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Abstract

In this Ph.D thesig preseninovelapproaches the fields of imaging and nonlinear spectroscopy
with X-rays.1) | describethe first demonstratiaof parametrically dowstonvertedX-ray into optical
wavelengthsThis methoctan be applied for probing valence charges at the atecaie resolutior) |
describedhe first observatiosiof incoherent Xray ghost imaging with a laboratory souredichadvance
the possibilities that the higiesolution method of ghost diffraction will be utilized with tabletopay
sources3) | describe the firsbbservatios of incoherent Xray ghost diffraction with a laboratory source.
The extension aheprocedurecan lead to nanoscatesolution imaging with laboratory sourcasdit is
therefore usefufor a variety of fields of research and indus#y | describethe firstthe experimental
observatios of ghost imaging with paireX-ray photons, which are generated by parametric down
conversionThe extension of therocedurd presentcanbe used for the observat®of various quantum

phenomena at-ray wavelengthsnd fordamage fre@maging

The first part of my work details my experimental work for the applicatiagho§t imaging and
ghostdiffraction to the Xray regime.Ghost imaging anghostdiffraction are imaging techniques, in
which the reconstruction of objects is achieved by using the spatial intensity correlations between two
beamsOne of the beams propagates through the object and it is collected by gsirgtietector while
the second beanpds not interact with the object and it is collected by a rpidel detectorThere are
two maintypes ofsources for thepatialcorrelations. The first typis known as incoherent (or classical)
ghost imaging and relies onintroducing spatial intefity fluctuations into the input beam, which is split
into two beams withdentical intensity fluctuations. The second sousc&nown as quantum ghost
imaging andt relies oncorrelatedphoton pairsThe ghost imagingechnique relies on detection in the
near field andeconstruction of thémage of the object from thgpatialcorrelations The detectiorof

ghostdiffractionis performed in the far field and the diffraction pattern of the object is measured.

The use ofX-ray lenses for imaging is very limited because of their small magnification and
aperture sizeand hencéensless techniques are widely used in this reg&28]. However, despite that

nanometer scale resolution has been achieved with coheragtrgdiation, which is generated byrXy



free-electron laserand synchrtyon facilities[25], X-ray imaging with low brightness incoherent sources
utilize mainly direct absorption measurements and no magnification or small magnification is used.
Consequently, although the phase information of objects could enhance the contrast of images, this
quariity is almost never measured in systems based on incoherent sources, and the resolution of those
systems is not smaller than the pixel size of the camera. gdott imaging and ghosliffraction are
promising for Xray imaging since they require neitlogherent bright sources nor lenses and can lead to
high-resolution and higlzontrast imaging techniques that can be implemented withctmsitv Xray
sources29].

Since the source oihcoherentghost imagingand ghost diffractiorrelies onspatial intensity
fluctuations the image is reconstructed from the instantaneous spatiahdorder intensity correlation
function that is measured for various realizationsh& intensity fluctuations at the input][ The
techniques have been studied extensively in the optical redh28 pnd recentlyghost imagingwith
atoms P4] and temporaghost imagingd 2] have been demonstrated.

IncohereniX-rayghost imaging and ghoditffractionhave been demonstrated experimentally with
synchrotron radiation generated by lameeelerators30, 31]. While those important demonstrations
advance significantly the extensiof ghost imaging and ghosliffraction into the Xray regime, the

effectswere notdemonstrated withabletop sources.

In chapter 4, | reportthefirst observation of thermahost imagingvith an X-ray tube laboratory
source. | describe experiments that show the possibility to reconitrishagesof slits by using
incoherent Xray sourcesvith very high contrastTheseresults advance the possibilities that the high

resolution method afhostdiffraction will be utilizedwith tabletop Xray sources.

As the detection of ghost diffraction is done in the far fi@d,[10,20,29,31] this method has a
clear advantage that the imaging resolui@mot limited by the spatial resolution of the detector. The
demonstration of this method with a low brilliancera§ source therefore has significant potential as a

method for high resolution imaging with-bay laboratory sources.

In chapter 6, | report the first observation ofthermal ghost diffraction with an -Kay tube
laboratory sourcel present preliminary results of experiments that show the possibility to reconstruct

high-resolution images bysing incoherent Xay sources



Another importansource ofghost imagings correlatedphoton pairsThis sources implemented
in many schemei the optical regimdy utilizing the nonlinear effect of parametric dowonversion
This effect isone of the major sources for the generation ofclassichstates of light antdasbesnused
to study fundamental quantum phenomanthe optical regime32-37]. The availadity of commercial
X-ray detectors with thphotonrnumbefresolvingcapabilitesand with near unity quantum efficiency is
appealing for testing concepts of quantum phyaic$to overcomemany ofthe fundamental challenges
of conventional quantum optics optical wavelengths Since no other applicatisrof paired Xray
photons of parametric dowsonversion have been demonstrateddte and since many quantum optics
schemes are similar to the scheme lbési imaging with photon paiitss demonstration can greatly
advance the field of Xay quantum opticf importance,lie properties of the correlations of the paired
photons and of Xay detectors can lead to imaging of objects with very few pha@smemonstrated in
the optical regime and hence reduce the radiation dosaayX

In chapter 5, | present the first observation of-Kay ghost imaging with photon pairs. The results
represent the first demonstrated application of photon pairs with parametriecdowersionof X-rays.
The resultattilize the ondo-one relation between the photon energied the emission angles and the
anti-correlation between thewectors of the signal and the idler photons to reconstruct the images of slits
with nominally zero background levelEhe extension othis procedure can be used for the observation

of variousquantum phenomena dtray wavelengths.

The second part of my work describes the application ofidiéinear procesgarametric down
conversion of Xrays as a spectroscopy method for valence electrons at the atomicDeeal® he
development of Xay experimental facilitiespamelysynchrotros and X-ray free electron lasersijith
high brightness collimation, and peak intensity, as well as laboratory sysiesnsh as the Xay
diffractometersystem severalnonlinearexperimens in the Xray regimehave been performeaver the
last few yearg41-49]. Some of teseexperiments demonstratdte effect of Xray into extreme
ultraviolet parametric dowstonversionand its potential as a prolier the opticalpropertiesof crystals
[41-45]. Despite the potential of probing valence charges at the atomiaesalationby utilizing X-ray
into opticalparametric dowstonversionthis effect has never been demonstrated before

In chapter 7, | describethe first observation of parametrically down convertéeray signal

photons at photon energies that correspond to idler photons at optical wavelengths. The results of the



presernedwork advance the development of a spectroscopy method for probing vaeleoten charges

and the microscopic optical responsefstalsat the atomiescale
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1. Introduction

1.1 Thesis structure

This Ph.D. thesis is divided into nine chapteChapter 2 describes the theoreticahodels
pertinent to the experiments carried out in the research described in the text. The research methods ar:
described irChapter 3. Chapter 4 describes the first observation ofr&y thermal ghost imaging with a
laboratory sourceChapter 5 describes the fat observation of Xay thermal ghost diffraction with a
laboratory sourceChapter 6 describes the first observation of ghost imaging with pairedy{photons.

Chapter 7 describes the first observation of parametioevn conversion of Xays into the optal
regime. The conclusions and recommendations for future research are presedheghter 8. The
supplementary description of the electronic, mechanical, and software design, performed in order to

achieve the experimental results is show@lapter 9.

1.2 Motivation and goals

This Ph.D thesigonsists the description of experiments that | performed in the fields of imaging
and of nonlinear spectroscopy withr&ys.The experiments | describe are thermal ghost imaging a with
a laboratory source, thermal ghost diffraction a with a laboratory sagweefum ghost imaging, and

parametriedown conversion of Xays into the optical regime



1.2.1 Imaging

The main inherentadvantages of the -Kay regime are the extremely high spatial resolution
(approximately 3 orders of magnitude in comparison to the optical regime) and the high penetration depth
of X-rays.The implementation of imaging with a lens system is challengiXgray wavelengths, due to
the difficulty in the development of optical elements suitable foXtnay regime, especially lenséhe
main imaging techniques that are used in theXregimeare thereforelensless imagingechniques
[25-27]. Thetechniques require the use of a high brightnesayXsourceand therefore their application
is confinedto X-ray free electron Lasers atwithird generation synchrotron facilities.

The main challenge | chose to addresshapters 4 and 6is to overcome one of the fundamental
limitations of highresolution imagig with low brilliance Xray sourcs. | therefore chose to demonstrate
thermal ghost imaging and ghost diffracti@mce thesare incoherent lensless imaging techniques and
are therefore suitable candidates for hogimtrast and highesolution imaging vih low brilliance Xray

sources.

The main challenges | chose to addresshapter 5are the extension of quantum optics to the X
ray regime anof X-ray imaging with low radiation damagehe extension of the quantum ghost imaging
method to the Xay regme is appealinfpr testing concepts of quantum phydilce tothe availability of
commercial photomumbetresolving Xray detectors with near unity quantum efficientlge extension
of the method is advantageous forray imaging with low radiation damag since it has been
demonstrated with optical radiation that is possible to image shygtt a small number of photong][

and due to the low dark noise properties of commerciayXdetectors

1.2.2 Nonlinear spectroscopy

The microscopic study of the optical responses of valence electrons can contribute to the study of

a variety of fields, such as compounds, chemical bonds, biological samples, anahblitgitinteractions.

The main methods that are used for the studh@foroperties of materials rely on either optical

radiation sources or on-Ky Bragg diffraction. Methods that rely on souraesptical wavelengthsan



provide insight into the interactions of valence electrons. Howeshece the wavelength of optical
radiation is much larger than the interatomic distardenaterials thesemethods are not suitable for
microscopic studiesResonant inelastic Xay scattering (RIXS) is another method usegbrimbe the
electronic structure of alecules and materialgvhile this method provides spectral information regarding
the valence binding energigsloes not provide argpectrainformation regarding a specific atomic plane.
Therefore thd-ourier component of the nonlinear susceptibiltyiot measured and it is not possible to
calculate the electron density with the RIXS methdetay Bragg diffractionis often used to probe
materials at the atomic scaldowever,theenergyof X-rays is much higher than the binding energies of
valence ectrons and therefore therdys interact mostly with the core electrobe development of a
new spectroscopy tool for the studf valence electrons at the atomic scale is therefore necessary to

advance the understanding of materials and fundamengalksci

Nonlinear interactions of Xays and optical radiation cdrve a powerful tool for the studyf
chemical bonds and the valence electron density of crystéfeemicroscopiclevel andof light-matter
interactions with atomiscale resolution38-46,48,50]. The atomiescale resolutioims a consequence of

the short wavelengths of-Mays, whereas the optical fields interact with the valence electrons.

