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Abstract

Microscopes have proven to be an important tool in science. X-ray
microscopes can reach higher resolution than regular optical
microscopes because of the shorter wavelength, but due to the
stronger interaction with matter no regular optics can be used.
CDI and Ptychography are two methods that are used in this
report to reconstruct a magnified image from the object from its
diffraction patterns. These methods are a way to cope with the
phase problem, as only amplitudes can be detected where
information about the phase and amplitude is needed to make a
reconstruction. Both methods were used in combination with
tabletop measurements in a transmission geometry. For the
measurement with CDI a laser in the visible range was used (633
nm) and the object reconstruction clearly showed the sample with
all its features with a resolution of 3um. Soft x-rays with a
wavelength of 29 nm were used for the ptychography
measurements, generated by high harmonic generation. Several
measurements have been performed with different parameters in
an effort to get the first ptychographic reconstructions from this
setup. The results are a reconstruction of the whole test object

with a resolution of 3um or 2um if it is partly scanned.
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Chapter 1

Introduction

For hundreds of years, microscopes have helped researchers in many areas
of science to look at nature in greater detail. Many discoveries could not
have been made without the invention of the microscope. The well-known
optical microscope uses a set of lenses and visible light to get a magnified
image, but its resolution is limited by the relatively long wavelength of the
visible light. The need for higher resolution resulted in the development
of improved methods and other kinds of microscopy. Over the years, sev-
eral Nobel prizes have been awarded for microscopy related research: the
phase contrast microscope in 1953 [1, 2], work on electron microscope op-
tics [3], the invention of the scanning tunneling microscope [4] in 1986 and
most recently in 2014 for the development of super-resolved fluorescence
microscopy [5, 6, 7]. In the search to higher resolution, scientists either had
to reduce the wavelength or come up with clever tricks in order to ‘beat
the diffraction limit.”

In conventional microscopy, the Rayleigh criterion describes the min-

imal distance between two points at which they can still be resolved, &

(81,
0614 0.61A

NA  nsind

where NA = nsinf is the numerical aperture of the optical system, 0 is

o

(1.1)

the half angle of the light incident on the object lens and # is the index of
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2 Introduction

refraction. This criterion can be graphically represented by the maximum
of an Airy disk pattern that is generated by the diffraction of one point
source, spatially coincides with the minimum of the Airy pattern an other

point, as is shown in Fig. 1.1.

27T - 0 T 271

Figure 1.1: The Rayleigh criterion for a circular aperture. The minimum distance
at which two points are resolvable is when the maximum of the Airy pattern

origination from one point is at the zero of the other [9]

Looking at Eq. 1.1, the obvious options for increasing the resolution are
decreasing the illuminating wavelength and/or increasing the numerical
aperture. If visible light is the only option, one can increase the numeri-
cal aperture by decreasing the distance between lens and object, but this
requires high quality lenses with short focal lengths.

Beside optical microscopes there are electron microscopes of different
types, such as the transmission electron microscope (TEM) and the scan-
ning tunneling electron microscope (STM). They make use of the very
short de Broglie wavelength of electrons and can reach sub-Angstrom res-
olutions of 0.05 nm [10]. However, electrons have several drawbacks com-
pared to optical microscopes as they can only operate under ultra high
vacuum due to the electron’s strong interaction with matter, like the gas
molecules in the beampath. This also makes it impossible to scan through

thick samples as the mean free path of electrons is too short to propagate

2
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through, for example, a cell. For this reason samples have to be heavily
modified before they can be put under an electron microscope [11].

X-ray microscopy is somewhere in between optical microscopes in the
visible range and electron microscopes. The soft x-rays that are used in this
thesis have a shorter wavelength than visible light, which is good for the
resolution. But contrary to visible light, soft x-rays do interact with matter,
albeit less than electrons. This poses both challenges and opportunities for
this field of microscopy. Like electron microscopes, the x-rays have to go
through vacuum although the vacuum that is required is not as extreme.
For the same reason it is also possible to look at thicker samples such as
cells or even thin sheets of metals [12, 13]. However, due to this stronger
interaction, it is no longer possible to use conventional refractive optics as
they are opaque to the x-rays. Therefore alternative methods are needed
to produce a magnified image of the object.

In this thesis two different methods for microscopy without refractive
optics are used to reconstruct magnified images from the diffraction pat-
tern(s) of the sample, namely coherent diffraction imaging (CDI) and pty-
chography. These methods require a coherent light source, which is not a
problem for light in the visible range, as lasers can be used.

For a long time, synchrotrons were the only source for bright and co-
herent soft x-rays. However, the development of high harmonic gener-
ation (HHG) opened the way for tabletop experiments. Although the
brightness of HHG sources is lower than that of a synchrotron, one has
much more time for experiments as it is no longer necessary to apply for
limited beam time at a synchrotron. By the development of tabletop CDI
and ptychography we hope that these methods become a useful tool for

future research in a broad range of scientific fields.
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Chapter 2

Theoretical Background

2.1 Diffraction

Both CDI and ptychography are based on reconstructing an object from its
diffraction patterns. Therefore it is important to fully understand the rela-
tions between the incoming light and the resulting diffraction patterns as
that is what is used in the reconstruction algorithms. This section will treat
the theory that explains these relations, known as Fourier optics, roughly
following the discussion from Peatross and Ware [9].

Christiaan Huygens was the first to describe light as waves, in a time
when Newton’s theory, where light is seen as particles, was the norm. In
his work Traité de la Lumiere from 1690, he presented the idea that every
point that disturbs the incoming wavefront will act as a source for spher-
ical secondary wavelets that will have the same speed and frequency as
the incoming light in the same medium. The resulting outgoing wave-
front is the envelope of these wavelets [14]. This idea, known as Huygens’
principle, is quite rudimentary and did not have a mathematical basis for
several years. After Young showed the wave-like nature of light with his
famous two slit experiment, Augustin-Jean Fresnel developed a mathe-
matical framework for Huygens’ theory. Adding up all secondary spher-

ical wavelets (i.e. of the form /R /R) originating from point sources that

4
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2.1 Diffraction 5

are spaced an infinitesimal distance from each other, results in the diffrac-

tion formula:

E(xy.2) / / Y 0)
aperture

where x" and i’ are the coordinates in the aperture plane (where z'=0),

2.1)

and x,y and z are the coordinates that define the plane of the screen. As is

illustrated by Fig. 2.1, R, the distance from the source, can be written as

R= \/x—x +(y—vy')%+ 22 (2.2)

Figure 2.1: Illustration of the parameters that are used in this chapter. [9]

According to this equation light can as easily diffract in the reverse
direction as in the forward direction, which is a consequence of Huygens’
wavelet theory. This problem was solved by Kirchhoff by adding a factor

known as the obliquity factor:

etkR
E(x,y,z) // Xy, 0) 1+ cos(R,2) dx'dy’  (2.3)
uperture R 2

where the cosine is of the angle between (R, 2).

Unfortunately, this equation is difficult to solve. By approximating the
square root in eq. 2.2 with the first two terms of its binomial expansion

(See Goodman for more details [8]), Eq. 2.3 can be rewritten to
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6 Theoretical Background

ikz

+
By~ 2 ] By 0w gy
aperture

(2.4)
where k = 271/ A. The exponential factors in front of the integral are global
phase factors and do not change the measured intensity of E(x,y,z). The
left exponential in the integrand, representing the Fresnel phase, describes
the propagation of the diffracted light in z, but is only relevant when z
is small compared to the dimensions of the aperture. By omitting this
factor from eq. 2.4, we arrive at a much friendlier looking Fraunhofer

approximation:

ikz 55 ( +y
E(x,y,z) =~ — e e® // x',y',0)e i (xx'+y') g ! dy’  (2.5)

aperture

which is valid if z is very large so that the screen is in the far field, or

k i / /.
z> E(x’2 + %) so that e =) & 1 (2.6)

Physically this means that the diffraction pattern has evolved to its final
form once it reaches the far field, where the diffraction pattern itself is just
the two dimensional Fourier transform of the aperture. The Fraunhofer
approximation is very relevant for most cases in this thesis, since all pty-

chography measurements were done in the far field.

2.2 CDI

In lensless microscopy, as the name already implies, there are no physical
optics that perform the Fourier transform on the diffracted light to make
a magnified image of the object. Instead, the light is captured by a detec-
tor, but it can only measure the intensity of the diffraction patterns and
therefore the phase information of the pattern is lost. This loss is known

as the phase problem, and it is the central problem of lensless microscopy.

