
Investigations on Laser-Cluster

Interaction Concerning the

Acceleration of Protons and

Electrons and the Generation of

X-Ray Radiation

Doctoral thesis

Inaugural-Dissertation

zur Erlangung des Doktorgrades (Dr. rer. nat.)

der Naturwissenschaften im Fachbereich Physik

der Mathematisch-Naturwissenschaftlichen Fakultät

der Westfälischen Wilhelms-Universität Münster

vorgelegt von

Lukas Leßmann

aus Münster

- 2021 -





Dekan: Prof. Dr. Michael Rohlfing

Erster Gutachter: Prof. Dr. Alfons Khoukaz

Zweiter Gutachter: Prof. Dr. Christian Klein-Bösing
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Kurzzusammenfassung

Cluster Jet Targets sind eine vielversprechende Alternative zu Folien oder Gas Jets

für die Laser-Plasma Physik. Sie können viele Nachteile dieser herkömmlichen Tar-

gets überwinden, indem sie einen kontinuierlichen Strom von Materie in Form von

massebegrenzten Clustern liefern.

Das in dieser Arbeit vorgestellte CryoFlash Experiment untersucht die Wechselwirkung

eines hoch intensiven und ultra kurzen Laser Pulses mit einem Cluster Jet Target höchster

Dichte. Das dafür verwendete Cluster Jet Target, das MCT-D, wurde speziell für dieses

Experiment entworfen und an der Universität Münster gebaut.

Durch Messungen von Streulicht (Mie-Streuung) an den Clustern bei Stagnationsbe-

dingungen im gasförmigen Bereich und durch Vermessung der Schatten der Cluster bei

ultra kurzer Belichtung bei Stagnationsbedingungen im flüssigen Bereich konnten die

Clustergrößenverteilungen über einen weiten Parameterraum bestimmt werden.

Das neu gebaute MCT-D wurde am ARCTURUS Laser System der Heinrich Heine

Universität Düsseldorf für zahlreiche Messreihen installiert. Dabei konnten ultra kurze

Protonenpulse mit hoher Stabilität und Energien bis etwa 300 keV nachgewiesen werden.

Es konnte ein niedriger Fluss an hochenergetischen Elektronen (bis etwa 12 MeV) in

ultra kurzen Pulsen und in der Ausbreitungsrichtung des Lasers detektiert werden.

Ein wesentlich höherer Elektronenfluss wurde in einer Ringstruktur und bei Energien

unterhalb von 150 keV nachgewiesen.

Bei der Laser-Cluster Wechselwirkung entstehende ultra kurze Röntgenpulse mit etwa

7× 106 Photonen pro Laserpuls konnten in einem Öffnungswinkel von 4 mrad gemessen

werden. Die Energie der Röntgenstrahlung wurde durch verschiedene Filter in den Bereich

zwischen 50 eV und einigen keV eingegrenzt.





Abstract

Cluster jet targets are a promising alternative to foil or gas jet targets in laser plasma

physics. They overcome many drawbacks of the conventional targets by generating a

constant flow of mass limited clusters.

The CryoFlash experiment, presented in this thesis, investigates the interaction of a

super intense and ultra short laser pulse with a cluster jet target of highest density. The

cluster jet target used, the MCT-D, was designed and built specially for this experiment

at the Westfälische Wilhelms-University of Münster.

Using measurements of scattered light (Mie scattering) at the clusters at stagnation

conditions in the gaseous regime and shadowgraphy images of the clusters at stagnation

conditions in the liquid regime, the cluster size distributions were determined over a wide

parameter range.

The newly built MCT-D was installed at the ARCTURUS laser system of the Heinrich

Heine University Düsseldorf for various measurement series. Ultra short proton pulses

with energies up to 300 keV were measured at a very high shot-to-shot stability.

Ultra short electron pulses with a low flux and with energies up to 12 MeV were measured

in laser forward direction. A higher flux of lower energetic electrons (below 150 keV) was

detected in a ringlike structure around the laser propagation direction.

Ultra short X-ray pulses generated during the laser cluster interaction with around

7× 106 photons per shot were detected in an opening angle of 4 mrad. Different filters

determined the X-ray energy to be between 50 eV and a few keV.
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1 Introduction

Accelerated protons are required for numerous applications in nuclear and particle physics,

as seeds for particle accelerators, in material science, for radiation hardness tests and for

medical treatments as proton therapy. Currently these accelerated protons are generated

by conventional particle accelerators like cyclotrons or linear accelerators by passing

either an alternating electric field multiple times or multiple electric fields in a row. This

conventional acceleration requires large facilities scaling with the required proton energy,

reducing the availability of accelerated protons for science, industry and medicine.

Ultra short X-ray pulses τ ∼ O(fs) are highly useful for the investigation of ultra fast

processes e.g. in molecules or atoms as well as in pump-probe experiments or as pumps

for short wavelength lasers. There are a few facilities able to produce such X-ray pulses

by sending accelerated electrons of relativistic energies through undulators consisting of

an array of magnetic fields with successive changing field directions. This causes a slalom

motion of the electrons under X-ray emission in forward direction at every turning point

of the slalom. These X-rays accumulate to a very short and intense pulse. However, due

to the high cost of such facilities the access is very limited.

The discovery of the laser in 1960 by Theodore Maiman and the principle of chirped

pulse amplification (CPA) in 1985 by Gérard Mourou and Donna Strickland (Noble prize

in 2018) resulted in easily accessible focus intensities up to 1020 W/cm2. This opened a

completely new approach for the acceleration of protons or ions and the generation of

ultra short X-ray pulses. During the interaction of a short laser pulse of such a focus

intensity with matter a plasma is formed. Atoms are ionised, ions and electrons are

separated macroscopically causing a very strong electric field up to the TV/m scale,

accelerating ions and electrons. The electrons propagate in the alternating magnetic field

of the laser pulse generating X-ray radiation like in an undulator. Besides the accelerated

ions and the generated X-ray radiation, the accelerated electrons may be used directly
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1 Introduction

for scientific applications or techniques such as electron melting, electron cutting or radio

therapy. Currently, large facilities such as microtrons or synchrotrons are required to

accelerate electrons to the energies necessary.

The most common targets for laser plasma experiments are thin foils. In the interaction

of an ultra short laser pulse of high intensity with a thin foil, ions are accelerated by the

target normal sheath acceleration mechanism. Proton energies of up to 58 MeV have

already been reported [S+00]. Despite this very promising energy, foil targets come with

several drawbacks. Since the interaction leaves a hole in the foil, the target has to be

changed after every shot resulting in a very low interaction frequency. Additionally, some

of the matter of the foil is severed by the laser pulse as debris and may damage the

optical components in the interaction chamber. Furthermore, the shot-to-shot stability is

inadequate and a lot of energy is lost in the interaction by electrons leaving the interaction

region through the foil transversal to the laser propagation direction.

Many different target alternatives have already been tested. This includes e.g. gas-

jets [PV+19], frozen droplets [S+19,A+20], solid spheres [O+16], liquid jets [G+17] and

hydrogen ribbons [M+16]. Beside these, there is another type of target able to overcome

the numerous drawbacks of foil targets: A cluster jet. A cluster jet is formed by pressing

pre-cooled gas (e.g. hydrogen) through a very narrow Laval nozzle (dN = 42µm).

Thereby, the gas atoms cool down further by an adiabatic expansion and they may form

clusters of 102 − 106 atoms only loosely bound by the Van der Waals force. The constant

flow of target material and the high velocity of the clusters (up to 800 m/s [Täs12])

enable a very high repetition rate. The use of hydrogen as a target material prevents

any debris and enables the acceleration of a single ion species. The mass limited target

clusters prevent any transversal energy loss and the acceleration mechanism changes to a

Coulomb explosion. Therefore only a fraction of the currently available laser intensity

is needed (∼ 1016 W/cm2) resulting in a very large effective interaction volume which

improves the shot-to-shot stability drastically. While the overall density of a cluster jet is

usually in the range of 1015 − 1017 atoms/cm3, the density inside of the single clusters is

comparable with solids. Usually, cluster jets are used as internal targets at conventional

accelerators (e.g. in COSY11, ANKE@COSY or the future P̄ANDA experiment), but in

1996 Ditmire [D+96] started to investigate the laser-cluster interaction. Since then laser

intensities and cluster jets have made huge improvements. In the scope of this work a

new cluster source is built and characterised. This is presented in chapter 3. The new
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cluster source is able to operate in a previously uninvestigated parameter regime using

lower temperatures than before and even liquid hydrogen for the cluster process.