The develoment of this spectroscopy tool can be instrumental in the study of the optical properties
of materials at the atomic scale resolution and can contribute to the study of molecular processes,

electronic components, and solid state physics.

1.2.3 Research goals

The goals of thipart of the Ph.D. theserethereforeto demonstrate experimentally:
1) X-ray Thermal ghost imaging with a laboratory source

2) X-ray Thermal ghost diffraction with a laboratory source

3) X-ray Ghost imaging witlphoton pairs

4) X-ray into opticalparametric dowstonversiorprocess with synchrotron radiation.



In the paragraphs below | elaborate on the motivation and background of each of my projects.

1.3 Background

1.3.1 Thermal Ghost imagingand ghost diffraction

An important area afy researchghost imagindgGl), has been investigated thoroughly at optical
wavelengthq1-23]. Ghost imagingutilizes the correlation between two spatially separated beams to
retrieve information about an unknown object. In a typical scheme of ghost imaging one of the beams is
scatteed through the object andis collected by asinglepixel detectorthat is positioned close to the
object The second beam does not interact with the objedt @&collectedby a multipixel detectothat
provides the spatial resolutiofihe two detetors are positioned equidistant from the source of the spatial
correlations.Since the data collected by each detector is insufficient for the imaging of the tigect
reconstruction of the image of the object requires the measurement of the corteatiean the two

detectors.

There are two main schemes that are used for ghost imaging measurements, namely it&oherent

(alternatively thermal Gl or classical Yandquantum Glor Gl with photon pairk

A second incoherent imaging technique, nanggbst diffraction (GD), utilizes the same
experimental setup, with the exception that the detection is in the far field. The main difference from the
Gl technique is that the measured physical quantity is the diffraction pattern. The advantage of this
techique is therefore that the imaging resolution is not limited by the spatial resolution of the detector.
Since thermal ghost diffraction requires neither coherence nor magnificaigoa promising scheme for
the implementation dfigh-resolution and Igh-contrast imaging techniques that can be implemented with
low-cost Xray sourcesThis is n contrasto the two mairexisting lensless imagingchniqueshat are
used in the Xray regime, namely Coherent lensless imagiij &nd interferometric basanhaging R7]

thatrequire the use of a high brightnessay source, which is only available usingrdy free electron



Lasers (XFEL's) and 3rd generation Synchrotron facilitesl are therefore not suitable for laboratory

sources

IncoherenGl and GDrely on intensity fluctuations that are introduced into the beam by a moving
diffuser [1]. The reconstruction of the objestobtained from statistical measurem of the spatial
secondorder intensity correlation functiomhe methodsequire neither coherence nor magnificatom
arethereforepromising schensefor the implementation of highontrast imaging techniques that can be
implemented with lowcost Xray sourcesThe demonstration of the techniques suggests the possibility
to develop higkcontrast and highesolution imaging with tabletop-Kay sources and thus overcome one
of the fundamental challenges ofr&y imaging.

IncohereniX-rayghost imaging and ghodtffractionhave been demonstrated experimentally with
synchrotron radiation generated by large acceleraBs3[l]. While those important demonstrations
advance significantly the extension gifost imaging and ghosliffraction into the Xray regime, the

effectswere notdemonstrated witkabletopsources.

1.3.2 Quantum Ghostimaging

The sourceof quantum Gis different from that ofricoherentsl, since itrelieson the process of
parametric dowstonversion(PDC) as a source of correlated (or aoirrelated) photon pairsThis
scheme has been usedtensivelyfor quantum imagingat optical wavelength$6,7,21-23]. The
correlation between the photon pairs is a consequence of the spatial correlations between the photons an

the anticorrelations between theirdectors.

Since the source of the correlations of thermal Gl are classical in ratyere not suitdé for
guantum optics measurements. Another important consequence of the statistical nature of thermal source:
is that the imaging of objects requires higfioton statistics anttheyare therefore unsuitable for objects
with low radiation damage thresholds

In contrast to classical Ghe quantum Gkcheme has been widely applied at optical wavelengths
to study numerous quantum effef82-37], such asnteraction free measuremend2] andsub-shot noise

measurement$8p], due to the inherent differences between a quantum source and a classic¢ fipite



the availability of commercial photemumberresolving Xray detectors with near unity quantum
efficiency that are appealing for testing concepts of quantum physics and can remedy many fundamental
challenges of conventional quantum optics this effect has never been demonstratag abXelendts.
Moreover, since its observation half a century ¢ no application of Xray photon pairs of parametric
downconversion has been reported to d&iace this method has not been demonstrated before with X
rays it is still early to predict its future applications. It seems likely, however, that this method may be
useful for imaging of large biological samples, such as insects, where the radiadi@lagesan important

role.

1.3.3 Parametric down-conversion

Nonlinear processes at optical frequencies, sugraesmetric dowstonversionsumfrequency
generation (SFGYlifferencefrequencygeneration (DFG)andsecondharmonic generation (SHGye
fundanental nonlinear processes. These procdsses beemppliedat optical wavelength®r scientific
research as well dschnological applicationdn particular, tlese processes are valuable for the study of
the optical responses of materials to electromagnetic fi€lds extension of these processes into the X
ray regime offers great potential for material spectroscopy due to the extremely high spatial resolution and

thehigh penetration depth of-Kays as well as the lowoise properties of commerciatidy detectors.

In processessuch as Xray/optical surdfrequency generation (SFG) and differeffi@guency
generation (DFG), Xays and optical waves are mixed to gate an Xray wave at a frequency that is
equal to the sum or to the difference of the two input frequencies, respectively. The physical mechanism
that supports the wave mixing effect can be viewed as an inelastic scattering of the-iapsifiém an
optically modulated charge density. In typical measurements, the reciprocal lattice vectors of crystals are
used to comply with the requirement for phase matching (momentum conservation). Consequently, the
measured efficiency is proportional to the absolupgase of the Fourier component of the nonlinear
susceptibility corresponding to the selected reciprocal lattice vector. This susceptibility is proportional to

the Fourier component of the charge density of the valence electrons. Hence the measureiments of t



efficiencies for various reciprocal lattice vectors can be used for the reconstruction of the charge density

of the valence electrond]], asis described in detail iohapter 7 of my work

Glover et al. reported the first observationXefay and optical wave mixing in a diamond crystal
by using an Xray freeelectron laser and a-Bapphire lasedg]. However, since thefficiency of SFG
scaledinearly with the intensity of the optical laser, the ebstion of the effect requires higiptical
intensitiesandit is therefore unsuitabl®r many materials with &w radiation damage threshol@he
requirement for an optical input further prevents the observation of the effect in a variety of opaque

materials such as metals and superconductors.

Another nonlinear effect is parametric deaorversion (PDC)PDC is a seconrdrder nonlinear
process, where an incident photon is converted into two photons with lower energies. The process
generates a source of entangled photons, déthonstratecpplicationsat optical wavelengthms the
fields of quantum optics34-36] and quantum imaging[7,21-23,32,33]. The process is also useful for
the microscopic study of thaptical properties of materialglp-45)].

Parametric dowsrconversion (PDC) of Xays into optical wavelengths based on Xay and
optical nonlinear interactions and ctrereforebe used to probe the microscopic response of valence
electrons with atomiscale resolution. This process is similar teray/optical difference frequency
generation DFG), but in X-ray into optical PDC the pump photons interact with vacuum fluctuations to

generate correlated-Xay ard optical photon pairs3p].

The effect has been applied wixiray and ultraviolet (UV) photon pairsof PDC tostudythe
properties okeveral crystals40-45]. Since the efficiency of the effect deperaisthe properties of the
material at all three pertinent wavelengths, the measurements Xfrdne photons emerging from the
nonlinear crystal provide information on the UV properties of the satfias beerfurthershown that
the microscopic linear saeptibilitycan beevaluatedrom the measurements of thery PDC intensities

for several atomic planed]].

The observation of PDC of-rays into optical wavelengths is more challenging and has never
been reported. This is because the photon energies of the generatedighal differ by only a few eV
from the photon energies of thgout beamand because the Bragg condition is vepgelto the phase

matchingrequirement of the PDC process.






2. Theoretical modeb

This chapter descrike¢hetheoretical modelapplicable to the experiments described in this Ph.D

thesisandis comprised of 2 main subjects

1. Thenonlinearprocess effect gbarametric dowstonversions described herayith an emphasis
on the Xray regime The description includethe coupling between the electromagnetic field
(EMF), described by the Maxwell equations and the Newton electrical charge equation of motion
the nonlinear current density, and the coupled wave equatikires process investigated in this
work is parametric dowstonversion The theoreticainodelfor this topicis given inPara 2.1
Two specific regimes are described here, namely the higiiydegeneate regime with idler
photors at optical wavelengths and tiveakly nondegenerate regime with signal and idler photon
pairs at hard Xay energies. The theoretical background describ&aia 2.1is later applied to
the experiments ofjhost imaging with paired X-ray photons (Chapter 5) and Parametric
Down-Conversion of X rays into the Optical Regime(Chapter 7) of this work

2. Incoherent (classad) imaging of spatially incoherent light in therdy regime. The 2 processes
investigated in this work are ghost imaging, where the measurements are done in the near field,
and ghost diffraction, where the measurements are done in the faimfelcbrreltions of these
processes anithe spatial resolution are discussébe theoreticamodelfor thistopicis given in
Para. 2.2and is later applied tthe experiments oK-ray Thermal Ghost Imaging with a
Laboratory Source (Chapter 4) and X-ray Ghost Diffraction with a Laboratory Source
(Chapter 6) of this work



2.1 Parametric down conversion

2.1.1 Parametric down conversion description

Parametric dowatonversion (PDCis a secongbrder nonlinear process, where an incident photon
is converted into two photons with lower energies. The process generates a source of entangled photons
with demonstratedpplicationsat optical wavelengths the fields of quantum optic84-36] and quantum
imaging p,7,21-23,32,33,37]. The process is also useful for the microscopic study of the properties of
materials #0-45].

