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Abstract

X-ray measurements have a wide range of applications in fields such as basic science, high
tech industries, medicine, and security. The ability -vhys to penetrate deep intdjects
enables internal detection, and their high energy and short wavelength facilitate lat@hic
analysis of internal sampledowever, xray measurement poses challenges. The production
of optical components like lenses and mirrors in tayxrang is complex due to thesry low

refractive indexn this range

During my PhD research, | developed novel imaging and spectroscopy methods that enhance
the performance of standard techniques. | utilized ghost metroldggh employs single pixel
detection and correlation. Through various experimentdenhonstrated itsisefulnessin

diverse aspects within theray regime.

Firstly, in the field of imaging, | pioneeredray ghost imaging without the need for a camera.
This experiment showcased the advantage of ghost imaging in tersmpatadl resolution,
which could be determined solely by the features of a mask. By imptemgehis technique,

| opened up the possibility of achieving hig¥solution xray imaging through a simple and

practical system, as detailed in my first paper.

In my second experiment, | developed a ghost fluorescent method. Instead of measuring
transmssion, | reconstructed chemical element maps by measuring the fluorescent emission.
Compared to the standard XRF technique performed through raster scammngthod offers

the advantage of improved resolution and significantly reduced scan requiramsamgs
compressed sensing algorithms. In my second paper, | demonstrated that even with a tenth of
the number of pixels, chemical mapping could be accurately reconstructed. This capability

enables fast and efficient chemical mapping.

My third paper emhasizes the strength giiost metrologyn the presencef inherent system
noise. xray free electron lasers (XFEL) spectroscopy is a leading and highly relevant field
that enables the observation of utast dynamics at the atomic level. However, piitspulse
spectral variationschallenge accurde spectrum measurement. In my experiment, |
demonstrated the potential of utilizing these variations for ghost modality in the spectral
domain. | showed that by employing ghost spectroscopy, it is possible to overcome the trade

off between duration andselution. This technique, which combines a straightforward system



with exceptional capabilities, allows for the measurement of effects that are at the forefront of
research.

In conclusion, the utilization ofjhost metrologyoffers numerous advantages in theay
regime, particularly in the fields of imaging, fluorescence, and spectroscopy. Although further

development is necessary, these capasljjossess the potential to become powerful tools for
measuring currently unquantifiable effects.



Chapter 1Background

1.1 X-ray strengths

On November 8, 1895, Wilhelm ConrRéntgen made the groundbreaking discovery-yx
radiation in his laboratory at the University of Wurzburg. Just six weeks later, he published his
famous papejl], featuring the iconic image of his wife's hand shown in Figukd.1The
remarkable ability of xays to penetrate the humardgayuickly led to their development as a
powerful tool for medical and security imaging, which continues to serve the industry and
hospitals to this day. It took nearly a decade to establish theyt radiation is part of the
electromagnetic wave spectrygj, and due to their high frequencyrays can penetrate

materialscontaining light atom#o significant depths.

Figure 1:(a) First demonstratios of x-ray imaging, (b) diffraction, and (c) the renowned Moseley
table illustrating the dependence of fluorescence radiation on the atomic number.

While Rontgen initially explored the penetration capabilities-odys, he likely had no idea
how extensivel they would revolutionize the world. Around twenty years after his seminal
paper, in 1912, Max von Laue demonstrated the ability to measure diffraction from atomic
structureg3]. This phenomenon was later explained by the fagbarduo Bragg, attributed to

the extremely short walength of xrays[4]. This marked the birth of crystallography, which
would eventually lead to the revelation of DNA's helical structure in the J8h0servingas

the cornerstone of all biological research. The firshxdiffraction pattern is depicted in Fig.
1(B).



The strong correlation between diffraction angle and wavelength allowed Bragg and Bragg to
develop the xay spectrometer, which enabled Henry Eley to discover that the emitted x

ray radiation from each chemical elemesta unique energy proportional to its atomic
number{6]. This ability facilitated easy detection and exploration of the elemental composition
of materials, finding applicationsn a wide range of research and industrial fields. The
renowned Moseley table is presented in Figu®.1(

However, the unique emission spectrum not only serves as a means to identify chemical
elements but alsprovided details about the electronic struetaf the atom. Thus, it was the

first experimentaévidence for Niels Bohr's theofy], as demonstrated by Moseley's w6

and later by Manne Siegbaf8j. This marked the birth of-ray spectroscopy.

The power of xray radiation is underscored by the fact that all the individuals medtione
abové® RoOntgen, the Braggs, Laue, Siegbahn, as well as Watson, Crick, and \Bere
awarded Nobel Prizes for their inventions (although, unfortunately, Moseley died in World
War |, otherwise he likely would have been awarded as well). The remarkablditepali

x-rays were revealed over a century ago, but significant progress has since been made with the
development of powerful-kay sources, taking the capabilities efays to new heights.

1.2 X-ray sources

Rontgen initially used a simple anode in hiperiments. The process involved applying a high
voltage to generate a beam of electrons that would strike the-etamgnt anode. The core
electrons would be ejected, and electrons from higher energy levels would transition to the core
level, resulting m the emission of xay radiation. This method proved effective for basic
imaging and spectroscopy systems but had its limitations. The anode would heat up rapidly,
leading to a short lifespan and limited flux. Furthermore, the energy distribution wagedst

to a single emission line.

