
ECAP-2019-001

Master’s Thesis in Physics

Phase-Contrast Imaging in the
Optical Wavelength Regime

Presented by

Bernhard Akstaller
28 February 2019

Erlangen Centre for Astroparticle Physics

Department of Physics

Friedrich-Alexander Universität Erlangen-Nürnberg

Supervisor: Prof. Dr. Stefan Funk





Contents

1 Introduction 5

2 Theory 7
2.1 Electromagnetic Waves in Matter . . . . . . . . . . . . . . . . . . . . 7
2.2 Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 The Refractive Index of Plasma . . . . . . . . . . . . . . . . . 10
2.2.2 Phase-Shift of Waves in Plasma . . . . . . . . . . . . . . . . . 13
2.2.3 Experiments in Laboratory Astrophysics . . . . . . . . . . . . 14

2.3 Phase-Contrast Imaging . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 Grating-Based Phase-Contrast Imaging . . . . . . . . . . . . . 16
2.3.2 Propagation-Based In-Line Holography . . . . . . . . . . . . . 23
2.3.3 Schlieren Imaging . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.3.4 Optical Shadowgraphy . . . . . . . . . . . . . . . . . . . . . . 27
2.3.5 Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 Methods 29
3.1 Introduction of the Set-Ups . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 Amplitude and Phase Gratings . . . . . . . . . . . . . . . . . . . . . 31
3.3 Components of the Set-Up . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.1 Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3.2 Light Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.3 Test Object . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Experiments and Analysis 39
4.1 Characterization of the Camera . . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Position of the Detector Plane . . . . . . . . . . . . . . . . . . 39
4.1.2 Thin-Film Interference . . . . . . . . . . . . . . . . . . . . . . 40

4.2 Characterization of the Amplitude Gratings . . . . . . . . . . . . . . 42
4.2.1 Determination of the Talbot Distance . . . . . . . . . . . . . . 42
4.2.2 Visibility and Duty Cycle . . . . . . . . . . . . . . . . . . . . 45

4.3 Characterization of the Phase-Grating . . . . . . . . . . . . . . . . . 47
4.3.1 Refractive Index . . . . . . . . . . . . . . . . . . . . . . . . . 47

3



Contents

4.3.2 Grating Period . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.3 Phase Depth . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.4 Talbot Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.4.1 Data Taking and Reconstruction . . . . . . . . . . . . . . . . 51
4.4.2 Amplitude Grating . . . . . . . . . . . . . . . . . . . . . . . . 56
4.4.3 Phase Grating . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.5 In-Line Phase-Contrast . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.5.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.5.2 Position of the Test Sample . . . . . . . . . . . . . . . . . . . 68
4.5.3 Thickness of the Gas Jet . . . . . . . . . . . . . . . . . . . . . 69
4.5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.6 Schlieren Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.6.1 Position of the Knife-Edge . . . . . . . . . . . . . . . . . . . . 72
4.6.2 Additional Amplitude Grating . . . . . . . . . . . . . . . . . . 73

5 Summary and Outlook 79

Bibliography 81

4



1 Introduction

After it has been upgraded to start its second run in 2015, the Large Hadron Collider
is capable of accelerating particles to an energy of 16 TeV [CER19]. This remarkable
energy is surpassed by orders of magnitudes by galactic particle accelerators [Hes16].
Phase-contrast X-ray imaging is a promising candidate for the study of processes
that are envolved in the acceleration of such high-energy particles. X-ray imag-
ing started off in November 1895, when Wilhelm Conrad Röntgen discovered that
cathode ray tubes produce a radiation, which penetrates solid objects and colors
photograpic plates [Rö96]. Not even two months later, he had recorded images of
multiple objects and, most famously, of his wife’s hand [Deu99]. The new imaging
technique had far reaching consequences for scientific research, medical diagnostics
and non-destructive testing.

Knowledge about the means to manipulate the path of light dates a long time
back. A reference to burning lenses can be found in an ancient Greek comedy from
424 B.C. [Hec14]. With such means, Hooke presented a technique to visualize the
phase-contrast caused by the temperature gradient in hot air above a candle in
the year of 1672 [Set01]. The Talbot effect, which is the basis of an X-ray phase-
contrast technique, was discovered in an optical experiment in 1836. Phase-contrast
imaging is based on diffraction and interference phenomena, which are properties
of electromagnetic radiation. Whether the photon energies lie in the optical or in
the X-ray regime, plays no role in that. In the X-ray regime however, research
on Talbot interferometry is often limited to polychromatic laboratory tubes, since
access to coherent and monochromatic synchrotron radiation is rare. But in the
optical regime, lasers have properties equivalent to synchrotrons. So it is desirable
to apply the established X-ray phase-contrast methods to an optical experiment.

The experiments that are prepared, described, conducted and evaluated in this thesis
are designed to test and compare three different phase-contrast imaging techniques
for conditions that model possible experiments in the field of laboratory astrophysics.
To that end, butane gas jets are imaged with an Talbot interferoemter, with in-line
phase-contrast and with a Schlieren set-up.
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2 Theory

In optical phase-contrast imaging visible light is employed to probe a transpar-
ent sample. Retrieving the optical properties of these samples is the main aspect
of this thesis. Although the presented experiments utilize gas jets, the long-term
perspective is to work towards plasma experiments with relevance for laboratory
astrophysics. This chapter discusses the interaction between the sample and the
electromagnetic waves of the probe beam. A description of wave propagation in
matter is followed by an explanation for the emergence of phase-contrast in plasma.
After a short excursion to experiments in the field of laboratory astrophysics, a
selection of phase-contrast imaging techniques is presented.

2.1 Electromagnetic Waves in Matter

The behavior of electric fields E and magnetic H fields in matter or vacuum can
be described by the macroscopic Maxwell’s equations. The discussion in this chap-
ter follows the standard text books [Dem17, Mes17, Dem11, Hec14]. The Maxwell’s
equations in isotropic dielectric matter can be given as

~∇ · ~D = ρe ~∇× ~E =
∂ ~B

∂t

~∇ · ~B = 0 ~∇× ~H = ~∇ ·~j +
∂ ~D

∂t
,

where ~D is the dielectric displacement, ~B is the magnetic field in the material, ρe
is the electric charge density and ~j is the current density vector. The displacement
is given by ~D = ε0εr ~E and ~B = µ0µr

~H, where ε0 and εr are the free space and the
relative electric permittivity and µ0 and µr are the vacuum and the relative magnetic
permeability. The unitless quantities εr and µr model the microscopic properties of
the medium. This will be considered in more detail in Section 2.2.1.
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2 Theory

A direct consequence of Maxwell’s equations is the propagation of electromagnetic
waves. Using the vector identity ~∇× (~∇× ~E) = ~∇(~∇· ~E)− ~∇2 ~E, the wave equation

for ~E can be derived as

(
~∇2 − εµ ∂

2

∂t2

)
~E = 0 , (2.1)

where ε = ε0εr and µ = µ0µr. The wave equation of ~B can be derived analogously.
The general solution of Equation 2.1 can be formulated as a superposition of plane
waves. A plane wave is given by

~E(~r, t) = ~E0 · ei(
~k~r−ωt), (2.2)

where ~E0 is the vector-valued electric field amplitude, ~k is the wave vector and
ω = 2πν is the angular frequency, where ν is the oscillation frequency of the electro-
magnetic wave. The wave vector gives the direction of propagation which, for plane
waves, is perpendicular to the directions of ~E and ~B. It can be written as

~k = ω ( ~E × ~B).

In the optical regime, the wavelength is typically used to characterize light. For
X-rays, the photon energy in electron volts is a more convenient quantity. However,
since this thesis is mainly about an optical experiment, the wavelength picture will
be used.

In Equation 2.1, the time differential is multiplied by the factor εµ. This factor
in the wave equation gives the velocity at which the electromagnetic waves spread
in a medium. It can be split up in the vacuum speed of light c0 = (ε0µ0)

−0.5 and
the complex refractive index ñ =

√
εrµr which models the optical properties of the

medium. ñ equals 1 in vacuum and can be larger or smaller than 1 in a medium. If
ñ depends on the wavelength, the medium is called dispersive. In Section 2.2.1, it
is shown that ñ is a complex quantity

ñ = n+ i κ , (2.3)

with the real part n and the imaginary κ part of the refractive index.

8



2.1 Electromagnetic Waves in Matter

The phase velocity cph is the velocity at which the phase fronts of the light propagate.
It can be given in different forms

cph =
ω

k
= λ ν ,

where the scalar wave number k = 2π/λ = |~k| and the wavelength λ are used.
Inserting the refractive index gives the relations for the vacuum wavelength λ0, the
vacuum wave number k0 and the phase velocity in the refractive medium

cph =
c0
ñ
, k0 =

k

ñ
, λ0 = ñ λ . (2.4)

On a side note, it should be pointed out that the phase velocity must not be confused
with the so-called group velocity. Since n can be smaller than 1, cph may exceed
the speed of light. However, the speed of the flow of energy and information is
given by the group velocity which is always below c in accordance with the theory
of relativity.

In order to calculate the phase delay caused by a change in the refractive index,
the wave vector is chosen as ~k = (0, 0, k) to define z as propagation direction of
~E(rz, t), with the z-component rz of ~r. With this, the complex refractive index from
Equation 2.3 and k0 from Equation 2.4, Equation 2.2 can be written as

~E(rz, t) = ~E0 · ei (k0nrz−ωt) e−κk0rz . (2.5)

The exponential e−κk0rz that describes the envelope of the wave is a real-valued
exponential. The intensity of a light wave is calculated as the square of the absolute
value of its electric and magnetic field components. The imaginary exponentials in
the equation all cancel out in an absolute square. So, the envelope of the wave is
the only part in Equation 2.5 that contributes to the electromagnetic intensity. The
imaginary part κ of the refractive index is therefore also referred to as extinction
coefficient. It is a measure for the light attenuation in a medium.

The exponential ei (k0nrz−ωt) in Equation 2.5 is a plane wave where the wave number
k0 is scaled by n. This scaling is illustrated in Figure 2.1. Two equivalent plane
waves propagate a certain path length ∆z through two regions of different refrac-
tive indices. ∆Φ is the accumulated phase difference after this length. It can be
calculated by

9



2 Theory

ΔΦ ΔΦ

n~

Figure 2.1: Schematic of a plane wave propagating in z-direction through a medium
with complex refractive index ñ as compared to another wave propagating in vac-
uum. The blue lines connect points of equal phase in both waves. While traversing
the medium with ñ, the wave accumulates a phase-shift ∆Φ. Absorption causes a re-
duction of the amplitude which is marked by ∆A. The figure is adapted from [Sch16].

∆Φ = (n2 − n1) · k0∆z, (2.6)

where n1 is the real part of the refractive index of the regarded medium and n2 of
the surrounding medium. This shows that phase-contrast emerges from variations
of the refractive index in the medium. Measuring this phase-contrast to retrieve
these variations within a test object is the subject of Chapter 2.3.

2.2 Plasma

The derivation of the propagation of light in a medium in Section 2.1 assumes
certain material properties. How these properties emerge in a material is discussed
in this section on the example of plasma, which is a neutral gas consisting of charged
particles [Fox12]. Further, the phase-shift in plasma is discussed and measurements
of laser produced plasma shock waves are briefly addressed.

2.2.1 The Refractive Index of Plasma

The refractive index, as introduced in Section 2.1, can be used to describe the
influence of the macroscopic material properties on light propagation. Here, the goal
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2.2 Plasma

is to link these macroscopic properties to a microscopic description of the medium.
Based on [Fox12], the influence of the material on wave propagation is discussed,
starting from the Lorentz model.

In dielectric media, the atoms are modeled as dipoles with an angular resonance
frequency ω0. Light acts as an oscillating external force on such dipoles, driving a
forced oscillation. If the angular frequency of the incident light ω is sufficiently close
to ω0, the dipoles behave like Lorentz oscillators. While oscillating, the electrons of
the atom are displaced from their equilibrium position. This displacement causes a
polarization of the medium, which depends on the number of atoms per unit volume
N , the electron mass m0 and charge e as well as the damping constant from the
Lorentz model γ. In near-resonant approximation, the resonant polarization is then
given as

Presonant(ω) =
N e2

m0

· E

ω2
0 − ω2 − iγω

, (2.7)

where E is the absolute value of the driving electric field. Close to the resonance
frequency, Presonant gives a large contribution to the dielectric displacement D. An-
other contribution is the background polarization Pbackground. It stems from other
sources of polarization or further resonances at much higher frequencies. With this,
the dielectric displacement can be written as

D = ε0E + Presonant + Pbackground . (2.8)

From the definition in section 2.1, the scalar formulation of the displacement can
be derived to D = εrε0E. With this as well as the two Equations 2.7 and 2.8, the
relative permittivity εr is already implicitly defined. In a dielectric material it can
be written as

εr(ω) = 1 +
Pbackground

ε0E
+
N e2

ε0m0

1

ω2
0 − ω2 − iγω

. (2.9)

The background polarization and the resonance frequency were derived from the
resonant behavior of the electrons. However, in contrast to electrons in dielectric
materials, free electrons have no defined equilibrium position and thus experience
no restoring force. Plasmas are made up of free charge carriers. So, the background
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2 Theory

polarization and the resonance frequency give no contribution to the relative per-
mittivity of a plasma, which thus simplifies to

εr,pl(ω) = 1− Ne e
2

ε0m0

1

ω2 + iγω
, (2.10)

where Ne is the electron density. For weak coupling in the plasma the damping can
be neglected. Accordingly, the damping constant γ is set to zero, so that Equation
2.10 becomes

εr,pl(ω) = 1−
ω2
p

ω2
, (2.11)

with the plasma frequency ωp, which describes the normal mode frequency of the
plasma and is given by

ωp =

√
Ne e2

ε0m0

. (2.12)

The influence of the magnetic permeability µr is usually small. A common approx-
imation is µr = 1, so that the refractive index is ñ =

√
εr. By inserting Equation

2.11 in this, the refractive index of a plasma is obtained as

ñpl =

√
1−

ω2
p

ω2
. (2.13)

The plasma frequency and ñpl manifest in the optical properties of a plasma. An
important property is the reflectivity which is calculated from the real part of ñ by
R = |(n− 1)/(n+ 1)|2. A plot of R for a plasma can be seen in Figure 2.2. Since ñ
is purely imaginary for ω < ωp, the plasma has a reflectivity of R = 1 in this region.
Above the plasma frequency the plasma becomes transparent. With Equation 2.13, a
link between fundamental material properties and optical characteristics of a plasma
is found.
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2.2 Plasma
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Figure 2.2: The reflectivity of a plasma with weak coupling is plotted over the
optical frequency ω of the impinging light. For ω < ωp, R is approximately 1.
Above ωp however, R drops and the plasma becomes transparent. The plot is
adapted from [Fox12].