During precursor measurements [Gri18,A+19] with an unoptimised cluster source [Gri14,

G+19] the Balmer spectral lines of the generated plasma were observed and the plasma

temperature was estimated. Accelerated protons were detected under different angles

identifying the acceleration process as a Coulomb explosion. A very promising shot-to-

shot stability was shown. The highest measured proton energy was 88(15) keV [Gri18]

and a strong increase of the proton energy for lower temperatures of the cluster source

was found. In addition, the generated X-ray radiation and accelerated electrons in laser

forward direction were detected.

This thesis will give an overview of the theoretical description of the interaction of a

short laser pulse of high intensity with a cluster jet target in chapter 2, starting from the

interaction of a strong electromagnetic field with a single electron and ending with the

concrete proton acceleration mechanism. Afterwards, the newly built cluster source is

presented in chapter 3. This includes the working principle, the design and the hardware

as well as the characterisation using interferometry, Mie scattering and shadowgraphy.

Chapter 4 introduces the ARCTURUS laser system of the Heinrich Heine Universität

Düsseldorf, which was used for the experiments. Finally, in chapter 5 the data taken

concerning accelerated protons and electrons are presented. To accomplish this the

experimental setup and the detector used are shown and the newly developed evalua-

tion routine is presented, including a detailed handling of the systematic uncertainties.

Concluding this thesis, chapter 6 shows the measurements concerning generated X-ray

radiation. Again, the experimental setup, the detector used and the evaluation routine

for the data taken are presented.
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2 Laser-matter interaction

Since the invention of chirped pulse amplification (CPA) in 1985 the available laser

intensity has risen by several orders of magnitude [Gib05]. This opens a comparably

easy way to investigate the interaction of strong electromagnetic fields with different

states of matter and the plasmas generated thereby. Scientific interest in this matter

refers not only to the understanding of the fundamental interaction, but especially to

future applications using the electrons and ions, accelerated in the process, or the X-ray

radiation generated.

This chapter gives a step-by-step description of the physical interaction of high-intensity

lasers with matter, starting with the interaction of strong electromagnetic fields with a

single atom or a single electron and resulting in acceleration mechanics for ions.

2.1 Single atom-laser interaction

A high-intensity laser pulse with propagation direction ~ez and linear polarization in

~ey direction can be described as an oscillating electromagnetic wave with the vector

potential

~AL(z, t) = ~eyA0 sin (kLz − ωLt) . (2.1.1)

This plane wave laser pulse has an amplitude of A0, a laser frequency of ωL/2π and a

wave number of kL = 2πnr/λL with the refractive index nr and the laser wavelength λL.

The electric field ~EL and the magnetic field ~BL of the laser pulse can be derived from

the vector potential [Mes04a]:
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2 Laser-matter interaction

~EL = −∂
~AL

∂t
= ~E0 cos (kLz − ωLt) = ~eyωLA0 cos (kLz − ωLt) (2.1.2)

~BL = ~∇× ~AL = ~B0 cos (kLz − ωLt) = ~ex
nr

c
E0 cos (kLz − ωLt) (2.1.3)

Therein c = 1√
µ0ε0

= ωL

2π
λL is the speed of light in vacuum with the dielectric constant µ0

and vacuum permittivity ε0. The laser intensity IL is the absolute value of the Poynting

vector ~S = ~E × ~B/µ0 averaged over a laser period indicated by the angle brackets

〈 〉 [Mes04a]

IL = 〈|~S|〉 =
1

µ0

〈| ~EL × ~BL|〉 =
ε0cE

2
0

2
. (2.1.4)

Since the energy of the single laser photons is not high enough for a direct ionisation

of the atoms via the photo effect, the ionisation is caused by the interaction of the

electromagnetic laser field and the binding field of the atom. The laser intensity has to

exceed the atomic binding intensity Ia between an atomic nucleus and its electron to

ionise the atom by negating the binding field. For an estimation of the laser intensity

necessary for an atomic ionisation, a hydrogen atom is considered. Using the Bohr

radius

aB =
4πε0h̄

2

mee2
= 5.3× 10−9 cm , (2.1.5)

with the reduced Planck constant h̄, as the distance between atomic nucleus and electron,

the atomic binding field strength for the hydrogen atom is [Gib05]
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2.1 Single atom-laser interaction

V(x)

x0

V(x)

x0

V(x)

x0

-Eion

Ef

xmax

-eɛx

Figure 2.1 – The left side shows the principle of multi photon ionisation (MPI): Multiple (here
two) photons are absorbed simultaneously to match the ionisation energy Eion. The center
shows the case of above threshold ionisation (ATI), where even more photons are absorbed
resulting in a higher kinetic energy Ef of the ionised electron. The right side shows the influence
of a strong electric field on the binding potential leading to tunnel ionisation. Image taken
from [Gib05], edited.

Ea =
e

4πε0a2
B

∼= 5.1× 107 V

cm
. (2.1.6)

This results in an atomic binding intensity and thus a lower limit for the laser intensity

for the ionisation of the atom of [Gib05]

Ia =
ε0cE

2
a

2
∼= 3.51× 1016 W

cm2
. (2.1.7)

However, a lower laser intensity is already sufficient for the ionisation of atoms, because

of the two following mechanisms. The first one is the multi photon ionisation (MPI) and

uses the particle concept. While the energy of a single laser photon is not sufficient to

ionise the atom, multiple (n) photons may be absorbed by the electron at once. This is

possible for high photon densities corresponding to laser intensities > 1010 W/cm2 [Gib05].

It is possible that more than the n necessary photons are absorbed simultaneously. This

is called Above Threshold Ionisation (ATI). Figure 2.1 shows a sketch of MPI on the left
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2 Laser-matter interaction

side and a sketch of ATI in the centre. With s additionally absorbed photons the kinetic

energy of the ionised electron is

Ee = (n+ s)h̄ωL − Eion (2.1.8)

with the ionisation energy Eion. For even stronger laser intensities the second mechanism,

tunneling ionisation, kicks in. In this regime the electric field of the laser has become

strong enough to influence the atomic binding potential to

V (x) = −Ze
2

x
− eεx (2.1.9)

with the atomic number Z and the absolute permittivity ε [Gib05]. The right side of

figure 2.1 shows a sketch of the resulting potential. The new potential wall is low enough

for the electrons to leave the atoms by tunneling through the binding potential. A laser

intensity of Iapp
∼= 1.4× 1014 Wcm−2 [Gib05] is necessary for the ionisation of hydrogen

atoms. A separation factor for the two mechanisms

α = ωL

√
2Eion

IL

(2.1.10)

can be introduced [Gib05]. For α > 1 MPI and ATI dominate, but with stronger laser

intensities resulting in α < 1 tunneling ionisation becomes the leading process.

2.2 Electron-laser interaction

Once separated from the ions, the electrons start to move in the electromagnetic field of

the laser pulse. This is described by the Lorentz force and the energy equation
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2.2 Electron-laser interaction

Figure 2.2 – Motion of relativistic electrons in the electric field of a plane wave laser. On the
left side the motion is shown in the laboratory frame and on the right side the same motion is
depicted in the average rest frame [Man19].

~FL =
d~p

dt
=

d

dt
γm~v = −e

(
~EL +

1

c
~v × ~BL

)
(2.2.1)

and
d

dt

(
γmc2

)
= −e

(
~v · ~EL

)
(2.2.2)

using the electron velocity ~v, the electron mass m, the speed of light in vacuum c and

the relativistic Lorentz factor of the electron γ [Gib05]. For a laser as described with

formula 2.1.1 the electron motion results in

y = −a0c

ωL

sinφ (2.2.3)

z =
a2

0c

4ωL

(
φ+

1

2
sin 2φ

)
(2.2.4)

with the relativistic laser amplitude a0 > 1 and the laser phase φ [Gib05]. These equations

of motions are depicted in figure 2.2. The motion is, evaluated in the laboratory frame,

an oscillation transverse to the laser propagation direction and a drift parallel to it. The

motions turns into a figure of eight in the average rest frame.
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2 Laser-matter interaction

Laser
-

e

Figure 2.3 – Schematic view of the relativistic electron motion in a focused laser pulse. The
electrons show an oscillation in the polarisation plane of the laser combined with a drift in the
laser propagation direction and leave the laser focus due to the ponderomotive force [Man19]
(based on [Gib05]).