6
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2.2CDI 7

Alternatively, phase retrieval algorithms are needed to find the informa-
tion about the phase that is needed to get a real and magnified image of
an object. One of these methods is CDL

In 1952 Sayre stated in a short article that one can get enough informa-
tion from intensity measurements, but only if it is sufficiently oversampled
[15]. In that time, x-rays were already an important tool in crystallography
and it could now be extended to noncrystalline materials or even biolog-
ical tissue [16, 17]. At the basis of Sayre’s idea is the Nyquist-Shannon
sampling theorem, which states that certain functions can be reconstructed
exactly from a limited number of samples. The frequency at which a sam-
ple of the function needs to be taken is known as the Nyquist frequency.
For a function with a frequency not higher than B, the minimum sampling

ratio must

a:gizz (2.7)

where f; is the sampling frequency and i = x, y, z, depending on the num-
ber of dimensions. If the condition of Eq. 2.7 is not satisfied, the recon-
structed function may exhibit aliasing: a function will be fitted in such a
way that fits the sampling points but is not the original function. An illus-
tration of aliasing is provided in Fig. 2.2.

Applying this to the detector in the image plane, this means that the

diffraction pattern needs to be sampled at a frequency of least

fi= Y (2.8)

in both the x and y direction, where D is the sample diameter. Only when
this is satisfied, e.g. when the object is sufficiently oversampled, a unique
solution for the phase is guaranteed [19, 20]. As stated by Eq. 2.7, the
ratio between the total pixel number (f;) and the number of pixels with
an unknown values (B;), must be larger than two. Or in other words, one
needs to know the values of at least half of the pixels. The solution to
this is applying a support to the object: an opaque region that extends far

enough so that it provides the necessary oversampling.
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8 Theoretical Background

Adequately Sampled Signal

Aliased Signal Due to Undersampling

Figure 2.2: With a sufficient sampling frequency, a periodic function can be recon-
structed perfectly. If the sampling frequency is lower than the Nyquist frequency
there is a risk of aliasing, where the reconstructed function has a lower frequency

than the original function. [18]

To quantify this statement, the derivation of the oversampling require-
ments will be treated, closely following the dissertation of Sandberg [21]
and the paper by Miao and Chapman [16].

Most often, the diffraction patterns are measured by a CCD camera
with N x N pixels. This implies that the object cannot be sampled at a
higher rate than N x N, so the number of pixels of the detector and the
object is ‘conserved’. Mathematically, a diffraction pattern in the far field

is equal to the Fourier transform of the object, so

F(k) = FIf(x)] = +: F(x)exp [27tik - x/N] dx, 2.9)

where f(x) is the density of the object. The Nyquist-Shannon sampling

theorem allows to write Eq. 2.9 as

N-1
F(k) =) f(x)exp[2mik-x/N], k=0,.,N—-1 (2.10)
x=0
provided that the sampling rate is at least equal to the Nyquist fre-
quency. If F(k) is sampled at twice the frequency so that

8
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2.2CDI 9

Z f(x)exp [2mik - x/(2N)], k=0,..,2N —1 (2.11)

this again can be rewritten to:

2N—1
2 g(x)exp [2mik - x/(2N)], k=0,..,2N -1, (2.12)

where g(x) is a new function defined as:

f(x) 0<x<N-1
g(x) = (2.13)
0 N<x<2N -1

What this means is that oversampling by twice the Nyquist frequency
results in a region of double the size outside the object with zero density,
known as the support. Fig. 2.3 gives an illustration of this. So vice versa,
an opaque region on the outside of the sample, known as the support will
increase the oversampling.

Often the sample size is known a priori, so it is important to know what
happens in the detector plane to be able to fulfill the condition of Eq. 2.7.
For a two dimensional array of pixels with size p, it is easy to see that the
linear oversampling at the detector plane O is the square root of o, where

_1_=
~rfo Dp’
fp the largest spatial frequency of the sample given by Eq. 2.8.

(2.14)

What remains is to derive the real size of the object under study. By
using the conservation of pixels, the pixel size of the detector and the ones
that are projected on the object can be related to each other, as is illustrated
in Fig. 2.4. By noting that the oversampling ratio of Eq. 2.14 is equal to the

Lopject/ N, where N is the number of pixels, we arrive at the expression

P ~OD  ZAD  zA
PN paaND  paaN
which are all known quantities.

(2.15)

Version of March 31, 2017- Created March 31, 2017 - 12:56



10 Theoretical Background

Figure 2.3: An illustration of the support region that is generated when the object
is oversampled. No light is scattered from this region. Image adapted from [21]

2.2.1 Phase retrieval

While it was mathematically proven that the phase of the diffracted light
can be reconstructed uniquely, it took twenty years before Gerchberg and
Saxton published the first algorithms that could actually retrieve the phase
[22, 23]. Not much later, the algorithm was generalized and improved
by Fienup [24] and became known as the Error-Reduction (ER) algorithm
because the error in this method decreases monotonically. The algorithm
iterates back and forth between the object and Fourier domain by taking

the discrete Fourier transform:

F(u) = NZ}f(x)exp [—i27iu - x/ N] (2.16)
x=0

10
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2.2CDI 11
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Figure 2.4: Illustration of the relevant sizes in the detector and object plane. The

number of pixels is conserved, which allows to convert Pyeector t0 Popject

and its inverse:
N-1
f(x)=N"2Y F(u)exp[—i2miu-x/N,] (2.17)
x=0

where f(x) is a complex function

f(x) = [f(x)[exp [ip(x)] (2.18)

The ER algorithm itself works at follows: once a measurement is done
and a diffraction pattern is obtained, its amplitude, simply the square root
of the measured intensity, is inserted into the algorithm as is shown in Fig.

2.5, in combination with a guess of the phase which is often 0 or random:

Gi(u) = [F(u)|explign(u)] (2.19)

The inverse Fourier transform is than taken so that a first guess of the

reconstruction is obtained:

8k(x) = |gk(x)[exp[i6 (x)| = F Gy (u)] (2.20)

11
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12 Theoretical Background

Initial
Final Guessus
reconstructlon \
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Figure 2.5: An illustration of the iterative Fourier transforms of the ER algorithm

showing the four stages of the ER loop and the operations that are performed

between them.

and the first guess of the reconstruction is then updated by the support
constraint and the non-negativity constraint, which are there for purely
physical reasons. The support is, contrary to before, now defined as the
region in the current estimate of the object that contains the transparent
parts, outside of which no light will be diffracted. Due to the requirement
of oversampling, there is always a region that falls outside the support
and if there are non-zero intensities in that region in the current guess,

they have to be put to zero. Or formulated differently:

FAESI if x is inside the support region
gke1(1) =4 (2.21)
0 if x is outside the support

The non-negativity constraint is there for the physical reason that the mod-

12
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2.2CDI 13

ulus of the complex value intensity cannot be negative, which means that

g (x)  if Re(g(x)) >0
Skr1(x) = °F k (2.22)

0 if Re(g;.(x)) <0
Taking the Fourier transform of this improved guess results the diffraction
pattern of this guess, which is an approximation of the measured diffrac-

tion pattern, both in terms of phase and amplitude:

Grr1 = |G () |explies (u)] = Flgkr1(x)] (2.23)
The final step in this loop is to update the guess of the amplitude, and

since this value is measured, the guess can be replaced by the real value:

Giy1 () = |F(u)lexpligprr(u)] (2.24)

This loop can be repeated until the value of }_, [g;(x)| is closer to the
real value Y, fr(x) than a specified error or until a maximum number
of loops is reached. Although the error in the ER will reduce monoton-
ically, it does not reduce very fast. An improved algorithm that converges
much faster, despite being very similar to the ER algorithm, is known as
the Hybrid Input-Output (HIO) algorithm [25]. The HIO algorithm ap-
proaches the phase problem slightly differently though. The first three
steps, namely taking the Fourier transform g(x), satisfying the Fourier
constraints and taking the inverse Fourier transform again, are the same is
in the ER algorithm. But in the case of the HIO algorithm, they are viewed
as a single operation that can be thought of as a non-linear system with
¢(x) as an input and g¢’(x) as an output, where the output will always sat-
isfy the Fourier constraint. In contrast to the ER algorithm, g(x) no longer
represents the best estimate of the reconstructed object, but rather a driv-
ing function for the next output [25]. With this in mind, the step that closes
the loop from ¢’(x) to g(x) can be changed to

g2 (x) if x is inside the support region
k1(x) = { - (2.25)

gk(x) — Bgr(x)  if xis outside the support

13
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14 Theoretical Background

where 8 is a constant that is normally around 0.7.

In the two methods described above, the support region is determined
by computing the auto-correlation of the current best estimate of the ob-
ject. However, a better estimate of the support will improve the rate of con-
vergence toward a good reconstruction as the Fourier constraints will now
be applied more accurately. The algorithm that was used in this report for
that purpose is the Shrink-wrap algorithm [26, 27]. It too starts with the
autocorrelation of the first guess of the object to get a first estimate of the
support, but from then on the algorithm takes the convolution of |gx(x)|
and a normalized Gaussian with a width ¢, which is a specified number
of pixels. So now, contrary to the autocorrelation, the estimate of the sup-
port can contain multiple peaks where the new support can be wrapped
around, hence the name of the algorithm. The new support is then the
region where the height convolution is larger than a certain threshold that
can be changed to influence how tight the support is wrapped around the
peaks. Finally, o gets updated for the next iteration by decreasing it until
after a number of iterations it reaches a specified minimum to prevent it

from shrinking the support too much.

