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1 Scientific case

High power lasers are often used in the field of material processing. These lasers can cut

steel with a thickness of 25 mm [WGLC]. The beam intensity reaches up to 109 W/cm2

[HG09]. The Petawatt High-Energy Laser for Heavy Ion EXperiments (Phelix) at the

Gsi Helmholtzzentrum in Darmstadt is also classed as a high power laser. The maximal

intensity of this laser reaches even 1021 W/cm2 [Gö20]. But with the repetition rate of

approximately 1.5 h and a pulse duration of 0.5 to 20 ps, the laser is not even capable of

cutting a 1 mm thick aluminum sheet. However, if the laser pulse hits a micrometer-thick

wire, it literally explodes. During this, an x-ray flash with a duration of below 1 ns is

emitted [BAB+10]. This x-ray flash can be used in science. Rapid processes, for example,

can be imaged sharply. This basic principle of x-ray imaging is used in the research field of

high-energy-density (Hed) physics (see e.g. [MMD+09, THH+11]). But there is a difficulty

with these measurements. Usually, the examined object is of low absorption. Therefore,

absorption-based x-ray imaging can have a lack of contrast.

When x-rays pass matter they are not only absorbed but also gain a phase shift. This

phase shift can be measured using grating-based x-ray phase-contrast imaging (GbPci).

Measuring the phase shift implies a higher sensitivity to density variations in the target

[SLA+19]. The output is directly proportional to the electron number density ρe [Sei20].

This value is of interest in the field of Hed science [FRS04]. The capability of GbPci

for imaging plasma density distributions in shocked matter at such facilities was tested.

For that purpose, a grating interferometer was specifically designed for the experimental

conditions present at the Phelix facility. A particular key feature is the portability of the

interferometer and the mechanical rigidity it requires.

This thesis covers the whole conceptualization and characterization process of the in-

terferometer. With data acquired during the experiment at the Phelix facility, it is

evaluated whether the assumptions made for conceptualizing the interferometer were

correct. Furthermore, the mechanical design of the device is evaluated.
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2 Fundamentals and methods

Radio waves, visible light and x-rays are types of electromagnetic radiation. They differ in

their associated wave length ranges. Visible light ranges in between 400 nm and 700 nm, x-

ray radiation between 0.01 nm and 10 nm [Dem18]. The energy of electromagnetic radiation

can be calculated by E = h·c/λ, with the Planck constant h, the light velocity in vacuum

c and the wavelength λ of the radiation [Mes15]. Therefore x-rays range from 102 eV to

105 eV, visible light is in the range of a few eV. This has an effect on the interaction of the

radiation with matter [Pag06]. X-rays can propagate through matter which is opaque for

visible light.

This chapter discusses the theoretical fundamentals and methods used in this thesis. At

first the interaction of x-ray radiation with matter is explained. Section 2.2 addresses x-ray

sources and the detection of x-rays. In section 2.3 Talbot-Interferometry is introduced,

starting with the Talbot effect, followed by the moiré effect and the image retrieval.

2.1 Interaction of x-ray radiation with matter

The following sections deals with the interaction of x-ray radiation with matter is discussed.

The main focus is the description of phase shifts and attenuation due to matter. If not

marked otherwise, the equations, values and explanations are adapted from [Pag06].

Two wave equations can be derived from Maxwell’s equation. One for the electric field

strength ~E(~r, t) and one for the magnetic flux density ~B(~r, t). These two fields form in

conjunction the electromagnetic radiation. The radiation can be described by one scalar

field ψ(~r, t), which depends on the position ~r and time t by the wave equation:

(

n2

c2
·
∂2

∂t2
− ∇2

)

ψ(~r, t) = 0, (2.1)

with the speed of light in vacuum c and the refractive index n. The refractive index n

depends on the material and the wavelength of the radiation. For vacuum n = 1 applies,

and in presence of matter the refractive index can be written as

n = 1 − δ − iβ, (2.2)

with δ being the refractive index decrement and β the extinction coefficient. In the x-ray

regime the values, δ and β, are ≪ 1. Values can be found in online databases, for example

in [HGD93]. There, δ and β are tabulated for elements and compounds in an energy range

of 50 eV to 30 keV.
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2 Fundamentals and methods

If the wave equation is solved, as stated in Equation 2.1, for an arbitrarily shaped medium

with a refractive index n(~r), usually the projection approximation is used. It is assumed,

that the ray path is negligible perturbed during passing the medium. So, the phase

and amplitude shifts can be calculated using the trajectory along the initial propagation

direction. With this approximation, the wave equation can be solved with a plane wave

ansatz

ψ(~r, t) = ψ0 · e−i(n~k~r−ωt), (2.3)

with the amplitude ψ0 and the angular frequency ω. The wave vector ~k points into the

propagation direction of the wave. The absolute value of the wave vector, the wave number,

connects the angular frequency ω and the velocity of light c, |~k| = ω/c. For the sake

of clarity it is assumed that the plane wave propagates along the z-axis, which means
~k = (kx = ky = 0, kz = k). Equation 2.3 becomes

ψ(z, t) = ψ0 · e−i(nkz−ωt). (2.4)

If the wave enters a medium at z = 0, the refractive index n changes from 1 to (1 − δ) − iβ.

Inserting this into the plane wave ansatz, the equation becomes

ψ(z, t) = ψ0 · e−i[((1−δ)−iβ)kz−iωt] (2.5)

= ψ0 · e−i(kz−ωt)

︸ ︷︷ ︸

vaccum propagation

· e−βkz
︸ ︷︷ ︸

damping-term

· eiδkz
︸ ︷︷ ︸

phase-term

. (2.6)

The propagation of a plane wave in a medium can be described via three terms. The first

term is the same as the propagation in vacuum. The second term describes an exponential

decay of the amplitude ψ0, which depends on the propagation length in matter. The last

term is a phase term. It describes the additional phase, which an electromagnetic wave

acquires due to the propagation in a medium. In the following the damping and phase

term is discussed in detail.

Damping-term

In experiments only the intensity I of the electromagnetic wave can be measured. The

intensity of a wave is the second power of the scalar field ψ(z, t)

I(z) = |ψ|2 = ψ2
0 · e−2βkz. (2.7)

By using the relation 2βk = µ the Lambert-Beer law can be retrieved:

I(z) = ψ2
0 · e−µz, (2.8)
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2 Fundamentals and methods

with the attenuation coefficient µ. The intensity of the wave is decreasing exponentially

with the thickness of the penetrated material. In case of an inhomogeneous attenuation

coefficient along the propagation direction, Equation 2.8 becomes

I(z) = ψ2
0 · e−

✁ z

0
µ(z̃) dz̃ (2.9)

In online databases, like [Cha00], the mass attenuation coefficient is tabulated for elements

and compounds on a broad energy spectrum. The mass attenuation coefficient is given by

µ/ρ, with ρ the density of the material. In Figure 2.1 the mass attenuation coefficient is

plotted for carbon over the x-ray energy spectrum. Three effects contribute additively to

the attenuation coefficient in this energy regime:

µ(E) = µcoh. + µph. + µcomp., (2.10)

with coherent scattering µcoh., photoelectric absorption µph. and the Compton effect µcomp..

A description of these effects can be found e.g. in [Pag06, DM11].
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Fig. 2.1: Mass attenuation coefficient of carbon versus photon energy. In the plotted energy range
the photoelectric absorption (green), the Compton effect (orange) and the coherent
scattering (blue) add up to the total attenuation (red). Values are taken from [Cha00].

Phase-term

When an electromagnetic wave propagates through a medium, an additional phase is

acquired. Assume a material without damping and a thickness d. That way, the wave

which propagates through this medium can be written as

ψ(z, t) = ψ0 · e−i(kz+∆ϕ) · eiωt for z > d,
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2 Fundamentals and methods

with the constant phase term ∆ϕ. The phase term is given by

∆ϕ = −kδ · d. (2.11)

This phase shift ∆ϕ is a measure of the shift relative to a wave, which would propagate the

same distance in vacuum. For an inhomogeneous medium the phase shift can be calculated

by

∆ϕ = −k

✂ d

0
δ(z) dz. (2.12)

Under consideration of Figure 2.2 a plane wave hits an object with a thickness profile

dobj(x). Due to the change of the refractive index, the wavelength changes, λmed = λvac

n
.

As n is smaller than one for x-rays, the wavelength gets enlarged. Hence, the phase front

is shifted ahead. This leads to an x dependent disturbance of the phase front ϕ(x), which

can be calculated by

∆ϕ(x) = k ·

✂ dobj(x)

0
δ(x, z) dz. (2.13)

Note that Equation 2.12 holds true for a phase shift along a certain path, whereas a phase

front is calculated in Equation 2.13. In Figure 2.2 the wedge-shaped object imprints a

comparable shape onto the phase front. The tilting of the phase front, relative to the

former plane wave, can be quantified with an angle α(x). This angle is identical with the

angle that describes the deviation between the current direction of propagation and the

original one.

𝑥 𝑧
𝜑(𝑥) 𝛼(𝑥)𝑑obj(𝑥)

𝜆med𝜆vac
Propagation 

direction𝜆vac
𝛼(𝑥)

Fig. 2.2: Modification of a plane phase front ϕ(x) due to an object with a thickness-profile dobj(x).
The tilting of the phase front and therefore the change of the propagation direction is
quantified with the angle α(x).

After [Hof18] this angle α(x) can be calculated as follows. As mentioned, the ~k-vector

indicates the propagation direction of the wave. So, the angle α(x) is given by

tan (α(x)) =
kx

kz
(2.14)
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2 Fundamentals and methods

With kz and kx as the z and x-component of the ~k-vector, respectively. The deviations

of the propagation direction, caused by an object, are in the mrad range, see [Pag06]. So

kz can be approximated by kz ≈ |k| = 2π/λ. The propagation direction of the wave is

perpendicular to the phase front. Hence, the ~k-vector is given by

~k(x) = ∇ϕ(x). (2.15)

For the kx component follows

kx =
∂ ϕ(x)

∂x
(2.16)

By inserting Equation 2.16 and the approximation for kz into Equation 2.14, α(x) is given

by

tan (α(x)) =
λ

2π
·
∂ ϕ(x)

∂x
(2.17)

=
∂
✁ dobj(x)

0 δ(x, z) dz

∂x
. (2.18)

In Equation 2.18 the phase front ϕ(x) was replaced with Equation 2.13.
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2 Fundamentals and methods

2.2 X-ray sources and detection

2.2.1 X- ray tubes and backlighters

X-ray tubes consist mainly of three parts. A filament and a metal anode placed in an

evacuated tube. Between the filament and the anode a high acceleration voltage UA is

applied. The filament is heated and causes electrons to escape. Due to the applied voltage,

the electrons get accelerated towards the anode. In the metal anode the electrons get

decelerated and emit x-ray radiation.[Dem18] The emitted x-ray spectrum depends on the

anode material and the acceleration voltage. The spectra can be divided into an part caused

by bremsstrahlung and by a characteristic line emission [DM11]. The bremsstrahlung

forms a continuous spectrum with a maximal x-ray energy of Eγ = eUA, with e being

the elementary charge[Dem18]. The characteristic line emission is caused by fluorescent

radiation of the metal [DM11].

The x-ray tube used during the experiments is a microfocus x-ray tube from the company

Yxlon with the designation Fxe-160.51 . The data sheet can be found in [YXL] and a

detailed characterization of this tube in [Sch16]. Within this thesis an acceleration voltage

of 45 keV was not exceeded. This is according to [TV09] below the characteristic line

energies of the tungsten anode. Hence, no characteristic line emission appears in the

spectra.

X-ray backlighter sources consist of a high power laser and a target on which the laser is

focused. This target consists, for example, of a wire with a diameter of a few microme-

ters. When the laser, focused onto the target, reaches sufficient high intensities, electrons

inside the material get accelerated up to MeV energies [MPR+11]. These electrons propa-

gate through the target material and emit bremsstrahlung and a material depended line

emission.[NRE+09] The duration of the x-ray flash can be as short as a few picoseconds.

The focal spot size is limited to the solid density part of the target.[BAB+10]

2.2.2 Detection of x-rays with scintillation detectors and imaging plates

In this thesis two different methods of x-ray detection are used. In the x-ray laboratories

at the Ecap facility a digital Cmos detector is used and during the beam time experiment

at the Phelix facility analog Imaging plates (Ips). The underlying principle and key data

of the used x-ray detectors are outlaid in this section.

Digital Cmos detectors consists of a scintillator screen and a photodiode array. The x-rays

which enter the detector are converted to visible light in the scintillator screen. For x-ray

energies below 100 keV the scintillator material absorbs the photons via the photoelectric

effect [Buz11]. The ionized scintillator material emits visible light via fluorescence [Imaa].

The light is subsequently detected and digitalized with the photodiode array [Imaa].
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2 Fundamentals and methods

The detector used at the Ecap facility is a Teledyne Dalsa Shad-o-Box 6k-Hs with a pixel

sized of 49.5µm and an active area of 114 × 146 mm. The detector can detect in an energy

range of 10-225 kV. [Imab]

Ips consist of three layers. A carrier foil on which a layer of x-ray detecting photostimulable

phosphorus crystals is applied, covered with a thin protective layer. When the IP is exposed

to x-ray radiation, some of the electrons in the crystals are liberated and get trapped

in metastable lattice defects. For the read out process, the Ips have to be brought to

a special scanner. This scanner stimulates the emission of trapped electrons. During

the recombination process of the electrons with the crystal, visible light is emitted. The

emitted light is proportional to the incident radiation light and is detected in the scanner.

[FMMS12]

During the Phelix experiment Fuji Bas type Sr Imaging plates are used. The images are

scanned with a pixel size of 50µm. The resolution of the Ips was in [FMMS12] determined

to 109µm.
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2 Fundamentals and methods

2.3 Grating based interferometry

Measuring the attenuation of x-ray radiation in matter is done since 1896, the year of it’s

discovery [Rön96]. Medical applications of x-rays started already one year after [Kev97].

The phase shift induced by matter was first measured in 1965 by Bonse and Hart [BH65].

Since then day numerous techniques had been invented to measure the phase shift [DBC12].

In the experiment at the Phelix facility GbPci is used to measure the phase shift. The

basis of this method is the Talbot effect, which is described in subsection 2.3.1. In the

following subsections the moiré effect is introduced, a method of retrieving sub pixel scale

fringes. In subsection 2.3.3 the image retrieval process is described. Three image modalities

are presented and their physical meaning explained.

2.3.1 The Talbot effect and interferometry

The Talbot effect is a near-field effect that can be observed when an electromagnetic wave

hits a periodic structure, e.g. a grating, see [Pag06]. This is visualized for an absorption

grating in Figure 2.3 a). There, the grating was cut perpendicular to the grating bars. A

plane-, monochromatic wave propagates undistorted along the z-axis and hits the absorption

grating G1. The intensity pattern of the grating is repeated after a certain distance dT

behind the grating. An absorption grating absorbs all intensity where the grating bars are.

Thus, the intensity pattern is maximal in between the grating bars and zero behind them.

The intensity pattern at the so called Talbot distance dT is named Talbot pattern.

In a second scenario, an object, for example a wedge, is positioned in front of the grating

G1. See Figure 2.3 b). This wedge has got a refractive index which is different from the

surrounding medium. A phase shift is accumulated by passing the wedge. Parts of the

plane wave are not perfectly parallel to the grating anymore. Hence the wave does not

hit the grating parallel. In this case the intensity pattern of the grating is not repeated

perfectly as on contrast to the previous case. Therefore, the area under consideration must

be divided into parts which are parallel to the grating, and the ones which are not. The

parallel parts form the same intensity pattern as in the previous case. The grating bars

which are obliquely irradiated also form a Talbot pattern. But the pattern is shifted along

the x-axis compared to the previous case. So, the Talbot pattern depends on the shape of

the phase front of the incident wave.

In grating based interferometry, the Talbot effect is the basis to measure the phase-shift

caused by an object. This requires two measurements. The first measurement needs to

be without any distortions stemming from the object, as described in the first case. This

measurement is called the reference. The second measurement is done with an object in the

beam path, referred to as the object measurement. By comparing these two measurements

the part of the distortion of the pattern that is caused by the object can be identified.

This distortion is proportional to the phase-shift caused by the object. But the Talbot

11



2 Fundamentals and methods

Plane wave grating 𝐺1 Talbot pattern 

without an object 

𝑥
𝑧

𝑑T 𝐼ref
a)

𝐼

Phase front 𝜑(𝑥)

Object

b)

Talbot pattern 

with an object 𝐼obj
shifted

𝐼
Fig. 2.3: Visualization of the effect of an object to the Talbot pattern. The Talbot pattern is

visualized as an intensity plot along the x-axis. A plane wave with phase fronts ϕ(x)
propagates along the z-axis. In a) the plane wave hits the periodic structure and gets
repeated downstream at the Talbot distance. In b) the plane wave gets distorted by a
wedge. As a result a part of the periodic structure gets shifted along the x-axis. Own
figure, adapted from [Gal17].

effect on its own is not sufficient to make the phase-shift visible. Two further steps are

necessary. In the x-ray regime one detector pixel is typically much larger than the period of

the Talbot pattern. Hence the pattern can not be resolved. Therefore the Talbot pattern

must be made visible in a additional prior step. The moiré effect provides one possible

way to overcome the limitation of the detector resolution. This effect is examined in

subsection 2.3.2. But the phase-shift information is still divided into object and reference

measurements. In a second step a computer program can be used to obtain an image that

can be interpreted by the human eye. This program is based on Fourier imaging and will

be described in subsection 2.3.3.

As a next step, the Talbot effect is examined more closely and described mathematically.
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2 Fundamentals and methods

Mathematical description of the Talbot effect

The mathematical description of the Talbot distance dT, by Lord Rayleigh [Ray81], goes

as far back as 1881:

dT =
2m · p2

λ
m ∈ N, (2.19)

with the grating period p, the wavelength λ of the incoming wave and m, an integer that

numbers the order of the Talbot distances. The whole diffraction pattern behind the

grating can be calculated by using the Fresnel diffraction theory, see [Pag06]. This pattern

is called Talbot carpet.