2.2.2 Phase-Shift of Waves in Plasma

The refractive index of plasma links the phase-shift and the electron density of the
plasma. The plasma is transparent for light of much higher frequencies than ωp. In
this regime, ñ = n. A first order Taylor expansion around ω →∞ of the refractive
index from Equation 2.13 can be given as

n ≈ 1−
ω2
p

2ω2
.

From this and Equation 2.6, together with the definition of the plasma frequency in
Equation 2.12, the phase-shift can be calculated to
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2 Theory

∆Φe = ∆nk0L

= (1−
ω2
p

2ω2
− 1)k0L

= −2π

λ0
L
Nee

2

ε0m0

λ20
2(2π)2c20

= −LNereλ0 ,

with the classical electron radius re = e2/(4πε0 · m0c
2
0). ∆Φe is the contribution

to the phase-shift due to plasma electrons with the line-integrated electron number
density LNe [WF97]. In the presence of another gas with a density ρ0, the electrons
bound in the gas molecules can contribute to the refractive index as well [DZ18].
This contribution to the phase-shift is given by [WF97]

∆Φn =
2π

λ

n− 1

ρ0
ρLL ,

with the integrated neutral number density ρLL. Since ∆Φe and ∆Φn scale differ-
ently with the wavelength, they can be determined separately by use of so-called
two color interferometry [WF97, Job95]. This has not been conducted in the ex-
periments for this thesis, since the tested objects consists completely of neutral
gas. However, two-color interferometry can be applied in experimental set-ups for
laboratory astrophysics and will be part of the discussion in the next subsection.

2.2.3 Experiments in Laboratory Astrophysics

The equations describing astronomical processes can be mapped to the microscopic
scale of laser-based plasma experiments in the laboratory. The results of such experi-
ments can then be mapped back to get an insight to the nature of certain mechanisms
in the cosmos [Rem05]. There are experiments based on laser generated plasmas
that model accretion discs [HB02], the formation of supersonic plasma jets [LCB+02]
or particle acceleration in shock waves occurring in supernova remnants [RAP+99].
However, laboratory astrophysics is only one part of the much larger field of plasma
research. Other important parts are fusion ignition [CSJ+18, VSF13] or plasma
accelerators [DZ18, MGA+96, CSJ+18]. With a brief overview over some plasma
experiments, this section is aimed to give an idea of typical parameters in realistic
set-ups.
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2.2 Plasma

Figure 2.3: Shadowgraphy of plasma plume produced by a high-power laser on an
aluminum target. The target was placed in a nitrogen chamber, the gas pressure
gradually decreases from image a to image f. Adapted from [Gre07].

Different methods can be applied to probe the phase-contrast emerging in plasma
shock waves. This can be used to research processes occurring in high-density plasma
experiments. The imaging technique shadowgraphy, which will be discussed in more
detail in Section 2.3.4, is a possible candidate for plasma diagnostics [Gre07]. In the
experiment described in [Gre07], a solid aluminum target, that is placed in a nitrogen
gas container, is irradiated by a high-power laser. The sudden heat from the laser
produces a supersonic plasma plume, which can be seen in Figure 2.3. To probe
the plume, the picosecond pulsed infrared drive laser is shifted in frequency. In
the plasma plume a shock front with sharp density features forms. As mentioned,
the features are visualized using shadowgraphy. This allows some insight to the
propagation of the shock in an ambient gas.

The phase-contrast in plasma can be imaged interferometrically as well. This poses
an alternative to the grating-based or propagation-based approaches, that are used
in the measurements for this thesis. An experiment that uses interferometry is
presented in [WAC+04]. There, two plastic foils, that are placed in a strong magnetic
field, are used as targets. They face each other at a distance of 1 mm. A pump laser
simultaneously hits the targets, forming two counter-streaming plasma plumes with
an electron density of up to 1018 cm−3. In the central area between the foils, the
conditions in a supernova remnant are simulated. An outcoupled, frequency shifted
probe laser pulse is used for interferometric plasma diagnostic. The experiment
researches the influence of a magnetic field on a collisionless plasma. The shock
waves in supernova remnants are collisionless because of the low particle densities
in the interstellar medium [DWYT15].

A similar experiment is described in [PRH+16]. Again, two plastic foils are used as
target to produce collisionless counter-streaming plasma. Instead of interferometry
however, Thomson scattering diagnostics is used. The probe beam is focused on the
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2 Theory

central region between the foils. The Thomson-scattered light from this region is
collected to measure the electron temperature and density. Further, the ion tem-
perature and bulk plasma flow velocity can be obtained as well. Electron densities
of up to 1019 cm−3 are reported.

The parameters of the experiments lie within a wide range with some experiments
reaching a temporal resolution of tens of femtoseconds and a spatial resolution of
up to a few microns [Fiu15]. Lasers in the optical and near infrared wavelength
range are used. As a direct measure of the electron density, phase-contrast plays an
important role in the experiments. Different imaging techniques will be the main
aspect of Chapter 2.3.

2.3 Phase-Contrast Imaging

Phase-contrast imaging allows the retrieval of a phase-shift caused by transparent
objects. This section discusses different phase-contrast imaging techniques. While
the focus lies on the optical regime, X-ray phase-contrast imaging is addressed as
well.

2.3.1 Grating-Based Phase-Contrast Imaging

The Talbot effect is a near field diffraction phenomenon occurring at periodic struc-
tures that are illuminated with sufficient spatial coherence [SWX+11]. So, opti-
cal gratings are used for Talbot interferometry in the experiments. Commercially
available gratings are either reflective or transmitting, structured in one or in two
dimensions. They either modulate the light amplitude or the phase. After a short
outline on such gratings, this section gives an introduction to the Talbot effect and
the method of Fourier imaging.

Amplitude Grating

The so-called absorption or amplitude grating alters the amplitude of the traversing
light. This modulation can be achieved by a layer of periodic, absorbing lines on a
transparent carrier, or it by an opaque plate with regular slits in it. The relation
between the structure period and the width of the slits is called duty cycle. Per
definition, the duty cycle is 1 for a grating that absorbs all light, 1/2 if the bars are
as wide as the slits in between and 0 if the grating absorbs no light. After traversing
the grating, the light shows a characteristic interference pattern. In the far field,

16



2.3 Phase-Contrast Imaging

α

d

bsource

grating screen / detector

Figure 2.4: Sketch of a grating’s far field diffraction pattern as seen by a detector.
The 650 nm laser beam (red) originates from a distant source. The beam is split up
in the grating into multiple diffraction orders. The distance from screen to detector
is d and the spacing from the zeroth md = 0 to the first md = +1 diffraction order
on the screen is b, with the corresponding diffraction angle α. The sketch is not in
scale.

the pattern is described by the grating equation. For the simplified case of light at
normal incidence, according to [PPBS96], the diffraction formula can be given as

sin(α) =
md λ

p
, (2.14)

where α is the angle of diffraction, p the grating period and md ∈ Z is the order of
diffraction. A sketch for this is shown in Figure 2.4. This also describes a method to
measure the grating period, if λ is known. The implementation of this measurement
is described in Section 4.3.2.

Phase Grating

Transmission phase gratings consist of a transparent material with a periodically
structured surface. The surface imprints a modulation on the phase-fronts of light.
An ideal phase grating absorbs no light, which can be advantageous over amplitude
gratings. Every photon that is lost within the grating cannot contribute to the
signal, which potentially has a negative influence on the signal-to-noise ratio [Bec09].
Furthermore, in X-ray applications, it can be difficult to manufacture the small
grating structures sufficiently thick to fully absorb hard X-rays, as is required for
amplitude gratings. This favors phase gratings for X-ray Talbot imaging with high
energies [CGM+97].

17



2 Theory

n1l

pp

n2
~ ~

~

Figure 2.5: Sketch of a binary phase grating with a periodicity of p and a duty
cycle of p̃/p. The depth of the bars is l, the refractive index is ñ1 in the grating
material and ñ1 in the surounding medium. The sketch is adapted from [PPBS96].

While there are multiple common shapes of phase gratings [Tho18], this work only
considers the so-called binary phase grating design as sketched in Figure 2.5. It
consists of a material with refractive index n1, which is surrounded by a medium
with n2. So, the phase velocities in the two media differ. Due to the grating bars on
the surface, the optical path length varies between the light that passes the bars and
light that passes through the gaps in between. Consequently, there is a transient
area where a part of the wave moves faster, which distorts the phase fronts. The
height of this imprinted shape is called phase depth ∆Φ and can be given as [EGP07]

∆Φ = 2πl
n1 − n2

λ
, (2.15)

where l is the depth of the grating structure, which is indicated in Figure 2.5.

Gratings with ∆Φ = π show a special property in the far field. Light passing through
the gaps of the grating is shifted by π compared to light that passes through the bars.
This leads to a suppression of the zeroth diffraction order in the far field, because
there the two contributions, that are opposite in phase, overlay directly [Buc07].
The properties of the π-shifting phase grating in the near field are mentioned at the
end of the next section.

The Talbot Effect

If a plate with an array of equidistant slits is illuminated by a small point source of
white light, an image of the slits forms at certain distances behind the plate. This
was first observed in the year 1836 and is nowadays known as Talbot effect, named
after its discoverer [Tal36]. Talbot further found, that the so-called Talbot distance,
at which the first self image forms, is different for every color. 45 years later Lord
Rayleigh found a mathematical description for this effect, after he repeated Talbot’s
experiments. He described the Talbot distance as [Lor81]
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2.3 Phase-Contrast Imaging

ZT =
λ

1 +
√

1− λ2/p2
,

with the optical wavelength λ and the grating period p. Since p is small compared
to λ, a sufficient approximation for the Talbot distance is [Lor81]

ZT = 2
p2

λ
.

The Talbot distance is also a measure for the periodicity of this effect. Further self
images can be found at the positions [Edg69]

Zm
T = m · ZT , m ∈ N .

For unambiguousness, ZT is also referred to as full Talbot distance. Within each full
distance, further self images of the grating can be found. For amplitude gratings,
they are translated by a half period perpendicular to the orientation of the grating
bars in the transverse plane. The fractional Talbot pattern of an amplitude grating
lies in the center of each full Talbot distance, which can be expressed by [Edg69]

Zm
H = (2m− 1)

d2

λ
.

Phase gratings produce multiple intermediate self images at the distances Zm̃
F , given

by [YWL15]

Zm̃
F =

2m̃− 1

4 η2
· ZT , m̃ ∈ N ,

with η ∈ {1, 2} accounting for the scaling with different gratings. For π-shifting
phase gratings this factor is set to η = 2. So, there are 8 fractional Talbot distances
within every Talbot distance. For π/2 phase gratings it is set to η = 1, which gives
only 2 fractionals in ZT [YWL15]. Also for π-shifting phase gratings, the frequency
of the transverse modulation in the Talbot image is doubled [Sul97]. The transition
from regular Talbot images to the frequency doubled images is illustrated by the
simulations in Section 3.4.
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Fourier Imaging

The Talbot effect described above can be utilized for phase-contrast imaging. As
discussed in Section 2.2.2, local variations of the refractive index in a medium distort
the phase fronts of a probe beam. This has an influence on the form of the wave fronts
incident on the Talbot grating, which then deforms the Talbot pattern [SGL+18].
Thus, the phase-shift is transformed into variations of the intensity distribution,
which can be detected by an imaging sensor. Those changes are analyzed to obtain
the attenuation, the small-angle scattering and the phase-shift caused by the trans-
parent object. Three image modalities are thereby retrieved, namely attenuation,
differential phase-contrast and the object’s dark-field property [SGL+18].

To calculate the image modalities, two measurements with the Talbot interferometer
are necessary. The so-called reference image, labeled by an index ref, is taken without
an object in the interferometer to capture the image modalities of the interferometer
without an object. The second image is taken with an object in the interferometer
and labeled by the index obj. It has contributions of the empty interferometer and
the object. The task of Fourier imaging is to separate these contributions and to
retrieve the image modalities. Apart from the reference image, Fourier imaging
requires only one image for every object measurement which is why it is considered
a single-shot method.

The Talbot pattern ideally forms a perfect self-image of the grating bars, which are
orientated in the y direction. The intensity distribution I(x, y) of the image can be
given as [TIK82]

I(x, y) = I0(x, y) + I1(x, y) cos [2πf0x+ ∆φ(x, y)] , (2.16)

with the overall intensity I0(x, y), the oscillation intensity I1(x, y) and the grat-
ing’s spatial frequency f0. This describes the intensity distribution produced by an
amplitude grating with a sinusoidal modulation. For rectangular, binary gratings,
Equation 2.16 is only an approximation. It represents the first two terms of the
intensity pattern’s Fourier expansion [BZL+12]. The transmitivity of the object is
coded in the attenuation image T (x, y). It is obtained from the intensity I0,obj of
the object image and the intensity I0,ref of the reference image as follows

T (x, y) = −ln

[
|I0,obj(x, y)|
|I0,ref(x, y)|

]
.
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2.3 Phase-Contrast Imaging

The relation between the intensity of the bright and dark stripes in the image is
called visibility V (x, y) and defined by [EKB+08] as

V (x, y) =
Imax − Imin

Imax + Imin

, (2.17)

where Imax is the maximum and Imin > 0 the minimum intensity of the interference
pattern. For sinusoidal intensity fringes, this is equivalent to the definition used
by [BZL+12]. There the visibility is defined as the relation between constant and
oscillating intensity

Ṽ (x, y) =
|I1(x, y)|
|I0(x, y)|

.

If not stated otherwise, the definition in Equation 2.17 is used in this thesis. The
visibility is 1 for a perfect interferometer and 0 if no variation is detectable. The
imperfections of a real interferometer reduce the visibility, making it an indicator
of the interferometer’s quality [Bar10]. In addition, the visibility characterizes the
small angle scattering occurring in the object [BKSW10]. This is the so-called dark-
field signal D which is given by the relation of the visibility with object Vobj and
without object Vref in the interferometer as follows [BZL+12]

D = −ln

[
Vobj
Vref

]
.

While the dark-field signal is caused by changes in the refractive index, that are
smaller than the spatial resolution of the interferometer, changes on a larger scale
are detected as phase-shift [SLG+18].