Although several improvements have been made to anode capabilities over the years, a
significant advancement came with the invention of synchrotron radiation in the late 1960s. In
a synchrotron beamline, electrons guéded along a circular trajectory by a constant magnetic
field, generating xay radiation. While an anode can achieve a brilliance &f [ilp.s /
(mradmm?0.1% BW)] the brilliance of fourthgeneration synchrotrorsan beten orders of
magnitude higher. Additionally, synchrotrons offer a broad range of energies that can be
controlled by the machine's properties. The powerful capabilities of synchrotrons opened up
new avenues of exploration in previously uncharted territorieaotable example is Ada

Yonath's Nobel Prizavinning research on Ribosome mapping in 209R Another field that
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emerged due to synchrotron radiation is the analysis of fine structureayraksorption and
emission spectrayhich provides valuable information about atomic interactions with

molecule
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Figure 2: Evolution of x-ray sourcesCredit- [10]

While synchrotrons have been instrumental for many researchers, they still have limitations in
terms of coherence and flux. A significant development occardecade agwith the first

X-ray freeelectron laser (XFEL]11]. In XFELs, a relatively longndulator servemstead of

a cavity, and the interaction between a bunching electron beam propagating at relativistic
velocity and the radiation emitted from electron fluctuations leads to radiation amplification,
resulting in a powerful and short pulse. XFEL radiation offers liamte of approximately

10°° [c.p.g/(mraddmn?0.1% BW)], pulse durationglose tothe attosecond range, and higher
transverse coherence compared to other sources. As a result, XFELs are crucial for
investigating ultrafast dynamic processes at the molecular and atomic leveis\anthe

ability to perform xray diffraction on sensitive samples without adversely affecting them.

1.3 X-ray challenges

While the abilities of xrays are remarkable, there are inherent challenges when dealing with
high-energy photons. As discussed earlierayx photons interact with atoms due to their

energy being on the same scale as ionization energy. While this interaction is useful, it can also



be hazardous as it damages atoms and poses risks to the human body or other sensitive
biological samples.

Howeer, the main limitation arises from the extremely low refractive index in treey x
regime. The difference in refractive index betweerays in a material and in a vacuum is
approximately 16, making it exceptionally challenging to manipulate and contrays.
Traditional refraction lenseare norexistent Mirror cavities are not optimal and light
modulators remain a distant aspiration.

Consequently, optical devices in theay regime differ significantly from those in the optical
regime. Even more than a hundred years after Réntgen's experiment, fundamental limitations
persist in xray applications, even with the use of powerful sources. Therefore, methods
proposing simpler setups hold immense promise. In the following two chaptell describe

some of these limitations and discuss how my approach addresses them.



Chapter 2introduction

In the previous chapter, | provided a geal overview of the strengths and challengfes-ray
detection, as well as variougay sourcedn this chapter, | will introduce the method of ghost
metrology(GM) that | employed to address these challenges. Firstly, | will provide a general
explanation of GM. Subsequently, | will delve into three distinctray applications,
highlighting their limitations and how GM can offer valuable assistance. While | will provide

a general understanding of why GM is beneficial here, a more detailed description of the
experiments | conducted and the benefits | demonstrated will be presentedalotimg

chapter

2.1 Ghostmetrology

GM, correlation measuremergtructure illuminationcompressive sensingnd singlepixel
detection are different terms used to describe the same fundamental idea. InitialyasGM
explored as a quantum entanglement effd@], but it was later discovered that it can be
achieved classicallji 3], offering numerous advantaggs!] even when using thermal source.

A typical setup for spatial domaghost imaging (Gl)s illustrated in Fgure 3. A structured

beam is split into two identical beams: one passes through the sample and is detected by a
singlepixel detector, while the other is measured by a rmixil detector. By repeating this

process for various structures, the sample earebonstructed using a correlation protocol.

Blind to the object

®Correlation
_ Identical !
propagation
\ ~
‘;\ .),‘

Object

No spatial resolution

Beam
splitter

Mask

Figure 3: Experimental setup for traditional ghost imagingA homogeneous beam passes through a
mask to create a unique structure. The beam is then split into two arms: one where tpixalulti
detectormeasures the spatial distribution after propagation, and the other where the beam interacts
with the object and is detected by a singieel detector. Through a correlation protocol, the
transmission image of the object can be reconstructed.



Ghostimaging has primarily beenwestigated in the optical reginig5], and researchers have
demonstrated its applicability in various domains such as [3B], temporal [17],
spectral18i 21], and polarization22]. Furthermore, it has been implemented using different
types of radiation, including radio wavg23], infrared [24], terahertz[25], electrons[26],

and atoms[27]. The first experiment reporting G the xray regime was conducted in
2016 [28], opening up a promising area of reseddet]. In my work, | experimentally
demonstratethe utility and effectiveness of GM in this range, leveraging its unique advantages

to address specific limitations, as elaborated upon below.
2.2 X-rays applications

At first glance, performing measurements with a shpikel detector may seem cumbersome.
It would be more straightforward and faster to directly measure the data using-girallti
detector located behind the object. However, it has besmowkred that there are specific
scenarios wher&M offers significant advantages. In the following sections, | will present the
experiments | conducted to demonstrate the potential of GMraty xmaging, fluorescence,
and spectroscopy. | wilprovide the motivation behind utilizin@gM in each of these

techniques.