Distorted phase object

The reconstruction algorithms as mentioned above only work in the Fraun-
hofer regime, where the relation between the object and its diffraction pat-
terns is a simple Fourier transformation without any additional phases. In
section 2.1 it was mentioned that the the approximation for the Fraunhofer
regime is only valid if z > % (x2 +12), or in other words, the Fresnel
number F needs to be much smaller than 1, so that

22

F=—x1 2.2
Y < (2.26)

where a is the characteristic size of the object. While it is clearly the
easiest to do reconstructions in the Fraunhofer regime, there are certain

benefits for moving to the Fresnel regime, where z is getting smaller and

14
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2.3 Ptychography 15

Eq. 2.26 is no longer valid. This includes the ability to capture information
from higher angles, as well as an improvement in reconstruction resolu-
tion and convergence speed [28]. Xiao and Shen proposed a universal
solution that can be incorporated in the existing methods so that they can
also be used for measurements in the near field. The key component of it

is the introduction of a phase distorted object to Eq. 2.4, so that it becomes

ikz ke (2 +y?) . . L
E(x,y,z) ~ —% // E(X’,]/,O)e_lg(xx +yy)dx/dy/ (2.27)

aperture

where the distorted object is defined as
E(x,y,0) = E(x,y,0)e'= (%) (2.28)

Thanks to this mathematical reinterpretation of Fresnel phase, it is pos-
sible again to evaluate the function by a Fourier transform, as it is for the
Fraunhofer regime. The only difference is that the distorted object now
represents the electric field at the object, but it is modified so that the Fres-
nel phase is included in it. Since the only difference between the original
and the distorted object is this added phase, it is still possible to apply the
real-space constraints (the measured amplitudes) to the distorted object,
so that it can be implemented in the phase retrieval algorithms without

any problem:s.

2.3 Ptychography

A different approach to the phase problem is ptychography. Contrary to
CDI, samples do not have to be isolated for ptychography. It can be chal-
lenging to engineer such an isolated sample, and relaxing this requirement
is a big benefit for biological and complex inorganic samples [29, 30, 31].
Instead of using a large beam that covers the sample, a much smaller beam

is used to scan the object in a raster pattern by either moving the beam or

15
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16 Theoretical Background

the sample position. As for CD], it is also necessary in ptychography to
have sufficient oversampling, but in the case of ptychography the over-
sampling is independent of the probe size [32]. Instead, it is the overlap
of the area illuminated by the probe at neighbouring positions that deter-
mines the degree of oversampling. Let’s consider a situation as illustrated
in Fig. 2.6, where a square beam with size D illuminates the sample with
steps of size R. In the case where D = R, the whole sample will eventually
be illuminated but there is no overlap between the probe, as if each posi-
tion is a separate experiment. In Fourier space, it means that the sample
is illuminated by beam of size U, where U = 1/D, exactly the Nyquist
sampling frequency. If the step size is decreased so that D > R, it will
result in under-sampling in the detector plane because of the inverse rela-
tionship between it and the object plane. This is what is illustrated with
the solid green line in Fig. 2.6. A consequence of this is that in the gray ar-
eas are corrupted by aliasing, because in Fourier space these areas are not
sampled anymore. The parts that are outside the tile add to the opposite
side as they wrap around the tile. To quantify this, the function ay;(r) is
introduced, which is a measure of the non-uniqueness of the object esti-
mate within a tile [32]. The ambiguity at coordinate r can be expressed as
ay(r) = 1/n, where n is the number of times the object has been super-
imposed on itself. The outcome of this function is depicted in the figure
for the all three cases. At the same time, these areas are overlapped by ad-
jacent illumination positions from the ptychography raster by an amount
described by the function 7r(r). Since 7tr(r) is the inverse of ay(r), we
can conclude that g (r)ay(r) = 1, or in other words, the additional re-
dundancy that is obtained from increasing the probe size compensates for
the additional ambiguity. This is not only valid for a square probe, but for
any arbitrary shape. However, if there are small deviations in the raster
pattern, which is the usual practice in order to prevent the emergence of
periodic artifacts in the reconstruction [33], this is no longer valid and the

oversampling will drop. Fortunately this can be solved easily by decreas-

16
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2.3 Ptychography 17

ing the step size so that the oversampling requirement is satisfied again

for all points [32].

Figure 2.6: An illustration of the conversion of information density in the object
plane (left) and the detector plane (right), with the values of w,(mathbfr) and
nir(r) for the different cases displayed in respectively the left and right figure
[32].

2.3.1 Phase retrieval

One of the most popular, stable and efficient phase retrieval methods in
ptychography is the extended Ptychographic Iterative Engine (ePIE) al-
gorithm [34]. As the name already implies, it is an extension from the
Ptychographic Iterative Engine (PIE) [35]. One of the larger differences
between PIE and the methods described in Section 2.2.1 is that PIE also
makes a reconstruction of the probe, in addition to the object.

PIE uses two complex functions, the object function O(r) and the probe
function P(r), that can be moved relative to each other by a step size R.

The product of these two functions will give the exit wave function
P(r,R) = O(r)P(r —R), (2.29)

which is the view of the object illuminated by the probe. A major draw-

back is that the PIE algorithm needs an accurate estimate of the probe in-

17
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18 Theoretical Background

tensity and phase, something that is difficult to achieve. The ePIE algo-
rithm doesn’t need this as it can solve for the object and the probe sepa-
rately [34, 33].

Another major difference with respect to CDI is that it is important
to accurately know the positions of the sample relative to the beam for
each point of the raster. Because of the scanning over many points and
the amount of overlap between each position, the ptychography generates
more data, much of it being redundant. As ePIE makes use of all this

information, it is a more robust method compared to CDI [36].

The algorithms starts with making initial guesses for the probe wave-
front and the object. One can start from a random guess and let the al-
gorithm do the rest, but more accurate guesses will result in faster con-
vergence. If the size of the probe is known a priori, one can assume it is
Gaussian and use the size to make a good approximation of it. Informa-
tion about the object is generally unknown, and thus a random guess or a
constant number must be used to make a guess, with either a random or a

constant object phase estimate.

Similar to the CDI phase retrieval methods, ePIE also iterates back and
forth between real space and Fourier space, see Fig. 2.7 for a flowchart
of the algorithm. The initial guesses are then multiplied according to Eq.
2.29 to obtain the exit wave function. The Fourier transform of it is an
estimate the far field diffraction pattern that is measured, so the measured
intensities can be used to replace the guessed intensity. The updated exit
wave 1/); (r) is then calculated by taking the inverse Fourier transform of it.
The last step of ePIE is to update the object and probe functions that can

be fed into the next iteration. The object update function is

P? (r — Ry)
il

Opa(1) = O + a5t ;1 (o -y®), @30

ax

where P]-* is complex conjugate of the probe function, and « is a parame-

ter that controls the step size of the update function. Similarly, the probe
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Figure 2.7: A flowchart of the ePIE algorithm. An initial guess for the probe and

the object is made and provided to the algorithm at j = 0 [34].

update function is

O*(I‘ + Rs(]))

. _ b j
P (x) P](r)+‘8|oj(l'+Rs(i))%nax

where f has the same function as «. Both update functions divide out the

(i -wm), @3

current probe/object function from the corrected exit-wave, and then take
the weighted average of this function and the current object/probe guess,
where the weights are proportional to the current estimate [34]. This is
done for all positions in a random sequence, and only after the object
and probe functions for all positions are updated, a single ePIE iteration is

completed.
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20 Theoretical Background

2.4 High Harmonic Generation

Until the discovery of HHG [37], it was difficult if not impossible to gen-
erate coherent light with wavelengths below 100 nm with lasers. In that
time, up-converting light was considered a perturbation process in non-
linear optics. According to this theory, the intensity will drop by orders of
magnitude for each step. However, in HHG, where the electric field of a
high power laser interacts with atoms in a gas jet, one can observe a broad
comb of odd harmonics that have roughly the same intensity up to a cer-
tain threshold, and it makes clear that treating HHG as a perturbation is

no longer valid.

2.4.1 Three step model

The development of ultrafast lasers opened up the way for tabletop exper-
iments, i.e. experiments that fit on one or two optical tables in a normal
laboratory room. In the 1990’s, lasers became powerful enough, while able
to operate at femtosecond timescales at a large bandwidth [38]. Their ul-
trafast pulses are generated when the laser is modelocked. When a large
number of frequencies are supported by the gain medium and the laser
cavity, these modes will interfere and the result is an electric field that is
zero most of the time, except for some very short pulses. After these short
pulses leave the laser cavity, they can be amplified further to make them
intense enough for producing high harmonics.