(s

€)1

Figure 2.1 - Parametric down conversion energy conservation diagrarhe angular frequencies of the pump, the signal,

and the idler are dnoted asYp, ¥s, and 'X‘i , respectively

| refer to the incident photon as the pump photon and the two-domwerted photons are denoted
as the signal and idler photorWithin the frame of this work only Xay pump and signal photons are
taken into considerationThe process preserves energy and momentum tfeeehase matching
description ofPara 2.1.2for further details). The energy diagram of the PDC process is simokig.
2.1 The process is based on the interactions between the incident photon and the vacuum fluctuations in

10



the nonlinear crystal. Since the vacuum field exists at all the energies in the material all the photon pairs
that satisfy energy and momentyphase matching) conservation can be generétetie highly non

degenerate regime, we select the idler doanverted photons to be the photons with the lower energy.

2.1.2 Phase matching

Generally speaking, the phase matching condition is achieved whevattes in a nonlinear
process interfere constructively, i.e. the efficiency of the process is maximized. This condition for phase
matching is achieved when the momentum of the three pertinent waves in the-aemynaonlinear

processnamely the pump, @nal, and idleris conserved.

| consider the conditions for phase matching of PDiie X-ray regimeSinceX-ray wavelengths
are comparable to the distance between the atomic pllanss,the reciprocal lattice vector for phase
matching 9,55 as| depict inFig 2.2 | denoted,, ds, andd; as the angles with respect to the atomic
planes of the pump, the signal, and the idler, respectively. -Veetkrs of the pump, the signal, and the

idler are Rp, ks, andk; . G is the reciprocal lattice vector orthogonal to the atomic planes. The energy

conservation implies thaf, = ¥ +, wherel denote¥,, ¥, and¥; as the angular frequencies of the
pump, the signal, and the idler, respectively. The phastehingcondition can be written as

Rp +6:k +T(i.

For the case of idler photons at optical wavelengths, the idiector is much smaller than tke
vectors of the pump and the signal. Hence, the phase matching angles of therBpS§ighal are very
close to the Bragg angle. Consequently, the tail of the elastic scattering is not negligible and the separation
of the PDC Xray signal from the elastiequires narrow filteror energy resolutiofinamelyanalyzer

crystals) and slitfor angular resolution

11
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Figure 2.2 - Parametric down conversion phaseatching scheme. The indices p, s, and i represent the pump, signal, and
idler, respectivelyG i s the reciprocal | apt t O cagmacvtled@ngles of thegpunp, the lsig, an gl
and the idler, respectively, with respect to the atomic planes.

2.1.3 The nonlinear current density

| startthe discussion of the nonlinear current density and of the cowpde® equations of PDC
from the equations of motion and continuity for a classical model of a cold collisionless plasn@agjluid
defined as follows:

W, +(VO P+ :—-e—(ﬁ Exé)vKuation of motior
(2.1) I"It me ,
ML;t( +b t())1 r t)yv =0 n

where E B are the electric and magnetic fields, respectiaiyg 1, is the plasma resonant
frequency Here v(7,t), e, m, 4 { r, andr are the field velocity, charge mass, electron density, and

position vector of the electrons, respectivéighould be noted that the temﬁr can be neglected whe

the energies of both of the generated pho#awasn the Xrayregime and are thereftar above thplasma
resonant frequenayf the material.

From the equation of motion and continuity it can be seen that there three terms that contribute to

the nonlinearity The termevxB corresponds to Loentz force, whichs the driving mechanism for the
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nonlinearity Thespatial variation of the electron veloci®v ; and the spatial modulation of the charge
density that is result of the terb Q 1 F).. Since the photon energies of the incident photons are much

larger than the binding energies rafterial withlow-Z atoms such as diamchthe electrons can be
regarded as free particles].

A monochromatic plane wave electric field is defined as follows:

2.2) Ei(?’t):%éé(lzi(f}ri) E ed 70%).

2

whereki ¥, , and E are the wave vector, angular frequency, and polarization vector of the electric

field, respectively.

Using an expansion qf { r and v(r,t) according to th@erturbatiortheory and an expansion of

} ("} in a Fourier seriésthe Fourier component of the charge density is defineg,asfj (i) *° e

where} @ (7} 5 '§° is the unperturbed charge density.

The general term for theecond order nonlinear current densign be described by using the
perturbation theory56]

23) I (.= )o@ ,v.) vl P7RG) ¥O(v)

sincer(t)=r?+/ &) #r@@) ..and thereforev(r,t)=a?( ) , t®H+ & v and

sincej(r), t% =§( 9 af@r) tby using the perturbation theorit is clear from the

expressiorthat the nonlinearity can be viewed as scattering-0&y§ by the optically induced charge

;*(l)( 'r)

aWhich is used as the niimear medium for thexperiments | describe later in the text.
bValid for ordered crystals such as the diamond sample used in thsnfoPtical wavelengthand Gl with correlated photon
pairs experiments.
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The secongrder nonlinear current densitlyat we gefor PDC® by approximating the electron

velocity v according to the perturbation thetingn becomes

o 2,
,a o i(& ki +G B-gr, - ivg
JSL(YS = 3‘ T)Y pziﬁEmYlEx 8(3 (S< lﬁog ex

oa) X, vEEk ep'?%fk ¢ ger, {E G #1eEG
ge ¥, - ¥ g - b, 1 y
bﬁ e:l-(O)
G )

where I, is the plasma resonant frequendyis the free space permittivi,t;Ep and g, are theelectric
field amplitudesof the pump and theller, respectivelyandthe polarization vectors of the pump and the
idler photons are denoted &s and &, respectivelylt should be noted that the tem;z) of the expression

b. can be neglectedthen theresonant frequency is in the X-ray regime and is thereféar above the

plasma resonant frequencf/the material.

For the specific case of anrdy signal photon and an optical idler photon, the nonlinear current
density, which is later used in the numerical simulations present€tapter 7, can be expressed as
follows? [41]:

EEisy( ¥ GU s i !
2m.¥

(2.5) J;\“'('X‘p =X +i)x

where Gg) is the linear susceptibilitgndds is the Bragg angle

¢ Although at this point this is still the general form of a difference frequency generation (DFG).
9Where we assume that there are no two or more resonances that are in close proximity.
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For the specific case of-Kay signal and idler photohat a scattering angle near®abie nonlinear
current densitgnvelopewhich is later used in the numerical simulations present€tiapter 5, can be

expressed as followg§|:

(2.6) (¥, =3 +)¥ %":’ &6 RY.

where &: is the polarization vector of tregnal

2.1.4 The coupled wave equations

The PDC process can be describedh®coupled wave equationsdescribe the coupled wave
eguations in a Laue geometry. Under the assumptiotieohdepleted pump approximaticmlossless
medium, andhe slowly varying envelope approximation (SVEA), the coupled wave equations in the

frequency domain can lzescribed asAg, 49

e,
—+ = g =0ha dxp ]l+ﬁ‘s~gfs
27 M cosqs cosg

+

M L s g o epl? +
uz+cosqia =o' a exp, I+ cosg2

where @, and & are the signal and idler annihilation operators, respectively,

1
2nd, d | P
ok =k gos d, -k ¢is the phase mismatch, an@d’( bdiG '} i is the nonlinear
v EJ cosd ¢

interaction coefficientWe d e p, 0st de aisithedmpedances at the pump, the signal, and the idler
frequenciesp is the reduced Planck constant, am¢t i s t he nonlinearsanur rlent
represent the signal and idler absorption coefficients, respectivelyf.aamt! f. are the signal and idler

Langevin noise operators, respectiva@lize Langevin methot used to describe quantum systems with

inherent losses [68]. As a consequence of the inclusion of the Langevin opendbesignal, idler, and

€Where both photons are far from resonance.
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coincidence count ratgepend on the absorption length rather than the crystal lémgghsufficiently

long crystal.

The timespace signal and idler operators are related to their frequency domain counterparts by

a(zr.)=f f = x)g-@do ngr
(2.8) ,

o o

a(zr.)=f A=z r)g-dO 1) gy

wherer = (X, ).

The commutation relations for the signal and idler operators are

(2.9) @i(%’qw’fl)’ﬁéz% 12) G,JL =12 CH@Z “1Z z)’

hereqj=(kix, ki), where l and k, represent the k wawsector components parallel to the surfaces
of the crystalOf importance, theequiremenbf these operators to preserve thenmutation relations for
the signal and idleoperatords a consequence of the interaction with the vacuum fluctuations in the

crystal.

Thecommutation relations fahe signal and idlet.angevin noise operatoese

\

\ A 1 o
(2.10) & (z,0,7,) o€ 20z ) BTy oF 2 462 -.2 .
Since the Langevin terms are introduced to describe losses in quantum systems, they can be
neglected in special cases where the absorption is negligindeefore, br the specific case of idler

photons at opticalavelengthsunder the assumption of a lossless medium, the absorption and Langevin
terms ofEq. 2.7can be neglected, and the coupled wave equations are reduced to the followirgform [

&:_ga e[po]J
2.11) ¥ .

M _

" 9 a e[x pz}



2.1.5 Detector and coincidence counts

For single photon counting detectors, the counts aétectoaredefined as follows:
(212) R =A(a(1)a(1)),

whereA is the effective area of the nonlinear media thdtuminated by the pump beam.

The signal count rate, for the specific casadidér photons at optical wavelengthshere the

coupled wave equations Bfy. 2.11canbesolved analytically, is given by:

ot Bk §

cos, Q

213 R = o7 A w g
8:5(13'& 29

where c is the speed of light in vacuum. The signal count rate is calculated numerically, where the
integration is taken over the solid angle of the detector and the bandwidthd#tétdon systemwe
note that the acceptance angle of the detectoratsstie bandwidth due to the one to one relation between
the angle of propagation and the wavelength of the generatag Xignal, which is imposed by the
requirement for exact phase matching in the directions parallel to the surface of the crystal.

For single photon counting detectors, the coincidence aateis defined as follows:
(2.14) R, =A(al(t)at)a(t)a(t.)),

where t and t are the respective photon arrival times at the signal and idler detectgkssatite
effective spot size of the pungi the nonlinear mediglane The coincidence count rate is calculated
numerically, where the integration is taken over the solid angle of the det&uotbthe bandwidth of the

detection system.