Since the grating’s spatial frequency f0 is much higher than the frequencies in the
modulations of I0(x, y), I1(x, y) or ∆φ(x, y), they are separated in the Fourier space
[TIK82]. As an example, one line of a Fourier transformed image is shown in Figure
2.6. It mainly consists of three peaks, with the central peak containing the low-
frequency information of the image and the two outer peaks containing the grating
information. To find the lateral shift of the grating bars, the central peak is removed
and one of the outer peaks is shifted by f0 towards the origin. This spectrum is
then processed with the inverse Fourier transform to get the image back into real
space. There, the differential phase φ(x, y) and the amplitude variation I1 of the
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Figure 2.6: Graphic on the left: Fourier spectrum of the Talbot image before and
after applying frequency cut and shift. In plot (A) the separation of the peaks by
f0 is clearly visible. In plot (B) the peak at +f0 is shifted to the origin. Graphic on
the right: Example for the unwrapping procedure. (C) is the wrapped input, (D)
shows the offset, that increases by 2π if the input jumps down and decreases by 2π
for positive jumps. Finally, input and offset add up to the unwrapped signal which
is plotted in (E). The plots are adapted from [TIK82].

pattern [TIK82] are separated as a consequence of this procedure. As described
earlier, the phase-shift ∆φ induced by the object is acquired from the two images
by

∆φ = φobj − φref ,

where φref is the phase of the empty interferometer and φobj the phase obtained from
the object measurement. This phase information is only defined modulo the factor
2π [TIK82]. An example for this is shown in Figure 2.6. The otherwise smooth
phase-shift exhibits discontinuous jumps of ±2π. These discontinuities can be fixed
by adding or subtracting an offset depending on the sign of the jump. The procedure
is described in more detail in [TIK82]. It is furthermore sketched in Figure 2.6 and
will be referred to as unwrapping. After correcting the differential phase-shift ∆φ for
wrapping, it can be integrated in x-direction to approximately yield the phase-shift
∆Φ induced by the whole object [Rit15]

∆Φ ≈ kd

2π

1

δx

∫
∆φ dx
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object

detector

X-ray
source

intensity

Figure 2.7: Principle of X-ray in-line holography. A coherent source with spherical
wavefront irradiates a phase-shifting object. The distorted wavefront propagates
on to the detector where the intensity distribution is imaged with distinct edge-
enhancement. The figure is taken from [BLT+11].

where d is the distance from the Talbot grating to the detector and δx is the size of
the detector pixels.

Many imaging applications require a high spatial resolution. This is the case for
example in clinical X-ray imaging applications, where the resolution of the area X-ray
detectors is critical [WDD+05]. There are grating-based approaches to enhance the
spatial resolution of the reconstructed phase-contrast images, namely phase-stepping
[WDD+05] and moire-imaging [SGL+18]. Both techniques require an additional
grating. In phase stepping, multiple images are taken of the same object with the
additional grating set at different positions. So the method is best suited for static
or slowly moving objects. In moire-imaging, the additional grating is tilted to form
a moire-pattern which has a larger period than the gratings itself. Thus, the grating
can be chosen finer than the detector resolution. Since only one image is required for
this, moire-imaging would be suited for imaging fast processes like shock waves in
plasma. However, neither of these methods have been applied to the optical set-up
in this work so far.

In addition to the gratin-based approach of phase-contrast imaging, this work also
addresses methods that are based on propagation effects to image phase-contrast.
The working principles are outlined in the following sections.

2.3.2 Propagation-Based In-Line Holography

As discussed in Section 2.1, the real part of the refractive index does not describe
the absorption of light, but the influence on the phase. Transparent objects disturb
the wave fronts and produce characteristic intensity distributions after certain prop-
agation distances [Pag06]. Using so-called in-line holography algorithms, this can
be calculated back to retrieve the phase-contrast induced by the object [BLT+11].
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The basic principle of in-line holography is sketched in Figure 2.7. A small source
spot illuminates a phase-shifting object and the detector. Even a source with low
temporal coherence can be used, as long as spatial coherence is sufficient [WGG+96].
For example, an X-ray tube with a tiny focus spot serves for this task. In order to
conduct in-line holography, an object is illuminated by the source and the disturbed
light field propagates for a long distance, forming a intensity distribution due to Fres-
nel diffraction [BLT+11]. The object’s optical properties can be reconstructed from
the detected intensity images [CPP+10]. Among other methods, iterative back-
propagation algorithms are utilised for such reconstructions. They require prior
knowledge about the object properties, which can be incorporated by choosing the
according constrains. This can be available information of the problem like the size
of the object, its chemical composition or the distances between source, object and
detector. What constraints are required depends on the algorithm chosen according
to the specific task [HS17,SHM+15,GKK+11,CPP+10]. But nevertheless, the basic
principle is the same for all of them. The object’s optical properties are modeled by
the so-called transmission function, which has certain free parameters. The wave’s
propagation in free space between object and detector is modeled by the so-called
propagation operator. The algorithms start off by guessing the parameters of the
transmission function. Next, the propagation of the disturbed waves to the detec-
tor is calculated. Thereby, the resulting image can be compared to the actually
measured intensity image. This information is used to alter the object properties
accordingly. From that on, the procedure starts again with the updated transmis-
sion function with the aim to further reduce the deviations between calculated and
measured image. This iterative procedure is conducted until the deviations become
sufficiently small.

2.3.3 Schlieren Imaging

Schlieren imagig is an optical phase-contrast technique that has been demonstrated
by Hooke in the year 1672 [Set01]. The principal technique and a possible design
for an experimental set-up are outlined in this section according to the description
in [Set01].

The term Schliere refers to a gradient disturbance of an inhomogeneous optically
transparent medium. Schlieren objects have a different refractive index compared to
the surrounding medium. For instance, such an object can be an inhomogeneity in
glass, a sound wave in water, the mixing of two different liquids, a gas jet in air, or
pressure and temperature gradients in a medium. In the Schlieren set-up in Figure
2.8, such an object is placed in a parallel light beam. A part of the light is slightly
deflected away from the original path. Behind the object, the beam is focused onto
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Figure 2.8: Sketch of a Schlieren imaging set-up. A point-like light source and
a lens produce a parallel beam to illuminate the object. A second lens focusses
the beam and produces an image on the screen or the detector. The knife-edge in
between can be applied to cut off the non-deflected light rays. The figure is adapted
from [Ind18a].

a spot. While the parallel rays ideally fall together at this point, the deflected rays
are slightly shifted. This effectively broadens the focal spot. From the focal spot the
beam propagates on to either a screen or a detector, where an image of the object
is formed. The idea of Schlieren imaging is to block a part of the beam at the focal
spot. When a knife-edge is inserted, for instance from below, to cover the focal
spot, only the rays deflected above the spot reach the detector. Such a deflected ray
is indicated in Figure 2.10. The horizontal knife-edge gives phase-contrast in the
vertical direction. Thus, the detector receives light only from the positions, where
a gradient in refractive index is present in the corresponding direction.

The description above is based on a perfect parallel beam. The set-up uses a point-
like light source in the focal spot of a lens to produce a parallel beam. In a real
set-up, the beam is not perfectly parallel due to the finite size of the source. Since
the focal spot in the knife-edge plane is an image of the light source, it has a finite
size as well.

Two important parameters of the Schlieren imaging system are the sensitivity and
the measuring range. The sensitivity is influenced by the focal length of the second
lens and the height of the light source 2a, as illustrated in Figure 2.9. The horizontal
shift of the light source image due to deflection at the Schlieren object is labeled
with ∆a. A shift upwards allows more light to be transmitted onto the screen. The
corresponding point in the image of the object appears brighter. Analogously, a
downward shift darkens the image. In contrast, ∆b does not influence the inten-
sity on the screen, since the amount of transmitted light remains unchanged. The
displacement scales with the focal length f2 and the diffraction in the medium δ
by [Set01]
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∆b
2a

∆a

b

Figure 2.9: Illumination in the knife-edge plane. The rectangular source produces
an image of size 2a × b in the knife-edge plane (central red rectangle) which is
partially blocked by the knife-edge (blue). The Schlieren object shifts the rectangle
vertically by ∆a and horizontally by ∆b. The sketch is adapted from [Set01].

Figure 2.10: Sketch of a shadowgraphy set-up. A point-like light source and a lens
produce a parallel beam to illuminate the object. A screen or detector is used to
view the shadow that the object casts. The figure is adapted from [Ind18b].

∆a = f2 · δ .

At ∆a = |a|, the limit of the measuring range is reached. From that point on, the
displaced source image is projected either completely on the knife-edge, or passes it
without being cut. Consequently, the illumination of the detector does not depend
on δ anymore. In conclusion, a longer focal length and a smaller size of the source
increase the sensitivity [Cor68], whereas a high sensitivity reduces the measuring
range of the system.
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2.3.4 Optical Shadowgraphy

Optical shadowgraphy is a closely related approach to Schlieren imaging. The two
main differences are the complexity of the set-up and the quantity that is measured.
This section follows the discussion in [Set01].

Due to diffraction, transparent objects cast visible shadows which can be viewed on
a screen as shadowgraph. As example, the shadowgraph of a plasma plume is shown
in Figure 2.3. A shadowgraphy set-up can be seen in Figure 2.10. It is possible to
use either a parallel or a cone beam. The object is magnified onto the detector or
the screen in a cone beam set-up. For thicker objects, this can cause a distortion due
to decreasing magnification along the optical axis, which can be circumvented with
a parallel beam. A Schlieren object deflects a portion of the light beam away from
its original path. Consequently the light arrives displaced at the screen. Intensity
variations on the screen, which can be caused by the displaced light rays, manifest as
increased brightness or as shadows on the screen. In contrast to Schlieren imaging, a
shadowgraphy is not a focused optical image, but rather a shadow of the transparent
object.

A Schlieren object with a constant refractive index gradient causes a uniform dis-
placement of the light rays on the screen. A glass wedge is an example for such an
object, if its boundaries are neglected. Since the rays are uniformly displaced, the
intensity at the screen shows no variations. Hence, in contrast to Schlieren imaging
which measures the first spatial derivative of the refractive index, shadowgraphy is
only sensitive to the second spatial derivative of the refractive index.

2.3.5 Optics

Before describing the experimental methods in the next chapter, some theoretical
concepts on the optical equipment employed in the experiments are introduced in
this section.

Lens Equation

The lens equation describes the formation of an image by a thin lens of focal length
f . The process is sketched in Figure 2.11. A detector sees a sharp image of an object
if the geometry of the problem follows the thin lens equation given by [Hec14]

1

f
=

1

do
+

1

di
(2.18)
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Figure 2.11: Image formation with a thin lens of focal length f . The object and
the image are represented by arrows. The sketch is adapted from [Nav19].

where do is the distance between object and lens and di the distance between the
lens and the image of the object. If the focal length and one of the distances, for
instance the object distance, are known, the other distances, in this case the image
distance, can be calculated from this equation. This is applied to experimentally
determine the detector plane within the camera in Section 4.1.1.

Geometric Magnification

The concept of geometric magnification is present throughout all experiments. The
light source S is assumed as ideal point and the beam as a cone that propagates to
an object O and then to the detector D uniformly as straight rays. The distances are
d(S,O) from the source to the object and d(S,D) from the source to the detector.
The geometric magnification is defined as

M =
d(S,D)

d(S,O)
.

The intercept theorem states, that the magnification defined here is the same as the
magnification that an image a in the object plane experiences when viewed in the
object plane A, so that [Hec14]

A

a
=

d(S,D)

d(S,O)
. (2.19)
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In this chapter, the different set-ups for the experiment are introduced and the
hardware components as well as the software are described.

3.1 Introduction of the Set-Ups

The experimental set-up is placed on an optical table of 3 m length. Figure 3.1
shows the Talbot interferometer on the table with a light source, a grating and a
camera. For imaging of test objects, they are placed between the laser and the
grating. To minimize unwanted artifacts from in-line signatures in the grating-
based reconstructions, the objects are positioned close to the grating. The laser
beam is focused onto a spot that lies 12 cm away from the laser. Thereof, the beam
propagates on in the shape of a cone beam. In the calculations, the focus is assumed
as the light source. All test samples are placed in the divergent beam behind the
focus spot, so the effect of geometric magnification is always present. But since
the beam divergence is small, the magnification is negligible for objects in close
proximity to each other.

The camera is mounted on a linear stage which allows positioning in z-direction
with micrometer precision [New19a]. Controlled by the Software Matlab on the

GratingLaser

Camera

Linear Stage

z

y

Figure 3.1: Sketch of the Talbot interferometer on the optical table as observed
from above. The sketch is not in scale. The cone-beam of the laser fully illuminates
the Talbot grating. After that, the modulated beam propagates on and is detected
by the camera which is mounted on the linear stage. The test object would be
placed in front of the grating.
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Figure 3.2: Sketch of the implementation of a Schlieren set-up. By the lens, the
beam is focused into the knife-edge plane, where part of the beam is blocked so
that it cannot reach the camera. Due to the divergence of the beam, the distance
f′ between lens and focal spot deviates from the focal length f of the lens. The
distance d between the knife-edge and the camera is marked accordingly.

laboratory computer, the stage can be moved over a range of 7.5 cm. The stage
is utilized to measure the Talbot carpet. To that end, the camera is mounted
on the stage and placed within the laser beam behind the grating. The intensity
distribution at this position is measured and saved. After that, the camera is moved
one step further away from the grating to measure the intensity at the new position.
The procedure is automated with a Matlab script. If the Talbot distance is larger
than the travel range of the stage, the procedure will only yield a section of the
Talbot carpet.

The set-up in Figure 3.1 can be altered to test further phase-contrast imaging tech-
niques. To implement shadowgraphy or an in-line phase contrast set-up, it is suf-
ficient to simply remove the Talbot grating. For this, the object can be placed
anywhere between the laser and the camera. So, the propagation distance from
object to camera is a design parameter. The limitations on the parameter range are
examined in the evaluation in Section 4.5.2.

In the approach of Schlieren imaging, a lens and a knife-edge are added as sketched
in Figure 3.2. The Schlieren set-up described in Section 2.3.3 requires an additional
lens to produce a parallel beam. But since the distance do between light source
and lens is much larger than the focal length the beam is assumed approximately
parallel and the additional lens is omitted. Every glass surface in the beam path
causes unwanted signatures due to dust and dirt or scratches. By leaving out one
of the lenses, this disturbance is reduced and the additional lens aberrations are
avoided as well. The downside is the beam divergence that causes a small deviation
between the nominal f and the effective f′ focal length of the lens. The deviation is
derived from the lens equation to
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f ′

f
=

do
do − f

≈ 1 +
f

d0
,

where f � d0 is assumed for the approximation of the equation. In the experiments,
the lens is placed about 2 m from the source. The focal length of the lens is about
20 cm and the deviation remains at roughly 10 %. This is not found to cause any
problems in the experiments, which is why the second lens is omitted.

3.2 Amplitude and Phase Gratings

The first challenge for setting up a Talbot interferometer is to find amplitude and
phase gratings with suitable parameters.

The upper limit of the grating period is defined by the length of the optical table.
Amplitude gratings produce a self image at the half Talbot distance, as mentioned
in Section 2.3.1. For a grating with a period of up to 1.4 mm and a parallel red laser
beam, this would fit on the 3 m optical table. The pixel size of the detector limits
the grating period. The single shot Fourier imaging algorithm works reliably with
6.5 detector pixels per period or more [Gal17]. For the camera described in Section
3.3.1, this gives a lower limit on the period of 31.2µm.

