ψ ⊗ ψ] (4.7)

This indicates a reduction of the strength of the cross correlation term by a factor

of e−(x2
0+y20)/2ℓ

2
c , where (x0, y0) is the offset between the object and the reference pin

hole.

Another factor that can lead to a similar reduction in hologram fringe visibility



CHAPTER 4. FOURIER HOLOGRAPHY 46

is the resolving power of the detector. Although the soft x-ray CCD detector we are

using has a low enough noise floor for single photon detection, each single photon

event can spread over more than one pixel. This blurring of single photon events will

reduce fringe visibility dramatically when the hologram has small fringe spacings,

e.g., 2 to 3 pixels.

4.1.3 Iterative low q recovery

In most experimental scenarios, the low q part of the diffraction pattern can not

be recorded. The main reason is the overlap of the low q scattering with the non-

scattered part of the direct beam which can be much more intense and may also

have a finite divergence. In the single-shot scenario that will be discussed in the next

chapter, a compromise between the limited dynamic range of the detectors and the

high-dynamic-range nature of most diffraction patterns has to be made (see Figure

5.7). Experimentally, this is implemented with either a beamstop blocking the direct

beam, or more recently by having custom designed detectors that have holes in the

center to let the direct beam pass through. In either case, the missing data will bring

artifact to the reconstructed image and a common practice is to apply a high pass filter

for artifacts suppression. Unfortunately this prevents quantitative characterization of

the object.

In iterative phase retrieval, the missing portion of the diffraction intensity can be

allowed to freely evolve and may be well interpolated when only the central speckle

is missing [85]. We apply the same method to the Fourier transform hologram, us-

ing an iterative algorithm like the error-reduction routine discussed in Chapter 2 to

interpolate the missing data. Equation 4.8 describes the iterative routine where In

denotes the output from the nth iteration, S denotes the set of pixels (u, v) where a

good measurement of I(u, v) has already been obtained by the experiment.

In+1(u, v) =

In(u, v) (u, v) ∈ S

F[ s(x, y) · [F−1[In(u, v)]] ] (u, v) /∈ S
(4.8)

For the pixels (u, v) where the data is missing, a support constraint s(x, y) is applied
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Figure 4.2: Left: SEM images of the sample. The objects are 18 nm iron/iron oxide
nanocubes evenly dispersed on a silicon nitride substrate with about 50% coverage.
The circle in the lower image indicate the 1.2 µm circular aperture mask on the other
side. Right: the recorded hologram. The shadow of the beamstop at the center of the
diffraction pattern and the supporting tungsten wire crossing horizontally the whole
frame are clearly visible.

to the Fourier transform of In(u, v), to suppress the intensities in regions of the

autocorrelation based on the a priori knowledge of the sample mask.

The iterative low q recovery algorithm proves to be very effective when the missing

data is limited to the central speckle. As shown in Figure 4.2, we recorded a Fourier

hologram trying to image iron/iron oxide nanocube clusters. The gold mask contained

one 1.2 µm diameter aperture and two 40 nm reference holes. The direct Fourier

transform of the hologram, as shown in Figure 4.3 a, was dominated by ripples caused

by the central missing intensity. An Airy disc fit to replace the missing data reduced

the ripples enough to make the aperture and the nanocube clusters visible (Figure

4.3 b), though the image still overlapped with a very non-even background. By

applying the low q recovery algorithm to the central beamstop region, the circular
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a b

c d

Figure 4.3: Stepwise application of the low q recovery algorithm showing improving
results: a. Direct Fourier transform of the recorded data. b. Fourier transform after
Airy disc fitting of the missing data. c. After iterative recovery of the beamstop
region. d. After additional iterative recovery of the beamstop wire.
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Figure 4.4: Imaging the SSRL BL13-3 logo sample with 100+ nm reference holes.
HIO algorithm was used to produce resolution beyond what was determined by the
reference hole size. Scale bar in the reconstruction on the lower right was 1 µm.

ripples were eliminated (Figure 4.3 c). The remaining vertical stripes came from the

shadow of the 13.5 µm tungsten wire that was used to support the beamstop. By

removing those pixels from S, a clean reconstruction was finally obtained, as shown

in Figure 4.3. The image contrast agreed well with what was expected of the resonant

absorption from 18 nm of iron.

4.1.4 Improving FTH reconstructions with phase retrieval

It was generally believed that the reconstruction using FTH whose resolution is lim-

ited by the size of the reference pin hole, serves as an excellent initial guess for iterative

phase retrieval algorithm to improve the resolution [81]. Our experiments with a few

test samples show limited improvements. Shown in Figure 4.4 on its left is diffraction

pattern obtained from a binary pattern milled using a focused ion beam on a gold

mask. The reference holes used in this case are around 110-130 nm. Using the FTH

result as an initial guess, we were able to obtain a resolution of 50 nm within 100
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iterations, compared with the expected FTH resolution of 80 nm.

Figure 4.5: The diffraction pattern recorded from another nanoparticle sample that
had very good statistics at high q. Magnified high q interference fringes shown on the
right.

In another test, an iron/iron oxide nanocube sample with an FTH mask was

used again, with two 30 nm reference holes. These were objects with lower contrast

and smaller reference holes. We collected good statistics up to the q range that

corresponded to sub-10 nm resolution, shown in Figure 4.1.4. However, no visible

improvements were observed. In most trials the algorithm tends to wander off from

the FTH solution and the initial pattern of the nanoparticles became completely un-

recognizable. We believe the references are too weak to prevent the algorithm from

falling into the twin image problem caused by the remaining central symmetric circu-

lar support. Experimental imperfections like partial coherence of the illumination and

the small amount of higher harmonics in the beam can also confuse the algorithm.

A detailed comparison between the sensitivity and SNR of FTH and phase retrieval

algorithms is much needed for high resolution applications.
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Figure 4.6: Left: lay out of an FTH mask with 15 reference holes. Right: the
corresponding autocorrelation function of the mask displayed in log scale.

4.2 Extended reference I: coded aperture

In FTH, to achieve higher resolution requires smaller reference pin holes, which in

turn reduces the SNR of the image. Multiple reference hole FTH [79] was developed

to compensate for the reduction. Samples with as many as 15 references holes were

fabricated by strategically placing the references holes to avoid overlap, as shown in

Figure 4.6. However, in order to avoid overlap of cross correlations, the reference

holes need to be placed further away from the aperture as the number of reference

holes increased. As a result, better transverse coherence is needed to illuminate the

whole structure. At the same time, the detector needs to be placed further away from

the sample to allow a larger field of view, thus reducing the pixel resolution of the

imaging system.

Another approach is to allow the individual cross correlations to overlap, and

perform deconvolution afterwards based on the knowledge of the placement of the

multiple pin hole references. There is an even smarter way to arrange multiple ref-

erence pin holes, using a special pattern called uniformly redundant array (URA).
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Initially developed in the 70’s [86], the method was recently demonstrated in an the

x-ray imaging experiment [87]. This section briefly reviews the mathematical formal-

ism of URAs.

If we replace the reference pin hole in FTH with an array of references pin holes

denoted here by a(x, y) and perform the FTH, we obtain the cross correlation term:

p(x, y) = o(x, y) ⋆ a(x, y), (4.9)

assuming different terms in the autocorrelation are well separated. Given that a(x, y)

is known, a deconvolution can be performed using the convolution theorem of Fourier

transform:

ô(x, y) = F

{
F−1[p(x, y)]

A(u, v) + σ(u, v)

}
, (4.10)

where the Wiener filtering parameter σ(u, v) can help reduce the effect of divergence

caused by the zero crossings of A(u, v), which is the Fourier transform of a(x, y).