The physical meaning of each coincidence count is the detexdtemphoton pair within a small
time window, thus drastically reducing the experimental noise. The time window length, which we denote

as U, ranges from a few nsec to a few hundreds
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setup andthe limitationsof the detection systemTlhese limitations are influenced mainly by the
uncertainty in the ionization time of the charge carriers in the detector. For an input pump with a uniform
time structureanduniformly distributednoisesignals, with are denoted assRiseand Rnoiseand are
detected bythe signal and idledetectors respectively, theccidentalcoincidence count rate can be
estimated as RoisRinoisd) . The PDC coi nci denc eunchangegptovidedathae , h «
the selected time window is larger than the overall time resolution afetieetionsystem, and that the

degree of saturation of the detectors (i.e. the rates of events, where two or more photons are detected in-
time scale that is smallégihan the pulselurationthat is generated by a detector afiesingle detection

event) in either of the detectors is well below the PDC coincidence count rate.

The coincidence count rate the presence of an apertufer(the ghostimagingmeasurements
that are described @hapter 5. The concept of ghost imaging is describeBana. 2.2 can be considered

as follows:

R=A20) A Aafid k) a( wh k) d ok k) 4 ok K)o

(2.15) , , , , ) ) ,
X|H ()] [H ()| [H (k)| TH (k)| H{K)| | H( k)| d ad gk, di, di, dk

where 1 and 2 are the indices the two detectors, respecawvelyH is the window function of the object.

Of importance, in the experiments describe@liapter 5an energy filter is also used by rejecting
coincidence events where the sum of the energies of the photordpesrsiot equal the pump energy
within the bandwidth of the detection system. As a cgmsece the majority of the accidental coincidence
counts are filtered out. This filter is essential since the majority of the accidental coincidence counts are
originated from residual elastic scattering (the tail of the Bragg diffraction) and Compttarisgaand
their photon energies are therefomestly above the photon energie6 PDC that we expect to measure

in the experiments described@hapter 5.

fE.g. a quasDC sourcesuch as an XRD or a synchroti¥fFEL with a uniform pulse period.
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2.2 Ghost imaging and ghost diffraction

2.2.1 Generaldescription

Ghostimaging(Gl) is a technique for obtaining an image of an object by measuringtémesity
distribution ofthe object. The main imaging technique utilizes the correlation (or coincidences of signal
idler photon pairs) betweensinglepixel test detector in view of thebject and anulti-pixel detector
reference detector with spatial resolutes shown irFig. 2.3 It is important to note that the reference

detector is blind to the objéci.e. it doesot measure the intsity projected from the object.

The two maimghost imagingechniques are:

1. QuantumGl i Entangled photon pairs, e.g. photons that created fih@RDC procesyqas
described inhe PDCbackground irPara. 2.J).

2. Thermal Gl 7 A classi@l incoherentsource The source is implemented by introducing
intensity fluctuations into the beam by utilizing a moving diffuser. The incoherent output of
the diffuserns thansplit into two beams with identical intensity fluctuations

Due to the low nonlinear susceptibylin the Xray regime, the lack of coherent laboratoryay
sources, anthe experimental noises in the former technique (Bragg diffraction, Compton, and Thomson
scattering), it is preferable to employ the latter technique with laboratory sources.ritoaptmize the
performance, we will therefore work in the highotonflux regime p]. The ghost imaging technique is
only able to reconstru¢he image of the object directly, without the need for phase reconstruction. In
addition, measurements are performed in 4fieéd conditions, and are therefore limited by the spatial
resolution of the reference detector.

9 This technique is therefore useful, where it not easy to act on the test arm, or when stealthy detection is necessary.
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Figure 2.31 Ghost imaging general scheme

Incoherentl relies on intensity fluctuations that are introduced into the beam by a moving diffuser
[1]. The reconstruction of the objasiobtained from statistical measurements of the spstiedndorder
intensity correlation function. Since this scheme does not require neither coheyereresas it has the
potential to enhance the imaging capabilities of laboratory searwk hence advance scientific fields
such as biology, physics, and engineering, as well as high spatial resolution applications for industrial,

medical, and military pposes.

The sourceof quantum Gis different from that ofricoherenGl since itrelieson the process of
parametric dowstonversion(PDC) as a source of correlated (or acdirrelated) photon pairsThe
correlation between the photon pairs is a consempiefthe spatial correlations between the photons and
the anticorrelations between their-vectors.Due tothe availability of commercial photemumber
resolving Xray detectors with near unity quantum efficienag sthemes appealing for testing coepts

of quantum physics and can remedy many fundamental challenges of conventional quantum optics.
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Figure 2.41 Ghostdiffraction general scheme

Ghost diffraction(GD), however, reconstructs the imafyem farfield measurements, and is
therefoe notlimited by spatial resolution of the reference detector. This is possible since each spot of the
interference pattern at the detector plane in the far field matches a smaller spot at the objethelane.
detector is therefore positioned close to the beam splitter as shown in the ghost diffraction séhgme in
2.4.

The application of incoherent GI to-pdy wavelengths has several inherent differences compared
to the optical regime. The first differencetie X-ray sourceThe majority ofX-ray sources are either
laboratory sourcesr synchrotronghat are partially coherent sources. While it is possibléntoease
coherencéengthby closing the slits at the input for widths of a few microns with synchrotrons this is not
possible for laboratory sources duefte lowflux. This is in contrast to the optical regime where the input
source is usually a coherent laser. Other differeacza consequence of the extremely short wavelengths
of X-rays that result in a refractive index that is very close to unity. The use of fundamental optical
components, namely lense®fractiveindex based beam splitters, and spatial light modulators, is
therefore either very limited or not possibleat X-ray wavelengthsin the absence of lenseget
magnification of the GD diffraction pattern is therefore determamdgby the distance between the object
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and the multpixel detector. Tie X-ray beam splier is realized by using Bragg diffraction from a

wideband crystal.

Of importance, tiis assumed for simplicity that the input soubedore the diffuseis coherent
throughout the textWhile this assumption is not strictly accurate foray laboratoryand synchrotron
sources (these sources are partially coherent with a coherence length on the order of a fewth@crons)
modelwe describe irPara. 2.2.2canprovidea rough estimate to the diffraction patterns we expect to
measure and is sufficient ftire purpose ad proof of concepilThis assumption is valid, since the diffuser

introduces amplitude fluctuations and not phase fluctuations and since the diffraction angle is small.

2.2.2 Coincidence count rats

The coincidence count rate for a referensbi¢h is denotedsref in the equation¥ and a test
detector is 29"

Coincidence count rate(=\H o} (Eeed & of & ) =

(2.16) | o 2
= <Itest(rtest)><| ref(r ref)>+ |rt”ﬁGﬁl)(r 1r )h re(r .lr re) h te: tr Qr teltdrqr‘ z

where(...) represents a time averages, fes; Eref, tess and her, testare respectively the intensities,
the field amplitudes, and the impulse responses at the reference and test detectors, and r and t are th

respective reflection and transmission amplitudes of the bphtter. G(l'l)(rl, r2') is thefirst-order spatial

2,
9

0%@ !

correlationfunctionbetween the reference and test beams, whiefiné asG(“’(rl, rz) =1(r)e &~

Here, eondenotes the spatial correlation of the source.

hvalid under the following assumptions:
a. The source is monoamatic and therefor there is no time dependency.
b. The crossectionof thesource is much larger than the object anthalbptical elements and therefor there is translational
invariance in the transverse plane.
" For a fully spatially incoherent beatime correlation can be described as a delta function. We assume that the input beam is
uniform.

22



The correlation function faghost imagingndghost diffractions known to bg97]:

e e o]

whered, oF ok o &ie OIS equivalent to the coincidence counts expressidgoR.16

The termd, o @, o &ie Ois subtracted from the coincidence counts, since it contains no

information regarding the image.

Theimpulse responses at the reference and test deteatokse described by taking into account

Fresnel free space propagation and the transmission objent [@9]:

e
href (r rref) F € f
(2.18) o

dkd, 0 (rp-r)? gkd, U

htest(r rtesi) - ﬁjrlieag G I( I’)

where k ant-arethewave vector and theavelengthof the source respectivelyandt(r') is the
transmission of thebject. The distances,dbk, and ¢, are the distance of the object from the beam splitter,
the distance of the object from the test detector, and the distance of the reference detector from the bean
splitter, as shown irFig. 2.4 We assume that the redace and test detectors are equidistant from the
beam splitter so thattid>=d: and that in the ghost imaging casé @ .

In the specific case of a fully spatially incoherent soatdke output of the diffusgihe correlation
function of aghostdiffraction measuremerds shown byl. Cheng and S. H489,3]] is:

)L L)

v ltest) T T
reftt aéﬁ(ée ?Ld

(2.19) G*I(r,

where T(q) is the Fourier transform of t(iY)is therefoe necessary that thest detectoareais
sufficiently small so that only a single diffraction pattern corresponding to a positiea isfnecorded.
Moreover, if the test detector usdrhs spatial resolution thamultiple diffraction patterns can be recorded

simultaneously, thus reducing the required measurement time and improving the resolution of the image.
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It should be noted that while each such measurement pon@s to the correlation function of a ghost
diffraction measurement the surhthese diffraction patterns cannot be regarded as "ghost" diffraction

sincethespatial information of the test detector is used.

2.2.3 Spatial and temporal propertiesof incoherent imaging

2.2.3.1 Spatial and temporal properties of the source

The main properties of thmcoherentsource can be described by the spatial and temporal
coherence of the source and the angular acceptance (bandwidth) of the beanThplis{@atl coherence
of the sourcdimits the spatial resolution that can be achieved with the system. The temporal coherence

of the source determinéise necessary time resolution of thetectionsystem.