Since focused laser pulses show strong gradients in time and space, they are not plane

waves and another kind of force has to be considered. The ponderomotive force

~Fpond = − e2

4mω2
Lγ̄
~∇
(
~E2

L(x)
)

(2.2.5)

using γ̄ =
√

1 + a2
0 takes this into account and acts in the direction of the electric field

gradient [Gib05]. The electrons are therefore pushed out of the laser focus where the laser

intensity is at maximum. This results in an electron motion as shown in figure 2.3. The

electrons show their usual oscillation combined with a strong drift in laser propagation

direction and leave the laser focus under the angle θ relative to the laser propagation

direction.

Laser wakefield acceleration

The forces mentioned beforehand, namely the Lorentz force and the ponderomotive force,

also act on the ionised atomic nuclei. However, the mass of atomic nuclei is at least a

factor mp/me ≈ 1836 higher than the electron mass, reducing the effective motion caused

by the laser pulse to an insignificant order. While the ions stay at their initial positions

during the laser target interaction, the electrons are accelerated by the ponderomotive

10



2.2 Electron-laser interaction

Figure 2.4 – Schematic view of the laser wakefield acceleration. The color scale represents
the electron density. Nearly electron free bubbles can be seen behind the propagating laser
pulse separated by electron bunches. Only a few electrons are injected into the bubbles and
accelerated as indicated by the white arrows [M+13].

force causing a charge separation moving behind the laser pulse through the target

medium. Directly behind the propagating laser pulse a bubble free of electrons is formed

as long as the laser intensity is high enough [M+08]. The electrons which occupied this

area before move along the surface of the bubble to its rear side while some of the electrons

are injected into the bubble. This injection is highly dependent on the plasma density,

the plasma density structure and the initial positions of the electrons with regard to the

incoming laser pulse. In general, higher densities and initial positions close to the laser

propagation axis result in a higher injection rate [M+13]. The electron motion results in a

strong charge separation between the bubble (positive from the stationary ions) and the

region at the rear side of the bubble where most of the electrons accumulate. Once the

force of this charge separation exceeds the ponderomotive force, the electrons oscillate

with the plasma frequency ωP =
√

nee2

ε0me
while following the propagation of the laser pulse

through the plasma [M+13]. Figure 2.4 illustrates this process. The electrons injected

into the bubble are accelerated by the charge separation and may even become faster than

the laser pulse in the medium. These electrons reach the centre of the bubble where the

electric field strength of the charge separation changes the direction. Depending on the

laser pulse parameters and the target density, energies up to the GeV scale were already

achieved [M+13], while the typical energy range is in the order of 10 MeV. The indirect ac-

celeration of ions caused by macroscopic charge separation is discussed in the next section.
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2 Laser-matter interaction
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Figure 2.5 – Step by step view of target normal sheath acceleration (TNSA). a) shows the
formation of a pre-plasma while the pre-pulse of the laser hits the target. In b) the main laser
pulse arrives at the target and heats the electrons. Most of the hot electrons are pushed to
the rear surface of the target and leave it as shown in c). This leads to a charge separation
between ions and electrons, resulting in a strong electric field (indicated as grey arrows in d))
which in turn accelerates the ions normal to the target [Sch18].

2.3 Proton acceleration mechanisms

Target Normal Sheet Acceleration

The most common laser induced acceleration mechanism for ions is the Target Normal

Sheet Acceleration (TNSA). Figure 2.5 shows the process with a thin foil target. First,

the laser pre-pulse generates a pre-plasma at the surface of the target. Then the main

laser pulse interacts with this pre-plasma and heats the electrons of the target material.

These hot electrons may now leave their original position and even the whole target at

the rear side [Sch08]. This is leading to a charge separation, since the positively charged

ions are too massive to move on the same time scale. The charge separation in turn

generates an electric field of very high field strength which then accelerates the ions

normal to the target surface.

Although ion energies typically reached with TNSA and thin foil targets are in the

range of 50 MeV [S+00], the approach has some fundamental drawbacks. A fraction

of the hot electrons may escape from the plasma through the solid target orthogonal

to the laser propagation direction reducing the accelerating electric field strength. In

addition, the plasma generated causes a hole in the foil, leaving it unsuitable for another

interaction at the same spot. Even with tape targets, which can be moved between

12



2.3 Proton acceleration mechanisms

shots, the repetition rate is very limited. Not all of the target material blown away

by the laser pulse is part of the generated plasma. Some amount simply fractures

off the foil as debris and may damage optical components in the interaction chamber.

Since foils are usually not made of a single ion species but of at least two (e.g. CH),

different ion species are accelerated at once, complicating the extraction of particular ions.

Many of these drawbacks can be circumvented by using a cluster jet target instead of

a foil. A cluster jet delivers a constant flow of mass limited target material with high

speed of several hundred m/s, enabling high repetition rates and preventing a transversal

loss of electrons. The target material is made of a single species (usually H2) and any

possible debris just vaporises. However, the acceleration mechanism changes. For the

interaction of a short laser pulse with a cluster, which is defined as a loose formation of

approximately 100− 106 particles bound only by the van der Waals force, the Coulomb

explosion is the dominant mechanism and will be described in more detail hereinafter.

Coulomb explosion

The interaction of a short laser pulse with a cluster of atoms is essentially an interaction

of the electromagnetic field with the bound electrons. A sketch of the interaction is

shown in figure 2.6. The laser pulse heats the electrons of the cluster to relativistic

kinetic energies of

Ekin,e =
√
m2

ec
4 + p2

‖c
2 + p2

⊥c
2 −mec

2 (2.3.1)

with the two momenta parts p‖ = meca
2
0/2 and p⊥ = meca0, the electron mass me and

the normalised laser amplitude a0 [N+01]. The kinetic energy of the electrons is related

to the electrostatic potential of the ions as [S+04]

Ekin,e = p‖c+ eφ (2.3.2)

with the electrostatic potential of the ions
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2 Laser-matter interaction

a) b) c) d)

Figure 2.6 – Sketch of the Coulomb explosion of a cluster. The time scale is from left to right
or from a) to d), respectively. In a) the cluster is hit by the laser pulse (purple background).
The laser pulse ionises the cluster in b) resulting in a positively charged proton cluster and
separated electrons as shown in c). In d) the laser pulse has passed the cluster and the ions
drift apart due to the Coulomb repulsion [Sch18].

φ(r) =
Ne

4πε0R

(
3

2
− r2

2R2

)
. (2.3.3)

Therein e is the elementary charge, R is the radius of the cluster, N = 4
3
πR3n is the

number of ions in the cluster and n is the particle density in the cluster. The electrons

leave the cluster once their kinetic energy is much bigger than the binding energy to the

ions [N+01]

Ekin,e ≈
mec

2a2
0

2
� eφmax =

e2nR2

3ε0
. (2.3.4)

This defines the minimal laser amplitude necessary

a0 =
eE

meωLc
>

(
2e2n

3ε0mec2

)1/2

R (2.3.5)

to remove all electrons from the cluster in t = 2R/c� τ , with the laser pulse duration

τ [S+04]. This leaves a highly charged cluster of positive ions starting to drift apart

because of the Coulomb repulsion in a pico second time scale. Ions closer to the surface
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2.4 X-ray generation mechanisms

x0

laser
field

atomic
potential

-e

a) tunneling

b) acceleration

c) recombination

X-ray

Figure 2.7 – Principle of higher harmonic generation. In a) atoms are ionised by tunnel
ionisation as shown in figure 2.1. The free electrons are then accelerated by the laser field in b)
and may recombine with the atomic nucleus while emitting X-ray radiation in c) [Gri18] based
on [DPM15].

have higher potential energy which will be transformed to kinetic energy by the Coulomb

explosion. The maximal possible ion energy is given for ions at the surface (r = R)

Emax =
Ne2

4πε0R
. (2.3.6)

2.4 X-ray generation mechanisms

Similar to proton acceleration, the generation of X-ray radiation in the laser-cluster

interaction is dependent on the laser-electron interaction. After ionising the atoms as

discussed in section 2.1 the electrons are accelerated by the laser field as discussed in

section 2.2. The figure of eight motion brings the electrons back to the positively charged

ions where they may recombine under X-ray emission [Gib05]. This process is called

Higher Harmonics Generation and is shown in figure 2.7.
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2 Laser-matter interaction

Figure 2.8 – Two dimensional sketch of the generation of betatron radiation. An electron
oscillating in the electric field of the stationary ions emits X-ray radiation at every turning
point of its oscillation under an angle θ with respect to the electrons drift direction [PP17].