2.2.1 X-ray imaging with tabletop source

X-ray transmission imaging relies on a simple setup whereragy Beam passes through the
object, and a camera detetiie photons per pixel. In regions of the spatial position where an
absorbing sample is present, fewer photons are detecteysXoffer advantages such as
relatively long penetration depth compared to electrons and the potential for high resolution
due b their short wavelength, which could theoretically reach angstrom scale.

However, a fundamental challenge irray imaging is the absence of highality lenses.

While techniques have been successful in imaging nanoscale objects using high coherence
soures like synchrotrons or fregdectron laserf29,30], these methods are not practical for
medical or security applications. Without lenses, the image resolution is limited by the pixel
size, which is determined by production capabilities.

Through the utilization oM, | have demonstratl that the resolution can be solely determined

by the features of the mask. This approach is implemented using computational ghost imaging
(CGI), where the illuminated structure is knoit83,31], eliminating the need for a mujixel

detector. In my research, | proposed and validated the effectiveness of using a fabricated mask
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to generate the illuminated structure, resulting in spatial resolution dependéytosotae
feature size of the mask. While indusstandard xay machines typically achieve resolutions

of 200 microns| achieved resolution afroundfew microns.

2.2.2 X-ray fluorescencamaging

Since Moseley's groundbreaking workray fluorescence (XRF)ds emerged as a powerful
technique for identifying and mapping the chemiaahpositions of sample3he process is

as follows:X-ray radiationis usedto exate bound electrons in a sampWhen the electrons

return to their ground state;ray radiationat lower photon energies that correspond to the
characeristic atomic lines is emitted’he spectrum of this emitted radiation, known as the
fluorescence spectrum, can then be used to identify and characterize the composition of the
sample.

Since the fluorescence radiation is omnidirectional,-divoensional chemical mapping is
challenging and cannot be perforndicectly by a camera. Typically, the beam is focused in
conventional XRF, and a raster scanning approach is employed to scan the sample point by
point. However, it is time-consuming and limited by focusing capabilities at high photon
energies. In my research, | proposed an alternative method inspifed By measuring the
fluorescence signal using an energgolved dedctor instead of the transmission sigrial,
reconstructed awo-dimensionakchemical map, antivo key advantages were denstnated.

Firstly, the resolution is determined by the mask's feature size, unlike spot size limitations in
standard XRFSecond, § employing compessed sensin@2] or artificial intelligence [33],

the number of repetitionsan be significantly reduced, shortening the measurement time
compared to raster scanning. This approach maintains the flexibility of standard XRF, allowing
the detector to be positioned anywhere around the sample, including in reflection, and enabling
theuse of a onsided apparatus.

2.2.3 X-ray spectroscopyat XFEL

Shortwavelength spectroscopy plays a crucial role in determining the electronic structure of
materials, providing valuable elemesgecific insights into charge and spin structures, as well
asbonding configurations. This information is essential for understanding the functionality of
materialg34]. When applied in #eelectron lasers (FELS),-pay and extreme ultraviolet
(XUV) spectroscopy enable the study of dynamic processes throughgotmgpschemds85].
However, FEL pulses generated via s#tiplified spontaneous emission (SASE) typically

exhibit broad bandwidthsith random variations in pulse energy and spectra from shot to shot.



Congquently, it becomes necessary to measure the spectra both before and after the sample on
a shotto-shot basis. An alternative approach for conducting absorption spectroscopy with FEL
radiation involves using narrowband radiation and measuring the tatsihitted intensity

after passing through the sample.

The broad bandwidth pulse strategy offers several advantages, such as the ability to measure
broad spectra ranges without the need for scanning the central emission wavelength and higher
flux availability. Therefore, this approach can be significantly faster than the narrow bandwidth
approach. Unfortunately, simultaneously employing two sisglet spectrometers is
challenging and timeonsuming, as they rely on crystals or gratings and are highlyigensit

to angles. Furthermore, this approach is limitettansmissivitysamples.

In this context, the variability of pulse charactgcs from shot to shot make&iM an attractive
solution. By employingGM in the spectral domainhe radiation spectrum incident on the
sample is measured and correlated on alsjtshot basis with the intensity detected by apost
sample detector. By utilizing multiple input pulses with varying spectral distributions, the
absorption spectrum of thersple can be reconstructed.

This setup involves only one spectrometer positioned in front of the sample, along with a
singlepixel detector without spectral resolution placed behind it. In my experiment, | directly
compared the measurement times and speesalution of our approach with those obtained
through scanning the central emission wavelength of the SASE and using a monochromatic
beam. The results showed that utilizing variations allowed for faster reconstruction of the
absorption spectrum comparedthe scanning approach, while also achieving higher spectral

resolution.



Chapter3: Experimenal details

In the previous chapter, | discussed the motivation behind utilidiy for imaging,
fluorescence, and spectroscopy. In this chaptes]l focus on the practical aspectswill
discuss the reconstruction protocol, experimental setup, asdrirthe main results obtained.

For more comprehensive and detailed information, | recommend referringaiiches below.