The spatial resolution, or coherence lengththe sourcdafter the diffuser)s defined as the
inverse of the bandwidtbf the correlation functionThus, lowerig the coherence length improvibe

spatial resolutiof the imagealthough it reduces thasibility of the image

2.2.3.2 Spatial and temporal properties of thesystem

In GI the resolution is not only limited by the spatial resolution of the diffuser but also by the
spatial resolution of the reference detector. In GD the spatial resolution of the detector does not limit the

resolution of the diffractiopattern The GD resolutionis determined by thsize of the diffraction pattern

which | denote as F.S. (full scal@ndis known to be 5] Fisz

There are three major parameters that influence the GD spatial resol)tibhe size of the
diffraction pattern described abo® The spatial resolution of the muliixel detector3) The field of
view of the multipixel detector. The spatial resolution of the mpl&el detector is required to be

sufficiently small to resolve the features on the diffraction pattern (i.e. Nyquist sampling conditions). The
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field of view of the multipixel detector limits the effective size of the recorded diffraction pattern
(although in principle the mulpixel detector can be moved and the GD measurements repeated for the
different positions of the detector). Sinée tGD resolution iproportional tothe distance of the object

from the multipixel detector, the GD resolution can be improved by positioning the-pixdti detector

closer to the objedunder the assumption that the diffraction pattern is limited by the field of view of the
multi-pixel detecto}. This assumption, however, is only valid provided that the features on the diffraction
pattern are still resolvable by the mygikel detector. If the mulipixel detector, however, is positioned
further from the object additional features canrbsolved on the diffraction pattern, but since the
diffraction pattern is wider the necessary field of view to measure the diffraction pattern and the photon

statistics (neglecting absorption) required to achieve the same contrast will increase linearly.

It should be noted that tlghostimaging andghost diffractionformalisis areonly valid as long
as the detector integration timgtis shorter than the temporal diffuser coherengedt. The X-ray
diffractometer (XRD) source without a diffuser fesoherence time lof

o > .54¥56 x51 8
= = 1388x10°
(2 20) cohs a CCpFé ( 2 9 9 ?)@_21,044 X SE

Herecandpa are the speed of l i ght i oh thevsauccg u m &
respectivey. It should be noted thalhe coherence timis much shorter tharet for existing detectors (at

leastl0’ Lc)- Therefore, théluctuations of thesource are averaged out and the detector is only sensitive to

fluctuations introduced by the diffusdor sufficiently long averaging times, when the intensity
fluctuations of thaliffuserbecane dominant

Since he acceptance angle of the beam spldter limit the resolution of the system by filtering
out intensity fluctuations the main requirementhat it ismuch larger than the angular spread of the
intensity fluctuations that the diffasintroduces. This is because the beam spthigarl uses based on
Bragg diffraction, which is angular dependent. Thus, if the acceptance angle of the beam splitter is not
sufficiently large the reflected beam contains only intensity fluctuations that are within the angular
acceptance of the beam splitter, while the transmitted beam contains the entire range of the fluctuations.

1 Using a monochromator.
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Consequently, the intensity fluctuations of the two beams atrédantical andhe visibility is highly

reduced.
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3. Researchmethods

This chapter describes te&perimental desigiThe design developed and preseistnot limited
to the experiments described in this Ph.D thbsisalsoto the various experiments performed dityer
members obur group 43, 48, 57-60]. The scope of this chapter includes the etetts, mechanics, and
software.The specific experimental systemisthe experiments that are included in tAls Dthesisare

described in theroceeding chapters.

The experimentdescribed in the Ph.D. thesigre performed either with synchrotron radiation or
with an X-ray tube. In contrast to standard synchrotron experiments that rely on the existing design of the
beamline, the synchrotron esqiments that are describedims Ph.D thesisequired special modification
of the synchrotron beam line and the design of the detection system and software. The experiments tha
were performed with an -Xay tube required the use of detection systemgstis and of positioning
control capabilities that are not included in the design of tmayXube. These requirements, as well as
the strict space considerations due to the compact size of-thg ¥ibe enclosure, necessitated the
characterizationf apositioning and detection system with software control and the mechanical design of

the experiments.

3.1 The experimental system

3.1.1 Detecion system design

All the detectors that were used in the experimkdéscribeare singlephoton counters due to the
low-noise requirements of the experiments. $akectionsof X-ray detectors andf the data acquisition
system depend on the specific requirera@hteach experiment.hreespecific types of detectors were
used for the experiments described in the Ph.D. thesis.

The firstdetectottype is an avalanche phetiiode (APD) detector chosen due to its low dark count
rate (~1 count per minutaccording to experimental measuremgaisd its shortresponse timeln an

APD the free electrons that are generated by the photoelectric effect are accelerated due to a high voltage
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bias As a resulof the high electrowelocitiesbound electronarefreed. Each electron frees additional
electons and consequenthavalanche multiplicatiomccurs The shortresponse times result in a time
resolutionon the order of a nanosecond and in a capability to perform ghgi®n measurements at

rates of up to 10 counts/secHence, these detectors are suitdbiesingle photon measurements at high

count rates and for time coincidence measurements. This detector type was therefor used in the
experiments presented the "X-ray Thermal Ghost Imaging with a Laboratory Solir¢be "X-ray

Thermal Ghost Diffraction with a Laboratory Sourcatd the Parametric DowsConversion of X rays

into the OpticaRegime" experiments i@hapters 4, 6,and?.

The secondletectortype is a silicon drift detector (SDE)atrelies on the ionization of electrons
by the incoming photons. Since the binding energy of Si valence electromghie order of 1 eV and
since the photon energies ofr&ys areon the order okeverakeV to tens of keV the dark coundte of
this detetor is extremely low (~3 counts per hour according to experimental measurements) and it is
possibledeterminethe incoming photon energies from the electron current (125 eV resolution @ 6 keV
according to the vendor specifications). Hence, these deteaterssuitablefor singlephoton
measurements at very low count rates and for coincidence measurements thatthrequse ofthe
incoming photon energies. This detector type was theresad in théGhost Imaging with Paired -xay
Photons'experiment irChapter 5.

The third detectortype is a chargeoupled device (CCD). This detector is composed of
scintillator screen that converts the incidentay beam into optical wavelengths by means of fluorescence
andof a CCDarraythatdetects thepticalphotonsthat are generated by the fluorescence pro&tsse
the photon energy of Xays is larger by three orders of magnitude than the photon enettgyagtical
photons each Xray photon is converted into many optical photons and hence the deseatile to
resolve singleX-ray photons theaverage standard deviation of therk countateis ~1/3 ph/pixel/frame
according to experimental measuremernitl)s detector is therefore a suitable candidatéthfEnmalghost
imaging and ghost diffractiorxperimentsThe imagsareread from the device via an Ethernet cdituis
detector type was theretousedin the "X-ray Thermal Ghost Diffraction with a Laboratory Source"

experiments presented @hapter 6.

kK According to the vendor specification.
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Since the electrical outputs of APD and SDé&vices are pulsedata acquisitions performed for
most applications by counting the puld®s use of a NI DAQ board (for example the experiments
describedn the"X-ray Thermal Ghost Imaging with a Laboratory Soleeperimenin Chapter 4 and
in the "X-ray Thermal Ghost Diffraction with a Laboratory Sour@Xperimentin Chapter 6). In
instances wherme coincidencemeasurements are required a time coincidence card\fgendix A
for details) or a time correlation card are ustidce theanalog gjnals ofX-raydetectors are proportional
to the detected photon energikss alsopossible to resolve the photon energiesdzprdng these signals
with a digitizer,asdescribedn the"Ghost Imaging with Paired-¥ay Photonsexperimenin Chapter 5

of this work

Since the dark coumatesof all the detectors | describe abovesimall, the experimentakrror is

dominated by the statistical natwkthe measuremen{Poisson statistics is assumed, i.e. that the error

of the count rate measurement«fﬁ/Ta where N is the number of detector counts ard i$ the

cq?
acquisition time in seconddjlence, averaging over the detector measurements and over the coincidence

counts is necessaty reduce the experimental errors in the measents

Pulseamplifiers, attenuatordigh bandwidth transformerand cables suitable for nasecond
pulse signals were applied minimize distortion and attenuation of the signdige to the long distances
between the detectors atiek dataacquisition systemat synchrotron facilitiegup to 20 metersanddue

to thetime resolution requiraentsfor the coincidence measurements.

The spatial and frequency filtetthatwere necessary for reducitige experimental noised@ragg
diffraction, Thomson scattering, Compton Scattering, Xadhy fluorescencejor measurements of the
PDCeffectaredescribé in the"Ghost Imaging with Paired-Kay Photonsexperiment irChapter 5and

in the"Parametric DowsConversion of X rays into the Optical Reg" experiment inChapter 7.

3.1.2 Positioning system and mechanical design

Theexperimental setups for tighost imaging and ghost diffractiexperimens (seeChapter 4-
6) required the use motorized stages for alignment purposes and for the experimental measurements

Specifically,the thermal ghost imaging and ghost diffractexperiments described @hapter 4 and
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Chapter 6 required control of the position of the diffusea a rotation stagalignment of the detectors
andof the objects with translation stagasdwith rotation stagesandthe control of the position of the
reference slit (to achievepatial resolutionof the ghost imaging and ghost diffraction measueerts
requiredtranslation stage#echanical adaptors of tloeystals used in the synchrotron @hdlaboratory

experiments are shown Appendix B.

The ghost diffraction experimenfseeChapter 6) required the use austomslits with apertures
on themicron scale. The slits were composed of Si, since the highest energyapfiliorescence is on
the order of BkeV, whichhasahigh absorption in aifThe slits were manufactured by Mr. Mark Oxman
from the Barllan institute for nanotechnology and aaiced materials

3.2 Control and data analysis software

The experiments described in this Ph.D thesguired custom software for the control of the
variouspositioningsystemsi.e. translatiomnd rotation stageandof therecording devices, including a
dataacquisition devicea digitizer a time correlation cardy coincidence car(see Appendix A for
details) a multrchannel analyzefMCA), anda CCD. A control programwas therefore writtensée
further description for the hardware and software desigAppendix C1 [61]. The analysis of the
experimental measurements was done widlata analysis program (see further description for software

design inAppendix C2 [62]. Theprograms wer&othwritten with MATLAB software.
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X-ray ghost imaging with a laboratory source

A. SCHORI AND S. SHWARTZ'

Physics Department and Institute of Nanotechnology and advanced Materials, Bar Ilan University,
Ramat Gan, 52900 Israel.
* sharon.shwartzi@biu.ac.il

Abstract: We describe an experiment demonstrating ghost imaging with an incoherent low
brightness X-ray tube source. We reconstruct the images of 10 pm and 100 pm slits with very
high contrast. Our results advance the possibilities that the high-resolution method of ghost
diffraction will be utilized with tabletop X-ray sources.