The experiments are conducted with amplitude gratings made out of photographic
reversal films, which are known from slide projectors. Printed reversal films are
commercially available [Dia18]. These 36 mm wide film stripes are offered with a
resolution in the range of 120 to 160 lines per mm. Image files of black-and-white
stripe patterns with different periods and widths are printed to such films and each
mounted between acrylic glass plates to keep them from bending. A photograph of
such a grating is shown on the right in Figure 3.3. The design parameters for the
gratings can be found in Table 3.1. The fact that these gratings are inexpensive and
immediately available for purchase is a great advantage over phase gratings.

In addition to the amplitude gratings, the experiments use a phase grating as well.
It is shown in Figure 3.3 on the left. The picture reveals that the carrier plate has
several scratches and a lot of dirt on it. The grating is borrowed from another work
group, but no supplementary specifications are available. Thus, certain assump-
tions are made on the design parameters. As far as possible, these assumptions are
validated experimentally in Section 4.3. From the marks on the plate, the grating
period is assumed as 35µm. The mark ’h=580’ is assumed to refer to the depth
of the grating structure in nanometers. The measurements presented in Section 4.3
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Figure 3.3: Picture of the 35µm phase grating carrier plate (on the left) and the
500µm absorption grating in its holder (on the right). The phase grating structure
can be seen as an fant square on the upper left side of the carrier plate. The two
lines of the inscription at the bottom read ’RONCHI’ and ’P=35µm h=580’. The
absorpton grating is a cut-out photographic reversal film fixed with four screws
between two acrylic glass plates. The inscription at the bottom reads ’500µm’, but
is hardly readable in the picture.

Table 3.1: Overview of the eight amplitude gratings and the phase grating. The de-
sign period is given for the gratings with different duty cycles. The Talbot distances
ZT and the first fractional Talbot order ZH is calculated for an optical wavelength of
650 nm. For the phase grating, the duty cycle is unkown and the fractional Talbot
orders cannot be calculated, since η depends on the phase depth, which is unkown
as well.

Period [µm] Modulation Duty cycle ZT [mm] ZH [mm]

800 amplitude 1 / 2 1.97·103 985
61.5 amplitude 1 / 2 11.64 5.82
35.2 amplitude 1 / 2 3.81 1.91
800 amplitude 2 / 3 1,97·103 985
500 amplitude 3 / 5 769 385
200 amplitude 3 / 5 123 61.5
26.4 amplitude 1 / 3 2.14 1.07
26.4 amplitude 2 / 3 2.14 1.07
35.0 phase – 3.77 –
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suggest, that the gratings phase is neither π/2, nor π, but somewhere in between.
The consequences for frequency doubling are discussed there as well. Since the pe-
riod is the only reliable parameter for the phase grating, only this is given in Table
3.1 while the duty cycle and the fractional Talbot distances are omitted.

3.3 Components of the Set-Up

In addition to the gratings, further components are involved in the set-up which are
introduced in this section.

3.3.1 Detector

The detector for the optical Talbot interferometer is a DMK 33GP5000e camera from
the vendor The Imaging Source Europe GmbH. The sensor has 2592 x 2048 pixels.
Each has a size of 4.8µm. The monochrome detector is a CMOS sensor with a global
shutter adjustable from 50µs to 10 s exposure time. The details on the specifications
can be found in Table 3.2. The camera is operated without photographic objective.
Thus image plane is identical to the detector plane. The sensor is protected by a
cover glass which causes interference patterns in the detected images [Bas19]. How
to handle these fringes is addressed in Section 4.1.2.

The output signal of standard CMOS sensors behaves linearly to the incident light
intensity, up to a certain limit [ASA+06]. Before reaching the maximum of the
detector’s intensity range, the output signal becomes non-linear [Sta08]. If not
specified otherwise, the illumination is kept at half of the camera’s dynamic range
throughout the experiments to avoid this distortion. Another problem is that the

Table 3.2: Specifications of the camera used as detector [The18].

Name DMK 33GP5000e

Resolution 2592 × 2048
Pixel size 4.8µm
Sensor format 1 inch
Sensor type CMOS
Shutter type Global shutter
Exposure time 50µs to 10 s
Gain 0 dB to 921 dB
Operating temperature -5 ◦C to 45 ◦C
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Table 3.3: Specifications of the laser module used as light source [Qua18].

Name VLM-650-02 LPT

Operating Voltage 2.6 – 5.0 V
Operating Current <35 mA
Output power <1 mW
Wavelength at peak emission (650± 5) nm
Focal length 10 cm – ∞
Safety class 3A
Beam Divergence 0.5 mRad

detector can show a signal different from zero even if the light source is off. An image
taken with the light source off is referred to as offset image. A part of the spurious
signal stems from the dark current of the CMOS sensor [Yor11]. But a significantly
larger part is caused by the stray light background. Different light conditions in the
laboratory cause different offset images. Prior to each series of measurements this
offset is recorded. During the measurement the light conditions are kept constant,
so that the background can be compensated for in the acquired images.

As is shown in Table 3.1, the finest gratings used in the experiments for this thesis
have Talbot distances in the range of a view millimeters. To find these distances, it
is important to know the position of the CMOS detector within the camera housing.
From outside, this position is not obvious and there is no information about it in
the specification sheet [The18]. As mentioned before, the sensor is protected by a
cover glass. However, there is no information on how thick that glass is, or how
much space is between the glass and the detector. Consequently, the detector plane
within the camera must be identified experimentally, as is presented in Section 4.1.1.

3.3.2 Light Source

The light source used throughout all experiments is a red diode laser with rectangular
beam profile [Qua18]. The specifications are given in Table 3.3. A built-in lens is
mounted on the outlet of the laser module. With this, the focal length of the laser
is adjustable within a certain range. The lower end of this range is specified with
10 cm. To avoid problems the laser is kept slightly above that value at 12 cm for
all measurements. This maximizes the beam divergence which is necessary to fully
illuminate the detector.
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3.3.3 Test Object

For test measurements with the optical set-up, an object with known properties is
needed for imaging. The future perspective of this work is the imaging of laser pro-
duced plasma which means that small dynamic samples are of interest, as discussed
in Section 2.2.3. The approach to this is a jet of butane gas in ambient air.

The gas streams out from a 3D-printer nozzle, which is shown in Figure 3.4. Nozzles
with 7 different inner diameters in the range from 0.2 mm to 1.0 mm are available
for the measurements. The inner diameter of the 1.0 mm has been experimentally
confirmed to lie in the range from 1.0 mm to 1.1 mm. The diameters of the other
nozzles were not confirmed.

The gas is fed from a small gas bottle through a plastic tube to the lower end of the
nozzle and streams out through the tip. The tip is visible as black shadow in some
of the measurements. The gas streaming out from the tip of the nozzle is referred
to as ’gas jet’ in the following. The geometry of the jets is assumed as infinitely
high cylinders originating from the nozzles. The jet diameters are assumed to be
equal to the inner diameter of the nozzles. Problems caused by this rather rough
approximation are discussed in the evaluation of the experiments. There are two
butane isomers with different refractive indices. They are 1.00126362 for n-butane
and 1.00126231 for iso-butane [WRD36]. Since the exact composition of the available
gas in the experiments is unknown, a refractive index of 1.001263 is assumed, which
corresponds to the average with less valid digits. The refractive index of ambient air
at normal conditions is 1.000276 [Mik18], so that the relative refractive index can
be given as ∆n=987·10−6. From this value, the phase-shift induced by the gas is
estimated assuming a 0.1 mm thick cylinder of butane gas surrounded by ambient
air. In the central region, the 650 nm laser beam traverses 0.1 mm gas with a relative
refractive index of 987·10−6. From Equation 2.6, this calculates to a phase-shift of
0.95 rad.
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Figure 3.4: Picture of a 3D-printer nozzle with a 6 mm thread. The drill hole from
bottom to the tip has an inner diameter of less than 1 mm. The image is taken
from [Mic19].

3.4 Software

While Schlieren imaging and shadowgraphy are feasible in an analog set-up with a
paper screen, the reconstruction algorithms for Fourier imaging and in-line phase-
contrast depend on elaborate computational efforts.

As mentioned in Section 3.1, the linear stage is controlled with help of the compu-
tational environment Matlab to measure Talbot carpets. But more importantly, the
simulation of such carpets is done implemented in Matlab as well. The full Talbot
carpet is calculated from the grating’s geometry, its material properties and from the
properties of the incident light. The reconstruction for Fourier imaging is done with
Matlab as well. A script is employed to calculate the three image modalities from
the reference and object measurements. To that end, the properties of the grating,
the wavelength of the light and the geometry of the set-up as well as the grating are
required. The information required for the reconstruction of in-line phase-contrast
images, that is done with a Matlab script as well, is described in Section 2.3.2.

As addressed in Section 4.4.1, noise can severely affect the application of such scripts.
The unwrapping algorithm described in Section 2.3.1 is implemented as Matlab
script. Especially in noisy images, it can occur that the program interprets random
fluctuations between two successive pixels as phase wrap. Equivalently it occasion-
ally fails to identify a jump in the image that is actually caused by phase wrapping.
Since the algorithm is implemented line-wise in x-direction, unwrapping artifacts
appear as horizontal lines that have an offset of approximately 2π to their surround-
ing in y-direction. If the object does not cover the whole image, so that the signal
on both sides of the image is always within the range from −π to π, this can be used
for error correction. If the unwrapped signal at the boundaries deviates from the
initial values, the algorithm must have misinterpreted at least one pixel in the line.
So, the whole line is reevaluated with adapted parameters. However, if two errors
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appear in one line they might cancel each other which cannot be corrected this way.
The influence of unwrapping artifacts is regarded in Section 4.4.1.

The camera is controlled by the software tool IC Capture. The program is utilized
to adjust parameters like the exposure time or the gain, though the latter is always
set to the lowest level. Further, the camera images are read out and displayed in
live view with IC Capture. Furthermore, the program can record and save image
sequences with adjustable timing. If a high frame rate is required, the camera pixels
can be binned to reduce the transmitted data rate. Alternatively, the part of the
sensor that is read out can be limited as well.
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The goal of the experiments is to apply the phase-contrast imaging techniques for
imaging of a test sample, which is a butane gas jet. To that end, the components
of the three set-ups are characterized before they are compared to each other by
conducting phase-contrast measurements. Phase-contrast imaging is motivated in
Section 2.2.1 for its capability to determine refractive index of a transparent medium.
In a plasma, this is equivalent to the determination of the electron density. The
refractive index is proportional to the phase-shift measured along the line of sight.
However, as discussed in Section 3.3.3, the relation between the refractive index and
the thickness of the jet is assumed to be constant. This allows, to represent the
measured phase-shift in terms of the thickness of the butane gas jet, which is a more
demonstrative quantity when comparing it to the diameter of the nozzles.

4.1 Characterization of the Camera

Before testing the imaging set-ups, the components are characterized individually.
This is done for the camera first.

4.1.1 Position of the Detector Plane

As discussed in Section 2.3.5, the position of the detector plane within the camera
is not obvious from outside. But it can be determined with the lens equation intro-
duced in Section 2.3.5. The idea is to use a lens of known focal length and image an
object that is placed at a certain distance from the lens. With the camera placed
behind the lens the system is manually aligned to obtain a sharp image of the object.
In this configuration, the distance between lens and CMOS sensor is given by the
lens equation. Thus, the position of the detector in the camera housing is obtained
independently of prior knowledge on the cover glass or other components.

The object is a flat piece of cardboard with markings printed on it. It is standing
upright at a distance of do=214.0 cm from the camera. It is illuminated with an
ordinary desk lamp. A lens is placed on the optical axis between the object and
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4 Experiments and Analysis

the camera. It has a focal length of f = 106.0 mm and is moved slowly away from
the camera towards the object, until a sharp image of the object can be seen on the
detector. The distance between the lens and the front of the camera housing, at
which a sharp image is obtained, is d̃i = (104± 0.5) mm. To calculate the distance
di from the lens to the detector at which a sharp image is obtained, Equation 2.18
is converted to get

di =

(
1

f
− 1

do

)−1
.

With the geometry described above, this calculates to di = (111.5± 0.05) mm. So,
the distance from the front edge of the camera housing to the detector is di − d̃i =
(7.5± 0.6) mm. Therewith, the geometry of the camera is better understood, which
is important to accurately align the optical set-up.

4.1.2 Thin-Film Interference

Thin-film interference between the CMOS sensor and the cover glass of the camera
can be the cause of an unwanted interference pattern [Bas19]. An example for such
patterns is shown in Figure 4.1. If the shape of the pattern changes over time,
it appears differently in the reference and the object images and thus cannot be
completely removed from the data. This can lead to artifacts in the reconstructed
images.

To quantify the change of the patterns over time, a series of reference is recorded
over a long period of time. To that end, the laser is directly illuminating the camera
without a grating or a sample in the beam path. Prior to data taking, the laser is
already warmed up for one hour, to ensure that it has reached a steady operating
temperature. Then, for a time period of three hours the camera records one image
every 20 seconds. The exposure time is adjusted such, that the average intensity of
the image is roughly in the center of the camera’s dynamic range.

From the resulting sequence, each image is divided pixelwise by the previous one.
For every image, this gives a map of quotients from which the mean value and the
standard deviation can be calculated over all pixels of the map. This is done for all
images of the sequence and the result is plotted in Figure 4.2. Within the first 30
minutes the mean declines, which means the change between the patterns becomes
smaller. After 30 minutes, the mean and the standard deviation fluctuate around
a steady value. That the steady value is not zero is most likely due to the noise in
each image. Interestingly, before reaching its steady value, the standard deviation
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4.1 Characterization of the Camera

Figure 4.1: Typical gray scale reference image taken with the camera under illu-
mination by the laser and a completely free beam path. Two distinct patterns are
visible. An approximately ring-shaped pattern caused by thin-film interference and
the larger pattern that can be faintly seen in the upper half of the image. It has a
much larger period and consists of only 8 fringes over the whole width of the image.
It stems from the intensity distribution in the laser beam profile.

is even slightly smaller. A possible explanation for that would be that the change
between the subsequent images has a certain systematic behavior during that time.
The changes of the interference pattern could be caused by a mechanical expansion
in the camera due to its operating temperature.

To conclude, the unwanted change in signal due to thin-film interference becomes
less severe with time. For that reason, the camera is warmed up for about 30 minutes
prior to data taking. But even then, the artifacts caused by these patterns cannot
be fully suppressed.
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Figure 4.2: Change of the measured intensity between two consecutive images. The
quotient is calculated for every pixel independently. Plotted are the mean value and
the standard deviation over all pixels. A vertical line is placed at 30 minutes which
is defined as the warm-up time of the camera.