Equivalently, if we can find another decoding function g(x, y), such that a(x, y) ⋆

g(x, y) is a δ-like function with very small spread, then a reconstruction can be ob-

tained by calculating the convolution of the measured crosscorrelation and the de-

coding function.

ô(x, y) = [o(x, y) ⋆ a(x, y)] ⋆ g(x, y) = o(x, y) ⋆ [a(x, y) ⋆ g(x, y)]. (4.11)

This means a(x, y)⋆g(x, y) is the point spread function (PSF) of the imaging system.

One type of such aperture arrangement that has been used in the experiments are

the twin prime URAs. They are generated based on a pair of twin prime numbers.

Examples are shown in Figure 4.7.

One of the main difficulties for this method is the fabrication of the URAs. For

example, in the case of discrete URAs, to minimize the side lobes in the PSF, the

array needs to be precisely fabricated. Each element must be not only positioned

accurately but also be identical in terms of the total scattering cross section. We

have tried to use the FIB to fabricate pin hole arrays. It turns out to be extremely

difficult to produce arrays of high aspect ratio small pinholes identical in size below
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Figure 4.7: Left: a perfect 73×71 twin-prime URA. Middle: Discrete 43×41 twin-
prime URA which is much easier to fabricate. Right: electron micrograph of a discrete
31×29 twin-prime URA pattern milled with FIB through a nitride membrane, each
aperture is ∼ 60 nm in size. Field of view 9µm×9µm.

100 nm, due to inhomogeneities within the gold film made by magnetron sputter

deposition. Electron beam lithography as implemented in [87] proved more effective

in making such structures. Scaling down the size of URA resolution elements and to

achieve higher resolution remains a challenge.

4.3 Extended reference structures II: differential

holographic encoding

4.3.1 Concept and motivation

S. G. Podorov [88] first proposed to use the corner of a rectangular window that

defines the field of view as the holographic reference. The method was generalized

by M. Guizar-Sicairos and J. R. Fienup into the framework of holography with ex-

tended reference by autocorrelation linear differential operation (HERALDO) [89].

They suggested that the sharp corners and edges of an extended reference structure

can serve as a good holographic reference for lensless imaging. One advantage that

was initially proposed is that using the same nanofabrication process, it is easier to

make features that have a sharp edges response compared to making small reference
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Figure 4.8: Conceptual comparison of the PSF of HERALDO with previous methods.
Linear differential operation extracts the sharp edge response which in turn delivers
higher resolution.

features as is required in FTH using a point reference or URAs. This is schematically

illustrated in Figure 4.8.

In this method, the image is differentially encoded in the autocorrelation function

of the exit wave. Assuming g(i, j) is the autocorrelation function of a sample that has

a line-shaped reference aligned with the detector pixel grid, then the reconstruction

process can be expressed as:

f(i, j) = g(i+ 1, j)− g(i, j). (4.12)

This resembles the idea of using a knife edge to scan the beam focus profile, which is

able to deliver quite high resolution information about the shape of the beam despite

the very crude method used to make these knife edges.

4.3.2 Formalism

This section introduces briefly the general mathematical formalism for HERALDO.

More details can be found in [89]. Consider the general exit wave in the sample plane

f(x, y) = o(x, y) + r(x, y), (4.13)
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where o and r denote the object and the reference portion of exit wave respectively.

Assume we choose r(x, y) with the property:

L(n) {r(x, y)} =
∑
i

Aid(x− xi, y − yi) (4.14)

where d(x,y) denotes a δ(x, y)-like function, and L(n) represents a nth order linear

differential operator. The Fourier transform of the recorded diffraction intensity:

F(−1)[I(X,Y )] = f ⋆ f = o ⋆ o∗ + r ⋆ r∗ + o∗ ⋆ r + o ⋆ r∗, (4.15)

being applied the linear differential operator L(n), leads to

L(n) {(f ⋆ f)} =L(n) {o ⋆ o+ r ⋆ r}

+ (−1)nAo(x+ xi, y + yi)⊗
∑
i

d∗(x, y)

+ Ao∗(x− xi, y − yi)⊗
∑
i

d(x, y).

(4.16)

Provided that the points (xi, yi) are well separated,

(−1)n o(x+ xi, y + yi)⊗
∑
i

d∗(x, y) + o∗(x− xi, y − yi)⊗
∑
i

d(x, y)

can become non-overlapping reconstructions of the object. The detailed classification

of the reference structures was also discussed in [89]. Here we present two typical

examples: lines and corners, that are used in the experiments we describe later.

For a single line shaped reference, as shown in Figure 4.9, the two ends serve as

two point references after taking the derivative along the line. They are of different

signs so the two images obtained will have inversed image contrast with respect to

each other. In the ideal situation, the width of the line determines the resolution

in the direction perpendicular to the line while the edge sharpness determines the

resolution along the line.

When the reference has the shape of a corner, as shown in Figure 4.10, two

derivatives along the two corner edge directions need to be applied, in order to obtain a
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Figure 4.9: The point spread function of a single slit as the HERALDO refrence. Top:
the line shaped reference structure. Bottom: its HERALDO PSF, after a derivative
along the direction of the line.

Figure 4.10: The point spread function of a right angle corner as the HERALDO
reference. Left: an image of the corner. Middle: after a derivative in the horizontal
direction. Right: after another derivative along the vertical direction.

δ-like PSF. An ideal corner as shown would give resolution in both x and y determined

by the edge response. However, a real corner made by nanofabrication usually has

a small radius and large aspect ratio that makes general analysis difficult. We will

discuss later in one of the experimental demonstrations how this can be used as an

advantage.
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4.3.3 Experimental demonstrations

Following the theoretical generalization, Guizar et. al. [90] reported an optical demon-

stration of the HERALDO method using a He-Ne laser. To further investigate

whether HERALDO is capable of delivering superior resolution in the x-ray regime,

we performed a series of soft x-ray experiments at SSRL. Two experiments in partic-

ular [16] have revealed a few interesting properties of the new method.

FFT

Lin. Diff. Operation

Figure 4.11: HERALDO imaging in three steps: 1. Collect coherent diffraction
pattern from the sample. 2. Obtain the autocorrelation of the sample by Fourier
transforming the diffraction pattern (absolute value shown in gray scale). 3. Apply
the linear differential operation to obtain the reconstruction (real part shown in gray
scale).

In the first experiment, using a high contrast “Swiss cheese” pattern as the object,

shown in Figure 4.11, we demonstrate that HERALDO can deliver sharper images

than FTH, without compromising SNR. The object and the reference in this case were

fabricated with FIB on a 200 nm thick silicon nitride window. The reference structures

chosen in this case were an “L” shaped slit and a small pinhole for comparison with

FTH. We have observed that the size of the reference pinhole fabricated with FIB is
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very sensitive to the milling conditions and the inhomogeneities within the gold film.

As a result, the dose array shows a significant size distribution. A series of identical

samples were fabricated according to the dose array and with some variation in ion

beam doses for the pinhole reference. The width of slits seemed to be relatively easy

to control and we stopped the milling before penetrating the nitride film. There are

slight variations in the line width along the slits. We chose the sample that had the

smallest reference pin hole (∼ 40 nm) among a batch of samples that was fabricated

at the same time. The width of the “L” shaped slit showed a consistent width of ∼
20 nm. We have the general feeling that it was easier to fabricate narrow slits as the

HERALDO reference structures compared to pinholes and pinhole array.

Coherent diffraction patterns were obtained using 650 eV (1.9 nm) x-ray illumi-

nation. The detector was positioned 240 mm from the sample. A ∼ 1.1 mm diameter

beamstop was used to block the central region of approximately 60 pixels in diame-

ter. Reconstructions can be obtained from each end of the L-shaped slit individually

by applying a single directional derivative along either arm of the “L”, a first order

linear differential operation. This yields two reconstructions with higher resolution

than FTH but with reduced SNR due to the narrower slits being weaker references.