In Figure 2.4 three different Talbot carpets are mapped. They are induced by a plane,

monochromatic wave with an intensity I0 which propagates from left to right. This wave

hits gratings which differ in their characteristics. The carpet in a) is induced by an

absorption grating. Carpet b) and c) by phase gratings.

The bars of absorption gratings are highly absorptive. Therefore, ideally, all electromagnetic

radiation is blocked at the bars locations. In contrast to this, an ideal phase-grating does

not block any radiation. Such a phase grating only modifies the phase front. The plane

wave accumulates a phase shift where the grating bars are located. The amplitude of

the phase shift is determined by the height of the grating bars and the wavelength of the

electromagnetic radiation. Hence the phase shift is only valid for one single wavelength.

Usually the wavelength is described by the corresponding energy E = h·c/λ, named design

energy. The phase shift of a phase grating is given in multiples of π. This means, a

π-shifting grating imprints a phase shift of half the wavelength onto the phase front.

The Talbot carpet is, besides the type of used grating, also dependent on the ratio of the

gap width w between the grating bars as compared to the period p of the lattice. The

period p of a lattice is the length of the repeated structure, the sum of the gap width and

the grating bar width. This ratio is defined as the duty cycle Dc = w/p. Only gratings with

a Dc of 0.5 are considered here, because only such gratings are used in this thesis.

The Talbot carpet in Figure 2.4 a) is induced by an absorption grating. The carpet shows

two repeated intensity patterns. One at the Talbot distance dT and one at half the Talbot

distance dT

2 . The pattern at half the Talbot length is shifted lateral by half a grating

period. This was first examined by [BK96, CGM+97].

Talbot carpets, induced by phase gratings, displayed in b) and c), have an uniformly

distributed intensity at multiples of the Talbot distances dT. This is in agreement with the

Talbot formula, as the intensity directly behind the gating is also uniformly distributed. The

intensity pattern, which can be used for phase-contrast imaging, only occurs at fractions of

the Talbot distance, see [Sul97]. These distances are called fractional Talbot distances dfT.

13



2 Fundamentals and methods
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Fig. 2.4: Simulation of Talbot carpets for different types of gratings and a monochromatic plane
wave. The colorbar represents the normalized intensity. In a) the grating is an absorption
grating, in b) a π/2-shifting grating and in c) a π-shifting phase grating. The Talbot
carpet is plotted vertically for two periods of the grating. The black boxes on the left
side indicate the grating bars. The horizontal dimension is normalized to one full Talbot
distance dT. The orange lines indicate the fractional Talbot distances dfT. Image was
taken from [Wol16] and modified.

These distances can be calculated after [YL15] to:

dfT =
(2m− 1)p2

2η2λ
m ∈ N, (2.20)

with the intrinsic grating parameter η given by:

η = 1 for Dc = 0.5 and
π

2
-shifting grating

η = 2 for Dc = 0.5 and π-shifting grating

In Figure 2.4 b), for a π/2-shifting grating, the repeated intensity pattern occurs the first

time at dT/4 and repeats in multiples of dT/2. The Talbot carpet of the π-shifting grating in

c) looks different, compared to a) and b). The repeated intensity pattern has got half the

period of the grating. This phenomenon is called frequency doubling. The pattern occurs

14



2 Fundamentals and methods

the first time at dT/16 and is repeated every eighth of a Talbot distance without changing

the vertical position of the maximal intensity. It is worth mentioning that the maximal

relative intensity of the phase gratings b) and c) are significantly higher than the one of

the absorption grating a). This is based on the fact that an absorption grating blocks part

of the radiation and a phase grating is only modulating the phase front.

Common x-ray sources, like x-ray tubes, emit a broad frequency spectrum. The Talbot

and the fractional Talbot distances are after Equation 2.19 and Equation 2.20 wavelength

dependent. Hence, the Talbot carpet of a polychromatic source is a superposition of many

single Talbot carpets. This results in a blurred carpet with reduced contrast, see [Lud20].

X-ray tubes and backlighters have a diverging beam. A plane wave, which hits the grating,

as assumed for Figure 2.4, is not anylonger a realistic assumption for these x-ray sources.

A cone beam is more appropriate. As a consequence the Talbot carpet is stretched in

length and width, see [EBS+07]. This means the Talbot pattern as well as the (fractional)

Talbot distances get magnified with a factor M

dfT,cone = M · dfT. (2.21)

2.3.2 Image retrieval, the moiré effect

For the aforementioned grating based interferometer, the period of a Talbot pattern is

smaller than one detector pixel. Hence the Talbot pattern can not be resolved directly.

With the help of a second grating G2 the Talbot pattern can be analyzed. This grating

is placed where the Talbot pattern is visible, e.g. the Talbot distance dT, see Figure 2.5

a). There are two methods to retrieve the Talbot pattern using the analyzer grating G2:

phase stepping (see [WDD+]) and moiré imaging (see [TIK82]). In this thesis only moiré

imaging is relevant. As outlined in the introduction, the main goal of the experiment, at the

Phelix facility, will be imaging plasma density distributions in shocked matter. The phase

stepping method requires at least three images per reference and object measurement, see

[Sei20, Lud20]. It is not feasible to generate an identical plasma shock twice. Hence the

aforementioned phase stepping is not an option. Moiré imaging requires only one image

per reference and object measurement [SGL+18].

By overlaying two similar periodic structures a new pattern is generated, even though it is

not present in the original structures [Ami09]. This is called the moiré effect, see Figure 2.5

b). The period of the new pattern depends on the angle between the two periodic structures

and on their periods, see [Ami09]. Compared to the grating periods p
T

and p
G

of the two

gratings, the period pm of the moiré pattern is larger. This larger moiré pattern can be

detected by x-ray detectors.

In the case of the Talbot interferometer one periodic structure is the Talbot pattern, the

other one the analyzer grating G2. If the Talbot pattern changes locally due to an object

in front of G1, see subsection 2.3.1, the moiré pattern will change locally too. The change
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2 Fundamentals and methods

of the moiré pattern is then detected. With the, in subsection 2.3.3 introduced, Fourier

image reconstruction method, the phase shift can be retrieved. Subsequently the moiré

effect is described mathematically.

𝐺1 𝑑T 𝐺2Plane wave

a) b)

Talbot pattern 𝛼 𝜃G2 𝜃T

𝑝T 𝑝G2
𝑝m𝑝G2𝑝T

Fig. 2.5: a) Setup of a Talbot interferometer for the x-ray regime. The plane wave hits the grating
G1 which generates a Talbot pattern at the Talbot distance dT . There, an analyzing
grating G2 is placed to retrieve the Talbot pattern.
b) Visualization of the moiré effect. Two binary gratings with periods p

T
and p

G2
are

superposed under an angle α. The resulting moiré period pm is larger than both periods
of the initial gratings. The idea of moiré imaging can be visualized by increasing the
distance between the reader and this image. At a distance of 1 − 4 m, the grating pattern
p

T
and p

G2
disappears, whereas the moiré pattern is still visible. Image b) was taken

from [Ami09] and modified.

Mathematical description of the moiré pattern

The moiré pattern depends on the angle α of the two gratings and on the periods of the

overlaid structures. If the periods of the gratings are approximately the same, the moiré

period pm can be calculated, according to [Ami09], to

pm =
p

T
p

G2
√

p2
T

+ p2
G2

− 2p
T
p

G2
cos(α)

, (2.22)

with p
T

and p
G2

being the period of the Talbot pattern and the period of the Grating

G2, respectively. α is the relative tilting angle between the gratings. All variables are

additionally visualized in Figure 2.5. The angle of the moiré pattern αm is given, according

to [Ami09], by

αm = arctan

(

p
G2

sin θ
T

− p
T

sin θ
G2

p
G2

cos θ
T

− p
T

cos θ
G2

)

, (2.23)

with θT and θG2 being the angle of the associated gratings to an arbitrary axis. |θT − θG2|

is then equal to the relative tilting angle α. Without loss of generality θG2 can be chosen
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to be 0. This means that θT is equal to α and thus αm represents the angle between the

moiré pattern and the grating bars of G2.

In Figure 2.6 a color coded visualization of the theoretical moiré period pm and the moiré

angle αm can be seen. The influence of the deviation of pT and p
G2

on the grating is printed

on the horizontal axis. Therefore, the period p
T

is varied relative to p
G2

. The dependence

of the angle between the gratings α is printed on the vertical axis. The moiré period

pm (Equation 2.22), was normalized with the grating period p
G2

. The plot in Figure 2.6

a) shows the period of the moiré pattern in multiples of the initial grating period. The

better the gratings match in their periodicity and the overlay angle, the larger the moiré

period. For a slight misalignement the magnification is in the hundreds. This is sufficient

to resolve the Talbot pattern with a periodicity in the 10 µm range with detector pixels in

the 100µm range. The possible angular orientation of the moiré pattern αm ranges from

−90◦ to 90◦, see Figure 2.6 b). This is because gratings are symmetric by 180◦. Hence,

the angular orientation can be in any direction. This means that the orientation of the

two overlaid gratings can not be retrieved by only observing one single moiré pattern.
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Fig. 2.6: Plot of the moiré period pm relative to the G2 period (a) and plot of the moiré angle αm

(b). The values resulting from Equation 2.22 and Equation 2.23 are plotted against the
relative tilting angle α and the deviation of p

T
to p

G2
.

By placing an x-ray detector behind the grating G2, the moiré pattern can be detected.

Besides the moiré pattern a constant offset will be measured, see [Ami09]. To quantify

how visible the moiré fringes are, relative to the constant offset, the visibility can be used.

The visibility V is defined after [Pag06]:

V =
Imax − Imin

Imax + Imin
, (2.24)
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with the maximal and minimal intensity Imax and Imin, respectively, see Figure 2.7. For a

sinusoidal intensity pattern the visibility can be calculated with

V =
A

Imean
, (2.25)

with the amplitude of the fringe pattern A and the constant offset Imean. The visibility is

in the range between zero and one. The larger the DC offset, compared to the amplitude

of the Talbot pattern, the lower the visibility and vice versa.

𝐼max
𝐼min𝐼mean 2𝐴
𝐼

𝑥
Fig. 2.7: Sinusoidal oscillation with a constant DC offset. The visibility V of the oscillation can

be calculated using the amplitude A and Imean, or Imax and Imin.
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2.3.3 Image reconstruction

a) b) c) d)

photography attenuation differential phase dark-field

Fig. 2.8: Direct comparison of the three image modalities resulting from the grating based phase
contrast measurements. A photography of the probed sample can be seen in a), the
attenuation image in b), the Dpc image in c), and the dark-field image d). Own
measurements, idea adapted from [Zan13].

Grating based phase contrast imaging provides three image modalities: The attenuation

image, the differential phase-contrast image (Dpc image) and the darkfield image [Sei20].

In order to demonstrate the respective advantages of the image modalities, a gummy bear,

penetrated by a wooden stick, is imaged. A photograph of the prepared gummy bear

can be seen in Figure 2.8 a). An image modality, comparable to classical radiograph in

medicine, can be seen in b). This is called the attenuation image. In this modality the

wooden stick is almost not visible. In contrast to this, the wooden stick is clearly visible in

c), the Dpc image. Here the edges and the contours of the bear can also be seen well. The

dark and bright areas, especially on the left and right side of the bear, give the image a

three-dimensional appearance. In the dark-field image d), both the contour of the bear

and the wooden stick can be seen.

A large part of the image reconstruction is done in the Fourier space. Therefore the

Fourier representation of the object frame is discussed exemplarily. Figure 2.9 shows the

object measurement first, its Fourier transform and two back transformations. The object

measurement is a superposition of a gummy bear radiograph and the moiré pattern. By

performing a Fourier transform, the object frame can be decomposed into its spectral

components. The result of the transformation can be seen in the image Fobj. The spectrum

shows three peaks. One in the middle and two symmetrically orientated around the middle.

The peak in the middle, called the zeroth peak F0 refers to low frequencies. The other

peaks, called first order harmonic peaks F1 refers to higher frequencies. As the peaks are

separated, an area around the peaks can be defined. These areas can be transformed back

separately. A back transformation of these selected areas can be seen on the right side
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of Figure 2.9. By performing a back transformation of the green framed areas (the high

frequencies), the moiré pattern can be retrieved. The back transformation of the blue area

(the low frequencies) results in the radiograph of the bear. This means the moiré fringes

and the radiograph can be treated separately using the Fourier transform.ℱobj ℜ(ℱ−1(ℱ±1,obj))
1

-1

0

ℱ(obj)
Obj

Fig. 2.9: Explanation of the Fourier transform of the object frame. The period of the moiré fringes
of the object measurement are enlarged for a better understanding. The figure in the
center shows the Fourier transform of the object measurement. The right figures is the
back transformation of only the marked area in Fobj. Adapted from [BKSW10].

The process of image reconstruction is visualized in Figure 2.10. This method was described

for visible light by [TIK82]. For the x-ray regime [BZL+12, BKSW10] applied the method

first.

This process can be divided into three stages. In the first stage the object and reference

measurement are 2D-Fourier transformed. As can be seen in Figure 2.10, the Fourier

transformation of the object and reference measurement leads to a similar frequency

spectrum, Fobj and Fref . In a second stage two relevant areas are selected in the Fourier

space. Due to the symmetrical properties of the Fourier transform, it is not relevant

which first order peak F1 is selected. Then, in the third stage, the selected areas are

back transformed and the three image modalities calculated. The last step of processing

the selected area around the peaks is different for the thee image modalities and will be

discussed separately.
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ℱobj

ℱ ℱref,0ℱref,1

ℱobj,0ℱobj,1ℱ

ℱref

a
tt

e
n

u
a

ti
o

n
d

if
fe

re
n

ti
a

l 
p

h
a

se
d

a
rk

-f
ie

ld

− ln 𝐼obj,0𝐼ref,0

− ln𝑉obj𝑉ref

Φref −Φobj

Ref
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Fig. 2.10: Schematic of the Fourier reconstruction process. On the left side the object and reference
measurements can be seen. The corresponding Fourier transformed images are on their
right side. The colored frame indicates which areas are used for the generating the
final images on the right side. The equations are presented in the corresponding image
modality. Adapted from [Sei20].

Attenuation image

The attenuation image is given according to [BZL+12] by:

Γ = − ln





∣
∣
∣F−1

0,obj

∣
∣
∣

∣
∣
∣F−1

0,ref

∣
∣
∣



 = − ln

(

I0,obj

I0,ref

)

. (2.26)

With
∣
∣
∣F−1

0

∣
∣
∣ as the absolute value of the inverse Fourier transform of the blue area around

the zeroth order harmonic.
∣
∣
∣F−1

0

∣
∣
∣ is also denominated as the mean intensity I0 of the

measurement. To normalize the intensity over the whole image, the object measurement is

divided by the reference. The negative logarithm is used to adapt the attenuation image to

the well-known radiograph, used in medical imaging technology. Highly absorbing material

appears bright, whereas low absorbing material appears dark.

The attenuation image describes the damping of the electromagnetic wave in the probed

sample. The attenuation is correlated with the imaginary part β of the refractive index, see

Equation 2.8. By again regarding the attenuation image of the gummy bear, Figure 2.8

b), it can be seen that thicker parts look slightly different. The wooden stick is hardly

visible, because the absorption coefficient of the material does not differ enough from the

surrounding jelly.
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Differential phase contrast image

The Dpc image is given according to [BZL+12] by:

∆Φ=arg
(

F−1
1,ref

)

-arg
(

F−1
1,obj

)

= Φ1,ref − Φ1,obj,
(2.27)

with

arg
(

F−1
1,ref

)

= arctan

(
ℑ(F−1

1,ref )

ℜ(F−1
1,ref )

)

(2.28)

as the argument of the inverse Fourier transform of the green area around the first order

harmonic in the reference frame or object respectively. This refers to the phase Φ1,ref of

the moiré pattern of the reference or object respectively. By subtracting the phase of the

reference from the object, the differential phase ∆Φ can be calculated. Note that ∆Φ is

not the phase shift ∆ϕ of the object. Due to the periodical, sinusoidal character character

of the moiré fringes, the differential phase ∆Φ can only be determined modulo 2π. This

means, if the differential phase exceeds 2π, the differential phase starts at 0 again. This

phenomenon is called phase wrapping and can be corrected afterwards by software.

Object 𝑑T𝐺1 𝑥 𝑧
𝑑𝛼𝛼(𝑥)

𝛼(𝑥)
𝜑(𝑥)𝑑obj(𝑥) 𝐺2

𝑝G2
𝐼

Fig. 2.11: Visualization of all relevant constants for the calculation of the differential phase ∆Φ.
The angle α describes the tilting of the phase front ϕ(x) and the associated deviation of
the propagation direction. The brown pattern on the right side indicates the intensity
pattern at the Talbot distance dT. The purple dashed line indicates the position of an
undistorted intensity pattern.

The Dpc image ∆Φ can be used to calculate the 2D projection along the sight line of the

real part of the refractive index [BZL+12]. Therefore the change of the Talbot pattern has

to be observed, when an object is placed into the incoming plane wave. This is visualized in

Figure 2.11. The object with a thickness profile dobj(x) distorts the phase front ϕ(x). This

distortion causes the tilting, quantified by the angle α(x). Due to this tilting angle α(x),

the observed moiré pattern is shifted by dα. This is visualized in Figure 2.11 with the help

of the dashed purple intensity peak. This peak represents a part of the undistorted moiré
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pattern. The shift dα can be expressed as

dα = tan (α(x)) · dT, (2.29)

with the Talbot length dT. According to Equation 2.18 and Equation 2.17 the tilting angle

of the phase front α(x) is given by

tan (α(x)) =
λ

2π
·
∂ ϕ(x)

∂x
=
∂
✁ dobj(x)

0 δ(z) dz

∂x
. (2.30)

The differential phase ∆Φ and the real part of the refractive index δ are connected via the

relation
∆Φ

2π
=

dα

p
G2

, (2.31)

whereas δ is hidden in the relative shift of the Talbot pattern dα. p
G2

denominates the

grating period of the analyzer grating G2. Combining this equation, with Equation 2.30

and Equation 2.29 leads to:

∆Φ =
dT · λ

pG2
·
∂ ϕ(x)

∂x
(2.32)

=
dT · 2π

pG2
·
∂
✁ dobj(x)

0 δ(z) dz

∂x
. (2.33)

The derived equation can be used for an arbitrarily formed body. The Dpc image is

connected via an integral to δ(z), the real part of the refractive index. According to [Pag06]

the real part of the complex refractive index depends on the electron density of the material

δ(z) =
re

2π
· ρe(z)λ2, (2.34)

with re being the classical electron radius, the electron number density ρe and the wavelength

λ. Hence the Dpc provides information about the projected electron density of an sample.