Simultaneously, another mechanism produces X-ray radiation. Once ionised, the electrons

perform a figure of eight movement (cf. section 2.2) in the potential of the stationary

ions with a frequency called betatron frequency

ωb =
ωP√
2γ

(2.4.1)

with the plasma frequency ωP =
√

nee2

ε0me
and the Lorentz factor γ. X-ray radiation is

emitted at each turning point of the electron movement [PP17]. This radiation is called

betatron radiation and is a kind of bremsstrahlung similar to synchrotron radiation.

Figure 2.8 shows a two dimensional sketch of this process.

A single electron of Lorentz factor γ emits for θγ � 1 and in the asymptotic limit a

synchrotron-like spectrum
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2.4 X-ray generation mechanisms

d2I

dΩdω
=

e2

3π2c

(ωρ
c

)2
(

1

γ2
+ θ2

)[
K2

2/3(ζ) +
θ2

(1/γ2) + θ2
K2

1/3(ζ)

]
(2.4.2)

with ζ = ωρ
3c

(1/γ2 + θ2)3/2, the observation angle θ, the radius of curvature of the electron

trajectory ρ, the frequency of the emitted radiation ω and the modified Bessel functions

K1/3 and K2/3 [PP17]. This means X-rays with a wide energy spectrum are generated in

laser forward direction with only a small divergence.
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3 Cryogenic cluster jet targets

Cryogenic cluster jet targets are widely used in nuclear and particle physics as internal

targets at particle accelerators. Their combination of medium density (1015− 1019 cm−3),

constant flow of target material and stability over very long time scales makes them

very good candidates for internal targets. Since 1996 [D+96], cluster jet targets have

been used in plasma physics as well. Especially the debris-free character of cluster jet

targets and the possibility for high repetition rates are greatly appreciated. This chapter

contains an explanation of the working principle of cluster jet targets, introduces the

Münster Cluster Jet Target for Düsseldorf (MCT-D) and shows its characterisation.

3.1 Working principle and gas flow theory

The most important part of every cluster jet target is a Laval nozzle, which consists of a

convergent inlet zone and a divergent outlet zone. A cluster jet is generated by pressing

pre-cooled gas or liquid with a high backing pressure (10− 20 bar) through the nozzle

into a vacuum. This is shown in figure 3.1. The gas accelerates in jet direction while

passing through the nozzle, reaching sonic speed at the narrowest section. If the gas

is below its inversion temperature, it will cool down further due to the Joule-Thomson

effect [NN05] while expanding adiabatically in the divergent outlet. This results in very

low relative velocities between the gas atoms and enables the formation of condensation

germs by three body collisions. In these interactions two of the atoms are bound together

by van der Waals forces while transferring their relative momenta to the third atom.

Other atoms may now attach to the condensation germ of already higher mass and form

a cluster of atoms. Typical clusters contain between 100 and 106 particles.
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Cluster-Jet

divergent outlet convergent inlet

~16 bar ~1 mbar

Figure 3.1 – Schematic view of a Laval nozzle and the clustering process. The pre-cooled gas
enters from the left through the convergent inlet zone, is pressed through the narrowest section
and leaves the nozzle through the divergent outlet zone. The relative velocities between the
gas atoms decrease while passing through the nozzle until three body interactions in the outlet
zone may generate cluster condensation germs as shown at the top. Generated by E. Köhler
and edited by S. Grieser, edited.

For theoretical calculation of density and gas flow of cluster jet targets a perfect gas can

be assumed. Calculations with real gases give better results with a higher precision and

for a wider parameter regime [Täs12], but for an estimation of the cluster jet density at

stagnation conditions in the gaseous regime the assumption of a perfect gas is sufficient.

For perfect gases the ideal gas law

pV = nRT (3.1.1)

cp − cV = nR (3.1.2)

is valid and the heat capacities cV and cp are assumed to be constant [NN05]. Thereby

p is the pressure of the gas of volume V , of temperature T and with the amount of

substance n. R = 8.314456(10) J
mol K

[MTN08] is the universal gas constant. In addition
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3.1 Working principle and gas flow theory

to the ideal gas law, the energy is assumed to be conserved

h0 +
v2

0

2
= h+

v2

2
(3.1.3)

with the current and reference velocities v and v0 and the current and reference enthalpies

h and h0. The reference point is chosen to be upstream of the nozzle, where the gas is

approximately at rest (v0 = 0). The current velocity can be calculated with the perfect

gas equation for the enthalpy

cp =
κ

κ− 1

R

M
(3.1.4)

h = cpT (3.1.5)

=
κ

κ− 1

R

M
T (3.1.6)

h0 =
κ

κ− 1

R

M
T0 (3.1.7)

where M is the molar mass of the gas and κ = cp
cV

= Z+2
Z

[Dem09] is the heat capacity

ratio with the number of degrees of freedom Z. Since the gas cools down while passing

the nozzle, the temperature downstream of the nozzle T can be neglected compared to

the gas temperature upstream of the nozzle T0. Using T ≈ 0 and the equations 3.1.6 and

3.1.7 leads from equation 3.1.3 to an approximation of the gas and cluster velocity:

v =
√

2cp(T0 − T ) (3.1.8)

≈
√

2κ

κ− 1

RT0

M
(3.1.9)

This describes measurements of the cluster velocity in the gaseous regime quiet well

[Täs12], but results in a huge discrepancy at liquid stagnation conditions. The measured

cluster velocities drop strongly at the phase transition from gaseous to liquid which is
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not included in calculations with a perfect gas.

The mass flow ṁ through the nozzle outlet or through the narrowest sectional area

(marked by ∗) can be written as the product of their respective densities (ρ, ρ∗), velocities

(v, v∗) and sectional areas (A,A∗)

ṁ = Aρv (3.1.10)

and ṁ∗ = A∗ρ∗v∗ . (3.1.11)

Taking the adiabatic flow of the gas into account, one finds ρ∗ = ρ0

(
2

κ+1

)1/(κ−1)
with the

density upstream of the nozzle ρ0 = p0M
RT0

and v∗ =
√

2κRT0
(κ+1)M

[Täs12]. This can be used

to rewrite

ṁ∗ = A∗ρ∗v∗ (3.1.12)

= A∗ρ0

(
2

κ+ 1

) 1
κ−1

√
2κ

κ+ 1

RT0

M
(3.1.13)

= A∗p0

√
κ
M

RT0

(
2

κ+ 1

) κ+1
2(κ−1)

. (3.1.14)

Since there is no matter lost in the nozzle, the two mass flows should be equal ṁ = ṁ∗.

This gives a formula for the density of the cluster jet at the nozzle exit

ρnozzle exit =
A∗p0

Av

√
Mκ

RT0

(
2

κ+ 1

) κ+1
2(κ−1)

. (3.1.15)

However, the cluster velocity v can only be approximated for stagnation conditions in

the gaseous regime. Using the measured volume flow qV upstream of the cooling section

and the nozzle instead is a more precise way to calculate the density of the cluster jet. It

can be written as
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3.1 Working principle and gas flow theory

qV = ṁ
RTN

MpN

(3.1.16)

with the pressure and temperature at normal conditions pN = 1.01325 bar and TN =

273.15 K. This leads to the density at the nozzle outlet

ρnozzle exit =
pN

ATN

√
κ− 1

2κ

M3

R3

qV√
T0

. (3.1.17)

Due to the divergent nozzle exit area, the cluster jet has a certain divergence, too. This

reduces the density of the jet with the distance to the nozzle. Assuming a ballistic motion

of the clusters, the density at an interaction point in distance d to the nozzle can be

approximated by

ρinteraction point =
ρnozzle exit(

2 tan(α1/2)(d+di+dN/(2 tan(α1/2)))
do

)2 (3.1.18)

with the distance from the narrowest section to the nozzle outlet di, the narrowest

diameter dN, the nozzle outlet diameter do and the half opening angle of the divergent

nozzle zone α1/2. This is only valid as an approximation of the expected cluster jet

density at short distances d since E. Köhler [Köh15] already showed that the cluster jet

opening angle differs slightly from the opening angle of the nozzle.