4.2 Characterization of the Amplitude Gratings

To characterize amplitude gratings, the design parameters are experimentally veri-
fied and the visibility of the Talbot pattern is determined. As a first step, the Talbot
distances are confirmed by analyzing the shape of the Talbot pattern.

4.2.1 Determination of the Talbot Distance

To find the Talbot distance of the absorption grating with a 200µm period, the Tal-
bot carpet was measured and compared to the simulation. Both carpets are plotted
in Figure 4.3. The z-range of the measurement is limited by the size of the linear
stage. The y-range is cropped for clarity, so that the Talbot pattern corresponding
to 3 grating bars is visible. An equivalent of this range was simulated as described in
Section 3.4. An obvious difference between simulation and experiment is the slope
in y-direction of the measured carpet. The slope is caused by a small misalignment
of the linear stage. The axis along which the stage moves is tilted by less than 2◦

in respect to the optical axis of the laser beam.

42



4.2 Characterization of the Amplitude Gratings

Figure 4.3: Extract of the Talbot carpet of the 200µm amplitude grating obtained
by simulation (on the left) and by measurement in the experiment (on the right).
The grating is placed in the x-y plane, the detector moves in z-direction. The
numbered red lines, mark the positions of the line plots LP 1 to LP 7 in the Figures
4.4 and 4.5.
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Figure 4.4: The intensity profiles for the three lines (LP 1, LP 2 and LP 3) that
are marked in the simulated data in Figure 4.3. As marked by the two horizontal
lines in this plot, the profiles are separated in the vertical direction for more clarity.
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Figure 4.5: Intensity profiles for the four line plots LP 4, LP 5, LP 6 and LP 7
that are marked in the simulated data in Figure 4.3.

From the measured Talbot carpet, four distinctive line plots were extracted and
plotted in Figure 4.5 with the numbers 4-7. The line plot LP 4 is chosen such, that
the point of highest intensity is captured. It exhibits two peaks. LP 7 is the line
with the highest peak intensity that exhibits only one peak. LP 5 reproduces the
binary structure of grating bars and slits, except for a small peak at every junction.
And finally, LP 6 is chosen similarly to LP 5, except that the boundaries of the bars
are smooth and exhibit no peaks.

Additionally, three line plots were extracted from the simulated carpet at analogous
positions. They are numbered 1-3 and plotted in Figure 4.4. The line plot LP 2 is
situated exactly at the calculated Talbot distance ZT , which lies between LP 1 and
LP 3. The equivalent of LP 4 with its multiple high-intensity peaks is LP 1 from
the simulation. It lies at a shorter distance than ZT . The equivalent of LP 7 was
found behind ZT and is labeled LP 3. In contrast to the initial expectation, LP 2
does not look like the line plots measured at the high-intensity positions, but rather
like LP 6 in between, when judging from the sharp boundaries between grating bar
and gap.

For the 200µm grating, the position of the first half Talbot distance Z1
H was mea-

sured at (63.1 ± 0.2) mm behind the grating. To compare this to the design value
from Table 3.1, the measured values must be corrected for the magnification by
Equation 2.19. The distance from source to detector is 235 cm and from source
to grating it is 229 cm. With this, Z1

H without magnification can be calculated to
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4.2 Characterization of the Amplitude Gratings

Figure 4.6: Measured Talbot carpet of the 500µm grating (on the left) with a red
line marking the z-position of the line plot (which can be seen on the right). The red
profile in the line plot marks the boundaries and the mean intensities of the grating
bars and gaps in arbitrary units. Due to a geometric magnification of about 23 %,
the Talbot pattern shows a periodicity of 614µm.

Z1
H = (61.5± 0.2) mm, which perfectly fits the expectation from Table 3.1.

In conclusion, a good agreement between experiment and theoretic expectation can
be achieved for determining the Talbot distance from the Talbot carped, when look-
ing into the overall shape of the line plots rather than just judging from the position
of maximum intensity. After finding ZT , the relevant parameters can be measured
as described in the following section on the example of the 500µm grating.

4.2.2 Visibility and Duty Cycle

To determine the visibility and to check the duty cycle of the 500µm grating, the
Talbot carpet was measured. Since, with 76.9 cm, the Talbot distance is about ten
times as large as the travel range of the linear stage, a full Talbot carpet cannot
be recorded. So, only a section around the assumed position of the first half Tal-
bot distance Z1

H is measured. From this carpet, a line plot with sharp boundaries
between the grating bars and gaps is extracted, associated with Z1

H and shown in
Figure 4.6. The mean intensities of the plateaus and the gaps are marked in the plot.
From their values the visibility is calculated to an average of (86±1) %. Since the
variations within the plateau is systematic, it is not regarded in the determination
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Table 4.1: Parameters of the amplitude gratings. The design period P is given
together with the distance at which the parameter values were measured. The
Talbot order NZ is 0.5 if the distance equals Z1

H and else gives the Talbot order at
which the parameters were measured. Visibility and duty cycle DC are given with
their errors. The 800µm and 26.4µm gratings appear each with two different duty
cycles.

P [µm] Value at [cm] NZ Visibility [%] DC [%]

800 98.3 ± 1.0 0.5 86.5 ± 1 54.5 ± 1.3
800 98.3 ± 1.0 0.5 84.5 ± 4.8 60.4 ± 2.3
500 37.7 ± 0.02 0.5 85.9 ± 0.9 43.0 ± 0.8
200 6.14 ± 0.02 0.5 79 ± 1 48.8 ± 1.2
61.5 4.56 ± 0.02 4 67 ± 4 50.0 ± 2.0
26.4 4.36 ± 0.02 20 30 ± 8 33.0 ± 33
26.4 4.33 ± 0.02 20 6 ± 4 55.0 ± 38

of the error. The error is calculated from the variation of the three plateau values.
The boundaries of the plateaus and gaps are marked as well. With them, the duty
cycle calculates to (43±0.8) %, which deviates from the design value 40.4 %. A size
deviation in the width of the grating bars of about 13 µm would be enough to cause
this deviation. The resolution of the device that printed the amplitude gratings is
given by the manufacturer with at least 8.3µm. It is possible, that this plays a role
in the deviation of the duty cycle from the design value, since both uncertainties are
on the same scale of size.

The measured parameters of the amplitude gratings can be found in Table 4.1. They
have been obtained by above described procedure of recording the Talbot carpet,
finding the Talbot distance and calculating the parameters from the line plot. The
results clearly show, that a higher visibility is achievable by using larger grating
periods. This seems plausible, since larger periods mean lower requirements to the
equipment and more camera pixels per grating period, which improves the sampling
of the Talbot pattern. The error margin on the duty cycle becomes larger for smaller
periods, because the width of the grating bars approaches the scale of the detector
pixel size. The parameters were not measured at the same distance and not at the
same Talbot distance. This is due to the experimental feasibility. The gratings with
large periods were characterized at the first half Talbot distance. The others at
higher full Talbot orders.
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θ

h

dn1~

n~2

Figure 4.7: The laser beam (red) is incident on the phase grating plate with re-
fractive index ñ1 at an angle of θ. The refractive index of the surrounding medium
is ñ2. It is displaced in the plate of thickness h and propagates on parallel to its
incidence. Sketch adapted from [New19b].

4.3 Characterization of the Phase-Grating

4.3.1 Refractive Index

Alongside the amplitude gratings, the experiments were also conducted with a phase
grating. Unfortunately, the characterization is more complicated. The phase grating
is borrowed from another work group and there are no supplementary specifications
available. The only source of information is the inscription on the plate itself. The
refractive index of the material is not given and the available specifications are, to
a certain extent, open to interpretation as can be seen in Figure 3.3. Hence, these
specifications are subject of the experiments.

The refractive index of the phase grating can be measured using a geometric set-
up which is sketched in Figure 4.7. A laser of wavelength λ = 650 nm is used to
irradiate a slit aperture. Laser and aperture are positioned with a distance, so that
the incident light can be viewed as a parallel beam. The plate downstream the
aperture is mounted such, that it can be rotated. The plate, rotated at an angle θ
displaces the beam by d(θ). However, the direction of propagation is not affected.
The displacement after the plate of thickness h = (1.7 ± 0.05) mm can be given
as [New19b]

d(θ) = h sin(θ)

[
1− cos(θ)

((n2/n1)2 − sin2(θ))0.5

]
, (4.1)

where n1 is the refractive index of air, which will be approximated to n1 = 1 and n2

is the refractive index of the plate. Since the plate is only 1.7 mm thick, the beam
displacement is expected to be on the sub-millimeter scale. Thus, the CCD camera
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Figure 4.8: Beam displacement after the plate in µm is plotted over the plate’s
rotation angle θ. The expected beam displacement is fitted to the data with the
plate’s refractive index as fit parameter.

is used as to detect the displacement with high accuracy. The measured data can be
seen in Figure 4.8. The fit function for the data is adapted from Equation 4.1 with
n2 as fit parameter. The result is n2 = (1.33± 0.02) for the refractive index of the
phase grating. The largest source of error is h, so the error margin on the refractive
index is calculated from the uncertainty of h while neglecting the errors on θ and on
d(θ). This is clearly smaller than the values given for glasses in [Mik18]. Seemingly,
the plate is not made of glass. However, there are polymers with refractive indices
around 1.3 to 1.4 [Omn18]. So, the value measured for the plate of the phase grating
would fit into the region covered by polymers.

The plate’s mass density can be used to support the result, that it is made of a
polymer instead of glass. The density is (1.93± 0.03) g/cm3. Fused silica, the glass
given with the lowest refractive index in [Mik18] is given with a mass density of
2.2 g/cm3 in [Acc13]. Polymers, however, can be found abundantly in [Sci13] with
densities ranging from 0.830 g/cm3 to 2.15 g/cm3 containing the value of the phase
grating’s plate.
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4.3.2 Grating Period

The period of the phase grating is specified on the plate as 35µm. To experimentally
verify this specification, the far field diffraction pattern of the grating is analyzed
with help of Equation 2.14 to calculate the grating period. The experimental set-up
is implemented according to the description in the theory chapter and the sketch
in Figure 2.4. A slit aperture is added to the set-up to limit the beam size and
thereby increase the precision of the measurement analogously to the measurement
described in Section 4.3.1. The grating is illuminated by the beam coming from the
aperture. The laser beam is split into multiple beams in accordance with Equation
2.14. The beams finally impinge on the screen, where their separation distance
can be measured. From this the diffraction angle α between the diffraction orders
m = +1 and m = −1 is determined. For better statistics, the measurement is
repeated at several distances between the grating and the screen. A total of 14 data
points between 19.3 cm and 70.3 cm are recorded. The data points average to an
angle of α = 1.064◦±0.007◦, which translates to a grating period of (35.0±0.3)µm.
The specified period of 35µm is therefore regarded as validated.

4.3.3 Phase Depth

The phase depth of a grating depends on the refractive index of its material, the
wavelength of the scattered light and the height of the grating bars, as is described
by Equation 2.15 in Section 2.3.1. On the plate of the phase grating, an inscription
states h = 580. This could refer to the height of the bars in nanometers, but the
meaning is not stated clearly. Thus, the grating’s Talbot carpet, as determined
by measurement, is compared to carpets calculated by a simulation with different
optical phase depths. While this might give an insight to the gratings phase depth,
it is more of a qualitative study than a quantitative examination, since the patterns
tend to be ambiguous.

The procedure of measuring the Talbot carpets is, as described in Section 3.1, au-
tomatized to a certain degree. The grating and the linear stage with the camera on
top are aligned in the laser beam path. The stage must be carefully aligned to be
as parallel to the beam as possible, because with the large ratio between the size
of the grating periods and the size of their Talbot distances even a small deviation
from the beam path becomes visible, as already discussed in Section 4.2.1.

The carpet measured with this set-up is shown in Figure 4.9, alongside the simulated
ones. The two ideal cases of a π- and a π/2-shifting gratings are plotted in the two
upper subfigures. They are simulated in a parallel beam with an ideal non-absorbing
phase grating and a high spatial resolution. A third carpet is simulated with a lower
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Figure 4.9: Three simulated Talbot carpets of the 35µm phase grating and the
experimentally measured one. The carpets simulated with phase depths of π/2, π
represent the cases without and with frequency doubling. The simulated 0.59π car-
pet represents the assumed phase depth of the grating utilized in the experiments.
By binning the pixels, it is adapted to the limited spatial resolution of the experi-
ment. Also, the 0.59π carpet’s range of the color bar is adapted to the experiment.
The carpet labeled ’Experiment’ is taken from a measurement starting from the
fourth Talbot distance in a non-magnifying set-up. All simulations are conducted
with a duty cycle of 0.5.
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resolution, that corresponds to the experimental conditions set by the pixel density
of the detector and the precision of the linear stage in z-direction. Also, the phase
depth is adapted to resemble the real phase grating from the experiment. Assuming
the measured refractive index n = 1.33 with a grating depth of 580 nm and using
Equation 2.15, the optical depth of the phase grating for the 650 nm laser calculates
to ∆Φ = 0.589π. Multiple carpets were simulated for different phase depths between
π and a π/2. However, no suited criterion was found to judge the similarity between
the simulated and the measured carpets. Subjectively, the simulation at ∆Φ = 0.59π
presented in Figure 4.9 suited the experimental carpet best, since the structure of
the π/2 carpet is still clearly visible while frequency doubling can be observed as
well. Nevertheless, finding an objective criterion for the similarity of two carpets
would be necessary for a significant statement on the phase depth of the grating.
The result could be further improved by repeating the measurements with different
laser wavelengths or by using geometric magnification for better sampling of the
intensity pattern with the given camera pixel density.

4.4 Talbot Imaging

After characterizing the camera and the gratings, test objects are measured to eval-
uate and compare the different imaging techniques. The ability to correctly measure
the phase-shift induced by a sample can be tested quantitatively, if the geometry and
the refractive index of the sample are known. The assumed values for the butane
gas jets are introduced in Section 3.3.3.

4.4.1 Data Taking and Reconstruction

Before beginning with the evaluation, the procedure of data taking and reconstruc-
tion is outlined in this section for three example data sets picked from different
measurements.

To retrieve the transmission, the phase-shift and the dark-field with the grating-
based approach, an image sequence of the gas jet is recorded with the interferometer.
The grating is aligned such that the grating bars are vertical to achieve sensitivity
to the phase-contrast in the horizontal direction. After starting the sequence, a few
frames are taken which serve as reference image. The sequence keeps running while
the gas is fed to the nozzle forming a gas jet. These are the object images. For a
measurement with the 61µm amplitude grating, the reference and the object image
can be seen in Figure 4.10. From these, the three image modalities are reconstructed.
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Figure 4.10: Raw images of the reference frame and the butane gas object for
the amplitude grating and the 0.6 mm nozzle. The color code represents the light
intensity detected by the camera. The grating’s Talbot pattern is clearly visible in
both images. The dark area at the bottom of the frames is the shadow of the nozzle.
It appears distorted because the x range is cropped to the central region. In the
object image, the jet is visible in the region above the nozzle.