Again referring back to the gummy bears in Figure 2.8. The Dpc image of the bear c) seems

to be illuminated from the left. This effect can be explained with Equation 2.33. According

to this equation, the Dpc image is proportional to the derivative of a thickness profile

dobj perpendicular to the grating bars. Hence, the dark and bright areas result from the

positive and negative gradients of the thickness profile, respectively. Further Equation 2.33

implies that the Dpc is only sensitive to deviations along the x−axis, perpendicular to the

grating bars. The wooden stick is visible in the Dpc image as noise. This is because the

wooden stick has a fibrous structures and this disturbs the Talbot pattern. This leads to

the noisy appearance. A way to quantify the disturbance of the Talbot pattern is the dark

field image.
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Darkfield image

The darkfield image is given according to [BZL+12] by:

Σ = − ln

(
Vobj

Vref

)

, (2.35)

with the visibilities Vobj and Vref of the object and reference frame. The visibility can be

calculated using

V =

∣
∣
∣F−1

1

∣
∣
∣

∣
∣
∣F−1

0

∣
∣
∣

, (2.36)

with
∣
∣
∣F−1

1

∣
∣
∣ and

∣
∣
∣F−1

0

∣
∣
∣ as the absolute value of the inverse Fourier transformed green and

blue area, respectively. This is definition equivalent to V = A/Imean (Equation 2.25), which

can be used for the visibility of a sinusoidal signal.

The dark field is a measure of the decrease of the visibility. The decrease occurs mainly

due to small angle scattering at edges and due to porous or fibrous structures of even sub

pixel dimesions, see [LSH+19]. A more detailed investigation of the darkfield can be found

in [Lud20].
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Two interferometers will be used during the beam time experiment. These interferometers

only differ in the type of installed linear actors. The interferometer which images the

shocked targets has linear stages, driven by stepper motors. For the other interferometer

manually adjustable stages are used. As these interferometers only differ in this element,

the whole design will be performed exemplarily for the setup, which images the shock.

As a first step, the basic concept of the experiment is explained. This includes an overview

and a short explanation of the portable interferometer. The mechanical and theory based

required specifications are outlaid in the subsequent sections. With this done, every

component of the interferometer is discussed in detail. In the end of this chapter possible

improvements are proposed, which could not be implemented within the framework of this

work.

3.1 Classification and goal of the experimental setup

The Phelix laser at the Gsi Helmholtzzentrum (Darmstadt) is a laser with which back-

lighter experiments can be performed. Near the short laser pulse for the backlighter, a

longer pulse is available too. This enables so called pump-probe experiments. Such an

experiment was carried out at the Phelix facility between February 10 and February 28

in 2020. The main goal of this experiment was to test single shot GbPci concerning the

imaging of Hed plasma density distributions in shocked matter. A schematic sketch of the

experimental setup in the Phelix target chamber can be seen in Figure 3.1. The whole

laser setup was installed and aligned by the GSI institute. The dark red laser beam has

got a long pulse, which induces the plasma density distributions in the sample. The light

red laser pulse has got a short duration and is used to generate the backlighter flash. The

upper portable interferometer is used to to image the induced plasma density distribution.

The second greyed-out interferometer does not see the induced plasma. It is instead used

to gain data to get a deeper understanding of backlighter imaging.

The long pulse with a duration of 3 − 10 ns and an energy between 23 − 43 J is focused

onto a sample (measured values during the beam time). This induces a plasma density

shock in the material. The short pulse with a duration of 700 fs and energies between

20 − 35 J is focused onto the 5 µm tungsten backlighter wire (measured values during the

beam time). The resulting x-ray flash propagates through the induced plasma density

shock. By propagating through the shock, the phase front and the intensity changes,

see section 2.1. As the delay time between the long and the short pulse can be adjusted

between 1 − 7.7 ns, different steps in the time evolution of the plasma can be observed.
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1

𝐺1𝐺2Detektor

Backlighter
Sample

Evacuated target chamber 1 m

Portable

interferometer

Fig. 3.1: Schematic sketch of the setup at the Phelix facility. The light gray bars in the target
chamber walls are the inlet flanges for the two laser beams. The dark red is the pumping
beam. It gets already focused down outside of the target chamber. The light red the
probing beam is guided via an flat mirror to the off-axis parabola which focuses the beam
onto the backlighter target. With the upper portable interferometer the plasma density
distribution is imaged. The second greyed-out interferometer does not see the shocked
target.

The portable interferometer is a Talbot interferometer, which is realized with two precisely

aligned gratings, G1 and G2. The x-ray photons are detected with analog imaging plates.

The adjusting process of the two gratings G1 and G2 is a time consuming process, where the

distance between the two gratings as well as the angles between them need to be adjusted

accurately. As this has to be done iteratively, performing this process is neither feasible nor

economic at backlighter sources like Phelix, where the time between shots is approximately

2 hours, see [SLA+19]. As the distance between the two gratings is in the magnitude of

100 mm, it is possible to build a portable Talbot interferometer, which can be adjusted at

the Ecap facility and transported to the research facility, see [SLA+19]. As mentioned in

the introduction, the design and characterization of this portable interferometer is one of

the key points of this thesis. Before explaining the conceptualization in detail, an overview

over the portable interferometer is given, which is shown in Figure 3.2.
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Fig. 3.2: 3D-render of the portable Talbot interferometer. The sketches of the linear actors were
taken from [Phy20].

With its dimension of (390 × 230 × 320) mm, L × W × H and a weight of under 10 kg the

interferometer is compact. It consists of five main components:

• The gratings G1 and G2, mounted in grating frames.

• Two platforms, on which the grating frames are mounted. The one for G1 is fixed

onto the baseplate, the G2 platform is movable.

• The detector mounting plate

• A large sample stage

• An alignment mirror

The grating frames are used to hold the gratings, protect and stiffen them to avoid any kind

of damages. With two linear actors the platform of G2 can be tilted and moved relative to

G1. Due to the stepper motor and a reference switch, the installed linear actors allow a

highly precise and reproducible positioning. The tilting angle of G2 can be adjusted in the

range of mrad. The inter-grating distance can be adjusted in the order of sub mm. This

allows a flexible and precise adjustment of the moiré fringes. The detector mounting plate

is designed in such a way, that different types of detectors can be mounted easily. Only

new holes have to be drilled into the large aluminum plate so that the detector can be

bolted into place. The distance between the detector mounting plate and the grating G2

can be adjusted in a 20 mm spacing. So the optimal distance between the grating G2 and
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the detector can be found easily at any time. With the height adjustable sample stage,

samples of various dimensions can be investigated without having to make major changes

to the setup. Due to the precise grid of 5 mm fits, samples and object mounts can easily be

positioned flexible and precise. For an easy alignment during the beam time experiment, a

mirror is mounted on the top of the G2 grating frame.

3.2 Mechanical required specifications

A Talbot interferometer consists of two gratings G1 and G2. To acquire the desired moiré

pattern, the distance between the two gratings as well as the angles between them need to

be adjusted accurately. This is an iterative process which is controlled by evaluating the

observed moiré pattern after every adjustment step. That means a large number of images

have to be taken during the adjustment process. This is neither feasible nor economic at

backlighter sources like Phelix, where the time between shots is approximately 2 hours,

see [SLA+19]. So, the interferometer needs to be portable.

The adjusted Talbot interferometer will be transported form the Ecap facility in Erlangen

to the GSI facility in Darmstadt over 200 km by car. Thus a robust setup is mandatory,

where the performed adjustments do not get altered due to vibration or small impacts.

To damp these disruptive factors, the interferometer will be put into a wooden transport

box, lined with polystyrene. To increase the handiness, a compact and lightweight setup is

striven for.

At the Phelix facility, the interferometer will be put into a vacuum chamber with an

ambient pressure of approximately 10−6 mBar. So, according to [Zie20] the whole setup

including all components and materials have to meet high-vacuum standards regarding

cleanliness, outgassing of materials, lubrication, as well as venting of internal cavities.

The beam height at Phelix is 360 mm, whereas the beam height of the x-ray tube used for

the adjustment process is 225 mm. The interferometer has to cover both heights and should

be firmly lockable at both heights, to prevent any movements during the experiment. Near

the correct height, the setup has to be correctly aligned to the beam. A good alignment

avoids shadowing and a loss of visibility in the moiré pattern, see [Sch16]. Therefore a

good and reliable routine has to be found to properly align the setup to the backlighter at

the Phelix facility.

The mounting method for the gratings should have a high repeated accuracy. This is based

on the circumstance that multiple grating sets are available. Depending on the imaging

performance of the preselected grating at the backlighter, they maybe have to be changed

during the experiment. But by changing the gratings, the adjustments which were made

for the former gratings are worthless. If the mounting method of the gratings has a high

repeated accuracy, the Talbot interferometer could be adjusted once for all relevant grating

combinations. The final distances and angles could be measured and saved. This allows
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a huge flexibility concerning the use of the gratings without wasting any time for the

adjustment process.

For the experiment at Phelix facility imaging plates, are used as an x-ray detector. For

read out the Ips have to be brought to a special scanner (see subsection 2.2.2). Thus the

Ips have to be exchanged after every shot. A high repeated accuracy for the placement

of the Ips is beneficial for image reconstruction [Sch21]. Near the x-ray radiation, the

backlighter emits charged particles. These particles generate secondary radiation when

hitting matter, e.g. the walls of the target chamber. This radiation is also detected by the

Ips. To reduce this background signal on the images a shielding is required.

3.3 Theory based specifications

For the portable interferometer a π-shifting phase grating will be used as a G1. Compared

to π/2-shifting phase gratings and absorption gratings this choice has got a few advantages.

As stated in section 2.3.1, phase gratings ideally do not absorb any radiation, whereas

absorption gratings reduce the mean intensity by a factor of ≈ 0.5. So, phase gratings

are preferable in terms of maximizing the photon flux. Compared to π/2-phase gratings,

π-shifting phase gratings form a Talbot pattern with doubled frequency. To generate a

Talbot pattern with the same period, the period of the π-shifting grating can be twice

as large as the π/2-phase gratings. A larger period is beneficial concerning production

uncertainties during the process of grating fabrication. For π/2-phase gratings the first

moiré pattern appears already at dT/16 (see Figure 2.4). So, π/2-shifting phase gratings

provide more possible geometries compared to π-shifting phase gratings where the first

repeated structure appears at dT/4.

Grating specifications Waver specifications

type period [µm] material height [µm] material thickness [µm]

G1 π-shifting 10 SU-8 25 polyimide 500

G2 absorption 6 Gold 150 graphite 500

Tab. 3.1: Overview over the specifications of the grating G1 and G2. Note that three G2 wavers
are made from graphite and one from conductive varnish.

As the induced phase shift of a phase grating is wavelength dependent, the grating has

to meet the correct dominating energy. According to [SWC+], the expected dominant

energy at the Phelix facility is between 11 keV and 12 keV. So, hereinafter all theory

based calculations are performed with an energy of 12 keV.

The chosen grating G1 has a period of 10µm and consist of photoresist. All specifications

are tabulated in Table 3.1. The design energy of this grating can be calculated to 11.2 keV,

see fig. A.1 on page 83 in the appendix. This is well suited for the expected dominating

energy. As stated in section 2.3.1 the Talbot period p
T

as well as the fractional Talbot
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3 Design of the interferometer

distances dfT get magnified in a cone beam geometry. So, the analyzer grating G2 needs a

period of &
p
G1
2 = 5µm. The only suitable and available absorption grating has a period

of 6µm. Now, that the gratings are chosen, all distances for conceptualizing a Talbot

interferometer can be calculated.

G
1 G

2𝑑fT,cone
𝑝G1 2 ⋅𝑝G2

Fig. 3.3: Schematic sketch of the Talbot setup in a cone beam geometry. All relevant distances to
calculate the final dimensions of the setup are indicated. The period p

G2
of the grating

G2 does not follow a simple magnification of G1. This is due to the frequency doubling
character of a π-shifting grating, see Figure 2.4 .

In Figure 3.3 a schematic sketch of a Talbot interferometer in a cone beam geometry can

be seen. On the left side is the point like source Q located. The grating G1 is placed in a

distance d(Q,G1) to the source and the grating G2 in a distance d(Q,G2). To observe the

desired moiré pattern, the periods of the Talbot pattern and the period of G2 need to be

approximately the same. Hence, for the magnification M must hold

p
fT,cone

!
= p

G2
(3.1)

p
G1

2
·M = p

G2
, (3.2)

where p
T

was replaced with the period of the chosen G1 grating. Inserting the tabulated

periods results in a required magnification M of 1.2. According to the intercept theorem,

the magnification of the setup sketched in Figure 3.3 is calculated by

d(Q,G2)

d(Q,G1)
=

2 · p
G2

p
G1

= M = 1.2 (3.3)

As the Talbot pattern appears and disappears periodically, the grating G2 needs to be

placed ideally where the Talbot pattern is visible. So, for the distance between the gratings

must hold

d(G1, G2)opt
!

= M · dfT = M
(2m− 1)p2

G1

8λ
m ∈ N, (3.4)
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3 Design of the interferometer

with dfT as the fractional Talbot distances, see Equation 2.20. Rewriting Equation 3.3

with d(Q,G2) = d(Q,G1) + d(G1, G2) and inserting Equation 3.4 leads to an expression

for d(Q,G1)

d(Q,G1)opt =
d(G1, G2)

M − 1
=

M

M − 1
·

(2m− 1)p2
G1

8λ
m ∈ N. (3.5)

With Equation 3.4 and Equation 3.5 two expressions were derived to calculate the distances

of the interferometer. In Table 3.2 the distances are tabulated for the first three orders

m = 1, 2, 3 and a wavelength λ corresponding to a photon energy of 12 keV. As the target

chamber at the Phelix facility is 2040 mm wide and 1280mm deep, only the first order

m = 1 can be used.

With the theory based and mechanical specifications outlaid, the portable interferometer is

designed in the following.

order m d(Q,G1)opt [mm] d(G1, G2)opt [mm] d(Q,G2)opt [mm]

1 726 145 871

2 2178 436 2613

3 3629 726 4355

Tab. 3.2: Overview over the three shortest distances which fulfill all theory based requirements.
The overall dimensions of the Petawatt target chamber at the Phelix facility only allow
the first order configuration.
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3.4 Conceptualization

Positioning of the gratings

Linear actor, vertical

Linear actor, horizontal

Pivot axis

Spring

𝐺1 pedestal

𝐺2 platform

𝐺2 pedestal

Resting point (not visible)

Fig. 3.4: 3D-render of the portable setup. The parts discussed in this section are highlighted. The
whole G2 pedestal can be moved with the horizontal linear actor. The G2 platform can
be tilted with the vertical mounted linear actor. The G2 rests on a rigid pedestal.

To adjust the periodicity and the angle of the moiré pattern, two parameters need to be

tunable. Namely the relative tilting angle α and the deviation of the periods p
fT,cone

to

pG2, see Figure 2.6. These parameters can be changed in various ways. In Figure 3.4 the

relevant components for the grating adjusting mechanism can be seen. As the grating

period of G2 is fixed, only the period of the Talbot pattern p
fT,cone

can be changed. This

can be done, according to the intercept theorem (see Equation 3.3), by changing either the

distance d(Q,G1) or d(G1, G2). As the Talbot distance dfT,cone depends on d(Q,G1), the

grating G2 would move out of the Talbot distance when the grating G1 is moved. This

will result in a reduction of visibility, as the Talbot pattern is best visible in the Talbot

distance. So, changing the distance d(G1, G2) and keeping the distance between the source

Q and the Grating G1 constant is the better choice. A linear stage with a stepper motor

and a reference switch provides an easy to use, precise and higly repeatable accuracy in

positioning the grating G2. The portable interferometer should be flexible in the ability of

using different gratings with various periods. This dictates that the Grating G2 must be

positionable at different optimal Talbot distances. A linear stage with a travel range of

50 mm provides a sufficently large range of adjusting range. With this stage, the distance

d(G1, G2), is adjustable between 120 mm and 170 mm.
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3 Design of the interferometer

Near the deviation of the periods, the angle between the periods of the Talbot pattern

and the G2 needs to be adjustable. This can be done by either tilting G1 or G2. The

effect of either tilting G1 or G2 on the visibility was tested by [SGH+17] for a Talbot-Lao

setup. The visibly is higher when the grating G2 is rotated and the G1 stays fixed. The

easiest and most reliable way to achieve a tilting of G2 is, to mount the grating onto a

tiltable platform. This platform can rotate around a tilting axis, marked with a blue line.

The other side of the platform rests on a bearing point (not visible in the figure). This

bearing point can be moved up and down, as it is mounted on the vertical linear actor.

This vertical movement translates to a tilt of G2. The spring between the platform and

the bottom of pedestal ensures a constant and continuous positioning of the platform on

the bearing point. The chosen linear stage has a travel range of 25 mm. This covers an

angular range, wider than that required for adjusting the desired moiré pattern. But as

the orientation of the grating bars of the G2 are not known exactly, it is beneficial to be

able to set a wider angular range.

Previous experiments have shown, that an accuracy of at least 0.32 mrad for the tilting

and a step width of 0.25 mm for the horizontal movement is required. The chosen linear

stages are purchased from Physik Instrumente. A full list of all relevant specifications can

be found in the appendix A on page 87. The design resolution of the stage is 0.005 mm.