Since perturbation in non-linear optics can’t describe HHG accurately,
an intuitive theory known as the three-step model was developed [39]. When
a strong laser field interacts with an atom, and its field strength approaches
the Coulomb force that binds the outermost electrons of the gas atom, it
can ionize it. Once the electron is liberated from the atom, the laser field
accelerates it back to the parent ion where it can recombine. The excess
energy (kinetic energy) is then released in the form of an x-ray photon, as

is illustrated in Fig. 2.8.
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2.4 High Harmonic Generation 21

Laser field

Coulomb potential

Figure 2.8: Schematic of HHG. The first step ionizes an electron through tunnel
ionization, after which it is accelerated back towards the nucleus of the same

atom. A recollision event releases the excess energy as a high energy photon [40].

The first step in this model is the ionization of atoms in the gas medium
by the electric field of the laser. Depending on the field strength of the
driving laser beam, this can occur in three different ways [38], illustrated
by Fig. 2.9.

A X AN X \ X
—_— — — — —
3 _ (b) Tunnel (c) Above-barrier
3 (a) Mulnpboton ionization ionization
uc_| ionization -W, W, [——\

Figure 2.9: The three regimes of atomic ionization. When an atom is exposed to a
laser field that is weak compared to the Coulomb potential (dashed line), the ef-
fective potential (black line) is slightly affected and multiple photons are needed
for ionization. As the laser intensity increases and approaches the strength of
the Coulomb potential, the electron is allowed to tunnel through the reduced po-
tential barrier. At even higher laser intensities the coulomb barrier is completely

suppressed and the electron can travel freely [38].

A common measure to determine which of the processes will occur is
the Keldysh parameter, given by

wy2mly (2.32)

= eE
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22 Theoretical Background

where w is the laser frequency, m and e are the electron mass and charge,
respectively, I, is the ionization potential of the valence electron and E
magnitude of the peak electric field of the laser. For the limiting case
where v > 1, i.e. a weak field strength and/or a low frequency w, multi-
photon ionization is the mechanism that will occur. Several photons from
the driving laser are absorbed and allow the electron to be ionized. The
other limiting case, when v < 1 is called barrier suppression. The poten-
tial of the atom tilts until one side is lower than the potential of the valence
electron, which makes it ionized.

In HHG, it is the regime that is in between these two limiting cases, the
tunneling ionization, that is relevant. In this regime, the laser intensity is
high enough to distort the barrier such that only a narrow barrier prevents
the electron from ionization [38]. After ionization the second step takes
place: the electron acceleration. The laser field is much larger than the
coulomb potential once the electron is ionized, which can be neglected at

this point. The movement of the electron is classically described by [39]:
X = xpcoswt + vt + xp (2.33)

and

vy = Upsinwt + vy (2.34)

where w is the laser frequency, xy is the initial displacement of the electron
from the ion and vy is the initial velocity after tunneling. The velocity at
which the electron will hit the parent ion is determined by the initial phase
with respect to the driving field of the oscillating portions in Eq. 2.33 and
2.34, which is zero when the electron tunnels at the peak of the field. Once
the direction of the driving field changes according to the same equations,
the electron is accelerated towards the parent ion. The highest velocity is
obtained when the initial phase equals 17.2 °.

The kinetic energy is, in addition to the ionisation potential, emitted
upon recombination with the parent ion as a high harmonic photon. The
result of this is the emission of harmonics that form an intensity plateau

with a maximum energy of
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2.4 High Harmonic Generation 23

Emax = Ip +3.2U, (2.35)

where I, is the ionization potential of the atom, and U), is the pondero-
motive energy of the atom, the average kinetic energy in a sinusoidal field,
given by
e?E?

Uy = —— o IA? (2.36)

where e and m are the electron charge and mass and E,w, I and A are
the energy, frequency, intensity and wavelength of the incident light [41].
From this, we can conclude that the longer wavelengths and higher inten-
sities will result in higher cut-off energies. Interesting to note is that only
odd harmonics are formed. The reason behind it is that the harmonics are
produced by a series of bursts in a short time which are separated by half
the laser period, these are the moments when the electrons and the atom
recombine. In the Fourier transformed frequency space, it means that it
forms a comb of harmonics separated by twice the frequency of the driv-
ing laser. Together with the fact that gas must have inversion symmetry,
the induced polarization of the gas must be an odd function of the electric

tield, resulting in a comb of only odd harmonics [42].

2.4.2 Phasematching

One important requirement for HHG is that the phase velocity of the inci-
dent laser light v; and that of the emitted x-rays vy, are ideally matched
so that only constructive interference occurs between photons generated
at different spatial regions along the propagation path.

Fig. 2.10 a) and b) illustrate what happens when the HHG process is
not properly phase matched. The high-harmonic signal can only increase
when the difference in relative phase difference between the driving laser
light and the high-harmonics is less than 7r radians. For a harmonic of or-

der n, the coherence length is I.(n) = 7/ Ak,, where Ak, is the phase mis-
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Figure 2.10: Figure a) and b) show non-phase-matched build-up, showing alter-
nating constructive and destructive interference of the x-rays with a period equal
to coherence length, preventing a strong HHG signal build-up. The laser and
HHG are plotted at the input (Ef"”ial and E;”_”;g; ) and output (E{r mal and E&lf;y ) of

the medium. c) and d) shows the same but now phase matched, where the signal

increases linearly with distance [40].

match between the two, and only within this length can coherent build-up
take place [40]. The phase difference, together with the fact that the gas
medium is often not transparent and is ionized while the harmonics are
generated, result in a temporally and spatially changing index of refrac-
tion. The result is that the high-harmonics are periodically constructively
and destructively added, as is illustrated in Fig. 2.10. Another factor in the
phase matching in a gas jet, which is the case in this report, is the Gouy
phase. When a Gaussian beam is focused, the phase will change by 7t on
either side of the beam waist. Both the Gouy and the dipole phase of the
beam, which depends on the distance from the focus position, need to be

tuned in order to get a high intensity beam [43]. By focusing the beam
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2.5 Coherence 25

in front or behind the gas jet, it is possible to balance between the Gouy
phase shift and the laser field strength. This is illustrated by Fig. 2.11

Polarization phase (rad)

-120 —

z position (mm)

Figure 2.11: The phase of the driving laser on the propagation axis (solid line).
It is the addition of the Gouy phase (dashed line) and the bipolar phase (dotted
line). By changing the position of the focus (and thus the zero of the Gouy phase)
one can tune the phase in the jet [43].

2.5 Coherence

One very important requisite for the reconstruction algorithms is that the
light illuminating the sample is sufficiently coherent, or in other words,
the phase relationship of the light must be well defined in either space or
time. In this section the theory of coherence for short wavelengths will be
covered in more detail, and why light generated by HHG is suitable to use
in CDI and ptychography.

Since light can be described as a wave propagating in space, the coher-
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26 Theoretical Background

ence of this wave needs to specified in two directions across this electro-
magnetic wave [44]. Spatial coherence is related to the size of the source
and the angular spread of the beam, and is the property of an electromag-
netic wave to have a well defined phase at two points that are separated in
a direction perpendicular to the direction of propagation. Temporal coher-
ence, on the other hand, is a measure of how monochomatic the beam is,
and indicates how correlated fields offset by time are. Fig. 2.12 illustrates

the two types of coherence.

2 AB ft = zAf

d §+7 - - _ 2
T L T

r 3
\ 4

)\2
N gl — AN

, . = CT,

Figure 2.12: An illustration of spatial and temporal coherence. a) shows how the
temporal coherence length ¢; depends on the distance along the propagation axis
and the diversion angle 6 [44]. b) shows how the longitudinal coherence length
depends on the bandwidth AA [9].

To achieve perfect spatial coherence, one would need a plane wave that
has the same phase on all points transverse to the direction of propagation.
But since it is not possible to generate such a wave, the best one can do is
to generate a spherical wave originating from a point source as it will ap-
proach a plane wave far from the source. But also the point source is not

an realistic assumption, and in real life a source will always have some fi-
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2.5 Coherence 27

nite size. Increasing the source size from a point source, the emitted wave-
fronts will get less spherical due to the uncorrelated radiation coming from
the individual radiators, i.e. atoms, electrons etc., reducing the coherence
of the wave [21]. The dependency of the spatial coherence of these param-
eters can be derived from Heisenberg’s uncertainty relation[44]:

zZA

where A0 is the divergence angle (see Fig. 2.12) and d is the source diame-
ter.

One can also derive a measure of temporal coherence. Contrary to spa-
tial coherence, which is a measure of beam quality of a source, temporal
coherence can also be viewed as a measure of the temporal bandwidth of
the source. Therefore, the temporal coherence can be quantified by the

longitudinal coherence length, given by [44]

A2
o=
Which can be interpreted as the number of wavelengths for which a

(2.38)

wave has strong longitudinal coherence.