Cluster size estimation for clustering gases

The cluster sizes can be estimated using the empirical Hagena formula. The Hagena

parameter
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Γ∗ =
k̂ (p/mbar)

(
0.74 (dn/µm)

tan(α1/2)

)0.85

(T/K)2.29 (3.1.19)

with the gas dependent constant k̂(H2) = 184 [SDT98] characterises the cluster process

[Hag87]. While low values of the Hagena parameter Γ∗ < 200 mean no clustering at all,

clusters with more than 100 atoms per cluster are expected for high values Γ∗ > 1000.

The Hagena scaling law can be used to calculate the number of atoms per cluster

N̄ = AN

(
Γ∗

1000

)γN
(3.1.20)

with the two empirical constants AN = 33 and γN = 2.35 for Γ∗ > 1800 [Hag92]. Since

these constants were found for nitrogen and noble gases, a correction for hydrogen to

AN(H2) = 86(3) has been suggested by E. Köhler [Köh15]. The average cluster diameter

dCl. can be calculated by considering the cluster mass MCl.. The cluster mass can, on

the one hand, be written as the product of particle number N and molar mass m, and

on the other hand as product of volume V = 4
3
π
(
dCl.

2

)3
and density ρCl.. The density of

the clusters is assumed to be the density of liquid hydrogen ρCl. = ρ` = 70.6 kg/m3. The

cluster diameter can now be calculated by equating these two ways of writing the cluster

mass and rearrange the resulting equation:

MCl. = Nm =
4

3
π

(
dCl.

2

)3

ρCl. (3.1.21)

⇔ dCl. = 2

(
3mN

4πρCl.

)1/3

(3.1.22)

Cluster size estimation for clustering liquids

Pressing liquids through a narrow nozzle is characterised by the dimensionless Weber

number
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Figure 3.2 – Surface tension of hydrogen σ(T ) = σ0(1− T/TC)n over temperature with σ0 =
0.0061 N/m and n = 1.23 as found in [BP66] and with the critical temperature TC = 33.18 K.

We =
ρCl.v

2L

σ(T )
(3.1.23)

with the temperature dependent surface tension σ(T ) (cf. figure 3.2) and a charac-

teristic length of the system L for which the narrowest inner diameter of the Laval

nozzle was used [LM17]. The Weber number is the ratio of inertial to surface tension

forces. Thus low Weber numbers indicate the formation of drops as used in droplet

targets (cf. [Har19]), while large Weber numbers indicate an atomisation of the liq-

uid. C.C. Miesse found the transition to atomisation at WeAtomisation > 245 [Mie55].

The cluster jet target used in the scope of this work (cf. section 3.2) operates at

typical Weber numbers of We ≈ 570000 � WeAtomisation using the density of liq-

uid hydrogen ρCl. = 76.3 kg/m3, the narrowest inner diameter of the nozzle used
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L = dN = 42µm, the surface tension σ(28 K) = 6.2(6) × 10−4 N/m and the cluster

velocity v(16 bar, 28 K) = 332(17) m/s [Täs12] at typical operation parameters. This

indicates a very turbulent flow and an atomisation of the liquid.

Although the atomisation process is not fully understood yet, two sub-processes can be

described quite well. The first process is the atomisation by pressure gradient along the

nozzle. The pressure gradient leads to a change in the capillary pressure, which in turn

leads to Kelvin-Helmholtz instabilities in the fluid. These instabilities cause a breakup of

the fluid into small droplets with a maximum possible diameter of [Mes04b]

dmax,p = 2

√
σ(T )

∆p
. (3.1.24)

Therein ∆p = 0.89 bar/mm is the pressure gradient along the nozzle, which corresponds

to a drop of pressure from p0 = 16 bar to pic = 1 mbar over the length of the nozzle

`nozzle = 18 mm. The pressure downstream of the nozzle results from the flow of hydrogen

through the nozzle in combination with the vacuum pumping system presented in section

3.2.

The second process is the atomisation by the aerodynamic force of the surrounding

medium in which the liquid expands and therefore takes place after the primary breakup.

The liquid drops leaving the nozzle shatter on the surrounding gas molecules into even

smaller pieces. This process restricts the maximum possible droplet or cluster diameter

to [Mes04b]

dmax,A =
8σ(T )

cwρicv2
(3.1.25)

with the drag coefficient of a sphere cw = 0.45 and the gas density downstream of the

nozzle ρic = 8(1) × 10−5 kg/m3, which corresponds to a pressure of pic = 1 mbar of
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3.2 The MCT-D

hydrogen.

To identify the leading sub-process, both maximum possible cluster diameters are calcu-

lated for the same typical operation parameters already used beforehand. The breakup

due to aerodynamic forces limits the cluster sizes to below dmax,A = 1.25(24) mm while

the breakup due to the pressure gradient already sets a limit at dmax,p = 5.28(26)µm.

This shows that the aerodynamic forces can be neglected for the setup used, because the

corresponding size limit is three orders of magnitude higher than the limit set by the

primary breakup process.

3.2 The MCT-D

To realise the cluster process mentioned beforehand (c.f. section 3.1), a new cluster source

was built. The Münster Cluster Jet Target for Düsseldorf (MCT-D) was built especially

for the operation at the ARCTURUS laser system of the University of Düsseldorf and for

research concerning laser cluster interaction. Previous measurements [Gri18,G+19,A+19]

influenced the design of the MCT-D as they verified the physical process of the proton

acceleration as a Coulomb explosion and found a strong increase of proton energy with

lower temperature. A schematic sketch of the MCT-D can be found in figure 3.3.

The hydrogen gas used for the cluster process is required to have several characteristics:

A high pressure of above 10 bar, a low temperature of below 34 K and a very high

purity. The purity is necessary to prevent clogging of the narrow nozzle (dmin = 42µm),

because nearly every impurity in the gas freezes at the operation temperature sealing

the nozzle. In order to reach the required purity only hydrogen bottles with a purity of

99.999% were used. In addition, a chemical purifier cartridge in the hydrogen supply line

reduced all impurities except for nitrogen to less than 100 parts per trillion (ppt). The

exact specification of the purification cartridge and most of the hardware concerning the

MCT-D gas system can be found in table 3.1.
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Figure 3.3 – Schematic view of MCT-D. The gas enters the cluster source from the backside
after passing through the purification cartridge, the pressure controller and the flow meter.
Afterwards it is pre-cooled at the warm stage and reaches operation temperature at the cold
stage. The cooled gas or liquid is then pressed through the nozzle generating a cluster jet.
Picture generated by D. Veith.

Table 3.1 – Specifications of the MCT-D hardware used in the gas and cooling system. There
are two temperature diodes and two heater cartridges at the warm stage (WS) and at the cold
stage (CS), respectively. At any given time one of each is in use and the other in reserve.

component specification

purification cartridge SAES MicroTorr 904

cold head Leybold COOLPOWER 10 MD

compressor Leybold COOLPAK 6000 H

temperature diodes Lake Shore DT-670B-MT

heater cartridges CS Lake Shore HTR-50 (50 Ω, 50 W)

heater cartridges WS Lake Shore HTR-25-100 (25 Ω, 100 W)

flow meter Brooks SLA 5860

pressure controller Brooks SLA 5810

baratron MKS 722B
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3.2 The MCT-D

Cooling system

The required low temperatures are provided by a two stage cold head in combination with

a compressor and closed-loop high-pressure helium circuit. The two stages of the cold

head are separated by a displacer, whose movement causes an expansion and compression

of the helium in the two volumes leading to a heat exchange with the compressor due

to the Gifford-McMahon process. This system is able to reach TWS = 30.0(5) K at the

first (warm) stage of the cold head and TCS = 10.0(5) K at the second (cold) stage after

around two and a half hours of cooling time. The temperature is monitored with two

temperature diodes per cold head stage. Since the cooling power of the cryostat can only

be adjusted very roughly by changing the compression frequency, each stage features

two heater cartridges respectively, with 50 W each at the cold stage and 100 W each at

the warm stage. A temperature controller (Lake Shore Model 336) regulates the heating

power using a proportional integral (PI) controller to reach the desired temperature. The

gas pipe is coiled around copper blocks at the two cold head stages. While the gas pipe

is made of copper at the two cold head stages, it is made of stainless steel in between

and upstream of the warm stage. This decouples the two cold head stages from each

other and from the supply pipe due to the low thermal conductivity of stainless steel

λSS = 15 W/(Km) [Kuc94]. Inversely, it ensures good thermal conduction at the two cold

head stages due to the high thermal conductivity of copper λCo = 399 W/(Km) [Kuc94].