This is sufficient for the horizontal positioning. The resolution for the tilting is 0.028 mrad.

This results from the tangent of the bidirectional repeatability and the distance between

the tilting axis and the supporting pin, which is 174, 6 mm.

To be able to meet the beam height at the Phelix facility and the one in the Ecap facility,

the height of the pedestal is optimized for the lower one. Hence, the center of the grating

is at 225 mm, the beam height of the Ecap facility. To meet the height at the Phelix

facility the interferometer is put onto a pedestal with a height of ∆h = 135 mm. This

pedestal consist of a breadboard and 1” optical post assembly that can be built with an

accuracy of 1 mm steps. This accuracy is acceptable, as the gratings have a larger field of

view than required for the experiment.
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3 Design of the interferometer

Grating mounting bracket

The gratings, used for the experiment at the Phelix facility, are fabricated by the Karlsruhe

Nano Micro facility. The grating structures are built on a substrate with a diameter of

100 mm, see Figure 3.5 (a). These gratings are placed into a clamping frame. This reduces

the risk of possible damages. Further more the clamping surface of the frames can be

fabricated with a radius. This allows to imprint a curvature onto the gratings. These

grating frames will be investigated in section 4.2. Due to the rectangular shape of the

clamping frame, the position in the mounting socket is always the same. So, the clamping

frame with the grating can be removed without loosing the parameters for the adjustment.

The mounting socket is bolted onto the platform. The through-hole in the platform has

got a slight play. This play allows the correction of slight miss alignments of the gratings,

regarding their parallelism.

(a) (b)

Fig. 3.5: (a) Exploded assembly view of the grating frame and the mounting socket. The gratings
are put into a clamping frame. This frame is in turn fastened to the platforms of the
setup with the mounting socket. (b) Mini map of the portable setup.

Detector mounting

The detector mounting has to to be capable of holding at least two different detectors. A

digital Cmos detector for the measurements in the Ecap facility and analog Ips at the

Phelix facility. A detailed description of the functionality of these detectors can be found

in subsection 2.2.2.

The detector mounting is realized with a 2 mm thick sheet of aluminum, see Figure 3.6.

Various detectors can be mounted easily onto this sheet. Therefore, new holes have to be

drilled in the positions, where the mounting holes from the detectors are.

With its overall large dimesnions of 230 × 300 mm even detectors with a large field of view

can be mounted to the sheet. The sheet is mounted onto two posts. These posts are not

bolted onto the baseplate. Instead, the posts are connected via four positioning pins with
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3 Design of the interferometer

Fig. 3.6: Detector mounting concept. Various detectors can be bolted onto the large detector
mounting plate. Only new holes have to be drilled in the required positions. The hole
grid allows a flexible positioning of the gratings.

the base plate. As the holes in the baseplate are designed as a clearance fit, the detector

mounting can be removed. Due to the spaced hole grid, the detector can be placed in

20 mm increments to the grating G2. This is beneficial, when different distances between

G1 and G2 are required.

As the digital detector is ready to use, it only needs to be bolted into place. Because Ips

are erased by exposure to visible light, they have to be stored, before, after and during the

exposure of x-rays, in a light-sealed enclosure. Figure 3.7 shows, an individually designed

case for storing and transporting the Ips.

The Fuji Bas type Sr Imagine plates are ≈ 0.5 mm thick and come in sheets of 200×400 mm.

These sheets can be cut in the desired dimension. The required active area for the experiment

can be estimated using

AIp ❄Md(G2,IP) · [(M ·AG1) ∩AG2]
︸ ︷︷ ︸

Aoverlap

. (3.6)

With a magnification factor Md(G2,IP) and the overlap area of the active areas of the two

gratings Aoverlap. Here M ·AG1 denominates the active area of the grating G1 in the G2

plane. The magnification factor Md(G2,IP) comes from the fact, that Aoverlap is further

magnified into the detector plane. Md(G2,IP) can be calculated using the intercept theorem

and by assuming a distance of ≈ 75 mm for d(G2, IP). An area of 100 × 80 mm provides

enough area of the image, as well as features such as the Ecap logo and the placing jag.

These features are used to match the digitized object and reference measurement. As the
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whole Ip holder is brought to a special read out scanner, a fast and reliable way to place

the Ip holder in the setup is required. The whole Ip holder is placed with two dowel pins

onto the plug-in mount. This mount is firmly bolted onto the detector plate. This method

provides a positioning precision in the µm range.

Fig. 3.7: Exploded assembly view of the Ip holder and the plug-in mounting socket. The Ips are
put into the frame and held with the back plate in place. The thin aluminum is used to
protect the Ips from visible light.

As the Imaging plates do not absorb all x-ray photons, further Ips can be used to detect the

remaining photons. The presented Ip holder is flexible enough to hold up to five Ips. This

is achieved by a picture frame like setup. Multiple Ips can be put into the frame and are

pressed by the back plate against the front of the frame. To remove the Ips, only the back

plate needs to be unbolted with two knurled thumb bolt. The Ip needs to be protected

from visible light. According to [Saf20] a higher photon flux increases the signal to noise

ratio of the images. So, a low absorbing and opaque cover is required. A 0.008 mm thick

aluminum foil is, with a relative transmission of ≈ 96 %, compared to other opaque and

available materials, the one with the lowest absorption. A plot of the relative transmission

of different materials can be seen in fig. A.2 on page 84.
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3 Design of the interferometer

Sample Stage

Fig. 3.8: The concept of the positioning of the sample stage is adapted from optical breadboards.
The precise grid of 5 mm fits provides a flexible and precise positioning of different
samples.

As this portable interferometer will be used after the experiment at the Phelix facility, the

sample stage should provide a huge flexibility concerning mounting various samples. The

platform has a dimension of 187 × 95 mm. So large objects and linear stages can be placed

safely onto the stage. With the slotted holes on the side the stage can be moved up and

down by ≈ 40 mm. This helps to position the objects vertically in the desired height. As

the stage provides a grid of 5 mm fits, specifically designed object mounts can repeatably

and accuratly be placed at the exact same location.

Alignment mirror

Near the correct adjustment of the gratings, the whole setup needs to be aligned correctly

into the beam, as a slight missaligned G2 causes a reduction of visibility, see [Sch16]. If

the incident angle ϑ of the x-rays is 90◦, the G2 is perfectly aligned, see Figure 3.9 (b) case

I. In case II, the grating G2 is rotated and the incoming x-rays will hit the grating bars.

This will happen even at very small rotations, as the used G2 has a period of 6µm and

a height of 150µm. This will decrease the intensity as these bars are highly absorbing.

This effect is called shadowing. This effect reduces the visibility of the moiré pattern. The

alignment process, which is explained later in detail, is an iterative process. The adjusting

steps are controlled by evaluating the intensity distribution. This is, similar to the grating

adjusting process, not feasible at backlighter sources. So, the correct alignment has to be

determined at the Ecap facility and transferred to the Phelix facility. This is done with
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(a) (b)

II

I𝐺2
x-rays

𝜗

Fig. 3.9: (a) Render of the portable Talbot interferometer. The highlighted mirror is used to align
the setup correctly into the x-ray beam. (b) Visualization of a good and a bad aligned
G2 (not to scale). In case I, the x-rays don’t hit the grating bars when they enter a gap.
In case II, they will hit the bars and thus the intensity gets reduced.

the adjusting mirror, which is mounted on top of G2, see Figure 3.9. According to Snell’s

law, the angle of incidence is equal to the angle of reflection. So, if e.g. a laser beam gets

reflected into the source point the incident angle is exactly 90◦. This is exploited for the

alignment process. A commonly available cross-line laser is set up in a manner, that the

laser follows the propagation path of the x-ray beam. Then the whole setup is rotated

in such a way, that the reflected beam falls back into the source point. If the mirror is

parallel to the grating bars, the interferometer can be aligned even without presence of

x-ray radiation.

As the grating surface is sensitive, the parallelism of the mirror to the grating surface

can’t be measured with at the Ecap facility available mechanical devices. So another way

has to be chosen to ensure the parallelism. As an initial step, the correct alignment of

the portable setup has to be found iterative. To ensure that the measured intensity only

depends on the orientation of the G2, the grating G1 is removed. Then the whole setup is

rotated slightly. This changes the incident angle ϑ of the x-ray, see Figure 3.9 (b). When

the incident angle is 90◦, the intensity reaches a maximum. When the optimal orientation

is found, a cross-line laser is set up in a way, that it follows the path of the x-ray beam.

The mounted mirror will reflect parts of the laser light. As the setup is aligned correctly,

the mirror has to be mounted in a way, that the location of the back reflection is the same

as the source of the laser. To achieve this, the mirror can be shimmed with thin metal

plates. As the mirror is mounted on top of G2, a later adjustment at the Phelix facility

can be performed, without removing the grating G1.
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Shielding of the Interferometer

As mentioned in section 2.2, the backlighter emits x-ray photons up to 103 keV and charged

particles. If these particles hit e.g. the walls of target chamber, secondary x-ray radiation

is generated. This secondary radiation is also detected by the Ips. This radiation only

contributes to the background, as the radiation is not emitted from the backlighter itself.

To avoid noise, originated from the secondary radiation, the angle of acceptance has to

be narrowed down, so that only the relevant area is in the field of view of the Ips. This

was accomplished by using a box, which covers parts of the interferometer. The outer side

of the box is covered with 2 mm of lead. This layer has got a relative transition of less

than 0.0001 % up to a photon energy of 70 keV, see fig. A.3 on page 84 in the appendix.

But when high energy photons hit matter, secondary x-ray photons can be produced, the

so-called x-ray fluorescence. According to [XRL20] the characteristic photon energies for

lead are 9.18 keV, 10.55 keV, 12.61 keV and 14.76 keV. In this energy range the aluminum

has a relative transmission of less than 0.0001 %, see fig. A.3 on page 84. Thus almost all

primary and secondary radiation gets blocked by the shielding.

This box fits between the grating G1 and G2, see Figure 3.10. As the Imaging plates have

to be exchanged after every shot, the rear side is kept open. From the front side, radiation

can only enter through a hole. So, the Imaging plates are almost exclusively irradiated by

the backlighter.

Fig. 3.10: Photography of the portable setup, covered by the designed shielding. The covering
side is made of 2 mm lead which is bolted onto a construction of 2 mm aluminum.
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3.5 Concluding remarks and outlook

In this chapter, all steps that have to be considered to design a portable Talbot inter-

ferometer have been explained. All requirements which were stated in section 3.2 and

section 3.3 can be met with this setup. During the extensive usage at the experiment at

the Phelix facility a few improvements were developed, which could be realized for further

experiments. Following these ideas are presented briefly.

For optomechanical components devices 6 mm dowels and bolts are state of the art. In the

sample stage (see Figure 3.8) only 5 mm though holes are available. This prevents an easy

use of these components. So 6 mm fittings would be beneficial for the sample stage.

The motorized axes have an analog scale that indicates the current position. In case of a

break down of the digital read out, there are no good positions available where the current

positions can be measured. A simple pointer bolted onto the G2 pedestal and the platform

(see Figure 3.4) can solve this problem. At the Ecap facility all relevant positions can be

set and marked. Then the actual position of the pointer can be marked with a permanent

marker.

Fig. 3.11: Alternative to the adjusting mirror, placed above the grating G2 (see Figure 3.9 (a)).
The mounting socket connects the sample stage with a precise adjustable mirror. These
so called kinematic mirror mounts can be purchased at any optic supplier. The sketch
of this mirror mount was taken from [Tho20].

The position of the adjusting mirror (see Figure 3.9 (a)) is not optimal. All other optical

devices which were needed during the experiment are aligned using a laser pointer. This

laser pointer irradiates in the height of the backlighter beam. As the position of the mirror

is ≈ 60 mm higher, there is no way the laser pointer can be used. So the cross-line laser has

to be set up precisely. This is, besides the laser safety requirements at the Phelix facility,

challenging. Further more the adjusting of the mirrors using shims is a time consuming

and tricky process. In Figure 3.11 an alternative realization of the concept of the adjusting

mirror can be seen. With the dowel pins the component can be placed onto the sample

stage. With the adjusting knobs the mirror can be easily and precisely adjusted in the

x-ray laboratory of the Ecap facility. The principle of adjusting the mirror stays the same,
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as explained in section 3.4. With positioning the component onto the sample stage, the

center of the mirror coincides with that of the gratings. So, the adjusting laser pointer can

be used.

A further feasible improvement can be a modified Ip holder. The proposed concept of

this holder differs from the used one significantly and only works when the lights can be

turned of in the target area. The used Ip holder, see Figure 3.7, is designed to serve as a

holder as well as a carrying cassette. The holder will be brought to the Ip scanner, which

is located in another building. There, the Ips are exchanged and the holder is brought

back. As long as this procedure lasts, the target chamber needs to stay opened. This

time vanished, when the proposed holder is used. As in Figure 3.12 (a) shown, the holder

consists of a spacer tube, an Ip frame and a back plate. The Ips frame is bolted firmly

onto the rear grating frame of G2. The spacer tube provides enough space between the

Ip frame and the rear grating frame, so that it can be clamped onto the mounting socket

(see Figure 3.5). The Ip frame fits snugly in the notch between the Ip frame and the Back

plate. The slit between the back plate and Ip frame, see Figure 3.12 (b) can be sealed

when a small L-shaped aluminum sheet.

To exchange the Ip, it has to be pulled out and put into an x-ray cassette. During this

process the lights in the target chamber have to be turned off to avoid an extinction of the

Ip. Another advantage is the absence of any further covering material. The 8µm thick

aluminum foil is replaced with the waver of the grating G2. So, the absorption of ≈ 4 %

can be avoided.

(a) (b)
.
.

Fig. 3.12: (a) Expansion view of a possible improved Ip holder. (b) Render of the assembled view
of the improved Ip holder.
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A newly designed interferometer, equipped with gratings never tested before, is not ready

to use. It has to be tested and characterized before making quantitative investigations.

This requires a large number of different measurements. Two main focuses are set here.

The first focus is a general characterization of the interferometer and the gratings so that

the interferometer is brought to a level where it is ready to use. These experiments are

adapted to beam time experiment and aim to improve the imaging quality of the setup.

The second focus is the investigation of the reconstruction process for moiré imaging.

These experiments are independent from a specific application, and focus on a deeper

understanding of the moiré reconstruction process. The experiments build on each other

and use the results of the previous ones. At the end of each subsection a short summary of

the findings is given.

4.1 Evaluating possible grating combinations

For the portable interferometer two G1 gratings and four G2 gratings are available. The

gratings only differ in the used waver material and their characteristics, caused by the

fabrication process. An overview over all grating parameters can be found in table A.3

on page 88 in the appendix. With these gratings eight combinations are possible. Each

combination is investigated regarding their imaging quality. As a measure for the quality,

the visibility of the moiré fringes is chosen. The visibility of a moiré pattern depends on

the period (see [SGH+17]). By comparing the same relative positions between the gratings

G1 and G2, the best grating combination cen be determined. These measurements and

evaluations are performed for every grating combination with the acceleration voltages

25 kVp and 45 kVp. This makes it possible to check which effects different acceleration

voltages and thus different x-ray spectra have onto the visibility of the moiré pattern.

At first the interferometer needs to be adjusted. The actual grating structure is applied to

a thin waver that is ideally invisible to x-rays. To mount the grating into the frame, the

grating is clamped between two clamping frames (see Figure 3.5). The grating bars have

to be parallel to one side of the frame. The direction of the grating bars is marked on the

waver. The prepared grating frames are mounted into the interferometer. The calculated

distances between the source and the grating G1, d(Q,G1) and the distance between the

grating G1 and G2, d(G1, G2) need to be adjusted (see section 3.3). The distance d(Q,G1)

is set by placing the whole portable setup relative to the x-ray tube. This can be done on

a mm scale by measuring the distance with a measuring tape. To get the correct distance

between the two gratings, G2 can be moved with the horizontal linear stage. Now a moiré

pattern should be visible when the x-ray tube is turned on. If not, the distances are wrong
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Fig. 4.1: Moiré map of the grating combination G
(B)
1 , G

(C)
2 . The horizontal axis shows the change

of distance between G1and G2. The grating G2 is shifted by 0.5 mm between each
horizontal image. The vertical axis shows the relative angle α between the grating bars
of G1 and G2. G2 was tilted by 0.23 mrad between every vertical image. The colored
frames indicate which frames are used to determine the best grating combination. Own
figure and measurements, adapted from [SLA+19].

or the angle between the grating bars is too large. Assuming the distances are correct, the

angle between the grating bars has to be adjusted. The portable interferometer allows

a fine adjusting range of 8.1◦ by tilting the grating G2 with the vertical linear stage. If

the moiré periods get larger and smaller again, the grating is placed correctly into the

frame and the interferometer can be further adjusted. If the moiré period only gets larger,

smaller or is not visible at all, the grating G2 has to be rotated manually in the grating
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frame. The correct angle is found where the moiré period is at its maximum. Further, the

grating distance can be varied to enlarge the moiré period. This variation is usually in the

order of mm. The angle and the distances can be varied iteratively until the moiré period

does not get larger. In the following experiment, the positions of the correctly adjusted

interferometer are also called the optimal setting, d(G1, G2)opt and αopt.

This process is performed for all eight grating combinations. With the adjusted interfer-

ometer a moiré map can be acquired. The moire map gives a structured arrangement

of reference frames for one specific set of gratings (see [SLA+19]). Exemplarily a moiré

map for the grating combination G
(B)
1 and G

(C)
2 is shown in Figure 4.1. The map covers

a deviation in the grating distance of 3.5 mm on the horizontal axis and a change in the

grating angle of 2.06 mrad on the vertical axis. To acquire these images, the grating G2

is shifted by 0.5 mm between each horizontal image and tilted by 0.23 mrad between

each vertical image. By taking a look at a single reference frame it can be seen that not

all moiré fringes are straight. The period of the pattern also changes within one image.