Figure 4.11: The raw object, the transmission and the dark-field image measured
for the 0.6 mm nozzle with the 61µm amplitude grating. The fourth subfigure shows
a line plot through line 750 of the dark-field image.
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The amount of light that is transmitted through the object is plotted in Figure 4.11
in the top right. The transmission in the object image relative to the reference is
coded in color. Over large pars of the jet this relation is larger than one, which
means that in those regions the amount of light detected is larger with object than
without. However, this is not due to light amplification in the butane. The average
transmission value of all pixels is 0.9872 with a standard deviation of 0.0115, which
cannot be explained by an overall increase of the signal. The light is shifted locally
within the image due to deflection and propagation. The artifacts appear as strips
along the gas jet, which shows that intensity is shifted in the direction of the gradient
of the refractive index. These propagation effects are not regarded in the grating-
based reconstruction algorithms, causing these artifacts in the transmission image.

Also displayed in Figure 4.11 is the dark-field image of the gas jet. The outlines of
the gas are clearly visible. Similarly to the transmission image, stripes along the
jet can be seen in the dark-field as well. Away from the jet, the image has a nearly
uniform background with a dark-field signal fluctuating around zero. Noise can be
seen at the origin of the jet, where the nozzle extends into the image and on the
left side of the image. The nozzle appears as shadow in both, reference and object
image. If the reconstruction algorithm sees any visibility in that area. This is purely
due to noise and the resulting values are small random numbers. So, in that area,
the dark-field is a map of small numbers divided by each other. Thus, these small
variations are translated to large values in the image. The noise on the left side of
the image might be caused by varying stray light conditions during the experiment.
The gas supply for the jet is manually controlled a few centimeters from the beam
path to the left, so there is some movement that might change the distribution of
background light. One representative line of the dark-field image has been plotted in
Figure 4.11 as well. The gas jet is clearly visible as a high peak in the center of the
plot. A dark-field signal of 1.6 roughly corresponds to a reduction of the visibility
to a fifth of the initial value.

As motivated in Section 2.2.2, the phase-shift induced by the sample is highly rele-
vant in potential astrophysical applications, because it directly relates to the electron
density. From reference and object measurement, the reconstruction algorithm ex-
tracts the differential phase-shift as shown in Figure 4.12 on the top left for the
example of a jet from a nozzle with 1.0 mm inner diameter that has been measured
with the 35µm phase grating. The differential phase-shift is proportional to the
gradient of the refractive index which means that a large change of the index on
small length scale causes a high signal, which can only be retrieved modulo to a
factor of 2π, as discussed in Section 2.3.1. Consequently, the retrieved image ex-
hibits multiple phase wraps which appear as hard borders in the color coded image
between the differential phase-contrast values −π and π. With the Matlab script
described in Section 3.4, the image can be unwrapped. The resulting image, that is
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Figure 4.12: Images of the differential phase-contrast (DPC), unwrapped DPC
(DPCunwrap) and the line-integrated phase-shift (Phase). The fourth subfigure shows
three line plots taken from the phase-shift image. Each plot is averaged over 50
lines, starting at the indicated lines 400, 700 and 1400. They are fitted by Gaussian
functions (dotted lines) with linear offsets accounting for the background signal.

plotted in Figure 4.12, clearly shows the gas jet in the center. The horizontal lines
in the image are unwrapping artifacts. As discussed in Section 3.4, the unwrapping
algorithm sometimes partially shifts a line wrongly up or down. The consequences
of these errors are discussed in the next paragraph. Another issue is the sign of
the differential phase-contrast. The direction of the differential in the image is from
left to right. At the left boundary of the gas, the refractive index integrated over
the line-of-sight increases due to a rising gas density. The reconstructed differential
phase-contrast takes negative values in that area.

Plotted in the top right of Figure 4.12 is the phase-shift. As discussed in the theory
chapter, the phase-shift induced by the sample can be obtained from the differential
phase-shift by integration. The sign for the integration is defined such, that a higher
phase-shift actually refers to a region of a higher refractive index. While the outlines
of the jet are visible in the image, the phase-shift and thereby either the density
or the refractive index of the material seems to vary along the direction of the jet.
There are multiple possible explanations for this. The exact dynamics of the jet
are unknown. It is possible, that the velocity of the gas decreases after leaving the
nozzle, which would either cause a higher gas density or a larger transverse extend of
the jet. Both would increase the measured phase-shift signal. The pressure at the gas
bottle fluctuates during the whole process of imaging, but whether the fluctuations
happen on a time scale that is caught in a single frame does not lie within the scope

54



4.4 Talbot Imaging

of the experiment. However, the phase-shift appears maximal where the differential
phase-contrast shows no unwrapping artifacts. If a phase wrap is not correctly
recognized, the magnitude of the signal is reduced by 2π. This deviation becomes
more severe when it is integrated over the whole line. Thus, it seems likely, that the
phase-shift appears with reduced values if the unwrapping algorithm breaks down.

To visualize this variation more clearly, three line plots were taken from the phase-
image. Each of the three line plots is averaged over 50 lines, starting at the lines
400, 700 and 1400. The plot in Figure 4.12 shows them each with a Gaussian fitting
curve. A linear offset is added to the Gaussians to account for the linearly decreasing
background signal. There is a constant, in this case negative, offset present in the
differential phase-shift. This uniform offset can be due to a slight movement of
the grating caused for example by a vibration of the set-up. The constant offset
is integrated in the phase and thus appears as a linear gradient throughout the
whole image. The plot averaging the lines 700 to 750 is taken in a region without
wrapping artifacts. Due to its asymmetric shape is not ideally described by the
Gaussian function, but the fit converges. The amplitude of the Gaussian fit for
the line plot 700 results as (7.0±0.1) rad. The region with the strongest unwrapping
artifacts is captured in the line plot 1400. The deviations are strong enough to cause
a jump in the background signal. This is why the linear offset in the fit function
cannot capture the background anymore and strongly deviates from the signal, as
can be best seen in the region of small y-values. With an amplitude of (3.9±0.1) rad,
the fit returns a value for the phase-shift that is almost reduced by half of the value
without unwrapping artifacts. In the upper region of the image, the line plot 400
yields only a slightly reduced amplitude with (6.7±0.1) rad. This shows, however,
that even a few artifacts can falsify the result of the evaluation.

Cylindrical symmetry is assumed for the butane gas jet, so the width seen in the
image is assumed to correspond to the thickness along the optical axis. The width
of the jet is defined with the 1/e2 criterion which means that the outer boundary of
the jet is defined at the points, where the phase-shift has reduced to about 13.5 % of
the maximum value. The object position during the above presented measurement
causes a geometric magnification of 1.05. The magnified width of the Gaussian fit to
the lines 700-750 corresponds to a jet diameter of (650±5)µm. The corresponding
nozzle has a diameter of 1.0 mm, which gives rise to the assumption that the size
of the gas jet cannot simply be assumed to be the same as the inner diameter of
the nozzle. This will be further addressed in Section 4.4.2. However, the phase-shift
along the line of sight, that is calculated from the same line plot gives a thickness
of (0.74±0.01) mm, which is much smaller the nozzle diameter but larger than the
thickness of the jet implied by the width of the Gaussian. Possible explanations
for that are manifold. A decreasing gas temperature due to decompression after
the nozzle could reduce the refractive index. Or the gas mixes with air in the outer
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Figure 4.13: Process of the phase retrieval for a jet from the 0.2 mm nozzle imaged
with the 61.5µm amplitude grating. The image on the left is the raw object frame.
In the center, the reconstructed differential phase-contrast is displayed with the
color code. The right image is the absolute phase-shift obtained by integration of
the differential phase-contrast image.

regions of the jet, so that the jet appears to have a different width. Rests of liquids or
condensed water could also have an effect on the retrieved image. Furthermore, the
gas bottle does not specify the exact contents, so it unclear whether impurities are
included like an additional propellant gas or some byproduct from the manufacturing
process. And finally, the reconstruction has its uncertainties as well, like an error
in positioning of the sample influencing the magnification and the calculation of the
integrated phase-shift. The finite grating period cannot catch the exact peaks of the
differential phase-contrast, which leads to errors in the integration as well.

The evaluation of the transmission and the dark-field images is not an aspect of
this thesis. Thus the process of the reconstruction is summed up in three steps,
for which corresponding data is shown in Figure 4.13. First, the raw object image
and the corresponding reference are selected from the data set. From this, the
differential phase-contrast is reconstructed and finally, by integrating over the image
in x-direction, the phase-shift in the line-of-sight is calculated.

4.4.2 Amplitude Grating

The Talbot interferometer is set up with an amplitude grating to measure the phase-
shift of butane jets that emanate from nozzles of multiple diameters and with dif-
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Table 4.2: Results for the amplitude grating and 4 nozzles. The diameter of the
nozzles DN is given together with the calculated thickness of the gas jet. Once
calculated with the magnitude of the phase-shift DP and once with the width DW

of the Gaussian fit functions corrected for the magnification. The errors given are
the variations of the fit parameters.

DN [mm] DP [mm] DP/DN DW [mm] DW/DN

0.2 0.149 ± 0.001 0.75 0.789 ± 0.003 0.25
0.4 0.225 ± 0.001 0.56 0.717 ± 0.003 0.56
0.6 0.427 ± 0.002 0.71 0.379 ± 0.002 1.6
1.0 0.787 ± 0.003 0.79 1.145 ± 0.001 0.87

ferent distances to the detector.

Thickness of the Gas Jet

To measure the refractive index with regard to the influence of the thickness of the
butane gas jet, nozzles with 4 different inner diameters are placed in the laser beam
at a distance of 54.4 cm to the camera. The grating is positioned 2.35 cm from the
camera, which means that the detector stands in the second Talbot distance. The
distance between laser focus and camera is 2.394 m.

The inner diameters of the 3D printer nozzles range from 0.2 mm to 1.0 mm, which
sets high demands on the spatial resolution. Thus, the 61µm grating is chosen
for testing, since the period is small but still large enough to be captured by the
camera. As described in the prior section, for each nozzle a sequence of image is
measured in which the butane jet is captured multiple times. One of the object
images is chosen and evaluated, meaning that the differential phase-contrast is re-
trieved, unwrapped and integrated before 50 succeeding lines of the resulting image
are extracted, averaged and fitted by a Gaussian function. In Table 4.2, the results
of this procedure are shown for the four different nozzles. For better comparability,
the values from the different parameters were brought to the same physical quantity.
The phase-shift integrated over the line of sight is calculated to the thickness of the
sample in line-of-sight with help of the assumed refractive index. The projected
width perpendicular to the line-of-sight is determined with the 1/e2 criterion, that
is introduced in Section 4.4.1. Both values are given relative to the diameter of the
nozzle in Table 4.2 as well.

Determining the thickness of the gas jet via the 1/e2 width yields results from 25 %
to 160 % of the nozzle size. This wide range of results causes a large error margin on
the average relative projected thickness which calculates to (82±60) %. The large
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error margin could mean that the initial assumption, that the jet diameter scales
linearly with the nozzle diameter, is wrong. However, this would not explain, why
the linear scaling applies better to the thickness calculated by the phase-shift in
line-of-sight. It is possible that the variation stems from fluctuations or turbulence
in the jet. But while the errors of the fit parameters are not significant, the variation
of the parameters from jet to jet is. So, the bad reproducability of the jets seems to
cause larger problems, than the fit itself. As mentioned, the grating has a period of
61µm, so the 0.2 mm nozzle is covered by only 4 grating bars. This could make an
exact localization of the phase-shifting gas difficult and might explain the unreliable
results. But the raw data, which is for example shown in Figure 4.13, suggests that
the size of the jet might be larger than the nozzle. So, the sampling is probably
better than the above estimation.

The measurement of the phase-shift taken with the phase-grating estimates the
thickness of the gas jet as (70±10) % of the nozzle diameter. This gives rise to the
assumption that either the refractive index of the jet is smaller than expected or
that the butane jets are thinner than the nozzle diameters. Another fact to consider
is, that the cylindrical symmetry is only an assumption. The measurement of the
0.6 mm nozzle by determining the thickness in the line of sight DP lies well within
the average of all tested nozzles, while the determination perpendicular to the line
of sight DW yields the highest of the four results. This might be a hint, that the
transverse planes of the jets are rather elliptical than circular. This could be a topic
for future experiments.

Influence of the Propagation

As mentioned in Section 4.4.1, artifacts due to propagation effects are discernible
in the transmission and the dark-field image. This raises the question whether the
propagation distance between the sample and the detector has an influence on the
detected phase-shift as well.

The phase-shift caused by the butane jets from the 1 mm nozzle is recorded in two
different set-ups. The positions of the light source, the grating and the camera
remains unchanged. The source and the detector have a distance of 239,4 cm to
each other. The grating is placed such, that the second Talbot order is imaged.
Since ZT =1.16 cm, the size of the small camera housing is already large enough to
permit imaging in the first Talbot order. However, this is regarded in the evaluation
and does not cause any problems. While propagating from the object to the camera,
the transverse intensity distribution of the light beam changes. To determine the
influence of that phenomenon on the image reconstruction, the object is imaged at
two different distances to the camera. In the ’far’ measurement, the object is placed
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between light source and camera at a distance of 54.4 cm to the camera. In the
’close’ set-up, the distance is only 4.0 cm.

For each geometry, an image series of the gas jet was recorded. In a first step of
selection, the object images of the jet that show strong turbulence are removed from
the series. Jets that bend away from a straight path or seem to fluctuate are removed
as well. The remaining images are reconstructed with the above described procedure.
The final step is to remove the reconstructed images that show unwrapping artifacts
or strong asymmetry. After this selection process, 4 reconstructed images of about 30
raw images remain for evaluation. The ’far’ sample shows up with an average phase-
shift of (8.50±0.22) rad, where the error margin is the standard error calculated
from the standard deviation. For the ’close’ sample, the phase-shift calculates to
(9.27±0.05) rad.

The results imply that the propagation artifacts influence the phase-contrast image
as well, even though they appear less obvious there than in the two other retrieved
images. The error margin is significantly larger for the ’far’ object, that was imaged
in a more than 10 times larger distance than the ’close’ sample. The propagation
effects cause problems throughout the whole reconstruction process. Finding 4 suited
images for the ’far’ object has been more difficult than for the ’close’ one. Thus, the
larger error margin is not surprising. However, that the propagation distance has
an influence on the average as well was not expected a priori. The measurement of
the ’close’ sample is nearer to the result that is expected when assuming that the
refractive index of butane and that the jet has the same diameter as the nozzle.

4.4.3 Phase Grating

The measurement of the jet thickness is repeated with the phase grating. Further-
more, the influence of frequency doubling on the results of the reconstruction is
evaluated.