Directly connected to the cold stage is a cold finger extending into the interaction vacuum

chamber. The cold finger mounts the Laval nozzle, where the clustering process takes

place. Measurements with another temperature diode temporary mounted at the tip of

the cold finger, as close to the nozzle as possible, showed a temperature difference between

cold stage and nozzle of 1.8(2) K at typical operation temperatures. Temperature values

in the following chapters are always the temperature of the cold stage, beside of plots

and calculation where the nozzle temperature is used.

Pressure system

The high pressure is realised with two stages. A pressure regulator directly at the gas

bottle lowers the filling pressure to an output pressure of 18 − 20 bar and a pressure

regulator can be used to tune the pressure at the nozzle between 2 and 16 bar. The

29



3 Cryogenic cluster jet targets

pressure regulator is controlled by a Brooks Model 0254 Secondary Electronics with

integrated PI controller. A flow meter measuring the flow of the gas to detect nozzle

clogging is controlled by the same model. More details on this can be found in the

description of the slow control software below. Next to the regular gas pipe leading to

the nozzle, there is another gas pipe leading back from the nozzle following the same

coils around the cold head and material changes as the regular gas pipe. This gas pipe

leads to a baratron monitoring the actual pressure at the nozzle and further to a pressure

release valve. This valve is necessary for the operation with liquid hydrogen at very

low temperatures, because the liquid vaporises to gas of very high pressures when the

cluster source is heated to temperatures beyond the vapour pressure curve. These high

pressures may damage the gas pipes and should be reduced through the pressure release

valve immediately. A sketch of the whole gas and cooling system can be found in figure

3.4. Pressure values in the following chapters are always the pressure at the pressure

controller while the pressure at the baratron is a few percent lower, beside of plots and

calculation where the more accurate baratron pressure is used.

Vacuum system

The MCT-D features an isolation vacuum chamber enclosing the cryostat. This is

necessary, because the very high flow rates using liquid hydrogen of up to 10 `N/min

result in a relatively high pressure (≈ 1 mbar) in the interaction chamber, despite the

powerful roots pumps opposite to the cluster source. This vacuum is insufficient to

thermally isolate the cryostat to reach temperatures low enough for a stable operation in

the liquid regime. Figure 3.5 shows a cross section of MCT-D with the isolation vacuum

chamber highlighted in blue. A conical cold shield thermally connected to the warm stage

shields the cold finger from heat radiation. The front of the isolation vacuum chamber is

thermally connected to the warm stage, too. Bellows are used to decouple this area from

the cold stage and from the rest of the vacuum chamber at room temperature. Since the

isolation chamber is pumped by a separate turbo pump combined with a fore pump (c.f.

table 3.2), the vacuum is pIC ≈ 2 · 10−6 mbar independent of the operation conditions.

Only the cold finger and the nozzle protrude into the the interaction chamber and thus

into the worse vacuum reducing the effect of the operation conditions on the achievable

minimal temperature.
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Figure 3.4 – Schematic view of the MCT-D gas and vacuum system. The cluster source
is mounted on the octagonal interaction chamber and the roots pumps are mounted on the
opposite side. The gas is lead through the purification cartridge, the pressure controller and
the flow meter before entering the isolation vacuum chamber. Therein, the gas is cooled down
to operation temperature and exits the cluster source as a cluster jet through the nozzle.

Slow control software

A slow control software for the target has been written in LabVIEW. Figure 3.6 shows

a screenshot of the user interface. The software communicates on a five second basis

with the vacuum gauges via a Leybold Centre Three, the flow meter and the pressure
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Figure 3.5 – Cross section of MCT-D. The isolation vacuum chamber is highlighted in blue.
While nozzle and cold finger are at the temperature of the cold stage, the tip of the isolation
vacuum chamber and the radiation shield is at the temperature of the warm stage and decoupled
from the cold stage by a bellow. Furthermore it is decoupled from the rest of the isolation
vacuum chamber, which is on room temperature, by another bellow. Picture generated by D.
Veith.

Table 3.2 – Specification of the vacuum gauges and pumps at the isolation chamber (IC) and
the interaction chamber (IAC). The pump nomenclature is in agreement with figure 3.4.

component specification nominal pumping speed

vacuum gauge IC Leybold Ionivac ITR200

turbo pump TP1 Leybold TURBOVAC 90i 324 m3/h

fore pump VP1 Leybold TRIVAC D 25 B 25.7 m3/h

vacuum gauge IAC Leybold Ionivac ITR90

roots pump RP1 Leybold RUVAC WH 7000 7800 m3/h

roots pump RP2 Leybold RUVAC WSU 1001 1000 m3/h

fore pump VP2 Leybold SOGEVAC SV 300 240 m3/h
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3.2 The MCT-D

Figure 3.6 – The user interface of the slow control. All measured values are displayed on the
left side directly next to their set-point values. The three live graphs show the trend of the
measured values and in the bottom right corner are some lights and a text box indicating errors.
Below the text box is the time control for the live graphs with manual start and end times.

controller via the Brooks Model 0254 and with the temperature controller LakeShore

Model 336. A direct communication with the mentioned hardware has not been chosen

to increase the safety of the system in case of a computer failure. All measured values

are displayed in the user interface of the slow control software and for each value a graph

of the trend of the last 60 minutes is drawn. This time interval can be adjusted to a

user-defined time span. A log file with all measured values is generated for each day

using the date as the name of the file. Every cycle of the software writes another line in

the same file. The measured temperature T , volume flow qV and pressure p are used to

calculate the narrowest nozzle diameter dN by using

33



3 Cryogenic cluster jet targets

qV = ṁ∗
R

M

TN

pN

(3.2.1)

and formula 3.1.14 with the narrowest sectional area A∗ = πd2
N/4 to attain

qV = p0A
∗TN

pN

√
κR

mT0

(
2

κ+ 1

) κ+1
2(κ−1)

(3.2.2)

⇔ dN = 2

√
qV pN

πp0TN

√
MT0

κR

(
2

κ+ 1

)κ−1
κ+1

. (3.2.3)

This value is displayed and logged in exactly the same way as the values measured directly.

If an impurity in the gas freezes in the nozzle and starts to clog it up, the volume flow

will drop resulting in a lower calculated nozzle diameter. This can be used to detect a

clogging of the nozzle independent of pressure and temperature.

The slow control can also be used to send set point values to the PI controllers for

temperature and pressure. The compressor for the gas cooling can be switched on and off

by the slow control software, too. A light indicates the current state of the compressor.

Since the operation with hydrogen is dangerous because of the easily mixed and highly

explosive oxyhydrogen, all measured values are supervised by another software written

by B. Hetz. Should at least one of the measured values no longer be in an acceptable

range, this software sends an e-mail to the person responsible. This may indicate e.g.

the blackout of a vacuum pump or other deficiencies needing immediate attention of the

experimentalist.

Performance and stability

The newly built MCT-D was tested concerning its performance, namely the lowest

achievable temperature for a given pressure and its stability over a few hours of operation

at constant parameters. The minimal viable temperature was found by cooling down

the MCT-D at a certain pressure until the temperature reached its lowest value while
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Figure 3.7 – Phase diagram of hydrogen. The lowest nozzle temperatures achievable for each
pressure with stable performance are marked in red.

the heating was switched off. Since the stability is greatly improved by using a small

percentage of the heating power available, the temperature set-point was set to a value

slightly above the lowest possible temperature. This was monitored for 30 minutes to

confirm stable operation. The lowest temperature found can be seen in figure 3.7. This

measurement shows that the MCT-D can be operated even at high pressures deep in the

liquid phase fulfilling the desired parameters. Compared with the MCT-1S used before-

hand an improvement in the minimal stable temperature from 50 K at 16 bar [Gri18] to

22.0(6) K at 16 bar has been achieved.

The stability of MCT-D was investigated by monitoring all measured values at constant

operation parameters for four hours, which is a lot longer than the planned measurements.