This distortion is caused by small inaccuracies in the parallelism of the grating planes. In

addition it unfolds that due to the distortion of the moiré pattern the real optimal position

is hard to determine. For the shown moiré map the orange boxed image was taken to be

the maximum. Comparing this image with the one to the left side, the real maximum

could be in between.

Four points or relative axis positions were selected from the moiré maps to determine the

visibility. These selected points are colored and selected due to their position in the moiré

map. The orange framed image is the position, where the interferometer is best adjusted.

The green image shows a relative shift of G2 to the orange one, the blue one a tilting and

the red a combination of tilting and shifting. The periodicity of the moiré pattern is large.

The zeroth and first order peaks in the frequency spectra (see Figure 2.10) can not be

separated. The visibility can not be determined using the reconstruction algorithm. For

the selected reference frames the visibility is determined using Equation 2.24

V =
Imax − Imin

Imax + Imin
.

Imax and Imin were calculated by taking the average of four maxima and minima, respectively.

The error of the visibility was calculated by the standard error of the mean intensity values.

As can be seen in the reference images in Figure 4.1, shadowing occurs (see section 3.4).

Due to this effects the mean intensity is not constant over the whole image of the grating

surface. This effects the standard deviation and thus the standard error of Imax and Imin.

Thus the error of the visibility is also effect from the shadowing of the grating. All derived

visibility values are visualized in two bar charts in the appendix, fig. A.4 on page 85. But as

an equivalent result can be drawn from comparing only one specific reference frame, for the

sake of clarity only the image marked red in Figure 4.1 is used. The visibility of this frame
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4 Characterization of the interferometer

is shown in Figure 4.2 for all grating combinations. The vertical axis shows the visibility,

the horizontal axis all possible grating combinations. The blue bars show the visibility of

the moiré pattern with an acceleration voltage of 45 kVp and the orange bars the visibility

gained with the 25 kvP. For the first four bar combinations the G
(A)
1 was used. For the

remaining four combinations the G
(B)
1 was used. It can be seen that visibilities gained with

the phase grating G
(A)
1 tends to be lower. By comparing the combinations with G

(B)
1 , it

can be seen that G
(B)
2 has, for both acceleration voltages the highest visibility. The moiré

pattern resulting from G
(B)
2 and G

(D)
2 has a cloudy appearance (see table A.3 on page 88).

At these cloud structures the moiré pattern has small discontinuities. It is not known how

much these discontinuities affect the imaging at a backlighter source. Hence, the gratings

G
(B)
2 and G

(D)
2 are not considered any further. Due to fabrication issues the grating G

(A)
2

only has got a reduced grating surface and a wavy thickness. This renders the grating,

besides the lower visibility, less than ideal. The last remaining grating is the G
(C)
2 . So, the

combination G
(B)
1 and G

(C)
2 is chosen for the experiment at the Phelix facility.
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Fig. 4.2: Bar chart of the visibility of the red marked reference frame. The blue bars show the
visibility of the moiré pattern with an acceleration voltage of 45 kVp. The orange bars
mark the visibility gained with the 25 kVp. The error bars show the error of the visibility.

Looking back, it can be said that the choice was the right one. The cracks, in the grating

structure, can be removed almost completely during the reconstruction process (see [Sch21]).

The visibility values during the beam time experiment were ≈ 10%, low but, as will be

shown in section 5.3, sufficient to perform reconstructions. The apparent best grating

combination G
(B)
1 , G

(B)
2 was also used to image objects in the x-ray laboratory of the

45



4 Characterization of the interferometer

Ecap facility and during the beam time. In the x-ray laboratory of the Ecap facility the

cloudy appearance did not influence the quality of the recunstructed image. The cloudy

appearance could be removed completely during the reconstruction process. This did not

work for the images taken at the backlighter source. This is due to the fact, that the

position of the focal point of the backlighter source has a shot to shot fluctuation. For

further details and explanations see [Sch21].

In Figure 4.2 can be seen, that the visibility tends to be higher for the lower acceleration

voltage (orange bars) compared to higher 45 kVp measurement (blue bars). This tendency

can be verified for all examined frames, see Figure A.4. The x-ray spectrum with the 25 kVp

acceleration voltage has a lower energy spectrum compared to the 45 kVp [DM11]. This

lower energy spectrum has a higher photon flux at 12 keV, which is the design energy of the

interferometer. This observation indicates that the visibility is probably even higher at the

backlighter, where the dominant energy is between 11 keV and 12 keV (see section 3.3). As

the tendencies of the visibility is the same for the hight voltage, all following experiments

are done with a high acceleration voltage. At higher acceleration voltages a higher power

and thus a higher photon flux can be achieved. So, the measurement time can be reduced

by at least a factor two at even a higher photon flux.

For similar selection measurements in the future, the process described here could be

optimized. The visibility of the area on the moiré map, which is also used for imaging,

would be a more appropriate basis for selection. As will be derived in section 4.4, a tilting

of the grating G2, which is placed in the Talbot distance, provides moiré fringes with the

highest visibility. So, a moiré period of ≈ 5 pixel per period (ppp) adjusted by tilting

the G2 is an adequate area to compare the gratings adequatly. So, the reconstruction

algorithms could be used to determine visibility, which is, in comparison to the manual

determination, more percise.
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4.2 Curved grating frames

In Figure 4.1 further observation can be made in addition to the change of the moiré

pattern. Every single image turns black towards the right side. The measured intensity

decreases towards this side. This effect can be explained by shadowing effects from the

grating G2 (see section 3.4). X-ray backlighter and common x-ray sources have a focal

spot. They emit the x-ray radiation in a cone beam geometry. So, a flat G2 grating, as it

was used for acquiring the moiré map, does not match the geometry of the x-ray beam.

The incident angle of the x-rays is not constant over the whole grating surface. For a round

grating with a diameter of 70 mm and a distance to the source of 871 mm, the incident

angle would be 90◦ in the middle and 87.4◦ on the edge. Due to the 150µm high grating

bars and the period of 6µm even small deviations from a perpendicular incident angle

causes shadowing (see Figure 3.9 (b) ). To avoid this, the G2 grating has to be bend. With

this setting the photon flux at the edges of the grating is increased. This increases the area

of high visibility (see [Sch16]). In this section flat and curved grating frame are investigated

regarding their effect on shadowing. This is done with the chosen grating G
(C)
2 . For this

experiment the grating G1 is removed. The grating G2 is placed at the optimal of 871 mm

in front of the x-ray source. The detector is placed 200mm behind the grating.

The flat grating frame is investigated in two orientations. In one orientation the grating

surface faces towards the detector and in the other towards the x-ray tube. This makes

it possible to check whether the grating in the flat grating frame is also flat. Figure 4.3

shows this comparison. On the left side two radiographies can be seen. The upper shows

the configuration, where the grating faces the detector. The lower shows the x-ray tube

facing configuration. The colorbar to the right shows the color code of the intensity. The

grating and the relevant area is delimited by the yellow circle. Comparing the inner circle

with the color bar, it can be seen tat the intensity values are not uniformly distributed.

This is caused by the grating. On the horizontal axis, the intensity is low on the left and

right side and increases torwards the middle. This is the shadowing effect (see section 3.4).

Along the vertical axis the intensity is almost constant over the entire grating surface.

This effect can be explained with the geometry of the grating. The grating bars and the

gaps between the grating bars are extended along the vertical axis. So, x-rays with any

incident angle can pass the grating, as long as they are parallel to the grating bars. Hence,

only the incident angle of the ray perpendicular to the grating bars is essential for the

arising shadowing. Comparing the two images with the naked eye, it can be seen that the

upper figure has a wider range of high intensity. This is investigated in a more quantitative

manner with the line plot on the right side. This line plot shows the mean intensity

values of the framed area in the radiographs. The blue markers are the detector facing

configuration and the red the x-ray tube facing configuration. The error bars indicate the

standard deviation. Both configurations have almost the same maximal intensity. But the
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intensity distribution of the detector-facing configuration has a wider area of high intensity.

The detector facing configuration meets the cone beam geometry better than the x-ray

tube facing configuration. With this result it can be assumed that the grating is not flat.

The flat grating frame does not manage to straighten the whole grating.
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Fig. 4.3: Left side: Radiographs of the grating G
(C)
2 in a flat grating frame. In the upper figure

the grating surface faces the detector, in the lower the x-ray source. The colored frames
mark the area used to generate the line plot on the right. This area spans 100 pixels
vertically and the whole grating horizontally.
Right side: Mean intensity values of the selected areas. The error bars indicate the
standard deviation.

The insights gained will be used for the experiment with the curved grating frame. To

increase the intensity and reduce the shading, the already existing curvature of the grating

is increased. This should prevent possible damage to the grating. The experiment with the

straight grating frame already showed that the grating frame does not influence the shape

of the grating sufficiently. The grating frame does not force the grating into a straight

shape. Therefore, the clamping surface of the curved grating frame will be increased. For

this purpose the recess is reduced from 90 mm to 80 mm. This almost doubles the clamping

surface. This may increase the influence on the grating. The shadowing effect only occurs

perpendicular to the grating bars. Hence the grating frame must only meet the curvature

of the beam perpendicular to the grating bars. The two investigated grating frames have a

curvature of 726 and 871 mm. The evaluation is done in the same way as for the straight

grating frames. Figure 4.4 shows the results, ordered in a similar way as explained above

for Figure 4.3. The left upper image shows the radiograph for the frame with a curvature

radius of 726 mm. The lower image for the frame with a radius of 871 mm. The overall

appearance of the illumination is the same for both combinations. The whole left side of
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4 Characterization of the interferometer

the grating is not illuminated well compared to the right side. On the right side an area

has formed where the intensity is high. The location of this area is not the same for the

two grating frames. For the upper image the area is located in the right upper corner, for

the lower image in the center right. Comping these images with the one in Figure 4.3 it

can be seen that the dark blue areas become partially light green and yellow. This can

be verified with the lineplot on the left side of Figure 4.4. The overall shape of the line

plots look the same for both curved grating frame. It is noticeable that there is no longer

a prominent maximum in the middle of the grating. The maximum has shifted to the right

side and looks like a plateau. On the left half of the grating there is a distinct minimum.
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Fig. 4.4: Left side: Radiographs of the grating G
(C)
2 in the curved grating frame. In the upper

image the used grating frame has a radius of 726 mm, in the lower figure 871 mm. The
colored frames mark the area used to generate the line plot on the right. This area spans
100 pixels vertically and the whole grating horizontally.
Left side: Mean intensity values along the horizontal axis. The colored boxes in the
radiograph mark the plotted Roi. The error bars indicate the standard deviation.

Both curved grating frame increase the mean intensity. But the intensity distribution and

thus the curvature of the grating does not follow any obvious rule. Further was observed,

that the conductive varnish waver of the grating G
(C)
2 changed its shape permanently

with every clamping trial. This increases the unpredictability of the bending behavior

of the grating. Next to the unpredictable bending behavior of the grating, it turned out

that the grating frames were not solid enough. While bolting the grating frames together,

the aluminum itself starts loose its initial shape. New grating frames are designed to

avoid this issue. Due to manufacturing limitations the construction material could no be

replaced by a more ductile steel. As the grating mounting socket is able to hold frames

of various thicknesses, the thickness of the grating frames was increased by 3 mm (see
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Figure 3.5). The bolts, which were initially placed in the corners of the grating frame are

placed closer to the grating waver and the number of bolts is doubled. This should lead

to a higher and better distributed pressure. The newly designed grating frames weren’t

manufactured in time to test them before the beam time experiment took place. After

the beam time it was not possible to remove the gratings from the used grating frame, as

an important comparative measurements still has to be done. So, it was not possible to

test the new grating frame within this thesis. For the beam time and further experiments

the configuration flat grating frame with the grating surface pointing towards the detector

was selected. This choice was made with the focus on the most homogeneous intensity

distribution possible.

If similar experiments will be done in the future, the following things should be kept in mind:

Reducing the numbers of bending iterations might be beneficial for the grating structure

and the predictability of the bending behavior. If gratings are bent, it is conceptional

better to bend the grating in such a way, that the grating surface is on the outside of the

radius. Therefore, the grating structure gets stretched and not compressed. Maximizing

the clamping surface and increasing the stiffness of the grating frames may help to imprint

the desired shape onto a grating.
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4 Characterization of the interferometer

4.3 Comparing reconstruction methods

In this section the performance of two reconstruction methods is compared. To evaluate

these methods, the retrieved visibility, the transmission and Dpc images are compared.

This is done by comparing the appearance of the images with the naked eye. Followed by

a detailed and more quantitative investigation of a selected range of interest (Roi).
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Fig. 4.5: Schematic sketch of the different ways to cut the spectra of the object and reference
frames in Fourier space. The left picture shows how Takeda in 1982 suggested the
cut (Old method). The right image shows, the method suggested and implemented by
Seifert (New method). The grayed out areas of the spectrum are removed. An detailed
explanation of the spectra is given in subsection 2.3.3.

To reconstruct the transmission, Dpc and dark-field image, the thereof acquired object and

reference frame need to be processed in the Fourier space. This requires isolating specific

areas in the Fourier transformed images (see subsection 2.3.3). This isolation is done with

masks. Masks are matrices with the pixel dimensions of the image. The values in the mask

ranges between zero and one. By multiplying this mask with the image, the pixel values

multiplied by zero are set to zero. With specifically designed masks the zeroth and first

order peaks are isolated. Two different approaches are available to isolate these required

areas. The first approach follows the one published by Takeda in 1982 [TIK82], which in

the following is referred to as the old method. The other was invented in 2018 by Seifert

[SGL+18], which in the following is referred to as the new method. Figure 4.5 visualizes

the areas in frequency space that are selected by the two methods. The left column shows
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4 Characterization of the interferometer

the approach of the old method, the right column shows the approach of the new method.

The first row shows the area, which is selected around the zeroth order peak. The second

row shows the same for the first order peaks (see subsection 2.3.3). The old method only

selects a small area around the required order. The remaining spectrum is removed. the

new method removes the area, which is explicitly not required. If, for example, the zeroth

order is required, only an area around the first order peaks is removed. So, the new cut

keeps the high frequencies in the spectra.
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Fig. 4.6: (a) Object measurement of a hole target. The yellow frame marks the area of recon-
struction. The purple dashed rectangle marks the Roi which is used for the detailed
comparison. (b) Arithmetic mean of the visibility in the in (a) marked purple area,
plotted over the moiré period. The error bars indicate the standard deviation of the
visibility in the Roi. The green highlighted measurement points are used exemplarily for
the further comparisons.

The two methods are compared concerning their performance of reconstructing images,

which were acquired at different moiré periods. The performance of the methods is

compared by examining the quality of the reconstructed transmission and Dpc images.

The transmission image is reconstructed using only the zeroth order. For the Dpc image

only the first order is used. By comparing both image modalities, the isolation process of

the zeroth and first order can be verified. Therefore a hole target was imaged. The target

is made of a polyacrylic mixture and was produced by stereolithography. It measures

40 × 40 mm and is 2 mm thick. The through holes in the target have different diameters

and rounded edges. A detailed examination and characterization can be found in [Die19].

16 different moiré periods in the range of 5 to 22 ppp are adjusted. The moiré periods

are set by changing the angle α between the gratings while maintaining the optimal

distance between the two gratings. For every adjusted moiré pattern a reference and

object frame is necessary. The hole target is mounted on a linear stage, so that it can be

moved automatically. The acceleration voltage was set to 45 kVp with a power of 4 W in

52



4 Characterization of the interferometer

microfocus mode. For every reference and object measurement 6 frames with an acquisition

time of 5 s are taken. Figure 4.6 (a) shows exemplarily one of the 15 object measurements.

The moiré stripes are horizontally orientated. The circles in the image are caused by

the through-holes of the target. At the left and right side shadowing can be seen (see

section 4.2). The yellow rectangle marks the area where the reconstruction is performed.

The purple rectangle marks the Roi, which was chosen for the comparison. To assure that

only the selection method differs in the reconstruction process, a script is used, that can

use both the new and old method. With this script, the visibility, the transmission and

the Dpc images are reconstructed. In the following the determined visibility of the moiré

pattern is compared.
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Fig. 4.7: Transmission image of the full reconstruction area. The upper half of the image is

reconstructed with the old method, the lower half with the new method. The adjusted
moire period increases from left to right.

Figure 4.6 (b) shows the mean visibility of the purple Roi, plotted over the adjusted moiré

period. The old method is plotted in blue, the new method in red. The y-error bars

represent the standard deviation of the visibility in the purple Roi. The horizontal axis

shows the real moiré period pG2
m , back projected into the plane of the G2 grating. This is

calculated according to the intercept theorem by

pG2

m =
pDet

m · (d(Q,G1) + d(G1, G2))

d(Q,Det)
, (4.1)

with pDet
m being the moiré period in the detector plane, d(Q,G2) and d(Q,Det) as the

distance between the source and the G2 grating and the source and the detector. The error

of the moiré period in the G2 plane pG2
m is calculated using Gaussian error propagation.

For the determined moiré period pDet
m an error of 0.1 ppp was assumed. For the distances
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d(Q,G1) and d(G1, G2) a systematic reading error of 2 mm was assumed. The error of the

distance d(Q,Det) was assumed to be 0.3 mm. For the investigated Roi, both methods

lead to the same visibility values with a deviation in the promill range. The standard

deviation of the visibility is systematically higher for the new method. The sharpness, as

will be seen in the comparison of the transmission image, of the images reconstructed with

the new algorithm is higher compared to those with the old algorithm. This difference

results in a higher standard deviation. The visibility increases with the moiré period, but

flattens significantly above a period of 15 ppp. This overall shape is in agreement with the

measurements performed in [SGH+17]. Since the visibility does not allow any statement

about the image quality, the transmission image is examined in the following. Therefore

the three green highlighted measurements in Figure 4.6 (b) are exemplarily compared and

investigated.
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Fig. 4.8: Left: Reconstructed transmission images of purple Roi in Figure 4.6. The left column
was reconstructed with the new method, the right column with the old method. The
moire period increases from top to bottom. The frames mark the chosen Roi, which is
used to generate the line plot on the right side. The Roi spans 3 Pixels vertically and
the whole image horizontally.
Right: The line plot shows the arithmetic mean of the Roi. The horizontal axis show
the relative transmission

Iobj

Iref
. The error bars indicate the standard deviation.