If we apply both derivatives at the same time, three very clean relief images of the

object can be obtained. This procedure also provides a much stronger suppression

of the artifacts due to the beamstop. The problem is then reduced to finding an

object that can reproduce all three relief images, or directional derivatives (at 0, 45,

90 degrees). This is a well studied problem for wavefront reconstruction from Shack-

Hartmann measurements. For reconstruction we generalized the technique for phase

reconstruction which was used in digital sheering laser interferometry to complex-

valued objects. This leads to a robust reconstruction that achieves the same level

of SNR as FTH with improved resolution. The results are shown in Figure 4.12 d,

compared with the FTH reconstruction shown in Figure 4.12 b. A closer look at the

resolution improvement are shown in Figure 4.13.

The resolution of HERALDO can be further extended beyond the reference fab-

rication limit by combining images obtained from independent sharp features on a

single extended reference through a non-iterative computation. We demonstrated this
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Figure 4.12: “Cheese” sample reconstructions: a. SEM overview (1 µm scale bar). b.
FTH reconstruction, with the real part shown on top and the imaginary part below.
c The three relief images obtained by applying the second order differential operator.
d. final HERALDO reconstruction from c.

capability by imaging iron/iron oxide nanocubes [91] using a triangular reference, as

shown on the left of Figure 4.14. The sample contained nanocubes 18 nm in size

dispersed on a silicon nitride membrane with ∼ 50% coverage. The other side of the

nitride membrane was coated with a 1 µm thick gold film. A 900 nm × 900 nm square

aperture defined the viewing window. The reference triangle was milled through the

sample. The hologram was recorded on the iron L3 resonance (708 eV, or 1.76 nm

wavelength, see Figure 4.14) with a camera-sample distance of 150 mm. Total ex-

posure time was 20 minutes. Three reconstructions can be calculated for individual

corners instantly, shown in Figure 4.15.

The corners of the triangle in reality always have a finite curvature determined
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Figure 4.13: Resolution comparison between FTH and HERALDO: Left: real part
of the FTH reconstruction with magnified view of the lower right part (200 nm scale
bar). Right: real part of the HERALDO reconstruction with the same magnified view
(200 nm scale bar). The resolution improvement is clear and the two reconstructions
shows comparable SNR.

by the FIB radius. They scatter photons preferentially along different directions,

sampling the frequency spectrum of the object with high SNR in complementary

regions. We therefore expect the images reconstructed from each corner to have higher

resolution along different directions. A composite image of higher overall resolution

can be obtained by combining the three images using a multi-frame Yaroslavsky-

Caulfield filter [92], a summation in Fourier space that is weighted by the frequency-

dependent SNR of the images. We use this filter for noise regularization only, since a

good estimate of the PSF (necessary for deconvolution) is not available. The combined

result shows a significant improvement of the reconstruction resolution beyond the

reference fabrication limitation, resolving single-particle rows and gaps, as shown in

Figure 4.15. The resolution determined by line cuts at the edge of different nanocube

clusters is 16 nm or better, an example of which is shown in Figure 4.17 c.

The HERALDO reconstruction provided a good support constraint for performing
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Figure 4.14: Left: SEM image of the sample that is composed of a square object
window and a triangular reference. Right: recorded and summed diffraction pattern
shown in log scale.

Figure 4.15: Images obtain from three corners are combined to obtain a much im-
proved picture.
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Figure 4.16: Simulated point spread function of the individual corners that has a
small curvature. One can see that the PSF from each corner is like a slit oriented in
different directions.

phase retrieval using an iterative transform algorithm (ITA) [7] on the same coher-

ent scattering data. For the reconstruction, every 45 hybrid-input-output iterations

followed by 5 iterations of error reduction were repeated 20 times, for a total of 1000

iterations. We used an expanding weighting function on the measured data, as de-

scribed in [93, 94]. The algorithm was allowed to freely interpolate the data occluded

by the beam stop and we used Fourier weighted projections [94] on the pixels with

values less than zero after background subtraction. Ten reconstructions from random

starting guesses were registered (sub-pixel translation [95] and defocus) and averaged

for the final image shown in Figure 4.17 b. The best focus position was set for optimal

nanocube contrast.

The resolution is determined by the line cut that is indicated in Figure 4.17 b.

10-90% criterion indicates a resolution of 24 nm. This resolution corresponds to the

phase retrieval transfer function as defined in [38] being cutoff at 60%. For this exper-

iment, HERALDO achieved higher resolution while phase retrieval algorithms were

able to recover the low frequency information that was lost due to the beamstop.

Notice that in the outer region of the measured diffraction pattern, where the high

resolution information resides, the SNR can be too low for the phase to be consistently
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recovered by phase retrieval. However, the fringe contrast remains distinguishable,

which we believe allows the phase of the object wave to be recovered deterministi-

cally by holography up to a higher q range. There is evidence that, with significant

longer exposure, ITA can improve on the resolution obtained by holography [81],

while holography itself works surprisingly well with a very small number of scattered

photons [79].

a. HERALDO b. ITA c. line profile

Figure 4.17: Comparison with phase retrieval method. a. HERALDO reconstruction,
b. ITA result. c. Comparison of line cut profiles as indicated in b. for HERALDO
(circles, solid lin fitting) and c. for ITA(crosses, dashed line fitting). HERALDO
reconstruction gives 16 nm resolution according to the 10-90% critierion compared
with 24 nm for ITA.

We further compared the HERALDO results with the images obtained with state-

of-the-art zone plate based soft x-ray imaging instruments using also resonant soft

x-rays at Fe L3 resonance. Figure 4.18 c is a scanning transmission x-ray microscope

(STXM) [64] image obtained at the Advanced Light Source (ALS) BL 11.0.2 with a

20 nm focusing zone plate. The scan used a 7 nm step size and a total x-ray exposure

time of 15 minutes. As expected, the STXM proves to be better at preserving the

overall contrast. The image resolution in this case is limited by vibrations, and by

stage and beam intensity drifts between each line scan, which can be seen from the

diagonal streaks in the image. Figure 4.18 d was obtained with the full field trans-

mission x-ray microscope (TXM) XM1 at ALS BL 6.1.2 [62, 63] using a 25 nm zone

plate as the high resolution objective lens. Five images of 1.2 second exposure were
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a. SEM (inv. contrast) b. HERALDO

c. STXM

200 nm

d. TXM

Figure 4.18: Comparison with methods. a. SEM image with the contrast inverted
for easier comparison. b. HERALDO reconstruction, c. STXM image, scanning
direction indicated by arrow. d. TXM image.

averaged for the final image. The higher noise level of the TXM image was a conse-

quence of the shorter exposure time. In comparison, while zone plate based methods

represent a more general and versatile class of microscopy techniques, HERALDO

clearly provides a single shot compatible imaging platform that is capable of deliv-

ering superior resolution, and at the same time allows the study of non-repeatable

dynamic processes using x-ray pulses generated by X-FELs.
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4.4 Extended reference structures III: reconstruc-

tion through differential and integral opera-

tions

4.4.1 Concept and formalism

This idea started from whether one could use a pair of crossing carbon nanotubes to

serve as the holographic reference. We found that this can be achieved, and it leads

to a more generalized form of reference structures r(x, y) that has the property

L(n) {r(x, y)} = AD(m) {d(x− x0, y − y0} (4.17)

where d(x, y) denotes a δ-like function, A is a complex-valued constant, and L(n),

D(m) are linear differential operators of order n and m, respectively. Applying L(n)

to the autocorrelation can thus lead to:

L(n) {f ⋆ f} =Ln {o ⋆ o}+ Ln {r ⋆ r}

+ (−1)nA∗Dm {o(x+ x0, y + y0)⊗ d∗(−x,−y)}

+ ADm {o(x− x0, y − y0)⊗ d(x, y)} .