2.5.1 Gaussian modes

HHG generates a Gaussian beam, and therefore it is important to know
what the coherence properties of such a beam is. The transverse coherence
is equal to the divergence of the beam in the far field. This can be derived
by the following: the radius at which the intensity is 1/+/e of a Gaussian

beam, as shown in Fig. 2.13, can be described mathematically by

2
r(z) = rop| 1+ ( A22> (2.39)

where z is the distance from the source and rg is the beam waist, the small-

est radius [44]. So in the far field where z >> 47175/ A, the divergence angle
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0 can be calculated:
0= —+ = —— (2.40)

A

Waist

Figure 2.13: [44]

When this is rewritten for the beam diameter d = 2r(, we get

A

(2.41)

which is the same as Eq. 2.37. So, in other words, a Gaussian beam ex-
hibits perfect spatial coherence. This conclusion is supported by measure-
ments of beams generated by HHG, which show high degrees of spatial
coherence. [45]. The produced beam is a coherent Gaussian beam, since
the driving laser is coherent and Gaussian too, as was explained in sec-
tion 2.4. The phase matching is crucial in this case. If not done properly,
the strongly varying index of refraction of the ionized gas will prevent co-
herent buildup of the flux and destroys the mode quality of the harmonic
generation process [45]. If, however, the phase is matched, one can ex-
pect a spatial coherence length of several times the wavelength, so HHG

is mostly limited by its temporal coherence [21].
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Chapter

Experimental methods

3.1 CDI

To collect the CDI data, a setup as shown in Fig. 3.1 was used.

CCD
ND filter

Laser

Mirror

Pinhole

Figure 3.1: Experimental setup for CDI. The laser beam enters the setup after

which it is attenuated by an ND filter. It then goes through a pinhole so that only

the central part of the beam is transmitted, after which the beam is directed to-

wards a lens, focusing the beam on the sample. A detector measures the intensity

of the resulting diffraction pattern.

A Helium-Neon (HeNe) laser was used as a source of the coherent light
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30 Experimental methods

with A = 633 nm. After that, the beam passes through a neutral density
tilter wheel that variably attenuates the laser beam intensity. A pinhole
then selects the central portion of the beam and provides for a Gaussian
illumination of the sample, so that a clear diffraction pattern can be gener-
ated. A lens with a focal length of 10 cm focuses the beam on the sample,
illuminating it with a size (¢~2) of 90 um. The sample itself is a pattern (see
Fig. 3.2) with a diameter of 150ym machined in a thin stainless steel disk.
It was centered so that the zeroth order beam was caught on the center of
the detector.

Figure 3.2: The sample that was used for CDI and ptychography. It consists of a
metal disk with transparent rectangles, triangles, circles and chevrons of different

dimensions.

The detector, a 1024 x 1280 pixel camera with a pixel size of 5um, was
placed on a slider on a rail so the sample to detector distance could be
changed easily.

For a high resolution one wants to measure at a large numerical aper-
ture, but the dynamical range of the camera will limit the maximum angle
at which light can be captured. The intensity at the edges of the detector
will be of several orders of magnitude less than at the center, more than the
dynamical range can cope with. This problem is solved by collecting the
diffraction patterns at two different exposure times. One is short enough

so that the camera does not saturate at the brightest areas of the diffrac-
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3.1 CDI 31

tion pattern, similar to a regular measurement. Care needs to be taken to
make sure that the detector still operates in the linear regime for all the
pixels, as CCD cameras deviate from a linear intensity to pixel value re-
lation close to the saturation value. The other exposure time needs to be
long enough to detect light at the detector edges while the camera will be
saturated in the center. These two images are then stitched together in a
MATLAB code to increase the dynamical range of the detector artificially,
resulting in an image of the diffraction pattern where features at both the
center and the edges are clearly visible. The code searches for pixels with
a value higher than a preset threshold, mostly 65 % of the intensity of the
saturated points, to ensure that the camera is in its linear regime for all the
pixels that fall below this threshold. All points where the value exceeds
the threshold will be deleted. The short exposure time data will then be
scaled so that it connects smoothly to the high exposure image. The final
step before the images are used to make a reconstruction is to smoothen
high frequency noise that is present in the stiched image by applying a

Gaussian filter to it.

3.1.1 Reconstruction

After these steps are done, the image of the diffraction pattern can be used
to make a reconstruction. It is possible to use either the ER or the HIO
algorithm as discussed in section 2.2.1, but combinations of algorithms
can be faster and more efficient with better results. For example, the HIO
algorithm is often used in combination with the ER algorithm as a few
ER iterations after some more HIO iterations will decrease the estimated
error quickly. In the method used in this experiment, both the HIO and
the ER algorithms were used, as well as the shrink wrap algorithm. The
big benefit of also including a few iterations of the shrink-wrap method is
that it increases the quality of the guess of the support, as it is wrapped
much tighter much faster around the reconstructed object than with the

HIO+ER alone. The error-estimate that was used is the error between the
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current intensity guess and the measured intensity values, or

E=\/|LF@g)~F (3.1)

The code will stop reconstructing once the error is below a pre-set
threshold, or exceeds the maximum number of iterations, which is more

often the case.

3.2 Ptychography

Ptychography is in theory a more robust method than ordinary CDI, but
a big part of the advantage over visible light CDI is counterbalanced by
the lower beam quality in x-ray ptychography [46]. Most effort was put
into getting a beam of a high enough quality to be able to reconstruct the
object. The setup that was used consists of two parts: in the first part
an intense femtosecond pulse is generated, which is then directed into a
vacuum chamber that forms the second part. This is where the pulse is
transformed from 800 nm to light in the x-ray regime by HHG and then
propagates to the sample. See Fig. 3.3 for a schematic of the setup.

To generate the pulses, a mode-locked Titanium doped sapphire (Ti:sapphire)
oscillator (Spectra Physics Tsunami), pumped by a continuous wave (CW)
532 nm Neodymium doped Yttrium Aluminium garnet (Nd:YAG) (Spec-
tra Physics Millenia Vs), emits a broadband 35 fs pulse centered around
800nm. The light is guided into a Spectra Physics Spitfire amplifier, pumped
with 527 nm light coming from a Neodymium doped Yttrium Nd:YLF CW
laser (Coherent EVO-30). The outgoing beam has around 2.7W power with
a pulse rate of 1 kHz, and passes through a shutter, an iris and a focusing

lens before it enters the vacuum part of the setup.
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Filters
Laser

Pinhole

M2

Figure 3.3: Experimental setup for ptychography. The laser beam enters a vac-
uum where coherent x-rays are generated by HHG with an argon jet. The fun-
damental laser beam is filtered out and, stray reflections are blocked by an ad-
justable pinhole. Mirrors M1 and M2 select the 27" harmonic and M2 focuses
the beam on a movable sample. The ditfracted light is finally captured by a UV

sensitive CCD camera

3.21 HHG

Once the focused 800 nm beam is in the vacuum the high harmonics can be
generated. Due to their interaction with matter, it is necessary that the re-
mainder of the setup is under vacuum. The high harmonics are generated
as the IR beam hits an argon gas jet by HHG as described in section 2.4.
When a new capillary is inserted, the focused laser beam will drill a hole
in the capillary. The capillary is wrapped in aluminium foil and Teflon
tape to protect the newly drilled hole from growing in size. Since the jet
is placed in a vacuum, it is important to keep the holes in the capillary
as small as possible so that the gas flow from the jet is as low as possible
while maintaining a pressure of around 7 Torr in the capillary. For the

same reason, it is important to be careful with the pointing of the laser.

It is desirable to limit the integration times during the measurement,

and therefore the x-ray beam must be as bright as possible. Several pa-
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rameters can be tuned to generate a higher intensity beam: the pointing
of the beam into the gas jet, the mode of the laser by changing the set-
ting of the iris, the position of the focus to control the Gouy phase, the gas
pressure of the jet, compression of the driving laser pulse, laser power and
oscillator bandwidth. The best settings change slightly from day to day

and every day the parameters were optimized in an iterative fashion.

A 200 nm parylene, coated with aluminium, is located directly after the
gas jet to filter the 800 nm light from the incoming laser beam to protect
the CCD camera from the intense light. A second filter, in the form of a
filter wheel with multiple 200 nm Al filters with different coatings, is lo-
cated further downstream with a toroidal mirror between it and the first
filter. The mirror is used to focus the beam since lenses can’t be used for
soft x-rays. Once the beam enters the imaging chamber, the beam is re-
flected by two coated mirrors that act as a monochromator where only the
27th high harmonic with a wavelength of 29.5nm is reflected. The second
mirror is curved with a focal length of 30 cm and focuses the x-rays on the
sample. Finally, the light passes through the sample and 9.5 cm further
the diffraction patterns are captured by a cooled 16-bit 2048 x 2048 CCD
camera (Andor iKon-L) with pixels of 13.5ym by 13.5ym. The camera was

typically cooled down to —70°C to eliminate thermal noise.

Before the measurement can start, the 150um sample has to be put in
place so that the 20um beam is roughly centered on the sample, but the x-
ray probe can only be used under vacuum. Since it is very difficult to find
the sample in these conditions, it was first centered by using a HeNe laser
that is used to align the setup. In this way the center is much easier to find
as the beam is visible and of a much higher intensity than the x-ray beam.
Once the aperture of the sample was found the imaging chamber could be
pumped down to find the center for the x-ray beam, which is often very

close to the HeNe beam, after which the measurements could start.