3.1 Ghost metrologyprotocol

| will begin by explaining the fundamental protocol that is common to all applications. The
singlepixel signal is represented by a vector T, while the diffeitmhinated structuresare
represented by a matrix A, wigeeach row corresponds to a specific structure. The vector x
represents the unknown sample response, and thus the vector T is obtained as the product of
the matrix A and the vector x:

A0 0
Essentially, this equation forms a linear system. Therefotige ihumber of rows in matrix A
is equal to or greater than the number of elements in vector x, we can straightforwardly solve
this problem. This implies that we need a number of repetitions equal to or greater than the
number of pixels in the reconstrudteample. However, by utilizing a sparsity constraint, the
equation can be solved using fewer equations than values, thereby reducing the required
number of repetitions. This is the underlying principle of compressed senshigh
encompasses varioadgorithms. In my work, | employed the TVAL algorith86], which

focuses on sparsity in the variation rather than the signal itself.

Imaging Fluorescence Spectroscopy
SASE pulse

A Spatial distribution Spatial distribution Spectral distribution
Transmission function Chemical mapping Transmission spectrum
T Total transmission Total radiation of each emission line Total transmission




Figure 4 The GM experimental setug depicting the different representations within the basic
equation ofGM. Although the equation Ax = T remains the same for aleéxgents, the variables
represent different measurements in each case.

All three experiments | conducted can be represented using the same procedure and protocol.
However, they are implemented in different domaiRgy. 4 provides a comprehensive

representation of each method and its corresponding variables.

3.2 Methods and results

While the GM protocol remains consistent across all experiments, each experiment presents
unigue challenges and the innovation in the resultsipearto specific fields. In this section, |
will elucidate the challenges encountered in each experimental setup and highlight the main

findings, which are depicted in Figube

Imaging Fluorescence Spectroscopy
9]
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Figure 5: Experimentd results ofx-ray GM. (A) Transmission function showing two slits of sizes 50

and 80 microngeconstructed by-ray computational ghost imagingB) Two-dimensionakhemical
mapping of Iron and Cobalt thin foils reconstructed usiAgyk ghost fluorescence. (C) Absorption
spectra of SiC, SiN, and pure Si molecules reconstructed using ghost spectroscopy at XFEL. For more
detailed information, please refer tioet corresponding papers.

3.2.1 X-ray computational ghost imaging

The first demonstration of xay ghost imaging28] utilized the convetional approach of
splitting the beam with a beam splitter and capturing the spatial distributi@pausamera. In

my experiment | performed the first demonstration of computational GI where the spatial
distribution (the matrix A) is calculated by theopagation from fabricated mask. Thus, the
splitting and the camera are not required. While computational Gl is very easily implemented
on the optical regime by a spatial light modulator, these devices are not existing irathe x
regime. | designed and dacated a mask with two microns features and | show in the

experiment that | can reconstruct a slit of 50 and 70 microns with a resolution of few microns

10



as presented in figure 5(A)hiE milestone represents a breakthrough in achieving enhanced
resolution through structure illumination in theray regime, where spatial light modulators

are not readily available.

3.2.2 X-ray ghost fluorescence

In this experiment, expanded the application ofray Gl to fluorescence imaging by detecting
the fluorescenceadiationinstead of measuring the transmission intensity. For each iteration,
measured the total intensity of each emission(time vector Thand reconstructed each element
separatelyl demonstrated this approach using a sample containing Iron dvalt Cafter
successfully reconstructing each eleméoterlapped them, visually representing Iron in red
and Cobalt in greeas shown in figure 5(B)The significant advantage of this method is the
ability to achieve higiguality reconstructions with aeduced number of scanning points
compared to traditional raster scannindemonstrated that evéy using number of iterations
that is tenth ofthe number of pixels, kcould reconstruct the sample with a resolution of
approximately 30 microns, which cée further improved with better masks. This research
opens up new possibilities for advanced imaging techniques, extending the capabilities XRF to

various fields, including medical imaging and security applications.

3.2.3 X-ray ghost spectroscopy

In this experinent, | conducted th&M protocol at two different XFEL facilities: FERMI

XFEL using XUV radiation, and the Swiss XFEL using hatéhys. The paper included in this
thesis focuses on the results obtained with XUV radiation, while the results from the Swiss
XFEL are currently being analyzed. Unlike the previous experiments whe@Mh@otocol
operated in the spatial domain, this experiment operates entirely in the spectral domain. The
variables A, x, and T represent spectral components.

A significant distirction here is that instead of using a mask to create the structure, the
variations are inherent to the XFEBASE processOne of the main challenges in implementing
theGM protocol in this context was dealing with the presence of an envelope in tH®wuaria

To ensure accurate resylisis crucial for the variations to be random and devoid of any
envelope. To address this challenge, | developed a new protocol detailed in the third paper to
effectively clean up the envelope.

In addition to demonstrating the reconstruction of different molecules, | also emphasized the
superior performance of ghost spectroscopy compared to other techniques. Bamthe

spectral range, scanning with broadband radiation required 15 steps with a resolution of 500

11



meV. On the other hand, employing monochromatic radiation necessitated 51 steps, resulting
in a resolution of 75 meV. In contrast, using ghost spectroscopghieved spectrum
reconstruction with just 15 scanning steps and a resolution of 35rugkermore, | employed

ghost spectroscopy to monitor the spectral response of the sample to optical pumps. In this
scenario, the measurement duration is cruciatoltiee need for repeating the process for each
time delay.