(4.18)

We can then apply D(−m){·}, i.e., an integral operator, to recover the image o(x +

x0, y+y0)⊗d∗(−x,−y). Figure 4.19 illustrates the idea using a pair of perpendicular

partially opaque wires as an example. The transmittance initially looks like four cor-

ners closely packed together. Performing two derivatives in the vertical and horizontal

direction produces 4 spots: two positive and two negative. If we integrate along the

directions along which the derivatives were just performed, we end up with the PSF

of our imaging system using the crossing as the point reference.
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Figure 4.19: Left: Transmittance of a pair of wires crossing at 90◦. Middle: Applying
∂x∂y to the transmittance yields four δ functions, two positive (red) and two negative
(blue). Right: With the integral operation

∫∫
dxdy, we obtain the PSF from the two

crossing wires.

4.4.2 Experimental demonstration

We performed a proof of principle experiment was performed at SSRL BL13-3. The

object 1 and a crossed-slits reference were fabricated using a focused ion beam on a

200 nm gold film supported by a silicon nitride membrane, as shown in Figure 4.20.

The sample was illuminated with 650 eV (λ ≈ 1.9 nm) spatially coherent x-ray beam.

The 1024×1024 diffraction pattern was obtained with an accumulated exposure time

of 100 seconds. The detector was placed 150 mm from the sample and a 1.1 mm

diameter beamstop was used.

As shown in Figure 4.20, after a slight rotation of the diffraction pattern to align

the reference scattering streaks to the detector array axis, we computed the Fourier

transform which is the autocorrelation of the exit wave as shown in Figure 4.21.

The overall effect of differentiating and then integrating again is equivalent to

removing constant values from each column and row. The detailed description of

the procedure can be found in [17]. The real part of the reconstruction is shown in

Figure 4.22, together with the SEM image for comparison. The resolution (∼ 30 nm)

was set by the width of the slits. The image looks high-passed, due to the missing

information blocked by the beamstop, but almost all details in the SEM image can

be found in the reconstruction.

1Ancient Chinese character for “elephant”, which later inherited the meaning of “image” through
phonetic connection.
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Figure 4.20: Schematics of the experiment performed at SSRL. Diffraction pattern
shown in log scale, color bar indicates the corresponding accumulated photon counts.

While reconstruction of a binary object serves as a good proof of principle demon-

stration, experiments using more general object with a variety of contrast will be an

important next step to examine the sensitivity of this method.
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Figure 4.21: Autocorrelation of the exit wave. The magnified view on the right is the
region used for the final reconstruction.

Figure 4.22: Left: SEM image of the sample. Right: real part of the reconstruction.
Scale bar correspond to 1 µm.



Chapter 5

Towards time-resolved single-shot

x-ray holography

electron

spin

lattice

delay

Laser Excitation

X-ray Imaging

Figure 5.1: An illustration of the experiment being planned for July at LCLS trying
to disentangle of the mystery of ultrafast demagnetization

The pulsed nature of modern accelerator-based x-ray sources made it possible to

study fast dynamics at interatomic length scale using the pump-probe method. X-ray

holography will benefit greatly from not only the increasing brightness of the source,

but also the perfect coherence of a laser. It serves as a very competitive single-shot

69
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compatible microscopy platform for time-resolved studies, thanks to its simple setup

and amazing sensitivity [14, 79]. We are preparing for experiments at LCLS that inte-

grate the holographic imaging method and the pump-probe technique, as illustrated

in Figure 5.1, to tackle the mystery of ultrafast demagnetization [96, 97], currently

a topic under debate on how energy and angular momentum can be exchanged so

rapidly between the spin, the electron, and the lattice systems in magnetic materi-

als, the corner stone of modern mass data storage technology. In this chapter we

will discuss a few technical issues as we get ready for the time-resolved single-shot

holographic imaging experiment.

5.1 Pump-probe experiments using pulsed x-ray

sources

The x-ray generated by the relativistic electron bunches circling around the storage

ring is a pulse train typically composed of picosecond x-ray pulses separated by a

few nanoseconds. Take BL13 at SSRL as an example, the pulse train coming out

of the undulator has about 50 ps pulse width and 2 ns pulse-to-pulse separation.

Although most synchrotron experiments treat the x-ray as a continuous light source,

the peculiar time structure of the source has drawn a lot of interest in extending

the spectroscopy and high-spatial-resolving capability of x-rays into the time domain:

studying electronic and structural dynamics by pump-probe experiments. A method

called “slicing” was even able to pick out a femtosecond “time slice”, making sub

picosecond time resolution possible [98]. In those pump-probe experiments, a large

number of repeating event sequences excited by a fast “pumping” mechanism are

probed by a synchronized “probing” x-ray pulse train. Statistical information can be

then drawn from such measurements to map out how the configuration of the sample

system evolves after the excitation.

The repeating pump-probe paradigm is necessary for two main reasons. First,

each individual x-ray pulse from a synchrotron source contains very few photons. In

order to get the desired beam property, e. g. monochromaticity for spectroscopy,
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Figure 5.2: Schematics of a pump-probe experiment at BL13-3 SSRL using the special
4-bunch mode, utilizing the synchronized laser and x-ray pulse sequence to perform
time-resolved coherent scattering experiment.

proper focusing for smaller beam spot size, better coherence, shorter pulses, all these

properties come at the price of further reduction of photon flux. For example, in

the case of the time resolved spin-injection experiment using the STXM [99] at the

Advanced Light Source, the final pulse train arriving at the sample contains a few

photons per pulse. Second, a lot of experiments are chasing after minute effects with

cross-sections on the order of 10−5 to even 10−9, making the signal from an individual

event too weak to pick up. As a result, millions of repeating events are usually

required to build up enough statistics to shine light on the physical processes being

studied.

FEL based 4th-generation x-ray sources promise to deliver 1013 photons in a single

pulse with a pulse length of 100 fs or even shorter. For some experiments, this

can be enough photons to produce physically meaningful information with a single

shot. For x-ray coherent imaging and holography experiments, the good news is

the full transverse coherence of a laser beam. There is no need to resort to spatial

filtering to gain coherence as required at a synchrotron source. There, spatial filtering

cuts down the photon fluence significantly. In principle, the amount of coherent

photons produced in a few minutes from a typical coherent scattering beamline at
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a synchrotron, the X-FEL can deliver all within one single femtosecond pulse. As

already shown by Chapman et al at FLASH, enough statistics can be obtained from

a single UVU pulse on a test imaging sample, that leads to a convincing image

reconstruction [30, 100]. By combining the pump-probe technique and single-shot

lensless holographic imaging, we will have the unique opportunity to obtain a sequence

of images about, e. g., the evolution of magnetization in magnetic thin films after the

excitation by a femtosecond laser pulse. Recent developments on x-ray split-delay

mechanisms even open the door for x-ray pump x-ray probe experiments [101, 102].

5.2 Magnetic imaging with linearly polarized x-

ray sources

The recently commissioned Linac Coherent Light Source (LCLS) [18] delivers only

linearly polarized x-rays. There are plans to have an elliptically polarized undulator

as an optional insertion device to provide polarization tunability. However, this will

not be available for another year or two. As discussed in the previous chapter, for

lensless imaging experiments, the interference term vanishes when P = 0 (Equation

3.25), and the diffraction intensity will only contain two independent contributions:

I(q, λ) = |ΨNM|2 + [β2
M(λ) + δ2M(λ)]|ΨM|2. (5.1)

In order to bring back the interference term, we need to build a circular polarizer

for soft x-rays. In this section, I will discuss the operation principles of the resonant

polarizer and how it can be optimized. The possibility and limitations of resonant

phase retrieval using linearly polarized light will also be discussed.