The sample is mounted on a stack of different stages which move the

sample during the measurement. One stage is open loop with a large
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3.2 Ptychography 35

range and is used to move the sample in and out of the beam. Since the
x-rays beam has to be optimized at least every day, having such a stage
means that the setup can remain under vacuum as the sample does not
have to be taken out and can simply be moved to the side. Three other
close loop stages (Attocube ANPx101) can move the sample in all three
dimensions with 1 ym accuracy, stable within 300 nm, and are used for
scanning over the ptychography raster. The readout of the positions of the
motors is very accurate, but there still is some degree of backlash present
in the translation steps of the motors. We discovered that translations in
the y-direction are more accurate when the sample only goes down during
the scan, probably due to the weight of the other stages and the sample,
and therefore the scan is a zig-zag going from left to right, then down a
step, and then from right to left, etc. It is no problem if the real positions
deviate from the programmed positions: as long as the real positions are
recorded accurately, it will prevent periodical artifacts from forming in the

reconstruction [34].

The size of the beam waist at the focus, roughly at the position of the
sample, was estimated to be 20 yum. An overlap of at least 70% should
result in good reconstructions [47, 34, 48], and , the step size needed to be
4um or smaller. Although the stages can move within 1um accuracy, this is
only true for steps larger than 3um. This puts a limit on the minimum step
size for the raster and thus on the maximum degree of overlap too. For
this reason it was not possible to eventually increase the degree of overlap

beyond 70% in the search for a higher resolution.

One requirement, maybe the most important one to get a good recon-
struction, is that the beam of the probe needs to be as coherent as possible,
while it also helps a lot when the beam approximates a Gaussian as this
allows to start with a better guess of the probe. For that reason a pinhole
was placed in the beam, such that blocks incoherent scattered background
light and only lets the central, Gaussian part of the beam through. Without

this pinhole, a large area outside of the main beam that consists of incoher-
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ent scattered light will also hit the sample an results in blurred diffraction

patterns that are difficult or even impossible to reconstruct.

3.2.2 Reconstruction

As for CDI, multiple images were recorded per position and averaged dur-
ing the pre-processing. Noise that originated from the detector is removed
by subtracting background images from the diffraction patterns. Before
the ptychography scans were started, background images were taken at
a single position, since the only goal is to capture any background light
that is present. These images are weighted according to the ratio of back-
ground images to diffraction patterns per position and then subtracted
from these diffraction patterns. The pre-processing code also has an option
to apply a Gaussian filter and to stitch high and low exposure diffraction
patterns, similar to the CDI pre-processing code.

Because ptychography data sets are much larger than for CDI after
the pre-processing is done, the diffraction patterns are cropped to make
it computationally less intense during the reconstruction. Only the parts
that do not contain any information can be cropped, as otherwise the res-
olution will decrease as the high-angle information is removed. At the
same time the cropping is used to center the diffraction patterns with an
accuracy of a few pixels. This proved to be very important for the recon-
struction as it prevents the reconstruction of the probe to drift around.

The actual reconstruction process closely follows the ePIE methods as
explained in section 2.3.1. The probe is not updated in the first few itera-
tions, it is suggested in the literature that this helps the algorithm to find
the global minimum [34]. A variation on this is to make multiple guesses
for the initial probe and refine them for a few iterations as if it were the
only guess. After that the refined probes are averaged and this is then re-
tined further by a few (1 to 5) more ePIE iterations. The resulting probe
function is then used as initial guess for the reconstruction of the object

and should make the process faster, but above all, more stable [35, 34]. The
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reconstruction algorithm continues to refine the probe and object function
from this point until a pre-specified number of iterations or error tolerance

is reached.

3.2.3 Resolution

To quantify the quality of the reconstruction, the resolution needs to be de-
termined. One way of doing this is to look at the amplitude of the pixels
over a line, preferably at the center of the reconstruction as the quality at
the edges will be lower due to a lower redundancy of information. How-
ever, this does not mean that the resolution of the whole image is lower,
i.e. if the scan size would have been larger the resolution in the same
area might be much higher. The resolution is then determined as the dis-
tance between 10% and 90% of the maximum pixel value. Ideally, there
is a plateau where several pixels have the same maximum value which
is necessary to determine if the pixels indeed have there saturation value.
Although this method remains slightly arbitrary as where to take the scan,
and does not make reliable estimate of the resolution when the quality of
the reconstruction is inhomogeneous, it can give a good indication of the
reconstruction quality in this stage where pixel limited resolution is still

far away.

37

Version of March 31, 2017- Created March 31, 2017 - 12:56



Chapter

Results and discussion

41 CDI

The CDI measurement was performed on a very compact and simple setup,
as was described in section 3.1. In order to minimize errors induced by
thermal effects, 400 images, which are an average of 10 images themselves,
were taken for each exposure time. These were determined by checking
when the detector gets saturated. In order to be sure that the measure-
ments done with the low exposure time are indeed unsaturated, it was
chosen at 60% of the time it takes to slightly saturate the detector. The high
exposure time should be long enough so that the center, i.e. the zeroth and
first order peaks, of the image is completely saturated while at the edges
of the detector clear features are visible. For this particular experiment the
short and long exposures were 3ms and 30ms respectively. To correct for
background noise, another 400 images were taken for each exposure time
with the laser turned off so that they could later be subtracted from the
other images.

Since the reconstruction software is able to make reconstructions in the
near field too due to the inclusion of the distorted object, the sample was
placed at a distance of 3.5 cm which implies a Fresnel number of F,, = 1,02

for this sample and wavelength, meaning that the sample is in the near
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4.1CDI 39

field. These settings result in an oversampling ratio of 28, safely above the
minumum oversampling ratio of 2.

All these images were then processed to form one composite image
that can be used to make the reconstruction. The pre-processing program
first sums all the images of both exposure times separately and continues
with the averaged image which are then stitched together, according to
the method described in section 3.1. The threshold level at which the long
exposure time image is cut is 65%, so that we can be sure that the camera
still was in its linear regime at those points. After the image is smoothend

and centered it is ready to be reconstructed.

0 50 100 150 200 250 300
um

Figure 4.1: a) shows a logarithmic picture of the reconstruction pattern that was
used to make the reconstruction, of which a cropped version is displayed in b).
The pixels in the object reconstruction are clearly visible, showing that the reso-

lution is pixel limited.

As was mentioned before, the reconstruction program uses a combi-
nation of three reconstruction algorithms: The error-reduction algorithm,
the hybrid input-output algorithm and the shrink wrap algorithm. This
results in a faster convergence and a better resolution than when only one
of these algorithms is used. For the reconstruction shown in Fig. 4.1, 5

ER iterations were followed by 20 HIO loops and one shrink-wrap loop,

39

Version of March 31, 2017- Created March 31, 2017 - 12:56



40 Results and discussion

which in total form a single reconstruction loop. Since F, ~ 1, the Fraun-
hofer approximation can’t be used and therefore a distorted phase object
was included in the ER and HIO algorithm. This loop is then continued
until a specified number is reached or when the error is lower than a spec-
ified threshold. In this case the reconstruction was run for 50 loops and
followed up by another 100 ER loops to increase the quality of the recon-
structed image. A full reconstruction takes on the order of a few minutes
on a modern computer.

The resolution of the reconstruction in Fig. 4.1 b) is difficult to deter-
mine since the individual pixels are visible, and therefore it is not justifi-
able to take the distance between 10% and 90% of the maximum intensity
as its resolution. By noting that the smallest features of the test sample,
namely the smallest triangle and circle, are 3um, one can conclude that
since these features are still resolvable the resolution is roughly 3um, and
limited by the number of pixels that in the sample plane are of the same
size. A solution to obtain better solutions with the same setup would be
to place the sample closer to the detector and thereby decreasing the over-
sampling, but at the same time also decreasing the pixel size in the sample
plane according to Eq. 2.15. Additional to this effect one can also capture
scattered light at much higher angles that help to resolve the smaller fea-
tures, provided that the intensity is still high enough to detect the light at
these angles. The lower oversampling ratio and the fact that these mea-
surements are taken in the very near field will make it more difficult to get

faithful reconstructions though.

4.2 Ptychography

After the successful reconstruction of the test sample by using CDI it was
placed in the setup described in section 3.2 to capture images that can be
reconstructed by the ePIE algorithm. During the reconstructions of the

first measurements it became apparent that the data was not of a quality
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4.2 Ptychography 41

high enough for reconstruction, due to scattered light entering the imaging
chamber of approximately 10% of the intensity of the maximum of the x-
ray beam. The origin of this light is somewhere earlier in the setup, where
the light got scattered and consequently is not coherent anymore. To filter
out as much of the stray light a pinhole was put in place in the imaging
chamber so that only the coherent Gaussian beam could propagate to the
sample. The result of this minor but important modification is shown in
Fig. 4.2, which shows the diffraction pattern originating from the chevrons
in the sample. The fringes are clear and distinct, opposed to the situation
before where the diffraction pattern was not much more than a continuous
blob where no features were distinguishable. By shining the filtered beam
directly on the detector it could be verified that indeed most, but not all, of
the stray light was blocked by the pinhole, leaving a beam with a diameter
of roughly 20um at the position of the sample.
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Figure 4.2: An example of a diffraction pattern at one position a ptychography

scan.