Given that mosKFELs operate with SASE radiation, we anticipate that our technique will

have broad applications in ultrafdgsinsient absorption measurements at high photon energies.

12



Chapterd: Publications

My thesis comprises three publications that detail the three experiments | mestimved

The first publication focuses on computational ghost imaging, demonstrating the spatial
resolution advantage @M. The second publication, on ghost fluorescence, showcases the
additional benefit of usingsM to reduce measurement duration for fluoreseeintaging.
Lastly, the third publication on ghost spectroscopy highlights the use of natural spectral
variations at XFEL to overcome the traolé between resolution and measurement duration in
XAS measurements. These three experiments collectively shevibascapabilities and

advantages dEM in various imaging and spectroscopy applications.
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X-ray computational ghost imaging with single
pixel detector
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Abstract: We demonstrate computational ghost imaging at X-ray wavelengths with only one
single-pixel detector. We show that, by using a known designed mask as a diffuser that
induces intensity fluctuations in the probe beam, it is possible to compute the propagation of
the electromagnetic field in the absence of the investigated object. We correlate these
calculations with the measured data when the object is present in order to reconstruct the
images of 50 um and 80 pm slits. Our results open the possibilities for X-ray high-resolution
imaging with partially coherent X-ray sources and can lead to a powerful tool for X-ray three-
dimensional imaging.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

X-ray imaging techniques are widely used in a variety of fields ranging from basic science
and high-tech industry to medicine and homeland security. The main advantages of the X-
rays are the extremely high spatial resolution, the strong dependence on atom species and
densities, and the relatively long penetration depth compared to electrons, which are
commonly used for high-resolution imaging.

Despite the existence of many instruments and devices, which are based on X-ray
imaging, there are several physical limitations that restrict the resolution and contrast of these
techniques. The main fundamental challenge in X-ray imaging is the absence of high quality
lenses because of their small magnification and aperture size. It is therefore desired to
develop X-ray imaging techniques that do not require lenses and provide high quality images
with high resolution and high contrast. Indeed, many techniques and approaches for lensless
imaging have been demonstrated with various degree of success [1-5], but none of them has
become an ultimate method for imaging. Although some of the techniques have been proven
to be very successful in imaging of nanoscale objects [1-4], they require high coherence and
therefore are suitable only to synchrotron beamlines with high coherence or to X-ray free-
electron lasers.

Ghost imaging (GI) and ghost diffraction (GD) are imaging techniques that have been
proven to be applicable even with low coherence sources [6,7]. They have been investigated
mainly in the optical regime [7-22] and recently several very significant publications have
demonstrated the effects with X-rays [23-29]. In addition of being methods that can be
implemented with incoherent sources, GI and GD can lead to imaging methods with very low
dose [28] and to imaging of objects in turbid media [14-16]. The later can lead to imaging of
biological samples in their natural environment.

In the conventional schemes, GI and GD with partially coherent sources are implemented
by introducing fluctuations into the beam by a rotating diffuser and then splitting the beam
into two beams with identical intensity fluctuations. One of the beams impinges on the object
and is detected by a single-pixel detector while the other beam is detected by a multi-pixel

#352710 https://doi.org/10.1364/0E.27.003284
Journal © 2019 Received 27 Nov 2018; revised 28 Dec 2018; accepted 29 Dec 2018; published 30 Jan 2019
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detector that is blind to the object. In GI, the single-pixel detector is adjacent to the object
while in GD the single-pixel detector is mounted far from the object and the distances
between the two detectors to the beam splitter are equal. After making many repetitions
(realizations) of the process for different positions of the diffuser, the correlation
measurements between the two beams are used to reconstruct either the image in the case of
GI or the intensity of the diffraction pattern of the object in case of GD. In another scheme for
GI [23,28], a moving diffuser is also used to introduce intensity fluctuations, but the spatial
distributions of the intensities at the multi-pixel detector for the various configurations of the
diffuser are measured first in the absence of the object. These distributions of the intensity are
recorded and then the object is inserted into the beam and a single-pixel detector is used to
measure the intensities for the same configurations of the moving diffuser. In the last step, the
correlations between the two measurements are computed and used to reconstruct the image.
In this scheme the beam splitter is not required, but it is still necessary to use the multi-pixel
detector in the first step.

A method that requires only one single-pixel detector and no beam splitters has several
important advantages with respect to the other methods and can be used to overcome several
of the fundamental challenges in the other approaches. In particular, single-pixel detectors are
faster, cheaper, and easier to use than multi-pixel detectors. In the conventional scheme for GI
and GD, the beam splitter adds different intensity fluctuations to each of the beams and
therefore reduces the signal-to-noise ratio [25]. In addition, it is very challenging to find X-
ray beam splitters with equal reflectance and transmission and with negligible loss, thus the
contrast of the image is limited [25]. In the other approach without the beam splitter [23,28]
the resolution and the field of view are limited by the pixel size and the number of pixels of
the multi-pixel detector. These limitations can be lifted by using only one single pixel
detector. Another significant advantage of imaging with a single-pixel detector is the
relatively small amounts of data that are recorded in comparison with multi-pixel detectors.
This advantage could be extremely important for measurements that require three or more
dimensional imaging.