5.2.1 Holography with a circular polarizer

The working mechanism of the resonant circular polarizer is based on the XMCD

effect: using a thin film that absorbs more of one polarization than the other. Since

the XMCD effect is a spectroscopic feature of magnetic atoms, it limits the polarizer
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Figure 5.3: Schematics of the experimental setup using a uniformly magnetized thin
film as the x-ray resonant polarizer.

to a single optimum wavelength. Identical materials must be used for the polarizer

as the sample. In our planned experiment as an example, the cobalt XMCD effect

produces both the polarizing effect of the polarizer, and the contrast mechanism for

Fourier holography.

We plan to use a in-plane fully magnetized thin Co film as the polarizer, as shown

in Figure 5.3. When the film is rotated from normal x-ray incidence by an angle

θ, the magnetization of the film will have a component along the beam propagation

direction. The transmission for the two circular polarizations can be written as:

t+(d, θ) = e−
4πdβm sin θ

λ cos θ e−
4πdβc
λ cos θ

t−(d, θ) = e
4πdβm sin θ

λ cos θ e−
4πdβc
λ cos θ

(5.2)

For linearly polarized incident beam, the output polarization of the polarizer can be

calculated:

P (d, θ) =
exp

(
4πdβm sin θ

λ cos θ

)
− exp

(
−4πdβm sin θ

λ cos θ

)
exp

(
4πdβm sin θ

λ cos θ

)
+ exp

(
−4πdβm sin θ

λ cos θ

) = tanh

(
4πdβm sin θ

λ cos θ

)
. (5.3)

Figure 5.4 shows the measured transmission and output polarization of a prototype

50 nm polarizer as a function of incident angle. By fitting the curves to Equation

5.2 and 5.3, a more accurate estimation of the absorptive optical constant at Co L3

resonance can be obtained: β+ = 0.0057, β− = 0.0032. Based on this calibration,

the performance of the polarizer can be established for different film thicknesses and
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Figure 5.4: Characterization of a uniformly magnetized 50 nm Co thin film polarizer
at SSRL
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Figure 5.5: Output polarization and total transmission of Co thin film polarizers as
a function of the film thickness and beam incident angle. The color scale covers from
0 (blue) to 100% (red) for both polarization and transmission.

beam incident angles, as plotted in Figure 5.5.

Ideally, the signal scales as the polarization P while the photon shot noise scales

as the square root of the photon flux
√
I. Assuming the figure of merit for Fourier

holography is proportional to the SNR, the performance of the polarizer as a function

of filter thickness and incident angles can be mapped out, as shown in Figure 5.6.

The result speaks in favor of thinner films and larger x-ray incident angle. This is not

surprising as larger angles lead to a larger magnetization component along the beam

propagation direction. The ideal polarizer would be a pure Co film perpendicularly

magnetized. However, the field required to saturate the magnetization along the

film’s hard axis was unpractically high given the limited space for instrumentation.

Going to larger angles also requires larger Co films and stronger magnets. Based on
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Figure 5.6: Figure of merit as a function of filter thickness and beam incident angle.

these considerations, the final design of the polarizer will feature a 40 nm thick Co

film. A pair of permanent magnets will be used to provide a magnetic field about

1 Tesla, which keeps the magnetization in plane all the time. The largest incident

angle without severely clipping the FEL beam is 60 degrees.

Beam damage of the polarizer will be another issue that needs to be considered.

Beam size at the position where the filter will be installed is about 2 mm×2 mm. the

total photon flux after the monochrometer will be below 1012, which leads to around

2×105 photons·µm−2 on the film. This can lead to a temperature increase of as much

as 200 K. It needs to be confirmed by experiment whether flux like this can lead to

changes in the magnetic property of the Co film. Long term thermal effects such as

fatigue-caused membrane cracking certainly needs to be monitored constantly. Very

likely each polarizer will only have a limited life time.

5.2.2 Resonant phase retrieval

The diffraction intensity of a magnetic sample, as written in Equation 5.1, is composed

of the magnetic and nonmagnetic contributions. The two contributions superimpose

in their intensity rather than amplitude, because just like left and right polarized

light do not interfere with each other, the magnetic and non-magnetic contributions

are just another orthogonal decomposition of the scattered wave. In other words,

the diffraction pattern is actually the sum of two independent coherent diffraction
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intensities. As a result, standard phase retrieval algorithms will not be able to obtain

a reconstruction.

At an X-FEL, one way to separate the two contributions is to first attenuate the

x-ray pulse and collect an average diffraction pattern in front of the resonance, where

δM and βM are both 0. This should be the nonmagnetic contribution |ΨNM(u, v)|2,
which can be used later as a background scattering to be subtracted from the on-

resonance single-shot measurement. Assuming normalization works well, the differ-

ence between the two diffraction patterns should only contain the contribution from

|ΨM(u, v)|2, thus the amplitude of the magnetic scattering. With the knowledge of

the properly-chosen illumination mask, phase retrieval algorithms should be able to

deliver reconstructions of the magnetic contrast [93] more easily. The remaining ques-

tion is then whether sufficient statistics can be obtained from a single exposure. Our

simulations showed that this method required at least two orders of magnitude more

in photon flux, as compared to holography using a polarizer which reduces intensity

by only 1 order of magnitude, to achieve the same resolution. Nevertheless, there

may be situations where the x-ray polarizer becomes unavailable or unpractical at

the desired energy. There the two-pattern linear polarization strategy can become

useful, given enough incident single-shot flux.

5.3 Optimizing the single shot holographic micro-

scope

When we started doing coherent diffraction experiments at SSRL, I had this mind set

that since simulations usually worked so well for all different coherent imaging strate-

gies, one needed only to acquire data carefully to achieve the quality that matches the

simulated diffraction patterns. We accumulated data for long hours to ensure very

good SNR at even the highest q portion of the detector. We designed the smallest

beamstop possible that was barely larger than the size of the x-ray beam and accu-

mulated low q data with the detector pulled as far away as we can so the beamstop

blocks the smallest possible solid angle. The missing central portion of the data is
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then iteratively recovered using the algorithm discussed in Chapter 4, so we arrive at

an almost perfect diffraction pattern before we start the final reconstruction proce-

dure. These were the methodologies we believed that had led to most of our successful

experiments.

The concept of single-shot imaging immediately defies the old routine described

above. For the diffraction data collection, one exposure and one read out is all that

is available for the reconstruction algorithms. As a result, the data quality will be

limited by the dynamic range of the detector. Shown in Figure 5.7 is a line profile

through the center of a simulated x-ray diffraction intensity, in log scale. The intensity

spans across more than 6orders of magnitude, whereas the current state of the art

2D detector has a dynamic range of 103. With the PI-MTE back illuminated CCD

detector we will be using initially to collect coherent diffraction data at LCLS, the

dynamic range is below 400 at 800 eV. Shown in Figure 5.7, an orange band is used to

indicate a range of 102, above which the detector will be saturated and below which

there will not be enough photon counts to produce a meaningful information for the

image reconstruction.