© 2017 Optical Society of America

OCIS codes: (110.4980) Partial coherence in imaging: (030.1640) Coherence: (110.7440) X-ray imaging:
(340.0340) X-ray optics.

References and links

1. F.Ferri, D. Magatti, V. G. Sala, and A. Gatti, “Longitudinal coherence in thermal ghost imaging,” Appl. Phys.
Lett. 92(26). 261109 (2008).

2 M. L Kolobov. Quantum Imaging (Springer Science + Business Media, 2007).

3. F.Ferri. D. Magatti, A. Gatti. M. Bache, E. Brambilla, and L. A. Lugiato, “High-resolution ghost image and
ghost diffraction experiments with thermal light.” Phys. Rev. Lett. 94(18). 183602 (2005).

4. X.F.Liu, X. H. Chen, X. R. Yao, W.K. Yu, G. J. Zhai. and L. A. Wu, “Lensless ghost imaging with sunlight.”

Opt. Lett. 39(8), 2314-2317 (2014).

P. Ryczkowski, M. Barbier, A. T. Friberg, J. M. Dudley. and G. Genty. “Ghost imaging in the time domain,”

Nat. Photonics 10(3), 167-170 (2016).

6. T.B.Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Sergienko, “Optical imaging by means of two-photon
quantum entanglement,” Phys. Rev. A 52(5), R3429-R3432 (1995).

7. P. A.Morris, R. S. Aspden. J. E. Bell. R. W. Boyd. and M. J. Padgett. “Imaging with a small number of
photons.” Nat. Commun. 6, 5913 (2015).

8. R.S.Bennink, S. J. Bentley, and R. W. Boyd, ““Two-Photon™ coincidence imaging with a classical source,”
Phys. Rev. Lett. 89(11). 113601 (2002).

9. B.Sun, M. P. Edgar, R. Bowman, L. E. Vittert, S. Welsh, A. Bowman, and M. J. Padgett, “3D computational
imaging with single-pixel detectors.” Science 340(6134), 844-847 (2013).

10. W. Gong and S. Han. “High-resolution far-field ghost imaging via sparsity constraint.” Sci. Rep. 5(1), 9280
(2015).

11. F.Ferri, D. Magatti. L. A. Lugiato, and A. Gatti. “Differential ghost imaging.” Phys. Rev. Lett. 104(25). 253603
(2010).

12. K. W. C. Chan, M. N. O'Sullivan, and R. W. Boyd, “High-order thermal ghost imaging,” Opt. Lett. 34(21),
3343-3345 (2009).

13. M. Bina, D. Magatti, M. Molteni, A. Gatti, L. A. Lugiato, and F. Ferri, “Backscattering differential ghost
imaging in turbid media,” Phys. Rev. Lett. 110(8), 083901 (2013).

14. P. Zerom, Z. Shi, M. N. O’Sullivan, K. W. C. Chan, M. Krogstad, J. H. Shapiro, and R. W. Boyd, “Thermal
ghost imaging with averaged speckle patterns.” Phys. Rev. A 86(6). 063817 (2012).

15. J. H. Shapiro, “Computational ghost imaging.” Phys. Rev. A 78(6). 061802 (2008).

16. S. Oppel. R. Wiegner, G. S. Agarwal, and J. von Zanthier, “Directional superradiant emission from statistically
independent incoherent nonclassical and classical sources.” Phys. Rev. Lett. 113(26), 263606 (2014).

17. C. Thiel, T. Bastin, J. Martin, E. Solano. J. von Zanthier, and G. S. Agarwal, “Quantum imaging with incoherent
photons,” Phys. Rev. Lett. 99(13). 133603 (2007).

18. L. Basano and P. Ottonello, “Ghost imaging: open secrets and puzzles for undergraduates,” Am. J. Phys. 75(4),
343-351 (2007).

19. Y. Bromberg, O. Katz, and Y. Silberberg, “Ghost imaging with a single detector.” Phys. Rev. A 79(5), 053840
(2009).

20. H. Liu, X. Shen, D. Zhu, and S. Han, “Fourier-transform ghost imaging with pure far-field correlated thermal
light,” Phys. Rev. A 76(5). 053808 (2007).

21. R. 1 Khakimov. B. M. Henson, D. K. Shin, S. S. Hodgman, R. G. Dall, K. G. H. Baldwin, and A. G. Truscott,
“Ghost imaging with atoms,” Nature 540(7631), 100-103 (2016).

22. H. N. Chapman and K. A. Nugent, “Coherent lensless X-ray imaging,” Nat. Photonics 4(12), 833-839 (2010).

23. J. Miao, P. Charalambous, J. Kirz. and D. Sayre. “Extending the methodology of X-ray crystallography to allow
imaging of micrometre-sized non-crystalline specimens,” Nature 400(6742), 342-344 (1999).

w

#293179 https://doi.org/10.1364/0OE.25.014822
Journal © 2017 Received 20 Apr 2017: revised 25 May 2017: accepted 25 May 2017: published 19 Jun 2017

33



Vol. 25, No. 13 | 26 Jun 2017 | OPTICS EXPRESS 14823 |

Optics EXPRESS 1 N

24. 1. McNulty, J. Kirz, C. Jacobsen, E. H. Anderson, M. R. Howells, and D. P. Kern, “High-resolution imaging by
Fourier transform X-ray holography.™ Science 256(5059). 1009-1012 (1992).

25. F. Pfeiffer. T. Weitkamp. O. Bunk. and C. David, “Phase retricval and differential phase-contrast imaging with
low-brilliance X-ray sources,” Nat. Phys. 2(4). 258-261 (2006).

26. J. Cheng and S. Han, “Incoherent coincidence imaging and its applicability in X-ray diffraction.” Phys. Rev.
Lett. 92(9). 093903 (2004).

27. D. Pelliccia, A. Rack, M. Scheel. V. Cantelli, and D. M. Paganin. “Experimental X-Ray ghost imaging,” Phys.
Rev. Lett. 117(11), 113902 (2016).

28. H. Yu,R. Lu, S. Han, H. Xie, G. Du, T. Xiao, and D. Zhu. “Fourier-transform ghost imaging with hard X rays,”
Phys. Rev. Lett. 117(11). 113901 (2016).

29. D. Borodin, A. Schori. F. Zontone, and S. Shwartz. “X-ray photon pairs with highly suppressed background,”
Phys. Rev. A 94(1), 013843 (2016).

30. S. Shwartz, R. N. Coffee, J. M. Feldkamp. Y. Feng, J. B. Hastings, G. Y. Yin, and S. E. Harris, “X-ray
parametric down-conversion in the Langevin regime,” Phys. Rev. Lett. 109(1), 013602 (2012).

1. Introduction

Ghost imaging (GI) and Ghost diffraction (GD) are imaging techniques, in which the
reconstruction of objects is achicved by using the spatial intensity correlations between two
beams. In many schemes, this is done by introducing spatial intensity fluctuations into the
input beam, which is split into two beams with identical intensity fluctuations. One of the
beams propagates through the object and it is collected by a single-pixel detector while the
second beam does not interact with the object and it is collected by a multi-pixel detector.
The image is reconstructed from the instantancous spatial-second-order intensity corrclation
function that is measured for various realizations of the intensity fluctuations at the input [1].

The thermal light sources arc implemented cither by using a coherent source together
with optical components with a small speckle size such as a rotating glass [1-3] or a spatial
light modulator, or by using true thermal light sources [4]. The advantage of the former
approach is the ability to control the resolution and the contrast of the apparatus by choosing
the speckle size and their variation rate |2, 3|. The techniques have been studied extensively
in the optical regime [1-20] and recently GI with atoms [21] and temporal GI [5] have been
demonstrated.

Since the use of X-ray lenses for imaging is very limited because of their small
magnification and aperture size, lensless techniques are widely used in this regime [22-25].
However, despite that nanometer scale resolution has been achieved with coherent X-ray
radiation, which is generated by X-ray free-electron lasers [22]. X-ray imaging with low
brightness incoherent sources utilize mainly direct absorption measurements and no
magnification or small magnification is used. Consequently, although the phase information
of objects could enhance the contrast of images, this quantity is almost never measured in
systems based on incoherent sources, and the resolution of thosc systems is not smaller than
the pixel size of the camera. Both GI and GD are promising for X-ray imaging since they
require neither coherent bright sources nor lenses and can lead to high-resolution and high-
contrast imaging techniques that can be implemented with low-cost X-ray sources [26].

X-ray GI and GD have been demonstrated experimentally with synchrotron radiation
generated by large accelerators [27, 28]. In the GI experiment the intensity fluctuations of the
synchrotron were used, while in the GD experiment, the authors used spatially coherent
radiation and a diffuser with a moving porous gold film. While those important
demonstrations advance significantly the extension of GI and GD into the X-ray regime, the
sources that were used arc not tablctop sources.

We note that GI and GD techniques can be implemented also by using photon pairs that
are created by using parametric down conversion [2, 6, 7]. However, X-ray parametric down-
conversion with reasonable signal-to-noise ratio has been reported only with synchrotron
sources [29, 30].

Here we make another step in the direction of utilizing tabletop sources for high-
resolution X-ray imaging and demonstrate experimentally thermal GI with an X-ray tube
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source. We describe experiments that show the possibility to reconstruct images by using
incoherent X-ray sources. Although the source in incoherent, we implement the thermal
source by using a rotating copy paper. This is because the intensity fluctuations of the source
are weak and fast. We note that this scheme works since the divergence of X-ray beams is
much weaker than the divergence of optical beams due to the very short wavelength.

2. Experimental system and procedure

The experiments are conducted by using the Rigaku Smartlab X-ray diffraction system with a
9 kW rotating Cu anode system, which radiates at 8.05 keV (1.54 A"). The schematic of the
experimental setup of the GI experiments is shown in Fig. 1. The beam is collimated and
monochromatized by parabolic multilaycr mirror and a Ge(220) channcl-cut monochromator.
The estimated divergence angle is about 0.1 mrad. The relative spectral bandwidth AE / E is
about 107",

We introduce the intensity fluctuations by using a diffuser made from a copy paper,
where the average speckle size is about 1 um. We split the beam into two beams by using a
highly ordered pyrolytic graphite (HOPG) crystal in Bragg geometry, where we choose the
(004) reflection and the corresponding Bragg angle is 27.5°. We choose to implement the
beam splitter with the HOPG because, as we show below. its rocking curve is much broader
than the width of the angular distribution of the intensity fluctuations and because its
reflection efficiency is nearly 50%. The HOPG is mounted 100 mm from the diffuser.