Once the pinhole was put in place, the first reconstructions could be
made. Since all the correct parameters for the setup had yet to be found,
a relatively small scan of 60um x 60um was used so that one still can be
sure that some of the features of the sample will be captured within the
scanned raster. An overlap of 70% between two neighbouring positions

of the beam was used, a value that has been found to still give reliable
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42 Results and discussion

results [34, 48]. Although it is close to the lower limit, it also allows to do
measurements more quickly after each other, something that is advanta-
geous in this stage. Besides that, the step size is limited by the accuracy
of the piezo stages that move the sample around. Although the stages
are close-looped and are specified to be stable within 50nm, in reality they
showed to be considerably less accurate. Since the positions are accurately
recorded as they are needed for the reconstruction, it is known that the
position of the motor is drifting around up to 0.3um where it should have
stayed constant. While it is known that deviating from a perfect raster,
provided that the positions are still accurately known, can prevent the for-
mation of periodical artifacts. But it is important to note that, like in the
CDI experiment, multiple images per position are taken while the position
is only recorded once per position. Not only will this potentially result in
a more blurred diffraction pattern, it is also possible that the average po-
sition of the four images is different than the recorded position, although
this was not verified. To minimize the effects of drifting stages, the de-
tector waited for two seconds after moving the stages to let them stabilize

before taking pictures.

A different measure to limit the time needed for one measurement is to
limit the number of pixels that are read out from the CCD detector. Due to
the wavelength of 29nm and the intensity of the beam, no light is detected
at higher angles and thus these pixels can be neglected without loss of
information. For this measurement, 301 x 301 pixels were used. During
the centering in the pre-processing, this was reduced by another 20 pixels
in each direction to get the zeroth order beam at the center of the detector,
after which the reconstruction was made. The result after 20 iterations
is shown in Fig 4.3, the first-ever ptychographic reconstruction from this

setup.

The reconstruction clearly shows the features of the sample, although it
is more blurry at the edges due to a lower redundancy of data. The phase

image of the object shows the same story, with a relative phase of 0 at the
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4.2 Ptychography 43

transparent parts of the sample and 7 elsewhere. The reconstruction of
the probe in 4.3 c) indeed shows a size close to 20um but is not Gaussian
and the areas with lower intensity is not uniform or even clearly cut of,
which can be expected as the pinhole in the imaging chamber blocks the
beam. Since the reconstruction of the object and the probe are coupled, it
can be concluded that the reconstruction of the beam is probably close but
not exact, since the object reconstruction did not yield a binary picture of
the sample. The resolution of the reconstruction was obtained by using
MATLABs pixel cross section tool along the red line in Fig. 4.3 a). The
rectangle was chosen because it isn’t close to the center and because it is a
large feature, which is handy as it is more reliable to look for the resolution

in this way when there is a plateau of high amplitudes.

After this successful reconstruction several other experiments were per-
formed to see if the resolution could be increased and what the effects of
overlap, raster size and the averaging of images on the resolution are. To
start with, the scan size was increased so that the complete sample could
be imaged, while the degree of overlap remained constant at 70%. Since
the beam size is fixed in this experiment the only way to go is to take mea-
surements at more points on the raster. One of the biggest challenges in
large scans is that the pointing of the laser beam will change slightly over
time. This effect is enhanced by changes in ambient conditions such as
temperature and pressure, two variables that will inevitably change dur-
ing a day. To limit the duration of the measurements the images were
averaged over only four exposures and the CCD pixels were binned 2 x 2.
The read-out time for the camera will decrease due to the binning, but it
also changes the value at which the camera saturates. As such, the expo-
sure time had to be decreased to 0,25s to keep the camera operating in the
linear regime. At the same time, binning helps increasing the dynamical
range of the camera. Binning of the pixels acts as a four time amplification,
and despite the saturation value is only 2.5 times the saturation value of

the single pixel readout, it means that after exposure times are corrected,
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44 Results and discussion

the camera is still more sensitive at higher angles where the diffracted light
is less intense. For that reason, the number of “artificial” pixels that were
used are the same as before, but because they are binned it were actually
twice as much and allow to capture light at higher angles. The result is
shown in Fig 4.4, with a resolution of up to 3ym similar to the first recon-
struction, despite the fact that the measurement took 6 hours to complete.
It should be mentioned though that on average the resolution is much
lower, the features are more blurred and the transparent parts have more

structures in them.

Because the ePIE algorithm reconstructs the object- and probe function
at the same time to reconstruct the exit wave, a bad reconstruction of the
probe will result in a less than ideal reconstruction of the object. But as a
result of the long duration of the measurements, it is not possible to simply
reconstruct the probe, as it evolves over time. The ePIE algorithm is not
able to handle this and will regardlessly try to make a single reconstruc-
tion for the probe, which explains the lower resolution as compared to the
resolution of the reconstruction in Fig. 4.3. Compared to the probe from
Fig 4.3 c), the reconstructed probe in Fig. 4.4 is larger although it is closer
to a Gaussian beam, despite the real probe having the same size for both
measurements. Something else that is noticeable in the reconstruction is
that the circles appear to be rings. The reason for this is that the exposure
time was too long and the the beam could, almost unobstructed, propa-
gate through the circles and saturating the detector and therefore making

the task of the reconstruction algorithm much harder.

Also the phase of the reconstructed light in Fig 4.4 b) shows that the
algorithm had difficulty with resolving the apertures. The phase is still
close to zero, but the same can be said for the edges and it is less clear
than was the case for the previous reconstruction. It also shows that the
chevrons are not resolved at all, something that is visible on the amplitude

reconstruction too.

Since the time for one measurement was too long and the detector
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4.2 Ptychography 45

was saturated at some positions of the scan, the scan size was reduced
to 40um x 40um and the exposure time was reduced to 0.15s while not
binning the pixels anymore, a value at which the detector doesn’t saturate
even when the beam was aimed directly on it. The step size was decreased
to 3.5um so the overlap increased to 75% and in an attempt to capture light
at higher angles than in the first experiments an array of 501 x 501 pixels
was used with no binning. And finally the number of pictures per posi-
tion were increased from four to ten. The results in Fig. 4.5 show that these
measures have indeed helped to improve the resolution. The chevrons are
clearly resolved again and the pixel value cross section shows that the res-
olution increased to 2um. The fact that the rectangles at the side are not
reconstructed as well as the chevrons is because they are close to the edge
of the scan. The probe is also much closer to the expected size of 20um,
which is to be expected since it is coupled to the better object reconstruc-
tion. However, after the experiment it was found that due to a rise of
temperature in the lab the beam has slightly drifted, which has probably
compromised the quality of the reconstruction.

The final measurement is almost exactly identical to the previous one,
except for that the position of the sample was different this time, because
the the algorithm sometimes has difficulty in resolving periodic features
such as the chevrons when no or little other features are present. How-
ever, this time the detector was only cooled down to 20° C instead of 70°
C. The reconstruction in Fig. 4.6 looks good, but especially the phase re-
construction makes it clear that the triangles seem to have drifted, leaving
phase ramps visible in the construction where it should have stayed con-
stant. An important reason for this is that the thermal noise in the diffrac-
tion images has increased significantly over the level of the previous three
measurements, which is difficult to remove during pre-processing without
cutting of real data too. The result is that the resolution, despite still be-
ing better than in the first measurement, slightly decreased, being around

2.51m now.
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Figure 4.3: Results from the ptychographic reconstruction from a 60um x 60um
scan with 70% overlap. Fig. a) shows the amplitude of the object reconstruction;
b) is the object phase. c) shows the reconstruction of the x-ray probe. Fig d)
shows the cross section values from the red line in a), where the resolution was

determined to be 3um
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Figure 4.4: Results from the ptychographic reconstruction from a 160um x 160um
scan with 70% overlap and 2 x 2 binning of the pixels. Fig. a) shows the ampli-
tude of the object reconstruction; b) is the object phase. c) shows the reconstruc-
tion of the x-ray probe and d) shows the cross section values from the red line in

a), where the resolution was determined to be 3um
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Figure 4.5: Results from the ptychographic reconstruction from a 40um x 40um
scan with 75% overlap. Fig. a) shows the amplitude of the object reconstruction;
b) is the object phase. c) shows the reconstruction of the x-ray probe, d) shows the
cross section values from the red line in a), where the resolution was determined

to be 2um
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Figure 4.6: Results from the ptychographic reconstruction from a 40um x 40um
scan with 75% overlap. Fig. a) shows the amplitude of the object reconstruction;
b) is the object phase. c) shows the reconstruction of the x-ray probe, d) shows the
cross section values from the red line in a), where the resolution was determined
to be 2.5um
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Chapter 5

Discussion

From the reconstructions in the previous chapter we can see that certain
aspects such as a low detector temperature and a sufficiently large pixel
area are important to get good resolution images. However, even if the
resolution will improve by a factor of two, it is still far away from a reso-
lution set by the wavelength of the probe. One thing that is relatively easy
to improve is the quality of the beam. The pinhole that was used in the
experiments was slightly too large, not only letting through the beam but
also still a part of the scattered light. A solution to this is to use a smaller
pinhole that slightly clips the beam edge, and putting another pinhole af-
ter that blocks the light that is scattered from the first pinhole [49].