Thickness of the Gas Jet

The measurement with multiple nozzles is repeated to allow a comparison between
the amplitude and the phase grating. To this end, in the grating set-up, the detector
is placed 240 cm from the light source and the 35µm phase grating is mounted
(23.5±5) mm in front of the detector, so the image is taken closely to the sixth
Talbot distance. The nozzles are positioned 12 cm from the camera. All seven
nozzles are tested in this measurement. The results are translated to estimates
of the thickness of the butane gas jet and displayed in Table 4.3. The thickness
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Table 4.3: Results for the phase grating and 7 nozzles. The diameter of the nozzles
DN is given together with the jet thickness calculated with the phase-shift DP and
Gaussian width DW . The errors given are the variations of the fit parameters.

DN [mm] DP [mm] DP/DN DW [mm] DW/DN

0.2 0.144 ± 0.001 0.72 0.721 ± 0.003 0.41
0.3 0.156 ± 0.001 0.52 0.507 ± 0.002 0.59
0.4 0.197 ± 0.001 0.49 0.575 ± 0.003 0.70
0.5 0.358 ± 0.001 0.72 0.621 ± 0.001 0.81
0.6 0.247 ± 0.001 0.41 0.570 ± 0.002 1.05
0.8 0.544 ± 0.001 0.68 0.539 ± 0.002 1.48
1.0 0.752 ± 0.003 0.75 0.649 ± 0.003 1.54
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Figure 4.14: Thickness of the jets determined via phase-shift divided by the nozzle
diameter plotted over the nozzle diameter. Error bars are added that represent the
standard deviation and the mean value of the data is represented by the line.
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Figure 4.15: Projected thickness of the jets determined via width of the fit function
plotted over the nozzle diameter. In contrast to the data in Figure 4.14, the absolute
thickness is plotted instead of the relative thickness. This is done because the values
show no dependency on the nozzle diameter. The error bars represent the standard
deviation, a horizontal line represents the mean value.
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of the butane jet in line-of-sight, which is calculated from the magnitude of the
phase-shift, increases with the nozzle size as expected. The only exception from this
trend is the measurement of the 0.6 mm nozzle. The relation between the calculated
thickness and the nozzle size varies between 0.4 and 0.75, the mean value being
0.61. For the amplitude grating, the mean value of 0.70 is larger and fluctuates
between 0.56 and 0.79 which is comparable to the fluctuation occurring with the
phase grating. The thickness values calculated from the width of the distribution,
in contrast, show no systematic dependency on the nozzle diameter. The average
thickness value is (0.60±0.08) mm. This behavior has not been observed with the
amplitude grating measurement. However, it is important to keep in mind that
first, the amplitude grating has an almost twice as large grating period thus limiting
the spatial resolution and second, that only 4 data points were taken which makes
general statements about the measurement difficult.

To better visualize the systematics of the results, the relative thickness obtained via
phase-shift is plotted in Figure 4.14. It shows that the relative thickness fluctuates
about the mean value without a remarkable systematic increase or decrease. In
addition to that, the absolute thickness obtained via the width of the fit function
is shown in Figure 4.15. It is noteworthy that this plot shows the same systematic
as the prior one, even though the values were not divided by the nozzle diameter.
However, the fluctuations in the plots have a certain resemblance with each other. In
both plots, the values increase towards the minimum and maximum nozzle diameters
while there is a local maximum at the diameter 0.5 mm. This resemblance gives the
impression, that the fluctuation largely stems from the gas jet itself. It might be
caused by turbulence in the jet or by variations in the gas pressure that arrives at
the nozzle. Another aspect is the fact, that the phase-shift seems to increase with
the nozzle diameter while the width in the lateral direction remains in a certain
region. Assuming a constant refractive index, this could be interpreted such, that
the spatial extent of the jet actually remains constant while the gas density rises
with the nozzle size. But it is also possible, that the nozzle diameter has a large
influence on the gas pressure that changes the gas temperature and thereby the
refractive index. However, more detailed data would be required to look further
into these hypotheses.

Frequency Doubling

Frequency doubling is introduced in Section 2.3.1 as a property of the π-shifting
phase grating. It means, that the spatial frequency of the Talbot pattern is twice as
high as the frequency of the grating bars. A π/2-shifting grating shows no frequency
doubling. As discussed in Section 4.3, the phase depth of the grating is unknown,
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Figure 4.16: Intensity profile with (with FD) and without (without FD) frequency
doubling. Plotted is a section of the reference images for the phase grating in x-
direction. The upper line plot is shifted by an offset of 100 [a. u.] for better clearness.
The profile contains several periods averaged over 100 lines in the central region of
the detector.

Figure 4.17: Unwrapped differential phase-contrast and phase-shift images of the
gas jet from the 1.0 mm nozzle at 4.0 cm distance between the object and the detector
measured with the phase grating. Data on the right is taken with frequency doubling
(FD), on the left without.
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but presumably neither π nor π/2 for the 650 nm laser. Thus, it is not clear whether
it exhibits frequency doubling.

Figure 4.16 shows intensity profiles of reference images that were taken with the
phase grating at two different z-distances between the grating and the detector. In
general, the intensity profiles, that are plotted in x-direction, show an additional
peak within every grating period. However, the additional peak varies in intensity.
One of the profiles in Figure 4.16 is taken with the detector at a z-position, at
which only one prominent peak per grating period is visible. The other profile is
taken at the optimum position for frequency doubling. From that, the visibility is
calculated to (65±8) % with, and to (42±1) % without frequency doubling. The
error margin is calculated by an error propagation from the standard error of the
peak and valley intensity values in the line profiles. The frequency doubled profile
has a significantly higher visibility, but it is less uniform than the visibility of the
profile without frequency doubling which shows in the larger error margin. This
seems plausible because of the systematic difference in the intensity values of the
frequency doubled peaks.

The consequences of the distinctive intensity profiles for the quality of the recon-
structions is tested in the following experiment. The detector is set up at two dif-
ferent distances from the phase grating. To achieve frequency doubling, it is placed
2.37 cm behind the grating and for a measurement without frequency doubling it is
positioned at 2.25 cm. On a side note, that these values cannot be compared to the
z-distances given for the Talbot carpet in Figure 4.9, because there, the distance is
given relative to an arbitrary position. The test object is a butane gas jet from a
nozzle with an inner diameter of 1.0 mm. At both detector positions, 5 successful
measurements were extracted from an image sequence. The reconstructed phase-
shifts are fitted by Gaussian functions. The amplitudes of the fit functions average to
a phase-shift of (8.86±0.13) rad with frequency doubling and (7.56±0.63) rad with-
out. However, it is difficult to judge whether these differences are significant, since
the shape of the single jets varies. The deviation could only be a coincidence, since
it is obtained by comparing just 10 gas jets. Nevertheless, it is noteworthy that not
only the phase-shift measured with frequency doubling is closer to the phase-shift
of 9.54 rad that is expected for 1 mm of butane gas, but also that the error margin
is smaller than the value measured without frequency doubling. A similar situation
can be seen in Figure 4.17. There, the differential and the integrated phase-contrast
are shown for two representative measurements, one conducted with and one without
frequency doubling. Unwrapping artifacts are obvious for the measurement without
frequency doubling. This leads to a significantly reduced signal in the integrated
phase-shift image. On the other side, the differential phase-contrast measured with
frequency doubling shows only few such artifacts and much larger values overall.
While this fits to the discrepancy in the result for the averaged values presented
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above, it hints at a severe problem. Since the grating period and the frequency
doubling are both accounted for in the reconstruction algorithm, this discrepancy
is most likely not a problem in the evaluation but rather in the procedure of the
measurement or a problem with the sample itself.

4.4.4 Summary

In conclusion, a quantitative evaluation of phase-contrast in butane gas jets was
conducted with a Talbot interferometer. The jet is clearly visible in the three image
modalities transmission, dark-field and phase-contrast. Data reconstruction is possi-
ble with both, the amplitude and the phase grating. The gas jets are suitable as test
object in the sense that the gradients of the refractive indices are on a scale that is
measurable with the Talbot grating. Problems arise from the lack of reproducibility,
since the jets each have a different shape. Furthermore, their actual thickness can
only be estimated.

The measurements were conducted with the three grating periods, 61.5µm for the
amplitude grating, 35µm for the phase grating and effectively 17.5µm for the phase
grating with frequency doubling. Although the sampling rate for the smallest period,
with only 3.6 pixels per period, is below the limit of 6.5 pixels stated by [Gal17], it
seemed to yield the most precise results. Precise statements on the image quality
are difficult due to the strong variations throughout all measurements that might
stem from the poor reproducibility of the gas jets. More precise knowledge of the
sample could significantly improve the results for the test measurements. In future
experiments, this could be achieved by finding a well understood test sample, or
by checking the results with well established quantitative optical methods, like a
Mach-Zehnder interferometer for instance.

4.5 In-Line Phase-Contrast

Propagation-based phase-contrast imaging is introduced for the optical regime as
shadowgraphy in Section 2.3.4. But since the evaluation of the acquired data in
this section is based on the methods for X-ray phase-contrast imaging, the term
in-line will be used instead of shadowgraphy. After outlining the procedure of the
measurement and the reconstruction in this section, the requirements on the sample
position are examined, before the conducted experiments are described and the
results are compared to those obtained with the Talbot interferometer.
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Figure 4.18: Image of the 0.2 mm nozzle as input for the in-line reconstruction
algorithm on the left and the output on the right. The input is the object image
divided by the reference. The color code gives the relative intensity. The output
is the phase-shift integrated over the line of sight. After the reconstruction, both
images have been cropped in x-direction.

4.5.1 Preliminaries

As discussed in Section 3.1, the three main components of the set-up are the
light source, the test sample and the detector. An important parameter for this
propagation-based technique is the propagation distance, that the laser beam cov-
ers between the sample and the detector. What needs to be considered for this is
discussed in Section 4.5.2.

The input for the reconstruction is the object frame divided pixelwise by the ref-
erence. Therewith, the change that the object causes at the detector image is
separated from the steady background signal. As an example, an input image of a
gas jet form a 0.2 mm nozzle is shown in Figure 4.18. The jet is visible due to the
intensity distribution caused by propagation effects. The intensity is increased in the
central region of the jet, with vertical ripples of decreased and increased intensity
enframing that region. The background around the jet is a uniform area with values
ranging closely around 1. This is expected, since the object frame is normalized by
the reference and both should be identical in the regions far from the object. If the
jet is more turbulent, this has an influence on the appearance of the jet in the input
image, as the image of a jet from the 0.6 mm nozzle shows in Figure 4.19. The image
also exhibits further examples for disturbing influences. A pattern with the shape of
concentric rings can be seen in center of the lower part of the input image in Figure
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Figure 4.19: Image of the 0.6 mm nozzle as input (on the left) and output (on
the right) for the in-line reconstruction. The images are cropped in x-direction. In
contrast to the measurement in 4.18, a jet with more turbulence is shown. The ring
shaped artifacts are visible in the cenral lower region of the input image.

4.19. The shape is similar to the thin-film interference pattern that is caused by the
cover glass of the camera, which is shown in Figure 4.1. So these artifacts might be
of a similar origin.

The phase-shift retrieved by the iterative algorithm is shown in the figures 4.18
and 4.19 as well. In the retrieved images, the jet stands out as an area of larger
phase-shift in the center. For the jet without turbulence, the background appears
homogeneous. But for the turbulent jet in Figure 4.19, the background is only
uniform to the left of the jet. On the right side, especially in the lower region that
is closer to the nozzle, the phase-shift value for the background drifts off to negative
values. The cause for this drift can only be speculated. The drift appears to be
strongest where the interference artifacts can be seen most clearly. The artifacts
might be misinterpreted by the reconstruction algorithm as a phase-shifting object
and thus influence the background of the image.

For both jets, horizontal stripes can be seen along the gas jet in the retrieved image.
They could be due to the jet traversing the boundaries of the image frame. While
the margins of the image are far from the object in the x-direction, the large extend
of the jet cannot be fully captured along the symmetry axis of the jet. The influence
of these artifacts might be reduced in the subsequent evaluation, by averaging the
line plots, that are used for fitting, over 100 lines of the image. Such an averaged
line profile can be seen in Figure 4.20 for the turbulent jet. The plot further features
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Figure 4.20: Line profiles of the input and the phase image for the 0.6 mm nozzle
measured with turbulence that is shown in Figure 4.19. The profiles are averaged
over the lines 600 to 700 in both, the input and the phase images. For the input, the
intensity of the object image is plotted relative to the reference intensity over the
number of pixels in the x-direction. For the output the reconstructed phase-shift is
plotted.

an intensity profile of the input image. From the Gaussian fit to the phase-shift,
an amplitude of (3.9±0.2) rad is calculated. The drift-off of the background on the
right side is visible in the line plot as well. Since it is not clear, on which side the
background values are more accurate, a constant offset with the average value of
both sides is added to the Gaussian. For the jet in Figure 4.18, the problem with
the varying background is not as severe. The jet exhibits no detectable turbulence
and the thin-film interference rings cannot be seen either. The only strong artifact
stems from the nozzle itself. Although it absorbs the light completely and causes no
phase-shift that could actually be detected, the reconstruction algorithm calculates
finite values for that region, as can be seen on the bottom of the phase image in
Figure 4.20.

4.5.2 Position of the Test Sample

Since in-line phase-contrast is based on the evaluation of propagation effects that
are visible in the detected image, it is important to check how much propagation
distance is required so that the detected images can be evaluated. Thus, prior to data
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Table 4.4: Results for the position-dependend measurement of the 1.0 mm nozzle.
The phase-shift and the calculated thickness DP in line-of-sight are shown for three
different propagation distances PD.

PD [cm] Phase-shift [rad] DP [mm]

4.4 5.8 ± 0.4 0.61 ± 0.04
12.0 8.8 ± 1.3 0.92 ± 0.14
54.4 8.5 ± 1.6 0.89 ± 0.17

taking, the described reconstruction procedure is applied to measure the phase-shift
of the 1.0 mm nozzle at three different distances from the detector. Since the camera
housing and the holder for the nozzle have a certain size, the smallest propagation
distance feasible is 4.4 cm between the gas jet and the camera sensor. A medium
spacing 12 cm is chosen for the intermediate position, while the largest distance is
54.4 cm. Larger distances are not regarded within the course of this experiment,
since the other imaging techniques are not conducted at higher distances as well. At
every of the three positions, a reference and three object images are recorded and
evaluated. The average values of the resulting phase-shifts are shown in Table 4.4
together with the jet thickness in line-of-sight which is calculated from the phase-
shift.