Interestingly, a method that implements GI with only one single-pixel detector, which is
known as computational ghost imaging (CGI, or for ghost diffraction CGD), has been
proposed theoretically by Shapiro [13] and demonstrated with optical radiation [16-21]. The
basic concept is to replace the diffuser with an unknown scatter distribution by a diffuser with
a known scatter distribution. Since the phase and amplitude fluctuations that are induced by
the diffuser are known, it is possible to use the Fresnel-Huygens propagator to compute the
intensity profile at the detector for each of the realizations thus this procedure does not
require a multi-pixel detector. In the last step, the calculated intensity distributions are
correlated with the measured intensities at the single-pixel detector that is placed behind the
object and the image is reconstructed from the computed correlations. In the optical regime
the diffuser is typically implemented by using a spatial light modulator (SLM) [17-19] or a
digital micro-mirror device [20,21], but at X-ray wavelengths similar devices are not
available. Consequently, the implementation of CGI with X-rays requires a different
approach.

Here we present the demonstration of CGI with one single-pixel detector at X-ray
wavelengths. We design masks, which are based on numerical simulations we performed, and
are fabricated by nanotechnology techniques. We demonstrate the imaging of 50 pm and 80
um slits at a resolution of about 10 um with two different masks.

2. CGl procedure

The calculation procedure relies on the derivation of CGI by Shapiro [13], but in our
procedure we substitute the SLM by a mask made by photolithography. The main difference
between the experiment we describe here and the proposal made by Shapiro in [13] is that the
source, which impinges upon the mask in our experiment is partially coherent where the
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spatial coherent length is on the order of the speckle size, while Shapiro considered a scenario
where the beam that illuminates the SLM is completely coherent. Consequently, we extend
the procedure of Shapiro to partially coherent sources as we elaborate below.

Since we know the thickness of the mask at each position, we can calculate the two-
dimensional transmission function U(x,y) by using the tabulated data for X-ray indices of
refraction and absorption coefficients [30]. Here x and y are the coordinates across the mask.
The mask pattern is designed so that at each of the realizations, the beam hits a small portion
of the mask where the variations are only along the x axis. Therefore, we define the one-
dimensional transmission function for every realization r as:

U,(x) = B, (x)e"™® (1

Here ¢, (x) and B, (x) are the phase that the mask introduces to the beam and the square root

of the intensity transmission of the mask, respectively, at each position x. Once we know the
electric field after the mask, we can calculate the intensity distribution at the plane of the
object, which is at a distance z from the mask, by using the Huygens-Fresnel propagator:

ik
I (x, z)=’Idein U, xe= ’ @

Here E, (x) is the electric field before the mask, k is the wave vector, and x' is the coordinate
across the plane of the object.
Since the source is partially coherent we use a model where we express E, as:

Ty
Ein (X) = Idt Aei(kx"‘"‘a’("'l)) 3)
0

Here A is the field amplitude,  is the angular frequency, and T, is the integration time of the
detector. @(x,t) is a random temporal and spatial phase function, which is extracted according

to the Van Cittert-Zernike theorem [31] from a Gaussian distribution such that the two point
correlation function is limited by the coherence volume of the field. The spatial coherence
length in our experiment can be evaluated by using [31] o, =1/0 where X is the wavelength

and 0 is the divergence angle to be several microns. The temporal coherence length is about a
femtosecond and is determined by the bandwidth of the input monochromator.
We denote the transmission function of the object as T(x'). The intensities at the single-

pixel detector that is mounted immediately after the object are given by I, = Idx'lc, T(x') . IB
is cross-correlated with the computed intensity patternsI. and after N realizations the image

can be reconstructed by using the second-order-intensity correlation function:

GO0 = 20 (I, (1)), = (T )-{1, 1) @

The () indicates an ensemble average over the realizations, where each of the realizations

refers to a different position on the mask and therefore represents different intensity and phase
fluctuations.

3. Experimental setup

We conducted the experiments described below at beamline B16 of Diamond Light Source
[32]. The schematic of the experimental system is shown in Fig. 1(a). The distance between
the mask and the object is 100 mm and the detector is mounted immediately behind the
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object. We use a monochromatic X-ray beam at 11 keV. The divergence angle is about 0.2
mrad and the relative spectral bandwidth AE/E is about 10~ (achieved by using a Si(111)
monochromator). The beam with a spot size of 800 um x 200 pm at full width half maximum
(FWHM) hits a selected area of the diffuser and propagates according to the pattern in that
specific portion. Next, the beam passes through the object and it is collected by the single-
pixel detector, which we mount behind the object.
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Fig. 1. (a) Schematic of the computational ghost imaging experimental setup. A diffuser is
mounted on linear stages. The beam hits a small portion of the diffuser, then it propagates
through the object and is detected by a single-pixel detector mounted as close as possible to the
object. (b) An example of an illuminated area of mask 2, which is a random pattern of long
rectangles with dimensions of 2 pm x 0.2 um. The pattern changes only in x axis. (¢) Two
examples of calculated diffraction patterns for two different realizations.

We measured the intensity at the detector for different positions across the mask. We
correlate the measured intensities at the detector with the calculations of the free space
propagation by using the procedure described in the previous section.