Single-pixel
detecior

X-ray
source

HOPG

Rotating . g
et Reference Scanning Multi-pixel

am slit detector

Fig. 1. Schematic of the ghost imaging experimental setup. A copy paper diffuser is mounted
on a rotation stage. A highly oriented pyrolytic graphite crystal splits the beam into a
transmitted beam (reference arm) and a reflected beam (test arm). The spatial resolution of the
reference arm is realized via a scanning slit. The object is mounted very close to the single-
pixel detector and the distances between the two detectors and the highly oriented pyrolytic
graphite are equal.

For detectors, we use a fast silicon drift detector (SDD) and an avalanche photo-diode
(APD). The reflected beam propagates through the object and it is collected by one of the
detectors, which we denote as the test detector. The transmitted beam propagates dircctly into
the detection system, which includes a scanning slit and a second detector that we denote as
the reference detector. The input average flux before the diffuser is 2 x 10® photons/s. The
diffracted average flux and the transmitted average flux are ~1 x 10’ photons/s and ~2 x 107
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photons/s, respectively (about 6 x 107 photons/s arc absorbed in the HOPG crystal). The
scanning slits and the objects are mounted very close to the detectors and centered with
respect to the centers of the beams.

The objects we test in this work are one-dimensional 10 pm and 100 pm slits. The
resolution of the scans is 2 pm and 10 pm, for 10 wm and 100 pm slits, respectively. The
propertics of the objects and the scanning slits are summarized in Table 1. We summarize the
parameters of the measurements in Table 2. We denote the distances between the detectors
and the beam splitter as d..

Table 1. Properties of GI objects and scanning slits

Slit type Slit size [um] _ Material Thickness [um]  Transmission

Object 10 Tungsten 20 1.77x107

Object 100 Stainless steel 1000 0

Scanning slit 2 Tungsten 20 1.77x107

Scanning slit 5 Gold and stainless steel 254, 12.7 2.12x107°

Table 2. Parameters of GI measurements
Object dr Diffuser Reference Test counts  Coincidence Number of
size [um]  [mm] rotation speed  counts [C.PS.] photons per realizations
|deg/sec] [C.PS] realization

10 150 5 37.500 21,800 1.066x10° 3.6x10°
100 550 1.5 8.000 10,000 6.125x107 2.4x10°

Denoting X and X.g as the coordinates across the reference and the test detectors,
respectively, we write the normalized second-order intensity correlation function as [2]:

<I|cf (xrcl')llcsl (x[esl )>-<]rcf (xref ))(I(cst (xlcsi )>
(In:l‘ (Xn:f ))(Ilcsl (xlcs| ))

where the indices I, Iy are the average intensities (the count rate divided by the effective
area of the detector) at the reference and test detectors, respectively. The () indicates an

G(ZVZ) (Xr\:l“ chsl ) =

()]

ensemble average over the realizations, where each of the realizations refers to a different
position on the copy paper and therefore represents different intensity fluctuations.

To reconstruct the images of the objects we calculate the normalized second-order
intensity corrclation function from the measurements of the intensitics of both detectors at
various positions of the scanning slit before the reference detector. For each position of the
scanning slit we rotate the diffuser continuously at a constant velocity. The parameters for
each of the measurements are summarized in Table 2. We apply a minimal threshold to the
coincidence counts of cach rcalization to enhance the visibility of the image [18]. We obtain
the average intensities of the two detectors by averaging over the intensities of all the
realizations.

3. Results and discussions

Figurc 2 shows the results for GI and the comparison with scanning clectron microscopy
(SEM) measurements. The SEM curves are obtained by integrating over two dimensional
data from the SEM mecasurements in Fig. 3. GI and SEM measurcments of the 10 pm slit are
shown in panel (a) and of the 100 um slit are shown in panel (b). The respective GI measured
widths of the slits in panels (a) and (b) are 10 £+ 1 pm and 100 + 5 pm. The respective SEM
measured widths of the slits in panels (a) and (b) are 10.662 + 0.078 um and 101.24 + 1.25
um. The measured slit widths of the GI and the SEM measurements arc in agreement. The
contrast between the edges of the slits and the slit centers in the GI measurements are much
higher than in the SEM measurements.
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Fig. 2. GI results. (a). GI (blue dots) and scanning electron microscopy (solid red line)
measurements of a 10 pm slit at a scanning resolution of 2 pum. (b). GI (blue dots) and
scanning electron microscopy measurements (solid red line) of a 100 pm slit at a scanning
resolution of 10 pm.

400 ym —————

Fig. 3. Scanning electron microscopy images. (a). 10 pm slit. (b). 100 pm slit.

To get a deeper insight on our technique including its limitations and future opportunities,
we discuss the parameters of the diffuser and of the beam splitter. The first parameter that
affects the quality of the image is the magnitude of the intensity fluctuations that are
introduced by the diffuser. Unlike the optical regime. X-ray scattering is weak in general,
thus we need to verify that the scattering by the diffuser is strong enough to introduce
intensity fluctuations, which are higher than the background noise. Furthermore, since we use
a low brightness source, the measurement time of each realization should be such that the
statistical error is smaller than the intensity fluctuations that we introduce with the diffuser.
Another important parameter is the temporal ratc of the variation of the intensity fluctuations.
It has been shown that this rate should be slower than the response time of the detector |2, 3,
18]. However, since in this work we use fast detectors with a time resolution below 1 psec,
we overcome this challenge very easily.

A typical trace of the normalized intensity fluctuations is shown in Fig. 4(a). Each
realization represents a different position on the surface of the diffuser. A 2-pum tungsten slit
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is mounted in front of the detector at a distance of 350 mm from the diffuser. The integration
time at cach realization is 10 sec. The measured standard deviation of the intensity
fluctuations introduced by the diffuser is 0.97%. The measured standard deviation of the
source without a diffuser is 0.22%. The conclusion is that for sufficiently long averaging
times the intensity fluctuations of the diffuser become dominant, which allows its use for GI
with X-rays.
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Fig. 4. Temporal and spatial properties of intensity fluctuations as introduced by the diffuser.
(a). Typical intensity fluctuations for different realizations. (b). Angular distribution of the
intensity fluctuations in the x direction. (c). Angular distribution of the intensity fluctuations
in the y direction. (d). Rocking curve of the highly ordered pyrolytic graphite. The indices x
and y are two orthogonal directions across the copy paper. The zero order in panels (b) and (c)
is cut vertically.

The next important requirement is that the acceptance angle of the beam splitter is much
larger than the angular spread of the intensity fluctuations that the diffuser introduces. This is
because the beam splitter is based on Bragg diffraction, which is angular dependent. Thus, if
the acceptance angle of the beam splitter is not wide enough, the reflected beam contains
only intensity fluctuations that are within the angular acceptance of the beam splitter, while
the transmitted beam contains the entire range of the fluctuations. Consequently, the intensity
fluctuations of the two beams are not identical and the contrast is highly reduced.

The angular acceptance angles of the copy paper diffuser in the horizontal and vertical
dircctions arc shown in Figs. 4(b) and 4(c), respectively. The results arc obtained by Fourier
transforming the visible microscope image of the paper. The axes are scaled to reflect the
angular acceptance of the copy paper diffuser by using the relation for small angles
0, =k, /k, where k; is the coordinate along the x and y axes of the Fourier transform of the
microscope image, and k = 4.078 x 10" 1/m is the wave vector of the X-ray source. We find
that the full-width at half-maximum (FWHM) of the angular distribution of the fluctuations
introduced by the copy paper diffuser is smaller than 0.002°. The rocking curve of the HOPG
beam splitter is shown in Fig. 4(d). The HOPG angular acceptance angle at the FWHM is
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0.72°. 1t is clear from Fig. 4 that thc HOPG complics with the requirement that the rocking
curve will be much larger than the angular spread of the intensity fluctuations.

We note that the horizontal and vertical directions in Figs. 4(b) and 4(c) exhibit different
shapes and widths. The effective speckle size at the object plane can be estimated as 0z,
where z is the distance between the diffuser and the object. The calculated effective speckle
sizes for the GI measurements in Figs. 2(a) and 2(b) arc then approximately 4.4 pm and 9.6
um, respectively. We note that the actual effective speckle size may be smaller due to
resolution limitations of the optical microscope. Since the resolution of GI is limited by the
speckle size, which has to be smaller than the object [2, 3, 13], we expect the that the
reconstruction of the 100 pum slit in Fig. 2(b) would be better than the reconstruction of the
10 pm slit in Fig. 2(a), where most of the speckles are larger than the imaging resolution. The
results shown in Fig. 2(a) arc not influcnced duc to the large number of realizations taken to
obtain this image.

4. Conclusion

We report the observation of ghost imaging in the X-ray regime with an incoherent low-
brightness laboratory system. We demonstrated the ghost imaging cffect with 10 um and 100
um slits at scanning resolutions of 2 pm and 10 pm, respectively.

It is most likely that by mounting the object far from the test detector it will be possible to
measure ghost diffraction with laboratory X-ray sources. In this scheme, the diffraction
pattern of the object is reconstructed from the measurements of the correlation function [26].
In this case the resolution of the image is limited by the largest k-vector of the beam and by
the near field speckle size and not by the pixel size of the multi-pixel detector [20].