The hole target covers the yellow area in Figure 4.6 (a). So, no outer edges will be visible

in the reconstructed images. The transmission image should theoretically have the same

relative intensity wherever the material of the hole target is. At the positions of the holes

the relative intensity should be one. Figure 4.7 shows three transmission images. These

images show the yellow Roi in Figure 4.6 and were exemplarily chosen (green frame marks
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in (b) ). The adjusted moiré period increases from left to right and are stated above the

images. Every image is split into an upper and a lower part. The upper half shows the

image reconstructed with the old method, the lower half shows the image reconstructed

with the new method. Comparing the halves of the left images with the naked eye, the

lower image seems to be sharper. By comparing these images with the one in the middle,

it can be seen that the image, reconstructed with the old method looses sharpness. The

lower half of the image is still sharp, but a periodic structure overlays the whole image.

This periodic structure is orientated the same way as the moiré period and has a similar

periodicity. By increasing the moiré period to 22.4 ppp these observed effects increase. The

upper image seems soft drawn along the vertical axis. Some of the holes are no longer

recognizable as such and some smear into each other. The lower image now has a very

prominent wave pattern, but the image is still sharp. Comparing all images with the

above stated theoretical expectation, the one with the smallest adjusted moiré period is

best suited. All holes have a relative transmission of > 99 %, which is equivalent to full

transmission. The material of the hole target shows a uniform absorption of ≈ 13%. The

periodic structure, which occurs in the transmission image, which was reconstructed with

the new method, is an artifact. This artifact can be explained by taking a look into the

frequency space (see fig. A.5 on page 86). The chosen size of the mask for isolating the

zeroth order is too small. The first order peak is not fully removed.

The large reconstructed area was investigated and compared, now a zoom is made to

examine one single hole in a more quantitative manner. Therefore, the purple marked Roi

(see Figure 4.6) is investigated. This is done in two steps. First comparing the appearance

of the zoomed images. Then comparing the pixel values of a small Roi. This can be seen

in Figure 4.8. The figures on the left side, the line plots on the right. The left holes are

reconstructed using the new method, the right images with the old method. The period

increases from top to bottom. Taking a look at the upper images, it can be seen that even

with the smallest adjusted moiré period the right image is clearly fuzzier compared to the

left one. This fuzziness leads to a smoothing of the intensity values along the vertical axis.

The image on the left is more noisy compared to the right one.

The frame indicates which pixels are used to generate the line plot on the right. In the

line plot the horizontal axis indicate the position in the corresponding image on the left.

The vertical axis shows the relative transmission. The blue markers are the old method,

the red the new one. The relative transmission values are calculated using the arithmetic

mean. The errorbars represent the standard deviation. Just as for visibility, the standard

deviation is higher with the new method (compare Figure 4.6 (b) ). The graphs in the first

line match good. The difference between the new and the old method increases for higher

adjusted moiré periods. By taking a closer look at the red values in the first line a small

oscillation of the values can be seen. Again, this frequency has approximately the same

period as the adjusted moiré period.
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Fig. 4.9: Dpc image of the full reconstruction area. The upper half of the image is reconstructed
with the old method, the lower half with the new method. The adjusted moire period
increases from left to right.

The comparison indicates two tendencies. Smaller moiré periods lead to a better image

quality. The given reconstructions allow the assumption that the new method provides

clearer images.

With the absorption images, an image has already been isolated that is probably the best.

The Dpc image is examined below. Since the Dpc image is reconstructed only from first

order peaks, it can be examined whether the previous result can be confirmed. The Dpc

measurement is only sensitive to gradients of the electron density perpendicular to the

grating bars (see Equation 2.33 and eq. (2.34) on page 23). Assuming a constant electron

density for the material, the Dpc measurement reacts sensitively to changes in thickness.

This means for the hole target, that only the round corners of the holes are visible in the

Dpc image.

The structure of the two following figures is analogous to the figures of the transmission

image comparison. At first a comparison of large field of view images is done, followed by

a zoom in to one hole, which is additionally evaluated with a line plot. Figure 4.9 shows

the large field of view reconstructed Dpc images. The appearance of the images is similar

to the transmission images, compare Figure 4.7. The images reconstructed with the old

method are not as sharp as the one reconstructed with the new method. The fuzziness of

the upper images increases with the period of the adjusted moiré pattern. In the images,

reconstructed with the new method, a hardly visible periodic pattern appears for larger

moiré periods. As similarly to the transmission image, the reconstructed images with the

smalls adjusted moiré period seem to have the best image quality, they are compared

with the theoretical expectation. As expected, there is no phase shift apparent, except
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Fig. 4.10: Left: Reconstructed Dpc images of purple Roi. The left column was reconstructed with
the new method, the right column with the old method. The moire period increases
from top to bottom. The frames mark the chosen Roi, which is used to generate the
line plot on the right side. The Roi spans 3 Pixels vertically and the whole image
horizontally.
Right: The line plot shows the arithmetic mean of the Roi. The error bars indicate the
standard deviation. The large error bar in the middle red line plot comes from a single
pixel. At this point the reconstruction did not work.

for the edges of the holes. Apparently there is no difference whether the material has a

constant thickness or whether there is no material at all. On one side of the hole a negative

Dpc phase shift is measured, on the other a positive phase shift. This means, that the

thickness decreases on one side and gets thicker on the other side. This is in agreement

with the theoretical expectations of the hole target. The directional sensitivity of the Dpc

measurement can be seen in Figure 4.10 on the zoomed images on the left. The black

and yellow c-shapes, which form the circle, are most clearly visible at the outer right and

left edges. The visibility of the colors decreases towards the top and bottom. The Dpc

signal decreases. This can be explained by the orientation of the thickness gradient. The

thickness gradients of a through hole with rounded edges point into the center of the hole.

As the Dpc measurement is only sensitive perpendicular to the grating bars, only the

fraction of the gradient, that is perpendicular to the grating bar can be measured. So, the

measured gradient is the strongest in the middle of the circle and decreases to the top

and the bottom. The just described black and yellow c-shapes are for the reconstructed

images with the old method even for the smallest adjusted moiré period hardly visible. For

higher moiré periods the shape is completely lost. With the new reconstruction method,
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4 Characterization of the interferometer

the circle keeps its shape also for larger adjusted moiré periods. This is investigated in a

more quantitative manner with the line plots on the right side of Figure 4.10. The frame

indicates which pixels are used to generate the line plot. The graphs match for all adjusted

moiré periods good. It is remarkable that the maximum amplitude of the differential phase

decreases with increasing moiré period. This phenomenon was also observed and discussed

in [SGL+18]. As for the transmission image, a wavy structure is visible in the red graphs

too. However, this is not as strong as in the transmission image.

The comparison of the Dpc images confirmed the tendencies observed with the transmission

image comparison. Smaller moiré periods lead to a better image quality and the new

method provides clearer images.

From the comparison it can be concluded, that the new reconstruction method combined

with small moiré periods leads for the investigated hole target to the best image quality.

For larger moiré periods the images reconstructed with the new method show an artificial

periodic structure. The images reconstructed with the old method are generally more fuzzy.

For lager moiré periods the initial shape is not identifiable. In this thesis the new method

is used for the reconstruction. It is important to keep in mind, that this result can not be

extrapolated to a general statement. For other targets the artificial periodic structure may

not occur or the old cut is not as fuzzy as it is for this target.

For future measurements with the moiré method the following points should be considered.

A moiré period of larger than 5 ppp in the G2 plane should not be significantly exceeded for

both algorithms. This is in agreement with the limit suggested in [SGH+17]. According to

[Gal17] the visibility of the moiré pattern decreases in the low range of one digit significantly.

So the moiré period should not be chosen much smaller than 5 ppp. If a comparison between

the two cut is done for other targets, it is sufficient to do this for one measurement with

the optimal moiré period of ≈ 5 ppp.
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4 Characterization of the interferometer

4.4 Optimizing the visibility of the moiré fringes

According to [Rie17] a high visibility of the moiré fringes increase the image quality. In

this section the moiré visibility of the grating combination G
(B)
1 and G

(C)
2 is investigated.

This is done for a constant moiré period of 6.6 ppp. As the desired period can be acquired

with different grating positions, 28 different positions are set.

The investigated moiré period is the same as the one set during the experiment at the

Phelix facility. So, possible systematical effects can be investigated which might also

influence the moiré visibility systematically at the Phelix facility. The experimental

parameters as x-ray tube settings, distances and detector parameters are the same as in

section 4.3.

There are numerous ways to set the same moiré period using different positions of the

linear actors. For this experiment 28 combinations are calculated. The connection between

the moiré period pm and the movement of the grating can be calculated according to

Equation 2.22 by

pm =
p

T
p

G2
√

p2
T

+ p2
G2

− 2p
T
p

G2
cos(α)

,

with p
T

as the period of the Talbot pattern, p
G2

as the period of the Grating G2 and α

the relative tilting angle between the grating G1 and G2. The Talbot period p
T

is adjusted

by changing the distance between the two gratings d(G1,G2). This leads according to the

intercept theorem to different magnification and thus to an other period of the Talbot

pattern. The Talbot period p
T

can be expressed as

p
T

=
p

G1

2
·
d(Q,G1) + d(G1,G2)opt + ∆movhoriz

d(Q,G1)
, (4.2)

with p
G1

the period of G1, d(Q,G1) the distance between the x-ray source and the Grating

G1, d(G1,G2)opt the optimal distance between the two gratings and ∆movhoriz the movement

of the horizontal linear stage. The angle α is changed by tilting the grating G2. This

change can be expressed as

α = arctan

(
∆movvert + ∆movoffst

d(piv, la)

)

− arctan

(
∆movoffst

d(piv, la)

)

, (4.3)

with ∆movvert the movement of the vertical linear stage, ∆movoffst as a constant offset

and d(piv, la) the distance between the tilting axis of the G2 platform and the resting

point at the linear stage (see Figure 3.4). With the rear therm of the equation, a tilt of

the G2 platform at the optimum point is taken into account. ∆movoffst corresponds to

the required travel distance until the G2 platform is in horizontal position. By inserting

Equation 4.2 and Equation 4.3 into the equation for the moiré period pm (Equation 2.22),

the moiré period can be expressed with movements of the linear stages.
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4 Characterization of the interferometer

The result of this equation is displayed in Figure 4.11. The horizontal axis shows the

relative movement of the horizontal linear stage ∆movhoriz, which corresponds to the

distance change of the grating. The vertical axis shows the movement of the vertical linear

stage ∆movvert. A movement of the vertical linear actor causes a tilting of the grating

G2 and thus the angle changes. The horizontal zero point denotes the distance where

the grating is optimally adjusted (see section 4.1). Positive values of ∆movhoriz show an

increasing distance between the gratings G1 and G2. At the horizontal zero point the angle

between the two gratings is zero (see section 4.1). Positive values of ∆movvert show an

movement of the vertical stage upwards. This is in propagation direction of the beam a

clockwise tilting of the grating. In this coordinate system the moiré period is shown with a

color code. The colorbar is shown on the right side. The measuring points are arranged on

the coordinate system depending on the movement. The points are ordered symmetrically

around the horizontal and vertical zero axis. They are lined up like a chain on the 6.6 ppp

contour line.
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Fig. 4.11: Visualization of the chosen measurement points for the visibility optimization. The
plot shows the moiré period pm relative to the movement of the horizontal and vertical
linear actor. The red crosses mark the measurement positions. All crosses yield the
same moiré period 6.6 ppp, but with different positions of the linear stages.

All measurement points shown in Figure 4.11 are evaluated regarding their visibility. The

visibility is evaluated for the Roi, marked yellow in Figure 4.6. The results are shown in

Figure 4.12. The horizontal and vertical axis match with the axis in Figure 4.11. The red

crosses are replaced with corresponding visibility values, located on the same position in

the coordinate system. The color code indicates the mean visibility. To every measurement

point the determined moiré period is given nearby. The error to the stated period is 0.1 ppp.

This error is calculated using Gaussian error propagation, with the same assumptions
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4 Characterization of the interferometer

for the uncertainties made in section 4.3. On the left side the visibility is between 0.09

and 0.10. These points have the lowest visibility values in the figure. On the right side

the visibility is between 0.11 and 0.12 . So, there the visibility is also low, but slightly

higher than on the right side. Looking at the range of ∆movhoriz = [−5 mm, 5 mm], the

visibilities tend to be higher. In the upper, middle area, the values reach up to ≈ 0.12.

In the lower, middle area the visibility reaches up to ≈ 0.13. These high visibility values

are reached when the distance between the grating G1 and G2 is slightly larger than the

optimal distance. Generally the visibility values decrease with increasing |∆movhoriz|. It is

noticeable that the visibility values for ∆movvert = 0 mm deviate from this trend. This can

be explained with the cracks in the G2 grating structure. If the grating G2 is only shifted,

the moiré pattern is parallel to the cracks. Therefore, the moiré pattern overlays with the

cracks. The reconstruction algorithm treats these structures as a part of the moiré pattern

and the visibility is falsely higher.
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Fig. 4.12: Visualization of the determined visibility values for different grating orientations. The
plot shows the moiré visibility relative to the selected positions of the horizontal and
vertical linear actor. The numbers show the experimentally determined moiré periods
in ppp, back projected in the G2 plane. The error of the period is calculated to 0.1 ppp.

By taking a look at the determined moiré periods, it can be seen, that the periods differ in

some places from the theoretically expected values. In the left upper part of the circle, the

theoretically expected value for the moire period is not within the range of the calculated

error of 0.1 ppp. One probable explanation for this is that the optimal position d(G1, G2)opt

and αopt is not exactly correct. An offset in either the optimal distance and/or the angle

result according to Equation 4.2 and Equation 4.3 can cause a shift in the moiré periods.

Still, the moiré period is constant constant over a wide range of motion for a negative
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4 Characterization of the interferometer

values of ∆movvert. Therefore, the difference in the visibility values can not be explained

with the differing moiré period. An apparent explanation of the changes in visibility is

related to the Talbot carpet. The interferometer is designed in a way, that the Talbot

pattern is, for the design energy, the most visible at the optimal distance between the

two gratings d(G1, G2)Opt (see section 2.3.1 and section 3.3). By moving away from this

optimal distance, the visibility of the Talbot pattern and thus the visibility of the moiré

pattern should decrease. Further can be seen that the visibility values are systematically

lower for negative values of ∆movhoriz, compared to positive values. Two explanations are

conceivable. Probably the visibility of the Talbot carpet does not decrease symmetrically

around the optimal point d(G1, G2)Opt. Alternatively, the magnification of the grating G1

into G2 may also play a role. For negative values of ∆movhoriz the period of the Talbot

pattern is smaller than the period of the G2. For positive values of ∆movhoriz, the period

is larger. This might influence the visibility. The difference between the negative and

positive tilt cannot be explained this way. For both positions the distance between the

grating G1 and G2 is identical. A possible explanation for this observation would be that

the G2 grating has slightly varying parameters over the area. These variations can arise

due to the fabrication process. By tilting the grating, different areas of the G2 grating are

investigated. Therefore, a possible explanation is that some areas of the G2 grating fit the

G1 better in some places than in others.

It can be concluded, that with the investigated setup the highest visibilities can be achieved

by tilting the grating in the negative direction and shifting the grating to slight positive

values of ∆movhoriz. For the Phelix experiment can be concluded, that tilting the grating

in negative direction is preferable compared to a positive tilt.
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4 Characterization of the interferometer

4.5 Area of reconstruction and the impact on the reconstructed

images

Grating based phase contrast imaging can be only done where the grating structures of G1

and G2 overlap. The portable interferometer has a sensitive area of ≈ 25cm2. Some objects

are small and do not cover the whole sensitive area. In this case the reconstruction area can

be chosen freely. The reconstruction area can be chosen narrow around the object, loosely

fitting or spanning the whole sensitive area. In this section it is investigated whether the

mere choice of the reconstruction area influences the reconstructed image.
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Fig. 4.13: Object frame of the hole target with a visualization of the three different reconstruction
areas. The areas are marked exemplarily in an object frame. The purple framed area is
the Roi, which is used to compare the reconstructed images.

For this investigation three reconstruction areas are chosen. They differ in shape and size.

These three areas are reconstructed and compared in a small Roi. This Roi lies in each of

the reconstruction areas. This evaluation is done for the 28 measurement points shown in

Figure 4.11. The three used reconstruction areas and the Roi are shown in Figure 4.13.

The green, cyan and red frames enclose the reconstruction areas. The purple frame encloses

the Roi.

In this Roi the mean visibility, the transmission image and the Dpc image is compared.

At first the mean visibility values are compared. The results are shown in Figure 4.14.

Each box indicates one measurement. The measurements is similarly performed as the

ones used in section 4.4. The horizontal axis shows the relative movement of the horizontal

linear stage ∆movhoriz. The vertical axis shows the movement of the vertical linear stage

∆movvert. For every measurement point three visibility values are determined resulting

from the different reconstruction areas. These values are printed onto each other. The
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Fig. 4.14: Visualization of the determined visibility values for different orientations of the grating
and different reconstruction areas. The figure shows the moiré visibility relative to the
selected positions of the horizontal and vertical linear actor. The results of the different
reconstruction areas are printed into each other. The two framed measuring points are
examined exemplarily.

square marker corresponds to the green reconstruction area shown in Figure 4.13. The

diamond shaped marker corresponds to the cyan reconstruction area and the round marker

to the red reconstruction area. The code indicates the mean visibility. Dark red refers to

a visibility of 0.16, dark blue to a visibility of 0.09 . Only the different visibility values

within one measuring point is compared. It can be seen that ten measurement points don’t

show any or hardly any difference in the determined visibility. The remaining fourteen

measurements show a difference in the visibility. This difference is for some points stronger

than for others. The most and largest differences can be seen between the visibilities of

the green area, compared to the cyan area. A difference between the cyan and the read

area appears only a few times. A difference in the visibility between all three areas is

hardly observable. It is remarkable that the differences almost exclusively occur outside the

optimal distance d(G1, G2)opt. For negative values of ∆movvert, the visibility values differ

more and often, compared to positive values of ∆movvert. The visibility values already

indicate, that the selection of the reconstruction area might effect the reconstructed images.