We test two different masks, for the diffusers, which are produced by direct laser
lithography. The masks consist of random patterns of metal rectangles on a glass substrate.
These features introduce a phase shift of about 0.057 and absorption of about 2%. The
specifications of the two masks are summarized in Table 1. An example of one projection
area on the second mask is shown in Fig. 1(b), and two examples of calculated diffraction
pattern are shown in Fig. 1(c).

Table 1. Specifications of the phase masks

Mask Substrate Substrate Feature Feature Minimum feature Mask area
number  material thickness [um] material thickness [pm] size [pum] [cm?]
1 Quartz ~1500 Iron oxide 0.26 +0.03 1+0.05 ~100
2 Quartz ~350 Chromium 0.2 +£0.02 2+02 ~78.5
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The objects we measure are 50 pm and 80 pm slits, which are implemented by using a
one-dimensional motorized slit with a controllable size. The detector is an avalanche photo-
diode (APD).

We use the ring current of the synchrotron to filter out the slow temporal fluctuations, the
decay, and the filling of the synchrotron beam. We measure the beam profile to normalize the
image and to filter out spatial noises. The raw measured data include a spatial high frequency
noise that we assume is caused mainly by artifacts in the fabrication of the masks. We filter
out this noise by applying a low pass filter in the data analysis process.

We perform the measurements for three combinations of different masks and objects as
we summarize in Table 2.

Table 2. Parameters of the CGI experiments

Object Mask Average counts Number of Measured relative
size [um]  number per realization realizations intensity fluctuations [%]
50 2 ~7-107 1.8:10° 0.29
80 2 ~110° 2.3:10° 0.14
80 1 ~4-10° 1.8:10° 0.20

4. Results

We first describe the demonstration of CGI with X-rays, which we show in Fig. 2. Figure 2(a)
shows the image of a 50 um slit that is obtained by using mask 2. We find that the FWHM of
the image is S1 um + 10 um. Figures 2(b) and 2(c) show images of an 80 um slit that is
obtained by using mask 2 and mask 1, respectively. We find that the FWHM of the images
are 78 pm + 10 pm and 81 pm + 8 pum respectively. The blue dots are CGI results when the
distance between the sequential dots is 2 pum and 1 pm for mask 2 and for mask 1
respectively.

To test the performance of our measurements we compare the slit widths we measure to
the slit sizes we set. The spatial resolution of our measurements is determined by the speckle
size at the image plane, which is larger than the feature size at the mask plane because of the
diffraction of the speckle pattern over the distance between the diffuser and the plane of the
object. The precision of the mask position alignment (about + 2 um) also affects the
resolution. We therefore estimate the resolution of our measurements to be about 10 pm and 8
um for mask 2 and for mask 1 respectively. In addition, the calibration of the slit, which is not
better than 2 microns, introduces additional uncertainties with respect to the expected width
and the low pass filter we use in our data analysis also affects the edges of the images. Within
these uncertainties, the widths of the slits we measure agree with the widths of the motorized
slits that we set. Of importance, we observe the images of the slits only when we use the
correct diffuser mask pattern in our calculations of the CGI image.
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Fig. 2. Experimental results of computational ghost imaging for (a) a 50 pum slit with mask
number 2, (b) an 80 um slit with mask number 2, and (c) an 80 um slit with mask number 1.
The solid lines are guides for the eye.

5. Dependence on the source coherence properties

The source we use to illuminate the mask is partially coherent in contrast to demonstrations of

CGI with optical radiation. This major difference leads to the question of how do the image
quality and resolution depend on the spatial coherence length of the source?

To answer this question, we simulate the CGI procedure for a 15-micron slit and compare
between several spatial coherence lengths and between two types of diffuser masks: a pure
phase mask and a pure amplitude mask. We summarize the results of the comparison in Fig.
3. In the upper row (Figs. 3(a)-3(d)) we show the results for the amplitude mask and in the
lower row (Figs. 3(e)-3(h)) we show the results for the phase mask. Since the results depend
mainly on the ratio between the coherence length and the features size, we define the ratio
R = cl/MFS , where the MFS is the minimum feature size.
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Fig. 3. CGI simulations for several coherent lengths. R is the ratio between the spatial
coherence length and the minimum features size of the diffuser. The object is a 15 um slit (the
purple lines are the theoretical slit). In panels (a)-(d) the mask is an amplitude mask and in
panels (e)-(h) the mask is a phase mask. The propagation distance we use for the simulations is

100 mm.
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The results in Figs. 3(a)-3(d) indicate that the image can be reconstructed even when the
coherence length is smaller than the speckle size if the diffuser is an amplitude mask.
However, the resolution improves with the coherence length. For coherence lengths that are
shorter than the features size as in Fig. 3(a) the sharp edges of the slits are completely blurred.
This is because the divergence angle is inversely proportional to the coherence length (as
described in section 2). Since the beam that is scattered from the diffuser expands according
to the diffraction angle, the larger the diffraction angle the broader the speckles at the object
plane and the resolution decreases.

For the phase mask, the image can be reconstructed only if the coherence length is on the
order of the speckles size as in Figs. 3(f)-3(h). We note that in the range where the coherence
length is equal or slightly shorter than the feature size of the diffuser, the reconstruction
depends strongly on the properties of the partial coherent source model.