This was investigated for two different sets of pressure and temperature, once in the

liquid phase and once with gaseous hydrogen. The three most important parameters

are temperature and pressure for the stability of the cluster sizes and the interaction

chamber vacuum, since this is very sensitive to fluctuations in the gas flow rate and
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thus the density of the cluster jet. Figure 3.8 shows the plotted log files of the stability

measurements. The blue data corresponds to gaseous hydrogen and the green data

corresponds to liquid hydrogen upstream of the nozzle. The mean values of the shown

measured values over the whole stability measurements are listed with the corresponding

standard deviations in table 3.3. All measured values stay very constant over the whole

measurement. The temperature diodes have a specified reproducibility of ±10 mK at 4.2

K [LSC21] while the measured standard deviations are 5 mK at 38 K and 20 mK at 22 K.

While the values taken at the lower temperature fit very well for a slightly fluctuating

temperature value, the standard deviations of the values taken at the higher temperature

is smaller than the specified reproducibility. This may be caused by a reduction of the

displayed and saved digits by the slow control software. The baratron has a accuracy

of 0.5% but no specified reproducibility [Inc16]. The measured standard deviations of

0.08% at 38 K and 0.8% at 22 K are in the same range as the specified accuracy and low

enough to guarantee a very stable operation. The flow meter has a specified repeatability

of 0.2% [Ins13] which is slightly below the measured standard deviations of 1.2% at 38

K and 0.5% at 22 K, which again fits very well for a slightly fluctuating gas flow. The

vacuum gauge used has as specified repeatability of 5% [Ley16], while the measured

standard deviations are 0.4% at 38 K and 0.2% at 22 K. This may again be caused by a

reduction of the displayed and saved digits by the slow control software. Altogether, the

stability of the MCT-D is more than sufficient in both hydrogen states.

Table 3.3 – Mean values and standard deviations of the measured values of the two stability
measurements shown in figure 3.8.

12 bar / 38 K 16 bar / 22 K

temperature CS / K 37.996(5) 22.000(20)

gas pressure / bar 11.58(1) 15.48(13)

gas flow / (l/min) 1.62(2) 10.47(5)

interaction chamber vacuum / mbar 0.01709(6) 0.1000(2)
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Figure 3.8 – Measured values of two stability measurements, each over four hours long. The
green data corresponds to a measurement in the liquid regime at 16 bar and 22 K and the blue
data corresponds to a measurement in the gaseous regime at 12 bar and 38 K. Shown are the
temperatures of the cold stage (top left), the gas pressure upstream of the nozzle (top right),
the gas flow through the nozzle (bottom left) and the pressure in the interaction chamber
(bottom right).

3.3 Cluster jet density estimation

The density of the cluster jet provided by the MCT-D can be estimated with an interfer-

ometric measurement performed with a Michelson interferometer. Therein, a collimated

laser beam of wavelength λ = 532 nm is enlarged in diameter and split into two beams

of equal intensity by a beam splitter. Both beams are reflected by mirrors back to the

beam splitter, from where they are guided to a CCD camera taking an image of the

interference pattern. One of the beams penetrates the cluster jet on its way to and back

from the mirror. Figure 3.9 shows a schematic sketch of the setup. The cluster jet has a

density dependent refraction index
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3 Cryogenic cluster jet targets

Figure 3.9 – Schematic sketch of the Michelson interferometer setup. The incoming green
laser beam is split into two beams of equal intensity, which interfere after one of them passed
the cluster jet. A CCD camera was used to take pictures of the interference pattern [Sch20],
edited.

∆n

ρ
=
n− 1

ρ
= kGD = const. (3.3.1)

with the Gladstone-Dale constant kGD(H2) = 1.55 cm3

g
[Mer12] causing an optical path

length difference between the two laser beams of

∆L = 2

∫
∆n(z) dz . (3.3.2)

The electric field strength of the incoming laser beam E(~r) = |E| ei(~k·~r−ωt+Φ) can be used

to calculate the interference intensity
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3.3 Cluster jet density estimation

E1(z, t) + E2(z, t) =
(
|E1| eiΦ1 + |E2| eiΦ2

)
ei(kzz−ωt) (3.3.3)

= |Etotal| ei(kzz−ωt) (3.3.4)

I ∝ |Etotal|2 = |E1|2 + |E2|2 + 2 |E1| |E2| cos ∆Φ (3.3.5)

with the phase difference ∆Φ between the two interfering laser beams [Sch13]. This

phase difference can be seen in the images taken with the CCD camera as small shifts of

the interference fringes and it is related to the optical path difference and the cluster jet

density as

∆Φ =
2π

λ
∆L = 2

2π

λ

∫
∆n dz (3.3.6)

=
4πkGD

λ

∫
ρ dz . (3.3.7)

The areal density of the cluster jet can be determined by the phase shift in the interference

fringes as

ρA =

∫
ρ dz =

∆Φλ

4πkGD

. (3.3.8)

Figure 3.10 shows an interference pattern taken at stagnation conditions of 16 bar and

24 K and at a gas flow of 10 `/min, which corresponds to the maximum possible cluster

jet density. Although huge fringe sizes were chosen to maximise the sensitivity, no shifts

in the fringes were observed. A shift of around 40 pixel should be clearly visible as the

distance between the two fringes is around 800 pixel. This would correspond to a phase

shift of π/20, which would be caused by an areal density of ρA,max = 2.5×1017 cm−2. This

can be converted into a peak density of ρmax = 1.7× 1018 cm−3 as a upper limit of the

reachable target density by assuming a Gaussian shaped density profile. The prediction

for the same stagnation conditions according to formula 3.1.17 is ρtheo = 8.5× 1017 cm−3
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3 Cryogenic cluster jet targets

Figure 3.10 – Interference pattern taken at stagnation conditions of 16 bar and 24 K and at a
gas flow of 10 `/min. Although the fringe sizes chosen were very large, no shift in the fringes
can be observed.

and thus well below this limit.

3.4 Cluster size determination using Mie-Scattering

Since the cluster size is very important for the Coulomb explosion (e.g. formula 2.3.6),

two different types of measurements were done to determine the cluster size distribution

of the cluster jet used. The first type is a scattering experiment based on Mie-scattering.

This uses the asymmetric scattering pattern, created by a laser scattering at objects of

comparable size to the laser wavelength, to determine the cluster sizes and is presented

in this section. The second measurement uses ultra-short laser pulses to take photos of

the cluster jet, where the larger clusters can be seen as shadows on the pictures. These
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3.4 Cluster size determination using Mie-Scattering

measurements are presented in the next section.

The elastic scattering of a plane wave at a spherical inhomogeneity can be described by

Mie theory [Hah09]. This results in a scattering pattern dependent on the polarisation of

the incident light and on the diameter of the scattering body. The scattering intensity

observed at a distance r from the interaction point is

Iscat =
I0

r2
σscat (3.4.1)

with the incident intensity I0 and the polarisation dependent scattering cross-section

[BH08,Hah09]

σscat S1,S2 =
λ2

4π2
iS1,S2 . (3.4.2)

Therein S1 and S2 are the two linear polarisations of the incident light. S1 represents an

oscillation of the electric field orthogonally to the plane of incidence and S2 represents an

oscillation of the electric field parallel to the plane of incidence. The angular dependency

of Mie scattering is hidden in the intensity functions iS1,S2. These can be written as

iS1(α, θ) =

∣∣∣∣∣
∞∑
n=1

2n+ 1

n(n+ 1)
[an(α)πn(cos θ) + bn(α)τn(cos θ)]

∣∣∣∣∣
2

(3.4.3)

iS2(α, θ) =

∣∣∣∣∣
∞∑
n=1

2n+ 1

n(n+ 1)
[bn(α)πn(cos θ) + an(α)τn(cos θ)]

∣∣∣∣∣
2

(3.4.4)

with the scattering angle θ relative to the incoming laser direction and the angular

functions

41



3 Cryogenic cluster jet targets

πn(cos θ) =
Pn(cos θ)

sin θ
(3.4.5)

τn(cos θ) =
d

dθ
Pn(cos θ) (3.4.6)

which can be built from Legendre polynomials Pn(cos θ) and with [Hah09]

an =
Sn(α)S ′n(α)−mS ′n(α)Sn(mα)

φn(α)S ′n(mα)−mφ′n(α)Sn(mα)
(3.4.7)

bn =
mS ′n(α)Sn(α)− Sn(mα)S ′n(α)

mφn(α)S ′n(mα)− φ′n(α)Sn(mα)
. (3.4.8)

Therein primed values are derivatives and the dependency on the size of the scattering

body is in the size parameter α = 2πdobjn0/λ with the scattering object diameter dobj,

its index of refraction n0 and the wavelength of the incident light λ. φn and Sn are

Ricatti-Bessel functions expressed by Bessel functions of the first kind Jn or Hankel

functions of the second kind Hn, respectively:

φn(x) =
(πx

2

)1/2

Hn+1/2(x) (3.4.9)

Sn(x) =
(πx

2

)1/2

Jn+1/2(x) (3.4.10)

Figure 3.11 shows the scattering patterns for three objects of different size. A strong

dependency on the scattering object’s size can be seen in the total scattering amplitude

and in the asymmetry of the scattering patterns.