Hence, two measurement points are selected for further investigations. These points are

selected with respect to the deviation in the visibility. The first point does not show a

significant difference of the visibility within the investigated Roi. The second point shows

a difference. In Figure 4.14 the first point is pink framed and the second is blue framed.

For these points the visibility values are stated in appendix A on page 89 in the appendix.

It is remarkable that the color code is very sensitive to small deviation. Even deviations in

the sub per mille are visible.
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Fig. 4.15: The upper half of the figure shows the evaluation of the pink marked Roi in Figure 4.14,
the lower the blue marked.
Left: Reconstructed transmission images of purple Roi. The images are generated from
the same measurements but with different reconstruction areas, see Figure 4.13. The
frames mark the chosen Roi, which is used to generate the line plot on the right side.
The Roi spans 3 Pixels vertically and the whole image horizontally.
Right: The line plot shows the arithmetic mean of the Roi. The error bars indicate the
standard deviation. A slight offset is added to the x-values for a better comparability.

In the next step, the transmission and Dpc images are compared. This is done for the

two selected measurement points. The comparison is done in two steps. At first the mere

appearance of the reconstructed images are compared. Then pixel values of a small subarea

are compared. This is done with a line plot. This comparison is combined for transmission

image in Figure 4.15. The upper half of the figure shows the pink marked measurement

point, the lower half the blue measurement point. At first the pink framed measurement

point is investigated. The first image on the left side shows the reconstruction of the green
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4 Characterization of the interferometer

area. The second shows the cyan and third image shows the red area. Comparing the

three transmission images with the naked eye no difference can be seen. So, a more precise

comparison is done. The line plot on the right shows the mean values of the framed area in

the images on the left. The errorbars represent the standard deviation. The horizontal axis

of the line plot indicates the position in the corresponding image on the left. The vertical

axis shows the relative transmission. The colors of the markers match with the color of the

frames on the left. The three relative transmission values match within tiny fluctuations

of ≈ 0.005 % well. The standard deviation is also almost the same. So, no differences

can be observed between the three relative transmission values. This corresponds to the

circumstance, that the visibility values are also the same at this point.

Moving on to the lower half of Figure 4.15, the blue framed measurement. Again, the

three transmission images on the left side look the same. By taking a look at the line

plot on the right side a deviation of the relative transmission can be seen. While the

relative transmission values and the standard deviation of the cyan and red area are almost

identical, the transmission values of the green reconstruction area differ from the two other

values at two ranges. The deviations are located on the left side just before the relative

transmission increases (pixels 10 to 18) and on the right side in the range of decreasing

relative intensity (pixels 60 to 75). The differences between the relative transmission

values are in the order of ≈ 0.03 %. The hole target decreases the relative transmission of

≈ 0.125 %. Comparing this value with the difference of ≈ 0.03 %, the deviation is small.

The same comparison is done for the Dpc images. Figure 4.16 shows the same evaluation

of the Dpc images, as already explained for the transmission image in Figure 4.15. At

first the pink frame measurement is compared (upper half of the figure). The three Dpc

images on the left side look the same. The line plots of the differential phase on the right

side also match. The difference between differential phase signal of the cyan and red area

fluctuates by ≈ 0.015 rad. The differential phase signal of the green area fluctuates relative

to the cyan and red area on average by about ≈ 0.025 rad. At the positions of the peaks,

the fluctuation increases up to ≈ 0.1 rad. By taking a look at the figure, the deviation is

hardy noticeable. For all three reconstruction areas the calculated standard deviation is

within a fluctuation of ≈ 0.005 rad almost the same. So, no significant differences between

the three differential phase signals can be seen.

Now the blue framed measurement is compared. The three Dpc images on the left side

look the same. Evaluating these images in the framed area with the line plot on the right

side, differences in the differential phases can be seen. While the differential phase of the

cyan and red reconstruction area is within a deviation of ≈ 0.1 rad almost the same, the

differential phase of the green area differs from the two. This deviation is significantly

visible in the two peaks. In the first peak the lowest differential phase signal of the green

area is −0.51 rad and for the two other areas −0.31 rad. The amplitudes differ by 0.2 rad.

In the second peak the highest differential phase signal of the green area is 0.94 rad and
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Fig. 4.16: The upper half of the figure shows the evaluation of the pink marked Roi in Figure 4.14,
the lower the blue marked.
Left: Reconstructed Dpc images of purple Roi. The images are generated from the
same measurements but with different reconstruction areas, see Figure 4.13. The frames
mark the chosen Roi, which is used to generate the line plot on the right side. The Roi
spans 3 Pixels vertically and the whole image horizontally.
Right: The line plot shows the arithmetic mean of the Roi. The error bars indicate the
standard deviation. A slight offset is added to the x-values for a better comparability.

for the two other areas 0.78 rad. Here, the amplitudes differ by 0.16 rad. This difference is

visible in the numbers and is also significantly visible in the line plot of the differential phase.

Outside of the peaks the deviation between the green and the two other reconstruction

areas is ≈ 0.05 rad. Still, for all three reconstruction areas, the standard deviations is

within a deviation of ≈ 0.01 rad the same.
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By taking a look at the line plots of the blue and pink framed measurements, it can be

seen, that the line plots differ in their appearance. This difference is significantly larger

compared to the differences that result from the choice of the reconstruction Roi. The

systematic investigation of this effect is in not done in this thesis, as this would be beyond

the scope of this thesis.

The comparison of the visibility, the transmission and Dpc image shows, that the re-

construction area influences the reconstructed images. This statement was verified by

investigating further measurement points. Hence, the tendency can possibly be expended

to a more general statement. A difference in the Dpc and transmission image is noticeable

in the measurement points, where the visibility shows a difference. For all measurements

investigated here, the overall appearance of the reconstructed images is not influenced.

So, if the reconstruction images are only required for qualitative statements, the effect

is negligible small. The observed difference becomes more relevant when quantitative

statements are made. This is of special interest where e.g. unknown plasma density

distributions in shocked matter is investigated with GbPci.
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5 Application at the beam time experiment

In the previous two chapters, a portable interferometer was designed and characterized. This

was all done with respect to gain the best possible starting condition for the beam time ex-

periment. In this chapter, it is evaluated whether the assumption made for conceptualizing

the interferometer improve the performance. The evaluation of the mechanical characteris-

tics of the portable interferometer is conducted in section 5.1. In section 5.2, shadowing

and visibility maps of a laboratory measurement are compared with a measurement from

the Phelix beam time. Finally reconstructed images of backlighter measurements are

presented and analyzed in section 5.3.

5.1 Mechanical reliability of the portable setup

During the beam time experiment, the grating combinations G
(B)
1 , G

(B)
2 and G

(B)
1 , G

(C)
2

were used. These gratings had to be exchanged during the beam time. Transporting the

interferometer and changing the gratings can cause misalignment. To reduce the magnitude

of a possible misalignment, a transportation box was specifically made for this purpose.

This box is built from wood and lined with polystyrene to damp vibrations. Changing

the gratings without great effort is only possible with an mechanically robust, precise and

sturdy interferometer. The alignment of every installed grating combination has to be

verified at the Phelix facility. For the first grating combination, the fast alignment method,

proposed in [SLA+19], was used. The alignment of the second grating set is evaluated,

similar to the fast alignment method, by comparing reference frames. The measurements

at the Phelix facility allows to evaluate the mechanical design of the interferometer.

The principle of the fast alignment method is as follows. At first, a moiré map is prepared.

Then, the already aligned interferometer is transported. Due to the transportation, the

interferometer might detune slightly. At the destination a reference frame is acquired. By

comparing this reference image with the moiré map, the magnitude of misalignment can

be determined. By knowing this, the moiré pattern can be adjusted within one step to the

desired pattern.

In the x-ray laboratory of the Ecap facility, the grating combination G
(B)
1 , G

(B)
2 is adjusted

to the optimal positions d(G1, G2)opt and αopt. These grating positions result in a moiré

pattern with the largest possible period (see section 4.1). With the first backlighter shots

at the Phelix facility, reference frames are acquired. These images can be used for

checking the alignment of the interferometer. The reference frame and the moiré map of

the grating combination is shown in Figure 5.1. Since a comparison with the first picture

is hardly possible, the picture of the second shot is shown in the figure. Between the

first and the second shot, the grating G2 was moved by +0.5 mm. The moiré map covers
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5 Application at the beam time experiment

Fig. 5.1: Background: Moiré map of the grating combination G
(B)
1 , G

(B)
2 . The horizontal axis

shows the change of distance between G1 and G2. The grating G2 is shifted by 0.5 mm
between each horizontal image. The vertical axis shows the relative angle α between the
grating bars of G1 and G2. G2 was tilted by 0.23 mrad between every vertical image.
The orange frame marks adjusted position at the x-ray laboratory of the Ecap facility,
The green frames marks the estimated position of the interferometer during the second
shot at the Phelix facility. Own figure, adapted from [SLA+19].
Foreground: Scan of the Ip of the second shot at the Phelix facility. The tip in the
middle of the image is a needle which is used for finding the correct positions of the
targets.

a deviation in the grating distance d(G1, G2) of 3.5 mm on the horizontal axis and a

change in the grating angle α of 2.06 mrad on the vertical axis. The steps between every

horizontal image is 0.5 mm and between every vertical image 0.27 mrad. In the Ecap

facility, the interferometer was adjusted to the orange framed image, the optimal position.
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5 Application at the beam time experiment

By comparing the image of the second shot with the images of the moiré map, it can

be seen that the green framed image fits best. According to the step width between the

images on the moiré map, the deviation between the green and the orange framed image

is horizontally +1 mm and vertically 0 mrad. As between the first and second shot the

horizontal linear stage was moved horizontally by +0.5 mm, the effective misalignment

is ≈ 0.5 mm horizontally. A deviation in the vertical position is not noticeable. The

deviation of the grating position is only that small due to the mechanical design and a safe

transportation of the interferometer.

Shot 28   G(B)
1  & G(B)

2

1.0

1.5

2.0

2.5

3.0

3.5
In

te
ns

ity
 [A

U]

Shot 36,   G(B)
1  & G(C)

2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

In
te

ns
ity

 [A
U]

Fig. 5.2: Comparison of the adjusted moiré pattern with two different grating combinations. The
image on the left side shows the finally adjusted moiré pattern of the grating combination

G
(B)
1 , G

(B)
2 . The image on the right side shows the moiré pattern with the grating

combination G
(B)
1 , G

(C)
2 at the Phelix facility.

The purple framed area is magnified to make the moiré pattern visible. Note: A pattern
with a large period (10 to 30 fringes over the whole area) is probably visible. This is an
additional moiré pattern which occurs due to the discrete pixels of the monitor or printer
and the adjusted moiré pattern.

The here described procedure of changing the gratings and evaluating the alignment is based

on the assumption that the portable interferometer is built in such a way that removing and

mounting gratings does not change the relative positions between the gratings. All relevant

grating combinations have to be aligned in the x-ray laboratory of the Ecap facility. The

thereby determined optimal positions d(G1, G2)opt and αopt keep their validity even when

the gratings are removed from the interferometer. For the transport the gratings can be

transported separately. With the saved values of the relative positions of the gratings, the

interferometer can be aligned instantly at any place. This allows to change the grating

combinations during a beam time experiment. During the Phelix beam time, it was

possible to change the gratings and to adjust the desired moiré pattern without aquiring

one single shot for the alignment process.

During the beam time, the grating combination was changed from G
(B)
1 , G

(B)
2 to G

(B)
1 ,

G
(C)
2 . After mounting the new grating combination, both linear stages were referenced.
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5 Application at the beam time experiment

After that, the grating G2 was moved to the optimal position. Now the gratings should be

perfectly aligned. At this place, the alignment of the gratings could have been checked

using the fast alignment method. But this step was skipped. The grating was instantly

positioned in a way that the first shot with the new gratings can be used as a reference

image for moiré imaging. Hence, the vertical stage was moved by ∆movvert = −3.2 mm

to get a moiré period of ≈ 7 ppp. As the negative tilt of the vertical linear stage exceeds

the covered deviation range in the moiré map (∆movmax
vert = −0.16 mm), the alignment

can not be verified using the moiré map. In this case, the reliability can be verified by

comparing the moiré period and its orientation of the two used grating combinations.

This works because the gratings G
(B)
2 and G

(C)
2 only differ in the used waver material.

The grating parameters such as the period, the duty cycle and the grating height are

identical (see table A.3 on page 88). Further the same relative values for ∆movvert and

∆movhoriz were set. Thus, the resulting moiré pattern had to be identical if the setup is

rigide. The comparison is done in Figure 5.2. The left image shows a reference image of the

grating combination G
(B)
1 , G

(B)
2 . The right image shows a reference image of the grating

combination G
(B)
1 , G

(C)
2 . The moiré pattern is too small to be visible in the large image.

So the purple framed area is magnified. In this zoomed detail, the moiré pattern and its

orientation can be compared. Both patterns are slightly tilted clockwise. A difference in

the angle is not determinable with the naked eye. Even the pixel pitch of the tilt is the

same for both images. The moiré period of the left image is determined to 7.0 ± 0.1 ppp

and the period of the right image to 6.9 ± 0.1 ppp. So, the moiré period is the same within

the error.

Thus, it can be concluded that the starting point from which the grating was tilted

corresponds to the optimal point. This showed that the optimal point can be stored

reliably. The point does not lose its validity even after transport and grating change. The

successful adjustment of the desired moiré pattern after the gratings were changed showed

that the interferometer was built within the required mechanical precession and sturdiness.

The grating frames in combination with the grating mounting bracket allowed a precise

positioning with repeating accuracy. The chosen linear stages with its design resolution of

5µm allow a reliable positioning of the gratings on the scale of µm.
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5 Application at the beam time experiment

5.2 Shadowing, noise and the visibility

During the characterization process various grating frames with different curvatures had

been investigated to decrease the shadowing of the grating G
(c)
2 (see section 4.2). During

the beam time, the shadowing of this differs from the shadowing observed in the x-ray

laboratories of the Ecap facility. In this section, possible effects of these differences are

examined.
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Fig. 5.3: Top: The image on the left shows the reference frame, acquired in the x-ray laboratory
of the Ecap facility. The image on the right side shows shot 38 of the Phelix beam time.
The orange and magenta lines indicate the positions which pixels were used to generate
the line plots below. The images at the sides of the images show the area around the
orange and magenta line.
Bottom: Line plot of the pixels marked in the images above. The plot shows the values of
200 pixels parallel to the vertical axis. The values are normalized with the mean intensity
of the selected pixels.
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5 Application at the beam time experiment

The reduction of shadowing results in a larger area of high visibility (see [Sch16]). Therefore,

the visibility maps of the moiré patterns are compared in this section. As shot-to-shot

fluctuations appears at the Phelix facility, shot 38 is chosen, a reference frame with a good

mean visibility. For the laboratory measurement, the x-ray tube was set to the microfocus

mode, an acceleration voltage of 45 kVp set and a power of 4 W adjusted. Nine frames are

acquired with an exposure time of 5 seconds per frame. To avoid any influences due to

geometrical effects or different moiré periods, the relative positions of the grating G2 are

set to the same values for both measurements. Due to experimental reasons, the distance

between the source and the detector was 943 ± 1 mm in the Phelix facility and 947 ± 3 mm

in the Ecap laboratory. The distance between the x-ray source and the G1 grating was set

to the same distances within the measurement precession. The upper half of Figure 5.3

shows the two reference frames. The image on the left displays the image acquired in the

Ecap facility and the image on the right shows shot 38.

It can be seen that the laboratory measurement suffers from shadowing in the left half of

the grating surface. In the image of shot 38 the shadowing is significantly lower. Still, the

intensity decreases to the left side of the image. By comparing the appearance of both

images, it is noticeable that the two images differ in their noise. This can be seen in the

right zoom. The moiré fringes of shot 38 are not as sharp as the fringes of the laboratory

measurement. To analyze the moiré pattern in a quantitative manner, two line plots are

made. One shows the moiré pattern in an good illuminated area and the other in an area

where shadowing is present. The positions are marked with orange and magenta lines in the

image. The zooms at the left and at the right show the area around the chosen pixels. The

line plots are shown in the lower half of Figure 5.3. The upper graph shows pixel values

in the shadowed area. The lower graph depicts the pixel values of the good illuminated

region. The horizontal axes indicate the vertical pixel position (from top to bottom).

The vertical axes show the normalized intensity. For the normalization every pixel was

scaled with the mean intensity value of the selected pixels. The blue line represents the

values of shot 38 and the red line the values of the laboratory measurement. By analyzing

the two intensity profiles in the upper plot, it can be seen that the relative intensity

fluctuation for shot 38 is significantly larger compared to the laboratory measurement. At

some points this fluctuation matches the moiré period. At other places no systematics can

be recognized. The laboratory measurement shows no obvious systematic in the intensity

fluctuation. For the magenta colored line the picture is different. The moiré pattern is

clearly visible. Further, the relative amplitudes are in the same scale. Therefore, the

reconstructed visibility values should be approximately the same.