In our experiment, the diffuser masks introduce mainly amplitude fluctuations into the
beam. Therefore, we conclude that the CGI procedure works, although the coherence length is
on the order of the speckle size, and it is possible that the contribution of the phase
information is very small. The short coherence length in our case mainly leads to blurring and
to the reduction of the spatial resolution, as we show in Fig. 3(b).

In addition, we deduce from the results of Fig. 3 that a larger ratio between the coherence
length and the mask feature size could lead to the possibility of using the phase contribution
from the mask. This conclusion is important for small objects since the amplitude modulation
by the mask is limited by the height of the features of the mask, which are limited by the
aspect ratio, which is determined by fabrication limitations. Thus, smaller lateral size of the
features has smaller amplitude fluctuations and the addition of the phase fluctuations can
enhance the contrast of the reconstructed image.

6. Signal-to-noise ratio and image quality

After we demonstrated the CGI effect and discussed its dependence on the spatial coherence
length we turn to quantify the signal-to-noise ratio (SNR) and its dependence on the number
of realizations. Theoretically the SNR scales as the square root of the ratio between the
number of realizations N and the number of speckles transmitted through the object Ng

[33,34]: SNR o< /N/N, . Figure 4 shows the SNR as a function of the number of realizations
N for CGI results with the 50 pm slit that we show in Fig. 2(a). The black dots are the

experimental results and the blue line is an analytic fitting function avN , where “a” is a
constant. The SNR matches approximately to the analytical fit and the value of the parameter

“a” is 0.5. This result matches to the order of 1/«[NS 10", when Nj is the spot size divided
by the feature size. The analysis of the other two experiments yields similar results.
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Fig. 4. The SNR as a function of the number of realizations N for CGI results with the 50 um
slit that we show in Fig. 2(a). The black dots are experimental results and the blue solid line is
the analytic fitting function aVN. See details in the text.

While the results shown above demonstrate the feasibility of CGI, the quality of the
images can be further improved by increasing the thickness of the speckles and hence the
amplitude variations that are induced by the diffuser mask. In addition, since the beam
diffracts from the mask plane to the image plane, the distance between the diffuser and the
object is one of the properties that determines the spatial resolution. Figure 5(a) shows a
comparison for CGI of a 50 um slit (the purple line is the theoretical slit) between the
experimental results (blue dotted line), a simulation for the experimental parameters (green
dashed line), and a simulation for a mask with transmission variations between 0 and 1 (red
dashed line). The results in this panel are obtained by assuming that the object is mounted at
the same distance of the experiment (100 mm). Figure 5(b) shows the similar simulations
with the exception that the distance between the mask and the object is 30 mm. The
coherence length for the simulations is 1 pm.

Normalized
coincidence counts (a.u.)

-50 0 50
Relative position (zm)

Fig. 5. Comparison between the CGI experimental results (blue dotted line), CGI simulation
with the mask that we used in the experiment (green dashed line), and simulation with an ideal
mask modulation (red dashed line) for a 50-pm slit (the purple line is the actual shape of the
slit). In panel (a) the distance between the diffuser and the object is 100 mm. In panel (b) the
distance is 30 mm.
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It is clear that the results of the simulations with the parameters of the experiment (green
dashed line) and the experimental results (blue dotted line) in Fig. 5(a) agree within the
experimental resolution. However, there is a distortion in the measured image, which is
absent in the simulations. Since the calculations in the CGI procedure are based on the
information of the mask pattern, we believe that the distortion is caused by inaccuracies in the
mask fabrication process.

We note that the resolution of the simulations and the experimental results in Fig. 5(a) are
nearly equal. This similarity suggests that the main reason for the limited resolution is the
divergence of the beam, and not the experimental errors. Based on this considerations, we
anticipate that it would be possible to improve the spatial resolution significantly by moving
the object closer to the diffuser as we can see clearly from Fig. 5(b) where the resolution is
improved in both simulations (dashed lines). Equivalent ways to improve the resolution are to
increase the R factor by using a source with a larger spatial coherence length or by using a
mask with smaller features.

We note that the simulations with the ideal mask (red dashed line) show higher SNR. This
suggests that it would be possible to improve the SNR of the image by increasing the
thickness of the mask features, which will lead to stronger variations of the amplitudes and
the phases and a higher correlation function.

7. Conclusion

We have demonstrated the first experimental observation of CGI at X-ray wavelengths with
only one single-pixel detector. The simulations we performed suggest that it is possible to
improve the SNR, the contrast, and the spatial resolution of the reconstructed images by
optimizing parameters such as the aspect ratio and thickness of the speckle size. These
improvements can be achieved by using advanced lithography techniques, such as X-ray
photolithography [35].

We note that since it is possible to control the parameters of the diffuser by designing an
efficient scatter distribution, CGI can also lead to a reduction in the number of realizations
that are required for the reconstruction of the images [18,19] and therefore to either shorter
measurement durations or to a lower radiation dose that is required for the reconstruction of
the images. Furthermore, our method is not limited to near field imaging. By mounting the
object far from the detector it would be possible to measure the diffraction pattern of an
object [13,17] and to reconstruct the object by a phase retrieval algorithm [22]. In addition,
our technique advances the possibilities for three-dimensional imaging [20,21] and for
imaging of objects, which are embedded in liquid [16]. Finally, we note that since our
technique does not require either high coherence or high brightness, it can be used not just
with synchrotron radiation but also with tabletop X-ray sources.
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