As a result, depending on the total scattering cross section of the sample, the size

of the beamstop and the illumination flux needs to be balanced to achieve the best

possible image reconstruction. One wishes to fully utilize the dynamic range of the

detector, that means one hopes the most intense pixel registers the highest counts

the detector can handle. Figure 5.8 shows an example of what one would expect

from different beamstop size, assuming we are not fluence limited. The test sample

is a 22 repetition Co(5Å)/Pd(7Å) multilayer thin film with an FTH mask that has a

1.5 µm aperture and 3 reference holes. When using a smaller beamstop, saturation

at low q limits the data quality at higher q range. The reconstruction shows poor

SNR. On the other hand, when the beamstop starts to block the relevant q range that

carries information about the magnetic domain configurations, the reconstruction also

becomes unrecognizable. For this particular experiment setup, with the detector 350

mm from the sample, the optimal beamstop size is 2.2 mm, which just blocks the

first ring outside the Airy disc. In the real experiment, a fixed-size beamstop will be

used. The angular extent of the beamstop can be adjusted by changing the distance
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Figure 5.7: A simulated typical line cut of diffraction intensity across the center,
shown in log scale, indicating the high dynamic range nature of the data. The height
of the orange band indicates the dynamic range of the detector. It can only cover
a limited q range of the diffraction data, making the choice of range crucial for the
experiment.

between the sample and the detector.

Another question sits on the other end of the spectrum: What if we are fluence

limited? What is the minimum fluence required to obtain an image reconstruction?

Using 5 reference pinholes, Schlotter et. al. have shown the amazing sensitivity of

Fourier holography by obtaining image reconstruction of a binary object from a total

number of 2500 recorded photons [79]. For lower contrast magnetic domain structures,

in order to achieve certain resolutions, the required incident photon fluence can be

estimated. Figure 5.9 depicts the shot noise limited scenario. Ironically, it turns

out that the minimum fluence that is required to deliver an image reconstruction

with sub 100 nm resolution is very close to the fluence that can induce permanent

changes to the magnetism of the sample, by heating the sample above its Curie

temperature. However, depending on whether the layered atomic structure itself can

sustain multiple exposures at those minimum fluences, it remains hopeful that by

having multiple references and limiting the x-ray flux, nondestructive holographic
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Figure 5.8: Diffraction data collected at SSRL from a magnet thin film sample with
a FTH mask. A sum of 1,3, 10, 19, 38, 60 1-second exposures was used to mimicking
the data quality one would expect from a single exposure at LCLS using beamstop
of size 1.2 mm, 2.2 mm, 3.2 mm, 4.3 mm, 5.1 mm. Shown on the lower right corner
of each diffraction pattern is the corresponding reconstruction.
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Figure 5.9: A simulated diffraction pattern with about 1×105 total detected photons,
assuming an incoming photon flux of 2 × 106 · µm−2. The imaginary sample is a 40
repetition Co(5Å)/Pd(7Å) multilayer thin film and the FTH mask contains a 1.5
µm diameter aperture and a 100 nm diameter reference pinhole. Its corresponding
reconstruction is shown at the lower right, recognizable yet barely out of the noise.
The detector was assumed to be placed 400 mm from the sample, and was far from
filled up. The brightest pixels would receive about 4 photons.
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imaging measurement can be performed multiple times using the same sample. The

next section will discuss the sample radiation damage problem in more detail.

5.4 Sample radiation damage

When people talk about experiments using X-FELs, there seems to be always the

picture in mind that the source is so bright and so powerful that anything lying in

its path is bound to be destroyed [30, 103]. Indeed, one central question surrounding

X-FEL experiments is sample radiation damage.

Sample radiation damage has always been a major limiting factor for synchrotron

experiments in achieving high resolution. Take protein crystallography as an exam-

ple. Biological materials contain lighter atomic species and weaker bonds between the

atoms. The damage threshold is lower than. e.g. heavier metals and oxides. Expo-

sure to x-rays can lead to slow degradation of the crystalline order, thus a vanishing

diffraction signal. However, to obtain enough scattering signal at high q, a longer

exposure is necessary. That is why nowadays these experiments are almost always

carried out at cryogenic temperatures, which slows down significantly the sample

degradation [21]. Another solution adopted by x-ray photon correlation spectroscopy

experiments on polymer and biological samples is to go to even higher x-ray energies,

e.g., 20 keV, to reduce energy deposition in the sample [104]. As can be seen from

the two examples, the radiation damage problems encountered at synchrotron experi-

ments present itself as a long term degradation, which limits the amount of time each

sample can be put into the beam and measured.

One motivation of using instead an extremely intense and short x-ray pulse is

that it is able to obtain the signal before the onset of radiation degradation, as

the ablation, melting, or Coulomb explosion, happens on the picosecond time scale

[105, 100], long after the x-ray pulse has passed the sample. One needs only to use

a fresh yet identical sample for each shot, to accumulate statistics. However, this is

far from solving the radiation damage problem for good, because in such single-shot

experiments, radiation damage acquires a new meaning and happens at a completely

different time scale. The question becomes, are there processes that happens so fast
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Table 5.1: X-FEL pulse fluence presented in different units.

Num. Photons µm−2 mJ·cm−2 max. ∆T(K) photons/atom eV/atom

105 1 102 10−5 10−2

106 10 103 10−4 10−1

108 100 104 10−2 10
1012 106 109 102 105

that the first part of the x-ray pulse induces severe enough change to the sample

so the later part of the x-ray pulse sees something completely different? We know

that by making the pulse shorter than the Auger life time of a few femtoseconds,

electronic damage will be contained during the pulse duration. However, whether

the detailed features of the material spectra will be influenced, e.g., chemical shifts,

resonant absorption and dispersion, various dichroisms, remains unknown [106].

For the ultrafast demagnetization experiment we have been planning, the mea-

surement relies on the “survival” of detailed spectroscopic features of cobalt such as

the L resonances and the XMCD effect. The question boils down to: does an intense

short x-ray pulse see the same spectrum as we have observed at a synchrotron source.

We know the answer is “NO” when the number of incident photons gets close or

exceeds the number of atoms in the interaction region, but starting from which flu-

ence level are the spectroscopy measurements not trustworthy anymore? Would the

demagnetization process be so fast that when using a 100 fs x-ray pulse with a total

fluence of 100 mJ·cm−2, the first 20 mJ arriving at the sample completely demagne-

tizes it so the remaining majority of the photons see a demagnetized sample? How

short does the x-ray pulse need to be to beat sample damage in this sense? Well, we

don’t even know whether x-rays demagnetize the magnetic thin films in the same way

as the 800 nm IR laser usually used in this type of experiment. While these questions

will be finally answered by experiments, Table 5.1 provides a first impression about

the fluence levels and the corresponding instant energy deposition.It is safe to say
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that although reconstruction may be achievable for magnetic samples without alter-

ing the magnetic state using reference holes sized above 100 nm, a higher resolution

reconstruction with decent statistics, which requires a photon flux on the order of 106

to 107 per µm2 will at least completely demagnetize or even melt the sample.



Chapter 6

Summary and outlook

We have discussed in this dissertation two novel holographic concepts for x-ray lensless

imaging: MAD holography and Fourier holography using extended references and dif-

ferential encoding. For MAD holography, we have performed three experiments that

demonstrated sequentially the feasibility of the algorithm, element specific imaging

at the carbon K edge, and magnetic imaging at the cobalt L edge. In the case of

Fourier holography using extended references, we have found that by using differen-

tial encoding, it is not only possible to obtain higher resolution beyond the precision

of reference fabrication, the algorithm itself also suppresses artifacts caused by the

missing low q information and is thus a suitable method for single-shot applications.