We therefor expect that the resolution of ghost diffraction will be much better than the
pixel size of the state-of-the-art cameras. Hence, this approach can lead to the development of
high-resolution incoherent X-ray imaging techniques. Moreover, since in ghost diffraction,
the diffraction pattern depends on variations of the refractive index of the object and not just
on its absorption, the approach can lead also to high-contrast imaging techniques. This is
because the phase inhomogeneity that is introduced by objects is in many cases much
stronger than the amplitude variations [25].
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We report the experimental observation of ghost imaging with paired x-ray photons, which
are generated by parametric down-conversion. We use the one-to-one relation between the
photon energies and the emission angles and the anti-correlation between the k-vectors of
the signal and the idler photons to reconstruct the images of slits with nominally zero
background levels. Further extension of our procedure can be used for the observation of

various quantum phenomena at x-ray wavelengths.
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Parametric down conversion (PDC) is one of the major sources for the generation of
non-classical states of light [1-4]. This type of radiation can be used to study fundamental
quantum phenomena and lead to many fascinating applications [1-4]. Indeed, numerous
quantum optics effects have been demonstrated by using visible and infrared radiation. In
contrast, while several papers described the observation of x-ray PDC [5-9] and a scheme
for its application as a source for polarization-entangled states has been proposed [10], the
use of the x-ray photon pairs that are generated by PDC has never been reported.
Implementation of concepts of quantum optics such as interaction free measurements [11]
and sub-shot noise measurements [12] could be very advantageous for measurements at x-
ray wavelengths since they can be used to reduce the dose of x-rays that interact with samples
while enhancing the resolution and contrast of the measurements and even for radiation
damage free measurements [11]. The existence of commercially available x-ray detectors
with the capability to resolve the number of photons and with near unity quantum efficiency
is appealing for testing concepts of quantum physics since these properties can be used to
remedy many of the fundamental challenges of conventional quantum optics with optical

radiation.

One of the well-studied applications of PDC in the optical regime is as a generator
of correlated (or anti-correlated) photon pairs for quantum ghost imaging (GI) experiments
[13-17]. It should be noted that while GI has been observed also with classical sources [ 18-
25], the classical experiments do not show the important properties of quantum states of light
such as the violation of the Heisenberg uncertainty principle with regards to position and
momentum [26] and sub-shot noise imaging [12]. The latter can lead to damage free imaging,

which is one of the greatest challenges of x-ray imaging.

In a typical scheme of GI, one of the photons is scattered from the object and is
collected by a single-pixel detector, which does not provide sufficient information to
reconstruct the image. The second photon, which does not interact with the object, is
collected by a multi-pixel detector, which provides the spatial resolution. However, this
detector does not provide any direct information on the object, and hence the reconstruction
of the image is done by correlating the data from the two detectors. GI with photon pairs can
be observed by using either the spatial correlations between the photons or the anti-

correlations between their k-vectors.
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Similar to the optical regime, the photon pairs that are generated by x-ray PDC are
correlated in space and their k-vectors are anti-correlated and therefore can be used for the
demonstration of GI. PDC in the x-ray regime is supported by the plasma-like nonlinearity,
which is a second-order nonlinear process that is non-zero even in centro-symmetric
materials [10]. This nonlinearity is orders of magnitude weaker than typical nonlinearities in
the optical regime. However, the number of modes of the quantum fluctuations, which are
the driving mechanism for PDC, scale as the cube of the frequencies of the pertinent waves,
thus leading to measurable coincidence count rates. Since those wavelengths are on the order
of one Angstrom, which is on the order of the distance between atomic planes in crystals,
phase matching is achieved by using a reciprocal lattice vector as described in Fig. 1(a).
These very small wavelengths imply also that the diffraction limit resolution of x-rays is on

the order of the atomic scale.

In this Letter, we describe measurements of GI, which are based on x-ray PDC. We
use the anti-correlations between the k-vectors of x-ray photon pairs to reconstruct images
of 2 mm and 4 mm slits with nominally zero background levels. This is the first
demonstration of an application for x-ray photon pairs that are generated by PDC, which can
hence advance the possibilities of using this type of source for the observations of quantum
effects with x-rays. This is important since to date there are only a few demonstrations of
quantum optics at x-ray wavelengths, which were obtained by using Mossbauer nuclei [27-
30], but no demonstration of x-ray quantum optics with PDC has been reported. The use of
PDC for quantum optics is expected to open many new possibilities similar to the optical
regime. We note that our experiment is fundamentally different from the recent observations
of classical GI at x-ray wavelengths where the source for the correlations was diffraction
from speckles [21-25]. However, since the sources for the correlations in those observations

are classical they cannot be used for the demonstration of quantum physics phenomena.

In contrast to most experiments in the optical regime our experimental scheme relies
on the angular spread of the k-vectors of the generated pairs, which is broader than the
angular width of the object as we illustrate in Fig. 1(b). The reason for the large angular
spread is the momentum conservation of the PDC process (phase matching), which uses the

reciprocal lattice vector [8,9]. The non-collinear phase-matching condition, which we depict
in Fig. 1(b), can be written as kp +G =ks +ki, where kp, Ks, and K; are the k-vectors of

the pump, the signal, and the idler respectively. G isthe reciprocal lattice vector orthogonal
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to the atomic planes. We denote ), 65, and 0; as the angles with respect to the atomic planes
of the pump, the signal, and the idler, respectively. The energy conservation implies that
W, = o +;, where we denote ®,, O, and O; as the angular frequencies of the pump, the

signal, and the idler, respectively. An important consequence of the phase matching and the
energy conservation is the one-to-one relation between the k-vectors and the photon energies
of the signal and idler photons. We use this property for the reconstruction of the ghost

images.

(a) x

Single-pixel
detector (test)

(b)

ho,  Bragg

Multi-pixel
detector
(reference)

Diamond

FIG 1. (a) Phase-matching scheme. The indices p, s, and i correspond to the pump, the signal,

and the idler, respectively. é is the reciprocal lattice vector, and the angles 6), 65, and 6; are
the angles with respect to the atomic planes of the pump, the signal, and the idler,
respectively. (b) Schematic of the experimental setup. The spatial resolution of the reference
detector is implemented by using a scanning slit (the scanning direction is denoted by the
yellow arrow). The object is mounted close to the single-pixel detector and the distance
between the two detectors and the nonlinear crystal is 1050 mm. The angular spread of the

down-converted signals represents the one-to-one relation between the k-vectors and the
photon energies of the signal and the idler photons, denoted as 10, and A®, | respectively.

The dashed line represents the direction of Bragg diffraction.
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We conducted the experiments described below at the RIKEN SR physics beamline
(BL19LXU) of SPring-8 [31-33]. The schematic of the experimental system is shown in Fig.
1(b). The dimensions of the input beam are 0.5 mm (horizontal) x 0.7 mm (vertical). To
suppress the noise from Compton and Bragg scattering, we use a geometry where the angles
between the emerging photon pairs, which are nearly collinear, and the input beam is close
to 90 degrees and the pump polarization is in the scattering plane [9]. We implement this
geometry by working with a pump beam at 22.3 keV and by using the reciprocal lattice
vector normal to the C(660) atomic planes at Laue geometry for phase-matching. The Bragg
angle in this geometry is 41.5°. The pump deviation from the Bragg angle at the phase
matching condition is 10 mdeg. The degenerate photon energies of the signal and idler are
11.15 keV, where the angular separation between the detectors is ~2.1°!. One of the beams
emerging from the nonlinear crystal passes through the object and is collected by a silicon
drift detector (SDD), which is located behind the object and that we denote as the test
detector. The second beam is collected by a 0.5+0.025 mm slit and a second SDD that we
denote as the reference detector. We resolve the angular dependence of the coincidence count
rates by moving the 0.5 mm slit and reference detector together across the horizontal
direction with a scanning resolution of 0.5 mm (the corresponding angular resolution is
~0.029°). We measured the coincidence count rate of the x-ray pairs by using coincidence
electronics that records only photons that hit the two detectors within a time window of about
120 ns. We filter out false coincidences by registering only events where the sum of the
energies from the two detectors is equal to the pump energy within an energy window of 1
keV.

Since our GI procedure relies on the anti-correlations between the k-vectors of the
signal and idler photons and on the one-to-one correspondence between the k-vectors and
the photon energies of the pairs, we begin by verifying these properties. In Figs. 2 and 3 we
present the coincidence spectra for the reference detector (left column) and the test detector
(right column) measured with 4 mm and 2 mm slits, respectively. The first row shows the
three-dimensional plots of the coincidence count rates as a function of the photon energy and
of the position of the reference slit> measured at the reference and test detectors, respectively.

In the second to the forth rows of Fig. 2 and the second and third rows of Fig. 3 we show the

!'The errors are determined by the size of the largest slit and are 0.11° and 0.23° for the 2 and 4 mm slits,
respectively.
2 Which is equivalent to the angular difference for the small angular ranges.
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spectra at a specific position of the reference slit. The blue bars are the experimental results

and the solid red lines are calculated from theory and scaled to the peak of the spectra of the

reference detector:‘.
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FIG 2. Energy spectra of the coincidence counts for the 4 mm slit: reference detector (left

column) and the test detector (right column). (al) and (b1) Coincidence counts as a function

of the photon energy and of the position of the reference slit. (a2)-(a4) and (b2)-(b4) Spectra

of the coincidence counts at various positions of the reference slit. The blue bars are the

experimental results and the solid red lines are calculated from theory and scaled to the peak

of the

spectra of the reference detector.

The bright diagonal areas near the center of the spectra in panels (al) and (a2) of

Figs. 2 and 3 correspond to the x-ray pairs that are generated by the PDC process. As we

3 The description of our theoretical calculation has been described in previous papers [8,9] and is also
described in detail in the supplementary section [31,32].
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expect, the PDC coincidence spectra shift with the position of the reference slit due to the
one-to-one relation between the photon energies and the emission angles. Of importance,
our analysis of the raw data confirms that the PDC spectra are independent on the bandwidth
of the energy filter. It is clear from the spectra at the various positions of the reference slit in
panels (a2)-(a4) and (b2)-(b4) of Fig. 2 and in panels (a2)-(a3) and (b2)-(b3) of Fig. 3 that
the measured central photon energies of the PDC process agree with the theory within the
energy resolution of the detection system (we except a spectral shift as a result of the position
of the reference slit of ~0.5 keV/mm and measure a spectral shift of 0.420.125 keV/mm for
the 4 mm slit and 0.440.25 keV/mm for the 2 mm slit). It is also clear that the PDC spectra
are well separated from the background.
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FIG 3. Energy spectra of the coincidence counts for the 2 mm slit: reference detector (left
column) and the test detector (right column). (al) and (b1) Coincidence counts as a function
of the photon energy and of the position of the reference slit. (a2)-(a3) and (b2)-(b3) Spectra
of the coincidence count rates at various positions of the reference slit. The blue bars are the
experimental results and the solid red lines are calculated from theory and scaled to the peak

of the spectra of the reference detector.
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