The values for the long and the medium distance approximately fit to each other
and to the data taken with the Talbot interferometer, within the given margins
of inaccuracy. The inaccuracy is calculated as standard error from the standard
deviation of the phase-shift values obtained from each jet. Furthermore, the expected
phase-shift for the 1.0 mm butane gas jet is 9.5 rad, which lies within the error margin
of the measurements at 12.0 cm and at 54.4 cm. However, the expected value lies
not within the error margin of the phase-shift measured at the smallest propagation
distance. Since this measurement is based on a total of nine jets measured at only
three distances, it is insufficient for a reliable statement. But still this measurement
suggests, that 4.4 cm is not a sufficient propagation distance, while 12 cm seem to
be sufficient for in-line phase-contrast measurements in this context.

4.5.3 Thickness of the Gas Jet

The experiment to measure the refractive index of the butane gas jet for the seven
different inner diameters of the nozzles is repeated with in-line phase-contrast imag-
ing. The influence of the thickness of the butane jet on the results is examined and
the outcome is compared to the measurement with the Talbot interferometer.
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Table 4.5: Nozzle diameter DN with the corresponding phase-shift determined
with in-line phase-contrast. DP is the thickness in line of sight, calculated with the
phase-shift.

DN [mm] Phase-shift [rad] DP [mm] DP/DN

0.2 1.8 ±0.1 0.19±0.01 0.94
0.3 1.8 ±0.2 0.18±0.02 0.61
0.4 3.2 ±0.4 0.34±0.04 0.84
0.5 3.5 ±0.8 0.37±0.08 0.74
0.6 3.7 ±0.1 0.39±0.02 0.65
0.8 6.9 ±1.9 0.72±0.02 0.90
1.0 8.8 ±1.3 0.92±0.14 0.92

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

re
la

ti
v
e
 j
e
t 

th
ic

kn
e
ss

nozzle diameter [mm]

data
mean

Figure 4.21: Relative jet thickness plotted over the nozzle diameter. The thickness
is calculated from the phase-shift retrieved from the in-line phase-contrast measure-
ments and divided by the nozzle diameter. The error bars represent the standard
deviation. The mean value is represented by the horizontal line.
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The propagation distance for this measurement is 12 cm, which is the same as the
distance between the object and the detector in the thickness measurements with
the Talbot interferometer described in Section 4.4.3. For every nozzle diameter,
one reference and three object frames are selected from a sequence of images. The
chosen frames are reconstructed and fitted as described in Section 4.5.1. From the
fit parameters, the thickness of the jet is calculated by assuming a refractive index
of 987·10−6, as described in Section 3.3.3. In Table 4.5, the phase-shift and the
thickness of the jet are shown with the corresponding inner diameters of the nozzle.

From the values given in Table 4.5, the jet thickness relative to the nozzle diameter
calculates to an average of 0.80±0.13. In comparison, the result for the corre-
sponding measurement conducted with the phase grating with frequency doubling
is (0.60±0.08). A deviation of this magnitude could be due to statistical problems
caused by the differences in the jet formation. The results shown in Table 4.5 are
furthermore plotted in Figure 4.21. While the average value is larger than the values
seen in the data presented in the figures 4.14 and 4.15, the overall appearance of the
fluctuations is similar. This suggests the idea, that the different nozzles cause sys-
tematic deviations for the produced gas jets, like for example a deviation from the
nominal nozzle diameter. But nonetheless, both methods have different systematic
problems, as discussed in the evaluation. For example, unwrapping is a problem for
the Talbot interferometer, while irregularities in the background cause problems for
in-line phase-contrast. Examining and comparing the effects of the different prob-
lems more closely with a better understood test target would be a possible starting
point for future experiments.

4.5.4 Summary

To sum up the experiments, propagation-based phase-contrast was observed with
the optical set-up. A quantitative reconstruction was successfully applied to the
recorded data to retrieve the phase-shift of the butane gas jet. By repeating the
measurements conducted with the Talbot interferometer, similar results were found
for the phase-shift, thus confirming the validity of both methods. However, a more
precise evaluation of the in-line reconstruction requires better knowledge about prop-
erties of the test sample.

4.6 Schlieren Imaging

The third and final phase-contrast imaging technique applied in this thesis for mea-
suring butane gas jets is Schlieren imaging. For the experiment, the laser is focused
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Figure 4.22: Schlieren images of the butane gas jet steming from the 1.0 mm nozzle.
The images are taken without knife-edge (A), with the knife-edge covering a small
part (B), a larger part and the whole (D) focal spot.

by a lens and the focal spot is cut by a knife-edge, as sketched in Figure 3.2. As
introduced in Section 2.3.3, the sensitivity of the measurement depends on the focal
length of the lens. Testing lenses with focal lengths ranging from 10 mm to 225 mm
showed that the best results are achieved with the longest focal length. This is why
all results presented here have been obtained with the 225 mm lens.

4.6.1 Position of the Knife-Edge

The distance between the source and the detector is 2.39 m, similar to the measure-
ments for the other phase-contrast methods. The lens is placed in the laser beam at
a distance of 45 cm to the detector, which is twice the focal length. The test object
must be positioned in accordance with the lens Equation to produce a sharp image
at the detector, as mentioned in Section 2.3.5. Thus, it is placed between the source
and the lens at a distance to the lens that is approximately equal to the focal length.
This is referred to as the object plane.

In contrast to the discussion in the chapters on theory and methods, the knife-edge
is orientated vertically in the measurements. With this, sensitivity is achieved in
the horizontal direction, which is the equivalent to the choice that was made for the
direction of sensitivity for the Talbot interferometer. The knife-edge is positioned
in the plane of the focal spot of the lens. There, it can be adjusted to cover the
focal spot either fully, partially or not at all. The more light is blocked, the darker
the image appears at the detector, which is shown in Figure 4.22 for 4 different
knife-edge positions. With no knife-edge applied, the Schlieren image resembles a
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shadowgraphy or a raw image for in-line phase-contrast. Close to the nozzle, the
boundaries of the jet are bright fringes. As the jet streams away from the nozzle
and widens in the lateral direction, this boundary becomes less distinct. Overall,
the image has a vertical symmetry axis.

When applying the knife-edge to the focal spot, this symmetry is broken and the
image of the gas jet changes significantly. If only a small part of the focal spot is
covered, the background of the frame remains almost unchanged. The jet however,
fades to black on the right side, which causes a light-and-dark contrast. As described
in Section 2.3.3, the dark area in the image corresponds to areas in the object, where
light is deflected by the gas jet in such a way, that it is shifted towards the knife-
edge in the plane of the focal spot. The fraction of light, which is blocked that way,
increases if the knife-edge is set to cover a larger part of the focal spot, as can be
seen in the next image in Figure 4.22. If the spot is fully blocked, the light rays
must be deflected strong enough to completely circumvent the focal spot in order
to reach the detector. An image for this condition is shown in the fourth picture in
Figure 4.22.

As discussed in Section 2.3.3, the light-and-dark contrast observed in the Schlieren
images from the left to the right side of the gas jet corresponds to the gradient
of the refractive index. Comparing for instance image B in Figure 4.22 to the
data acquired with the Talbot interferometer, one sees that the the bright areas
correspond to the regions of a negative differential phase-shift, while the areas of the
gas jet that appear darker correspond to regions with a positive differential phase-
shift. However, quantitative evaluation of the refractive index with the Schlieren
system has not been conducted.

4.6.2 Additional Amplitude Grating

As suggested in Section 3.1, the Schlieren set-up can be supplemented by a Talbot
grating. To this end, the amplitude grating with a period of 61.5µm is placed in
the object plane. Here, object plane refers to the area in the beam path, where
objects produce sharp images at the camera sensor, as defined by the lens equation.
The detector position is kept as in the prior measurements and the grating is placed
closely to the object plane, so that it produces a sharp image at the detector. In
this setting, the detector stands in the 45th Talbot distance.

By moving a paper card along the laser beam, the beam path can be examined
qualitatively. The result of this observation is illustrated in Figure 4.23. After
passing through the grating, the laser beam is focused by the lens. In the lens’s
focal plane, multiple light spots can be observed. For simplicity, the sketch shows
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Figure 4.23: Sketch of the beam path that is observed with an amplitude grating
placed in the laser beam (red) in front of the lens. The knife-edge is positioned at
the effective focal length of the lens f′, where multiple focal spots can be seen. The
observed beam path between lens and camera is illustrated by five semi-transparent
double cones that overlay each other.

Figure 4.24: On the left, two identical instances of the object can be seen in a
single image. There, the knife-edge blocks the focal spots md = −∞ to md = 0.
On the right, the knife-edge additionally blocks the spot md = +1 so that only one
instance of the object remains.
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Figure 4.25: Camera images acquired by the Schlieren set-up with an additional
amplitude grating. At the bottoms of the images, the 1.0 mm nozzle is seen. In A
and B even multiple times. In A, the knife covers the diffraction orders md = −∞ to
md = −1. In B, md = 0 is blocked as well so that only md = +1 and higher orders
are visible. In C to md = +1 is blocked as well. In D, all orders from md = −∞
to md = +2 are blocked by the knife-edge, so that an image of the nozzle becomes
visible (blue frame) that was outshined before. The brightness values in the pictures
are inverted.
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only five spots, even though more than that can be observed. The spots are lined
up in the horizontal direction. Measuring the spacing of the spots shows, that they
fulfill Equation 2.14, which describes the diffraction orders of a grating in the far
field. The brightest spot is in the center and the brightness decreases for the more
distant ones, as would be expected for diffraction orders of an amplitude grating.
Thus, the focal spots will be named md, where md = 0 is the central spot and
md = ±1, 2, 3, . . . for the spots to the right and left.

Since a large part of the light in the following measurements is blocked by either
the grating or the knife-edge, the resulting images appear quite dark. For better
clarity, the brightness values of the images are inverted. So, they are mostly bright
or white and the regions where light reaches the detector appear darker or black.

An object can be placed in front of the grating, so that both are sufficiently close to
the object plane. With this, a sharp image of the grating and multiple sharp images
of the object can be seen by the detector. Thereby, the beam is still focused onto
multiple spots between the lens and the camera. With the knife-edge, some of the
spots can be blocked, while the light from the other spots can propagate on to the
detector. First, the knife is set to block the spots of the orders md = −∞ to md = 0,
so that only the light from the spots md = +1 to md = +∞ reaches the camera. A
picture of the gas jet and the amplitude grating taken with this set-up can be seen
in Figure 4.24. In this picture, the jet can be seen twice. Next, the spot md = +1 is
blocked as well. As the second picture in Figure 4.24 shows, this has the effect that
the jet can now only be seen once.

Figure 4.25 shows four pictures taken of the 1.0 mm nozzle without a gas jet. The
multiple focal spots are blocked stepwise with the knife-edge, analogous to the de-
scription above. The first picture in Figure 4.25 shows the image of the nozzle
threefold. There, the orders md = −∞ to md = −1 are covered by the knife-edge.
For each spot that is additionally blocked, one of the multiple images disappears, as
is shown in the second and the third picture in Figure 4.25. In the fourth picture,
all spots from md = −∞ to md = +2 are blocked by the knife-edge. Thus, only the
images, that are coded in the spot md = +3 and in higher spots, are still contained
in the picture. Marked by a blue frame, there is an image of the nozzle that faintly
shows at a position where it could only be seen faintly before. This suggests that
the higher orders are present in all images, but that the lower orders outshine them
so that they are not visible.

Summary

In conclusion, the Schlieren set-up presented in this section is capable of recording
phase-contrast images of the butane gas jets under the same conditions that allowed
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optical Talbot interferometry and in-line phase-contrast imaging. The Schlieren set-
up was successfully employed to produce light-and-dark contrast that corresponds
to the gradient of the refractive index in the jet. By adding an amplitude grating
to the set-up, multiple copies of the imaged object were created and individually
removed by properly positioning the knife-edge. In a future step, the reconstruction
algorithms for Fourier imaging could be applied to attempt a quantitative evaluation
of the data.
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5 Summary and Outlook

This thesis is aimed at phase-contrast imaging in the visible wavelength regime.
Three set-ups were characterized and tested by imaging butane gas jets, which are
chosen to point towards the encountered challenges of imaging plasma targets in
experiments with relevance for laboratory astrophysics.

In conclusion, an optical Talbot interferometer has been realized and characterized
with both, amplitude and phase gratings. The acquired data was reconstructed and
quantitatively evaluated with computational methods that were initially designed
for the X-ray regime. The same was done for the method of in-line phase-contrast.
The two quantitative phase-contrast methods were compared to each other and
then qualitatively compared to Schlieren imaging, which is an established method
for phase-contrast imaging in the optical regime. The butane jet poses challenges
to the experiment in terms of reproducibility. But nevertheless, for Talbot imaging
and in-line phase-contrast the obtained results for the phase-shift of the gas jet are
in good agreement. With Schlieren imaging, the qualitative behavior of the gradient
of the refractive index was successfully confirmed.

It is thus shown, that the presented X-ray imaging techniques can be applied to
the regime of visible wavelengths as well. This poses a tool for the quantitative
analysis of the refractive index of transparent media. Furthermore in future work,
the optical set-up can be used to develop or to study new implementations of X-ray
phase-contrast imaging methods or to validate simulations. For example, the optical
set-up can help to prepare or to analyze experiments at synchrotron beamlines.
Additionally, the educational aspects should be considered. The optical set-up allows
to demonstrate a model experiment for an X-ray imaging technique that would
otherwise not be accessible for direct observation by eye.
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Effektes für die gitterbasierte Phasenkontrast-Röntgenbildgebung. Master-
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for Moiré Imaging Using an X-Ray Phase-Contrast Talbot–Lau Interfer-
ometer. Journal of Imaging, May 2018.

[SHM+15] Schropp, Andreas, Robert Hoppe, Vivienne Meier, Jens
Patommel, Frank Seiboth, Yuan Ping, Damien G. Hicks,
Martha A. Beckwith, Gilbert W. Collins, Andrew Higgin-
botham, Justin S. Wark, Hae Ja Lee, Bob Nagler, Eric C.

85

www.quarton.com/content/Laser_Module_1/Red_Laser_Module_11/Adjustable%20focus%20Laser_32/51
www.quarton.com/content/Laser_Module_1/Red_Laser_Module_11/Adjustable%20focus%20Laser_32/51
www.scientificpolymer.com/density-of-polymers-by-density
www.scientificpolymer.com/density-of-polymers-by-density


Bibliography

Galtier, Brice Arnold, Ulf Zastrau, Jerome B. Hastings
Christian G. Schroer: Imaging Shock Waves in Diamond with Both
High Temporal and Spatial Resolution at an XFEL. Scientific Reports,
2015.

[SLG+18] Seifert, Maria, Veronika Ludwig, Michael Gallersdörfer,
Christian Hauke, Katharina Hellbach, Florian Horn, Georg
Pelzer, Marcus Radicke, Jens Rieger, Sven-Martin Sutter,
Thilo Michel Gisela Anton: Single-shot Talbot–Lau x-ray dark-field
imaging of a porcine lung applying the moiré imaging approach. Physics
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