Only a small portion of the pixels has been used as no light could be
detected at larger angles without saturating the central pixels. The obvious
solution would be to stitch the images like in the CDI measurement, which
will greatly improve the dynamical range of the camera. A drawback of
this solution is that it will take longer and therefore the pointing of the

beam and the position of the sample have to be more stable than before.

On the software side some other improvements can be made. It is al-
ready very common to use sub pixel centering, an extension to ePIE, for
the diffraction images, which counterbalances the variation of the pointing

of the beam [50]. Instead of centering the whole collection of diffraction
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patterns only in the beginning with a few pixels accuracy, this can be done
iteratively with improved centering in each step up to values smaller than
the pixel size, and is done for every probe position. At the same time, this
method is able to extract the exact position of the sample relative to the
beam, which is used to largely eliminating the effect of the beam moving

over time [50].

What is also unknown is what the beam exactly looks like at the sam-
ple, and therefore the initial guess of the beam is probably far off from the
real beam. Instead of the plane wave Gaussian beam that was used for
the initial guess, it is almost guaranteed that the real probe has a curved
wave front at the sample. Only when the sample is exactly in the focus this
might be a good estimate, but this is not the case outside the focus and in
that case a curved wavefront would be a better first guess. Besides that, the
beam is astigmatic to some degree due to the toroidal mirror that is used
to focus it, again something that was not included in the initial guess. For
that reason the beam itself will need to be characterized thoroughly so the
algorithm can correct for it. Most of these proposed improvements have
already been used in an experiment by Baksh et al. in 2016, who published
results from the first ptychographic reconstruction in transmission geom-

etry and obtained a resolution of 56 nm [47].

In terms of intensity there is a lot to win by moving to broadband pty-
chography. While people are trying hard to get as much light as possible
from HHG setups, most of the light is thrown away as only one single
harmonic is used for the probe. One solution to this is ptychographical
information multiplexing (PIM), which has already shown to work in a
proof-of-concept in the visible range and more recently in the soft x-ray
range too, although these measurements are done in reflection geometry
[51, 52]. Instead of a coherent diffraction pattern, an incoherent diffraction
pattern is captured due to the multiple wavelengths that are used. By us-
ing a modified version of the ePIE algorithm, the redundancy of data that

comes along with a ptychography measurement can be used to resolve the
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coherent diffraction patterns from the incoherent one for each wavelength.
Instead of updating a single object and probe function, a multiple of them
are now updated in parallel, while in addition a relative weighting for the

intensity of each illumination wavelength is recovered too.

5.1 Outlook

One of the most exciting developments in the table top lensless imaging is
its application in materials science, especially in the research of magnetic
properties of ferromagnets Fe, Co and Ni. Their magnetic properties are
determined by the valence electrons that fill the 3d shell. They become
increasingly filled for these respective materials, resulting in a decreasing
number of holes where electrons from lower shells can be excited to. The
net magnetization is a result of the exchange interaction between the va-
lence electrons, resulting in a difference in number of electrons with spin
up and with spin down. To measure the properties of these electrons, a
probe that is spin dependent is needed, such as the circularly polarized
light that is used in x-ray magnetic circular dichroism (XMCD), which can
for example be used to image the ferromagnetic domains [53]. The circu-
larly polarized photons can transfer their angular momentum to an elec-
tron from the p band, which carries it as spin and / or angular momentum.

Fig. 5.1 illustrates the origin of spin dependent absorption. In the case
where no linearly polarized light is used (Fig. 5.1 a), there is no mechanism
that differentiates between spin up or down and an electron from the p-
band simply gets excited to the d-band. Because of spin-orbit coupling,
the p band does actually exist of two levels separated in energy. The p3/,
L3 level is highest in energy, where the z component of the total angular
momentum j = [ +s = 3/2. The py,, Ly level on the other hand has a
lower energy, with j = [ —s = 1/2. The light exciting the photoelectrons
is absorbed at the energy difference between the free 3d band states and

the L3 and L, levels, resulting in two peaks in the absorption intensity
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spectrum, where the total intensity of the two peaks together is directly

proportional to the number of free 3d states.

When circularly polarized light is used, the process becomes spin de-
pendent. Fig. 5.1 b) illustrates absorption for right and left circular po-
larized light (RCP and LCP, respectively), which carry opposite angular
momentum. When circularly polarized light excites the electrons, a two
step process takes place [54]: in the first step the circularly polarized light
transfers its momentum, either % or —#, to the electron, which can be trans-
ferred either partly or completely to the spin through spin-orbit coupling.
Because RCP and LCP light transfer opposite angular momentum, photo-
electrons are created with opposite spins in the two cases. Due to opposite
spin-orbit coupling for the Lz and the L, levels, the spin polarization will
be opposite at these edges. In this process, spin up and spin down are
defined relative to the photon helicity, which is parallel (RCP) or antipar-
allel (LCP) to the x-ray propagation direction [54]. In the second step the
spin-split valence shell acts as a detector for the spin state of the photo-
electrons, and this is where the magnetic properties enter in the process.
An important rule is that spin-flips are forbidden during the transition
from the p to the d-band, so that spin-up electrons can only get excited to
spin-up hole states. This means that the probability of an electron getting
excited now is proportional to the spin-dependent number of free 3d hole
states available. The quantization axis of the absorption is given by the
magnetization direction, and this is why peak A and B, from the L3 and
the L, edge respectively, are of oppisite sign due to their opposite spin-
orbit coupling. By determining the intensities of the L3 and L, peaks for
both polarizations, one can obtain quantitative information about magne-
tization of the sample with the help of sum rules [55]. If this scheme is
applied for every scanning position during a ptychography measurement,
it can result in an image of areas of different magnetization. Up until now,
these kinds of measurements have only been done at synchrotron facilities

and with hard x-rays [56, 57] and it is not yet successfully done on tabletop

53

Version of March 31, 2017- Created March 31, 2017 - 12:56



54 Discussion

(a) d- Orbital Occupatioon (b) Spin Moment

- &

A N holes

k %) DOS

left right

m
fesl]

— Ly l+s

E— Ly s

Figure 5.1: a) shows the excitation of an electron in conventional L-edge x-ray
absorption. b) illustrates the x-ray magnetic circular dichroism from the 2p shell

that is split due to spin-orbit coupling. [54]

setups. The challenges that will need to be overcome are the low intensi-
ties compared to synchrotrons, as well sample preparation. Although soft
x-rays give better XMCD signals than hard x-rays [58], the samples have
to be very thin (< 100nm) in order to still be able to capture light. Be-
sides, it is hard to make high quality circular polarized light from a HHG
setup as waveplates cannot be used for soft x-rays and the HHG process
will be less efficient when wave plates are put in front [59]. However,
these developments show that there’s definitely the possibility that table
top ptychography can play a role in research of magnetic properties in the

future.
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Chapter

Conclusion

Optical instruments have been important in many areas of science. They
allow us to take a look in the microscopic world that forms the building
blocks of our own macroscopic one. But when scientists zoom in further
and further, they run into problems as the resolution of optical micro-
scopes is limited by the wavelength of the light that is used. Using light
with a shorter wavelength, such as soft x-rays, can help in the search of
higher resolution microscopes. However, conventional optics are opaque
to x-rays and therefore other methods are needed to replace the role of
the traditional lenses which convert the diffracted light into a magnified

image of the object.

Coherent diffraction imaging is one of these methods, where a rela-
tively large beam illuminated the object and the captured diffraction pat-
tern can be reconstructing by iterative algorithms. By using light with
a wavelength of 633nm, an 80um beam illuminated a binary test sample
with features of different sizes was illuminated and the diffraction pattern
was captured with F, = 1. The resolution of the image is limited by the
number of pixels at 3um, measurements closer to the near field are needed

for higher resolution images.

The same sample was then used for Ptychography measurements, where

a soft x-ray beam with a wavelength of 29 nm acted as a probe. Instead of
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using a single position for the beam, the beam is scanned over the sample
while overlapping with adjacent positions. The diffraction patterns were
reconstructed with the ePIE algorithm, resulting in object reconstructions

with a resolution up to 2um.
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