While these experiments all served as a good proof of concept, to turn these

concepts into a more generally applicable microscopy technique requires a lot more

developments on the software and instrumentation side. For MAD holography, we

believe a more general phasing routine in the form of the difference map algorithm

[25] should be developed to accommodate for experimental uncertainties such as the

limited accuracy of measured optical constants. Extended reference structures need

yet to be tested experimentally in the fluence limited situation. One interesting

experiment would be to try to combine HERALDO and differential encoding with

the concept of an aperture array and URA approach to further boost the SNR of the

measurement. As discussed in the end of Chapter 3, adding scanning capability to a

high resolution microscope without raising the requirement for system stability can

85
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Figure 6.1: Schematics of a possible experiment using a focused x-ray spot to observe
and imaging ordered domains with super lattice structures.

surely draw a lot of attention. In the soft x-ray case, the gold mask that determines

the illumination and the reference structure needs to be separated from the sample

and integrated instead as part of the instrument. Mechanisms to position the mask

in the very near field of the sample and establish a physical connection to reduce

relative vibration are key to such expriments.

Coherent lensless imaging in the reflection geometry has seen some development

[28, 36, 37, 107] and is of great interest since a greater number of important sample

systems can only be grown as bulk crystals, whereas soft x-ray coherent scattering in

the transmission geometry requires the samples to be sub-micron thick thin films. One

especially interesting and promising case is to try to oversample soft x-ray resonant

diffraction peaks to observe speckles. By phasing the measured speckle patterns ob-

tained in the Bragg reflection geometry shown for example in Figure 6.1 and possibly

incorporate the MAD scheme, it is possible to image the formation and fluctuation of

the ordered domains with the supper lattice structures that give rise to the enhanced

Bragg reflection and scattering.

Single-shot experiments using X-FELs will certainly be in the spot light for the

next decade. How to obtain as much information as possible from the coherent diffrac-

tion pattern generated by a single femtosecond x-ray pulse remains a central question.
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I am pleased to note that we have obtained a great amount of new information of

how to perform such experiments at LCLS during the time when this dissertation

is being written. The new x-ray source provides a whole new playground beyond

what we have previously anticipated. For the field of coherent lensless imaging and

holography, the future is fast and bright.



Appendix A

Definitions and notations

Fourier transform:

F (u, v) = F[f(x, y)] =

∞∫∫
−∞

dxdy e−i2π(ux+vy))f(x, y). (A.1)

Inverse Fourier transform:

f(x, y) = F−1[F (u, v)] =

∞∫∫
−∞

dudv ei2π(ux+vy))F (u, v). (A.2)

Cross correlation:

f(x, y) ⋆ g(x, y) =

∞∫∫
−∞

dξdη f(ξ, η) g∗(ξ − x, η − y). (A.3)

Autocorrelation:

f(x, y) ⋆ f(x, y) =

∞∫∫
−∞

dξdη f(ξ, η) f ∗(ξ − x, η − y). (A.4)
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Convolution:

f(x, y)⊗ g(x, y) =

∞∫∫
−∞

dξdη f(ξ, η) g(x− ξ − x, y − η). (A.5)



Appendix B

Detailed derivation for MAD

phasing

Similar to the treatment of MAD crystallography, the far field interference of scat-

tering from all the atoms within an isolated small volume V that are coherently

illuminated gives rise to the diffracted wave as a function of momentum transfer q.

It can be written as:

Ψ(q) ∝
∫
V

dr

[∑
i

ni(r)fi

]
eiq·r (B.1)

where ni indicate the density of different atomic species and fi the corresponding

atomic scattering factors. We can separate the contributions from the normal and

the anomalous atoms as following:

∑
i

ni(r)fi =

[∑
i

ni(r)f
◦

]
+ nA(r)[f

′
A(λ)− if ′′

A(λ)], (B.2)

where f ′
A and f ′′

A denotes the dispersive and absorptive part of the anomalous atomic

scattering factor. Under this linear decomposition, the diffracted wave can also be

written as the two corresponding integrals:

Ψ(q, λ) ∝
∫
V

dr

[∑
i

ni(r)f
◦
i

]
eiq·r + (f ′

A − if ′′
A)

∫
V

drnA(r) e
iq·r. (B.3)
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If we denote the normal scattering contribution
∑

i ni(r)f
◦
i as nN(r), the previous

equation can be further simplified as:

Ψ(q, λ) ∝
∫
V

drnN(r) e
iq·r + (f ′

A − if ′′
A)

∫
V

drnA(r) e
iq·r

= ΨN(q) + [f ′
A(λ)− if ′′

A(λ)]ΨA(q).

(B.4)

This forms the generic basis for the extension of MAD crystallography to the lensless

imaging scenario, where ΨN(q) and ΨA(q) are the 3 dimensional Fourier transforms

of the distribution of the normal and anomalous scatterers. The measurement of

|Ψ(q, λ)| at different wavelengths can lead to the determination of |ΨN |, |ΨA|, and
their relative phase φN − φA. These information can be readily used as the Fourier

domain constraints of the RPR algorithm discussed in Chapter 3 to determine nN(r)

and nA(r), one of which can serve as the reference to the other.

For the two dimensional case, the density function n(r) reduces to a distribution

function in the sample plane when the Born approximation and the paraxial approx-

imation are both valid. Let D be the distance between the detector plane and the

sample plane, S and ℓ the respective sample extent in the xy plane and z direction,

we have

Ψ(X, Y ) =

∫∫
S

dxdy e
i2π(xX+yY )

λD

∫
ℓ

dz n(x, y, z). (B.5)

Let d(x, y) be the projection of n(x, y, z) along the beam propagation axis, and define

u = X/λD, v = Y/λD:

Ψ(u, v) =

∫∫
S

dxdy ei2π(ux+vy)d(x, y). (B.6)

This shows the clear two-dimensional Fourier relation between the scatterer distribu-

tion in the sample plane and the diffracted wave distribution in the detector plane.

To summarize, the intensity distribution in the detector plane can be written as

Ψ(u, v) = ΨN(u, v) + [f ′
A(λ)− if ′′

A(λ)]ΨA(u, v), (B.7)

where ΨN and ΨA are the two dimensional Fourier transform of dN(x, y) and dA(x, y).
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B.1 Element Specific MAD

In the two dimensional case, it is convenient to use the index of refraction to describe

the absorption and dispersion by the scattering object and consider the transmittance

at the sample plane. This is a very different picture comparing with the previous more

general treatment using atomic scattering factors of every atom that lies in the path of

the beam. To describe most of our experiments that incorporated a binary absorptive

gold mask to define the sample volume, we first derive the exit wave right after the

sample and the gold mask, and then propagate that exit wave to the far field.

The index of refraction is related to the atomic scattering factor of individual

atoms by

n(x, y, z, λ) = 1− re
2π
λ2
∑
i

ni(x, y, z)fi(λ)

= 1− re
2π
λ2

{∑
i,NR

ni,NR(x, y, z)fi,NR + nR(x, y, z)[f
′(λ)− if ′′(λ)]

}
.

(B.8)

We have used re to denote the classical radius of an electron, λ as the x-ray wave-

length, and “R” and “NR” the resonant and non-resonant atomic species. The two

dimensional transmittance of the sample can then be written as

t(x, y, λ) =a(x, y) exp

{
ik

∫
ℓ

dz n(x, y, z, λ)

}
=a(x, y) exp(ikd)× exp

{
−ireλ

∫
ℓ

dz
∑
i,NR

ni(x, y, z)fi,NR

}

× exp

{
−ireλ

∫
ℓ

dz nR(x, y, z)[f
′(λ)− if ′′(λ)]

}
,

(B.9)

and we also assume t(x, y) have non-zero values only within the area covered by the

mask aperture a(x, y). In the case when the sample is sufficiently thin and higher

order scattering process can be ignored, first order Taylor expansion of the exponential
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leads to

t(x, y, λ) ≃a(x, y)− ireλ
∑
i

di,NR(x, y)fi,NR − iredR(x, y)[f
′(λ)− if ′′(λ)]a(x, y)

=tNR(x, y)− [if ′(λ) + f”(λ)]tR(x, y)

(B.10)

where the constant phase term is ignored since it does not change the diffraction

pattern. We can see that the transmittance function t(x, y) is directly related to the

distribution of the resonant element d(x, y). By moving some constants into tR(x, y),

this can be also written as a function of the optical constants

t(x, y, λ) = tNR(x, y)− [iδ(λ) + β(λ)]tR(x, y). (B.11)

As a result, the sample illuminated with a plane wave give rise to the exit wave in

the form of

ψ(x, y, λ) = ψNR(x, y)− [iδ(λ) + β(λ)]ψR(x, y), (B.12)

with which we started our discussion in Section 3.4 on element specific MAD phasing.