At the left side of Figure 5.4, the reconstructed visibility map of the laboratory measurement

can be seen and at the right side the map of shot 38. It can be seen that the right visibility

map is more noisy compared to the left. Apart from that, the maps show a similar visibility

distribution. The visibility is in both images low at the left side. A vertical stripe with
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5 Application at the beam time experiment
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Fig. 5.4: Top: Calculated visibility map of the marked areas in Figure 5.3. The image on the left
side shows the visibility map of the laboratory measurement. The right image shows the
visibility map of shot 38. The orange and magenta lines depict the positions were the
line plots in Figure 5.3 were generated.
Bottom: The line plot represents the arithmetic mean along the short side of the cyan
Roi. The Roi spans the whole image horizontally and 120 pixels vertically.

higher visibility values is located right of the center. The visibility decreases at the far

right again. By comparing both visibility maps with the naked eye, shot 38 seems to

have higher visibility values compared to the laboratory measurement. To investigate

this in a quantitative manner, the visibility is analyzed in two Rois. A small black Roi

and a elongated cyan Roi. In the black Roi the mean visibility, the standard deviation

and the signal-to-noise ratio (Snr) is compared. Within the cyan Rois, the visibility

development is analyzed perpendicular to the vertically orientated grating bars. This

comparison is displayed in Figure 5.4 below the two visibility maps. The line plot shows

the mean visibility values along the short side of the Roi. Blue marks shot 38 and red the

laboratory measurement. The horizontal axis indicate the position in the corresponding
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5 Application at the beam time experiment

images above, the vertical axis indicates the visibility. The standard deviation of the mean

values is not shown, since the standard deviation is evaluated separately in the black Roi.

By comparing the two graphs, it can be seen that the visibility of shot 38 seems to have an

offset, compared to the laboratory measurement. This offset gets larger to the left side.

Whereas, at the left side the visibility of the laboratory measurement almost vanishes,

the visibility of shot 38 fluctuates around 0.1 . This results in approximately a factor of 5

higher visibility of shot 38.

The orange and magenta lines in the visibility maps and the line plot display the positions

where the line plot of the intensity pattern is shown in Figure 5.3. At these points the

visibility values of the moiré map can be compared with the expected values arising from

the moiré pattern. In the line plot of the magenta line, see Figure 5.3, it can be clearly

seen, that the amplitudes of the pattern are almost the same. Hence, the visibility values

should be approximately the same. This is in good agreement with the mean visibility

values shown in the line plot of Figure 5.4. There, the visibility values retrieved with the

algorithm are approximately the same. In the laboratory measurement, no moiré pattern

is observable in the zoomed area around the orange line. So, zero visibility is expected at

this point in the visibility map. As mentioned, the line plot of the intensity at the orange

line of shot 38 has a very noisy appearance, see Figure 5.3. A glance at the left zoomed

area in the right image of Figure 5.3 shows, that a moiré pattern is present. But due the

noise the moiré pattern has a very irregular appearance. Still, as a pattern is observable, a

visibility will be retrieved along the line. These expectations are again compared with the

mean visibilities shown in the line plot of Figure 5.4. At the position of the orange line,

the visibility is ≈ 0.015 for the laboratory measurement and ≈ 0.10 for shot 38. Under

consideration of the noise, the low visibility value for the laboratory matches well with

the expected zero visibility. Same is valid for the visibility of shot 38. As expected, a

non-vanishing mean visibility is retrieved which has high fluctuations from pixel to pixel

due to the noisy moiré pattern from which it was reconstructed. A detailed analysis on the

influence of photon flux and noise on the quality of reconstructed phase-contrast images

acquired at the Phelix facility will be given in [Sch21] .

It should also be noted that it is difficult to reconstruct images in the area around the

orange line of shot 38. Due to the high relative noise in this region, the moiré pattern will

differ in this region significantly from shot to shot. Hence, it is tricky to evaluate whether

the change in the moiré pattern is caused by an object or the noise. This means, that a

high mean visibility does not necessarily indicate an area for good reconstruction especially

when it is subjected to high fluctuations and noise.

As mentioned before, the standard deviation respectively the noise is analyzed in the black

Roi. Therefore, the area was chosen that the visibility values appear almost constant.

This ensures that the calculated standard deviation results only from noise in the visibility.
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5 Application at the beam time experiment

A measure that quantifies the noise of a signal is the so-called signal-to-noise ratio (Snr).

It is given according to [Buz11] by

Snr =
µ

σ
, (5.1)

with µ as the signal mean value and σ the standard deviation. A high Snr value means

that the signal is large compared to the noise. Small values, on the other hand, indicate a

large noise compared to the signal. This means for the visibility, that large Snr values

indicate a constant moiré period, whereas small Snr values indicate large fluctuations in

the moiré pattern. Thus, during selecting regions for image reconstruction, it is worth

taking the Snr value into account.

The mean visibility, the standard deviation and the Snr is displayed in Table 5.1. The

tabulated values confirm the visual impression. The mean visibility of shot 38 is higher

compared to the visibiliy of the laboratory measurement. But the standard deviation is

higher by a factor of approximately 4. As the mean visibility differs only slightly, the Snr

value for shot 38 is significantly smaller by the factor of approximately 3.

Visibility of black Roi
mean std. Snr

Laboratory measurement 0.155 0.014 11.1

Shot 38 0.197 0.055 3.6

Tab. 5.1: Mean visibility, standard deviation and Snr values of the moiré pattern within the black
Roi, framed in Figure 4.14.

This comparison showed, that visibility maps which are reconstructed from noisy mea-

surements should be interpreted with care. At the right side of the grating, where the

illumination is uniformly, the reconstructed visibility values were in the right scale. At the

left side of the gratings the visibility values were overestimated due to the noise.

So, in the area left of center the actual visibility is still low for the measurements performed

at the Phelix facility. Nevertheless, on the outer left edge of shot 38 in Figure 5.3 a moiré

pattern can be seen, where in the laboratory measurement no pattern is visible. This

means, the shadowing was at the Phelix facility lower as in the laboratory measurement.

One possible explanation is that the waver changed its shape due to mechanical stress,

caused by the vacuum at the Phelix facility or vibrations or thermal fluctuations. This

effect could also explain the increasing amount of vertical cracks in the grating surface of

the G
(C)
2 (Compare in Figure 5.3 Shot 38 form Feb. 2020 and Laboratory measurement

from Oct. 2020).
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5 Application at the beam time experiment

5.3 Backlighter measurements

Finally, reconstructed transmission and Dpc images from backlighter measurements are

presented and analyzed. The hole target was chosen as a test sample. The reconstructed

images will be evaluated qualitatively. A direct comparison with laboratory measurements

is not performed. This is based on the fact that due to the different x-ray spectra, different

phase shifts and transmission will occur. In addition to that, Ips were used at the Phelix

facility. As no Ip scanner is available in the x-ray laboratories of the Ecap facility, a digital

detector has to be used. Hence, a quantitative comparison is even more difficult.
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Fig. 5.5: Left: Reconstructed transmission image (top) and Dpc image (bottom) of the hole target
(see section 4.3). The image are reconstructed using shot 46 (reference) and shot 42
(object) of the manual setup (see section 3.1).
Right: The line plot shows the mean values along the short side of the Roi. The error
bars indicate the standard error. The used Roi spans the whole image horizontally and
10 pixels vertically.

The manual setup was used for the measurements (see section 3.1). The grating combination

G
(A)
1 , G

(B)
2 was mounted and a moiré period of 9 ppp adjusted. The reference frame was

acquired at shot 46 and the object frame at shot 42. The evaluation of the reconstructed

images is performed as explained in section 4.5. At first, the appearance of the reconstructed

image is assessed followed by the examination of a Roi using a line plot. So, the overall
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5 Application at the beam time experiment

shape can be qualitatively compared with the laboratory measurements of section 4.5. On

the left side of Figure 5.5 the reconstructed images are depicted. The transmission image

can be seen above and the Dpc image below. The red frame indicates which pixels are

used to generate the line plot on the right. The horizontal axis of the line plots indicates

the position in the corresponding image on the left. The vertical axis of the upper line

plot shows the relative transmission, the vertical axis of the lower line plot the differential

phase. The markers show the arithmetic mean of the vertical Pixel values. The errorbars

represent the standard error.

In the transmission image, the chosen Roi shows one hole of the hole target. The hole

and the surrounding material show a constant intensity. The inner area of the hole has

a relative transmission of approximately one. Outside the hole, the relative transmission

decreases by ≈ 30 %. The edge of the hole is clearly visible. Similar to the reconstructed

visibility map (see Figure 5.4), the image is noisy. By taking a look at the transmission

images in Figure 4.15 on page 65, it can be seen, that the appearance of the retrieved

transmission images of the holes match well, apart of the noise. The same holds for the

line plot on the right side. As discussed in section 4.3, an artificial frequency, imprinted

onto the signal, is visible.

In the Dpc image the edges of the circle are not clearly visible. The differential phase

signal almost vanishes at the top and bottom of the hole. To the left and to the right, the

differential phase is more apparent. The line plot on the right side confirms this impression.

The two edges of the hole are clearly visible in the differential phase. Comparing this with

Figure 4.16 on page 67, it is apparent that overall shape of the line plot matches well with

the laboratory measurements. Only in the laboratory Dpc image, the edges can be seen

slightly better.

These reconstructed images and the qualitative comparison carried out here show that

with this setup very similar and comparable images can be reconstructed for measurements

performed at a backlighter source.
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6 Conclusion

Core of this thesis was the design of a portable interferometer. This interferometer was

used successfully during the beam time at the Phelix facility. It was shown that the

interferometer is highly precise as well as sturdy. This makes the portable interferometer

reliable.

Besides these qualities of the interferometer, care was taken that it can be used in a wide

field of applications. The realized detector mounting method allows an easy and quick

change between different digital x-ray detectors and imaging plates. This is of particular

advantage if different detectors are used. The large sample stage allows a precise placement

of various target setups due to the hole grid and the large area. The bracket design of

the grating mount enables a flexible adjustment to fit the measures of the present and

previously used grating frames. This allows old and new gratings to be easily installed in

the interferometer.

For the beam time at the Phelix facility, eight grating combinations were available.

During the characterization process of the interferometer, a systematic routine was applied

and refined to assess the quality of the grating combination. This process included the

acquisition of moiré maps, which could be used later for evaluating the positioning precision

of the interferometer. Furthermore, the visibility of the moiré pattern depending on the

G2 position of a fixed moiré period was investigated. It was observed that for negative

tilts of the G2 grating the visibility is systematically higher, compared to positive tilts.

Two different image reconstruction methods for moiré imaging are available, one published

by Takeda in 1982 [TIK82] and one modified version published by Seifert in 2018 [SGL+18].

Investigating these methods, it appeared that short moiré periods are preferable for both

reconstruction algorithms. The newer method leads to sharper reconstructed images for

the investigated target. Subsequently, the newer method was used.

Applying the portable interferometer at the Phelix beam time showed that the mechanical

requirements were met. Transporting and installing the interferometer only caused a

minimal misalignment, which could be easily corrected with the fast alignment method.

Additionally, the successful change of the gratings during the experimental phase must be

emphasized at this point. Already the first backlighter shot after changing the grating

set could be used as an reference frame for moiré imaging. In preparation for the change,

the grating combination was aligned in the Ecap facility and the corresponding positions

saved.

The ability of changing the gratings promises advantages. A conceivable application would

be to prepare two sets of gratings with different design energies. This allows to use different

backlighter target wires, for example. Due to their different characteristic x-ray spectra the
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6 Conclusion

phase shift and attenuation of the object will differ. This will help to further improve the

retrieved phase shift and thus the electron density distribution of the investigated target.

81



Acknowledgments

Finally, I would like to thank all those who supported me during my master thesis. My

special thanks goes to

• Prof. Dr. Gisela Anton for the assignment of this thesis and giving me scientific

input for the experiments.

• my supervisors Bernhard Akstaller and Max Schuster who answered all my questions

personally and via Zoom, guided me through each stage of the thesis and gave me

one or another lesson in programming.

• Andreas Wolf, Fabian Hoffman and Veronika Ludwig for their steady patience and

availability to answer my questions.

• Andreas Wolf, Bernhard Akstaller, Elise Pongratz, Martin Schreiner and Max Schuster

for proofreading this thesis.

• the whole Laboratory Astrophysics & Phase-Contrast Imaging group for a relaxed,

friendly and productive atmosphere at the Ecap and Phelix facility.

• Martin Schreiner who worked with me to convert my handmade drawings of the

interferometers into Cad models and provided me with very nice renderings of the

interferometer.

• the entire crew of the mechanical workshop who manufactured the interferometer.

• Alfred Kaluza and Henry Schott who built the transport boxes and x-ray shielding

of the interferometers in a spontaneous effort.

• Dr. Pascal Meyer from the Karlsruhe Nano Micro facility who fabricated and provided

the investigated gratings.

• Dr. Paul Neumayer from the Gsi institute who answered all my questions concerning

the Phelix facility and the plasma physics which raised during the beam time.

• my parents, who financed my entire studies.

• My family and my girlfriend, who are always at my side and helped me with words

and deeds.

Without your efforts this thesis would not be available in this quality.

82



A Appendix

Additional plots

Phase shift of the G1 phase grating
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Fig. A.1: Phase shift induced from the grating G1.

The plot in Figure A.1 shows the induced phase-shift of the used G1 grating. The chemical

constitution of the used material was provided by the manufacturer. The SU-8 photoresist,

which was used for the grating consist of

5% C4H6O2

95% C87H98O16

and has got a density of 1.25 g
cm3 . The phase shift was calculated using Equation 2.11,

which reads

∆ϕ = −
2π

λ
δ(λ) · d.

With the photon wavelength λ, the refractive index decrement δ(λ) and the grating height

d = 25µm. The values for the refractive index decrement δ(λ) were taken from [HGD93].
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Transmission of different covering materials for the Ips

The plot in Figure A.2 shows the wavelength dependent absorbing behavior of possible

covering materials for the imaging plates. A 0.5 mm thick Pmma sheet is compared with a

0.0008 mm Aluminum foil. The used foil was purchased at Kroff in Swiss and fabricated

from alloy 8079. The values for calculating the transmissions taken from [HGD93].
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Fig. A.2: Energy dependent transmission of x-ray through different matter.
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Fig. A.3: Energy dependent transmission of x-ray through different matter.

The plot in Figure A.3 shows the energy dependent relative absorption of the used shielding

material. The mass attenuation coefficients for aluminum were taken from [HGD93], the

values for the lead from [Cha00]. A density of 2.7 g
cm3 for aluminum and 11.34 g

cm3 for lead

was assumed.
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A Appendix

Bar chart of Visibility for selection of the grating combination

The visibility values were manually determined using Equation 2.24. The required values

were calculated by taking the average of four maxima and minima, respectively. To increase

the clarity, the error bars have been omitted.
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Fig. A.4: Bar chart of the visibility of the colored reference frames in Figure 4.1. The colors of
the bars match the frames in the moiré map. The acceleration voltage is for (a) 25 kVp
and for (b) 45 kVp.
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Fourier spectra, masked with the new method

(a)

FFT(obj) Isolated zeroth order Isolated ±first order

Pixel per period = 5.7

.(b)

FFT(obj) Isolated zeroth order Isolated ±first order

Pixel per period = 22.4

Fig. A.5: Visualization of the Fourier spectra and the masked areas used to generate the thee
image modalities. (a) shows the spectra of a reference frame with a moiré period of
5.7 ppp. (b) shows the spectra of a reference frame with 22.4 ppp. The first column
shows the full spectra. The second the isolated zeroth order and the third column the
isolated first order peaks.
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Additional Tables

Specs of the linear stages

The tabulated values are taken from the manufacturer’s data sheets. They are linked in

the corresponding name, or can be found on the manufacturer’s website.

Horizontal linear actor vertical linear actor

Name VT-80 50 PK245 MLS 10-6 VT-80 25 PK245 MLS 10-6

manufacturer Physik Instrumente Physik Instrumente
model 6230V62000 6230V61000

travel range [mm] 50 25
design resolution [µm] 5 5

mimimum incremental motion [µm] 0.2 0.2
unidirectional repeatability [µm] 0.4 0.4
bidirectional repeatability [µm] ±10 ±10

vacuum suitability [mBar] 10−6 10−6

Tab. A.1: Overview over the motorized linear stage parameters. The linear stage is driven by a
step motor. The stages only differ in their length.

Horizontal linear actor vertical linear actor

Name LT-60 MT-60

manufacturer owis owis
Model 31.064.1031.V6 31.063.1581.V6

Travel range [mm] 100 15
spindle pitch [mm] 1

graduation of scale [µm] 10 5
tilting moment [Nm] 10 9
setting sensity [µm] 1

Tab. A.2: Overview over the manual linear stage parameters. The horizontal linear actor has got
no scale, as it is a linear stage. The vertical linear actor is a measuring stage and thus
has got a scale.
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.

.

List of investigated gratings and their specification

G1 phase gratings G2 absorption gratings

alias name G
(A)
1 G

(B)
1 G

(A)
2 G

(B)
2 G

(C)
2 G

(D)
2

fabrication name 1929 8078 G03 1626 8077 4169

thickness waver [µm] 500 500 500 500 500 400

waver material Polyimide graphite graphite conductive varnish (Vespel) graphite

material grating bars SU-8 SU-8 gold gold gold gold

grating height [µm] 25 25 150 150 150 > 150

period [µm] 10 10 6 6 6 6

shape active area [mm] rectangular, 50 × 50 rectangular, 45 × 70 round, d = 70

duty cycle 0.5 0.5 0.55-0.6 0.55-0.6 0.55-0.6 0.55-0.6

special characteristics
aaaaaaaa aaaaaaa cloud appearance of moiré, strong cloud appearance cracks in grating structure cloud appearance of moiré,

partly defect grating surface of moiré parallel to grating bars wavy thickness

Tab. A.3: Table of all known parameters of the investigated gratings. All G2 gratings were not stripped. This means that the gaps between the golden grating bars are filled
with photo resist.



A Appendix

Visibility values of marked measurement point in Figure 4.14

Visibility
Pink framed point Blue framed point
mean std. mean std.

Green area 0.1580 0.0135 0.1384 0.0123

Cyan area 0.1577 0.0141 0.1449 0.0130

Red area 0.1582 0.0141 0.1460 0.0130

Tab. A.4: Mean visibility and standard deviation values of the moiré pattern within the Roi of
the measurement points framed in Figure 4.14.

The standard error of the visibility is not stated for two reasons. The Roi spans 89 × 76

pixels. A standard error, calculated by σ/
√

#Pixels would vanish. Further, the visibility is

not constant over the whole Roi. An error indication would suggest that the visibility is

constant.
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