B.2 Polarization dependent MAD

It may be counter-intuitive to some: when a magnetic sample showing dichroism

is illuminated with resonant x-rays, the diffraction pattern is no longer a coherent

superposition anymore. It is an incoherent superposition of two coherent diffraction

patterns from the two polarizations. One simple treatment is to consider a vector

field instead of a scalar field, and finally add things up.

Here we limit our discussion to magnetic thin films of thickness d. The magnetiza-

tion m(x, y) can be classically pictured as the film has a portion of thickness d+(x, y)

contributing to the up spin and d−(x, y) to the down spin. Thus

m(x, y) =
d+(x, y)− d−(x, y)

d
. (B.13)
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This conveniently leads to the expression for the transmittance at (x, y) for both

polarizations

t+(x, y, λ) = a(x, y)e−
2π
λ
[β+(λ)+iδ+(λ)]d+(x,y) e−

2π
λ
[β−(λ)+iδ−(λ)]d−(x,y) (B.14)

t−(x, y, λ) = a(x, y)e−
2π
λ
[β−(λ)+iδ−(λ)]d+(x,y) e−

2π
λ
[β+(λ)+iδ+(λ)]d−(x,y) (B.15)

where a(x, y) describes a binary transmission mask from the gold aperture, δ±(λ) and

β±(λ) are the polarization dependent optical constants. If we define

βNM(λ) =
1

2
[β+(λ) + β−(λ)], (B.16)

δNM(λ) =
1

2
[δ+(λ) + δ−(λ)], (B.17)

βM(λ) =
1

2
[β+(λ)− β−(λ)], (B.18)

δM(λ) =
1

2
[δ+(λ) + δ−(λ)], (B.19)

the transmittance for both polarization can be simplified as

t+(x, y, λ) = a(x, y)e−
2π
λ
[βNM(λ)+iδNM(λ)][d+(x,y)+d−(x,y)] e−

2π
λ
[βM(λ)+iδm(λ)][d+(x,y)−d−(x,y)]

= a(x, y)e−
2πd
λ

[βNM(λ)+iδNM(λ)] e−
2πm(x,y)d

λ
[βM(λ)+iδM(λ)]

(B.20)

and

t−(x, y, λ) = a(x, y)e−
2π
λ
[βNM(λ)+iδNM(λ)][d+(x,y)+d−(x,y)] e−

2π
λ
[βM(λ)+iδm(λ)][d−(x,y)−d+(x,y)]

= a(x, y)e−
2πd
λ

[βNM(λ)+iδNM(λ)] e
2πm(x,y)d

λ
[βM(λ)+iδM(λ)]

(B.21)

Again for thin film samples, we can keep only the first order terms in the Taylor
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expansion:

t+(x, y, λ) = a(x, y)e−
2πd
λ

[βNM(λ)+iδNM(λ)]

× [1− 2πd

λ
βM(λ)m(x, y)− i2πd

λ
δm(λ)m(x, y)],

(B.22)

t−(x, y, λ) = a(x, y)e−
2πd
λ

[βNM(λ)+iδNM(λ)]

× [1 +
2πd

λ
βM(λ)m(x, y) +

i2πd

λ
δM(λ)m(x, y)].

(B.23)

Use the vector description for the incident polarized plane wave field with

ψ0(x, y) = ψ0

(√
1 + P

√
1− P

)
, (B.24)

where P is the x-ray polarization, the exit wave can also be written using the two

dimensional vector form

ψ(x, y, λ) ∝ g(λ)

(√
1 + P [a(x, y)− 2πd

λ
βMm(x, y)a(x, y)− i2πd

λ
δMm(x, y)a(x, y)]

√
1− P [a(x, y) + 2πd

λ
βMm(x, y)a(x, y) + i2πd

λ
δMm(x, y)a(x, y)]

)
(B.25)

Where we defined g(λ) = exp{−2πd[βNM(λ)+ iδNM(λ)]/λ}. This term can be ignored

for the moment and its effect is no more than an overall normalization of the diffraction

intensity. Let ΨNM = a(x, y), ΨM = 2πdm(x, y)a(x, y)/λ, we have now reached

Equation 3.24:(
ψ+(x, y)

ψ−(x, y)

)
=

(√
1 + P 0

0
√
1− P

)(
ψNM(x, y)− [iδM(λ) + βM(λ)]ψM(x, y)

ψNM(x, y) + [iδM(λ) + βM(λ)]ψM(x, y),

)
(B.26)

where we started the discussion about polarization dependent MAD phasing.
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J. Holtsnider, R. I. Tobey, O. Cohen, M. M. Murnane, H. C. Kapteyn, C. Song,

J. Miao, Y. Liu, and F. Salmassi, “Lensless diffractive imaging using tabletop

coherent high-harmonic soft-x-ray beams,” Phys. Rev. Lett. 99, 098103 (2007).

[32] C. Schroer, P. Boye, J. Feldkamp, J. Patommel, a. Schropp, a. Schwab,
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[91] A. Shavel, B. Rodŕıguez-Conzález, M. Spasova, M. Farle, and L. M. Liz-Marzán,

“Synthesis and characterization of iron/iron oxide core/shell nanocubes,” Adv.

Funct. Mater. 17, 3870 (2007).

[92] L. P. Yaroslavsky and H. J. Caulfield, “Deconvolution of multiple images of the

same object,” Appl. Opt. 33, 2157 (1994).

[93] J. R. Fienup, “Lensless coherent imaging by phase retrieval with an illumination

pattern constraint,” Opt. Express 14, 498 (2006).

[94] M. Guizar-Sicairos and J. R. Fienup, “Phase retrieval with fourier-weighted

projections,” J. Opt. Soc. Am. A 25, 701 (2008).

[95] M. Guizar-Sicairos and J. R. Fienup, “Efficient subpixel image registration al-

gorithms,” Opt. Lett 33, 156 (2008).

[96] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, “Ultrafast spin dy-

namics in ferromagnetic nickel,” Phys. Rev. Lett. 76, 4250–4253 (1996).



BIBLIOGRAPHY 107

[97] C. Stamm, T. Kachel, N. Pontius, R. Mitzner, T. Quast, K. Holldack, S. Khan,

C. Lupulescu, E. F. Aziz, M. Wietstruk, H. a. Dürr, and W. Eberhardt, “Fem-
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and A. Patkowski, “Photon correlation spectroscopy with high-energy coherent

x rays,” Phys. Rev. E 68, 031407 (2003).

[105] R. Neutze, R. Wouts, D. ven der Spoel, E. Weckert, and J. Hajdu, “Potential for

biomolecular imaging with femtosecond x-ray pulses,” Nature 406, 752 (2000).

[106] H. N. Chapman, “X-ray imaging beyond the limits,” Nat. Materials 8, 299

(2009).

[107] V. Chamard, J. Stangl, G. Carbone, a. Diaz, G. Chen, C. Alfonso, C. Mocuta,

and T. H. Metzger, “Three-dimensional x-ray fourier transform holography:

The Bragg case,” Phys. Rev. Lett. 104, 165501 (2010).