The clusters in a cluster jet as the one generated by the MCT-D (cf. section 3.2) are not

of a uniform size, but follow a distribution function. The particle size distribution is well

described by a Nukiyama-Tanasawa function for clustering gases and by a logarithmic

normal distribution for clustering liquids [ME51]. The logarithmic normal function is

defined as
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3.4 Cluster size determination using Mie-Scattering
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large cluster
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a b

Figure 3.11 – Calculated scattering patterns for three different scattering object (or cluster)
sizes. The top side of the polar plots (0◦ to 180◦) shows the scattering pattern for S1 polarised
laser light and the bottom side of the polar plots (180◦ to 360◦) shows the scattering pattern
for S2 polarised laser light. The left side shows the three patterns with the same axis and
visualises the increase of the absolute scattering intensity with the size of the scattering object
and the right side shows the three scattering patterns normalised individually. This shows the
increase of the asymmetry with increasing scattering object diameter [Man19].

f (x, µ, σ) =
1

xσ
√

2π
exp

{
−(ln(x)− µ)2

2σ2

}
(3.4.11)

with the parameters µ and σ and the Nukiyama-Tanasawa function is given as

f (x, S) =
3x2

Γ
(

5
3

)3
S3

exp

(
− x3

Γ
(

5
3

)3
S3

)
(3.4.12)

with the gamma function Γ
(

5
3

)
and the Sauter mean diameter S. The mean of the a

particle distribution fPD can be calculated to
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N̄ = 〈x〉 =

∫∞
−∞ xfPD(x)dx∫∞
−∞ fPD(x)dx

(3.4.13)

and the standard deviation is calculated to

σ̃ =

√∫∞
−∞ x

2fPD(x)dx∫∞
−∞ fPD(x)dx

− 〈x〉2 . (3.4.14)

The Mie-scattering pattern of particles of a certain size distribution fPD is calculated by

integrating the product of the Mie scattering intensity (c.f. equation 3.4.1) and the size

distribution over the particle sizes

Iscat, PD = V0

∫ ∞
0

Iscat(θ, α(N)) fPD(N, N̄, σ̃) dN . (3.4.15)

Measurements of Mie-scattering patterns have been taken under various stagnation

conditions of the cluster source. Figure 3.12 shows a sketch of the experimental setup.

An S1 polarised laser illuminates the cluster jet and is dumped behind it. A detector,

rotatable around the interaction point, consisting of a converging lens coupled via glass

fibre to a photo multiplier is used to record the scattering pattern between 9◦ and 165◦. A

λ/2 wave plate can be inserted in the optical path of the laser to change the polarisation

from S1 to S2.

In the scope of a Master thesis a fitting program for formula 3.4.15 was developed by

Christian Mannweiler [Man19]. The results of the best fits found by Christian Mannweiler

are summarised at the end of this section in table 3.4 for stagnation conditions in the

gaseous regime and in table 3.5 for stagnation conditions in the liquid regime. Figure

3.13 shows two example measurements, one for each regime. The evaluated cluster

size distributions are shown in the same figure at the right side. The measurements in

the gaseous regime show an only slightly asymmetric diffraction pattern resulting in a
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cluster-jet

laser @ 532nm; 0.5W

detector λ/2-wave plate

vacuum pumps

photomultiplier

9° 165°

cluster-source

Figure 3.12 – Sketch of the experimental setup used for Mie-scattering. A laser illuminates
the cluster jet and is dumped behind the jet. A λ/2 wave plate may be inserted in the optical
path to change the laser polarisation. The detector is a collecting lens connected to a glass
fibre leading out of the vacuum chamber to a photo multiplier. The detector can be rotated
around the illuminated spot to collect a scattering pattern [Man19].

clear cluster size distribution. But the measurements in the liquid regime show very

dominant forward scattering. This originates from a few very large clusters generates

by the atomisation process (cf. section 3.1) and increases the difficulty to evaluate the

cluster size distribution of the smaller clusters. Therefore only the measurements at

stagnation conditions in the gaseous regime are treated further.

The Hagena scaling law (cf. formula 3.1.20) predicts the mean cluster size of a cluster

jet. However, the Hagena scaling law has been found using noble gas cluster jets and

the MCT-D uses hydrogen instead. Figure 3.14 shows the mean cluster sizes found in

the Mie measurements in the gaseous regime plotted against their calculated Hagena

parameter Γ∗. The mean cluster size prediction by formula 3.1.20 is plotted in red,

while a correction of the parameter AN = 33 → 25(5) found by a best fit to the data
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16 bar / 37 K

16 bar / 25 K

Figure 3.13 – Examples for Mie measurements of the cluster jet generated by the MCT-D.
The left side shows the taken data and the fitted function and the right side shows the evaluated
cluster size distribution. The measurement shown in the top was taken with stagnation
conditions in the gaseous regime and the measurement in the bottom was taken with stagnation
conditions in the liquid regime [Man19].

is plotted in blue. The two high points above 100 nm cluster diameter are not part of

the fit, since they belong to stagnation conditions in the hypercritical regime. Another

hydrogen correction for the Hagena scaling law found by E. Köhler [Köh15] in another

parameter regime is shown in green. She used an electron gun to charge single clusters
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Figure 3.14 – Results of the Mie measurements with stagnation conditions in the gaseous
regime plotted against their calculated Hagena parameter. The Hagena scaling law is shown in
red and the two corrected versions are shown in blue (this work) and green (E. Köhler [Köh15]).

in the jet and selected them with an electric field by specific charge. The evaluated

mean cluster diameters fluctuate stronger around the best fit than indicated by their

estimated uncertainties. However, the evaluated uncertainties include only the performed

fit uncertainty and leave other additional uncertainties unattended. E.g. the different

standard deviations of the found cluster size distributions are completely ignored for this

evaluation. With the correction of the Hagena scaling law to the cluster jet target in use,

a prediction of the mean cluster sizes at different stagnation conditions in the gaseous

regime is possible without direct measurements.
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Table 3.4 – Mean diameter and standard deviation of cluster size distributions calculated
from the parameters of a fit of a Nukiyama-Tanasawa function at the measured Mie-scattering
patterns for various stagnation conditions in the gaseous regime [Man19].

temperature / K pressure / bar mean diameter / nm st. dev. / nm

31 8 45(3) 17(1)

32 10 63(2) 23(1)

33 12 121(1) 44(1)

34 10 56(4) 20(2)

34 10 56(4) 20(2)

34 10 27(5) 10(2)

34 10 37(3) 14(1)

35 12 45(2) 16(1)

35 14 106(1) 38(1)

37 12 29(4) 10(1)

37 12 33(3) 12(2)

37 14 42(3) 15(1)

37 16 71(3) 26(1)

37 16 65(2) 24(1)

37 16 69(3) 25(1)

37 16 69(3) 25(1)

39 15 43(5) 16(2)

39 18 50(3) 18(1)

40 16 34(3) 12(1)

42 16 35(3) 13(2)

42 16 29(4) 10(2)

43 12 23(10) 8(4)
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Table 3.5 – Mean diameter and standard deviation of cluster size distributions calculated from
the parameters of a fit of a logarithmic normal distribution at the measured Mie-scattering
patterns for various stagnation conditions in the liquid regime [Man19].

temperature / K pressure / bar mean diameter / nm st. dev. / nm

22 4 38(10) 40(10)

22 7 39(14) 40(14)

22 10 114(42) 93(24)

22 13 16(5) 14(7)

22 16 22(3) 21(4)

25 7 34(7) 37(8)

25 10 14(4) 10(6)

25 13 16(5) 13(7)

25 16 15(5) 12(7)

25 18 14(2) 6(3)

28 10 41(11) 43(10)

28 13 23(6) 24(7)

28 16 20(5) 19(7)

28 18 18(6) 17(8)

31 13 125(24) 102(13)

31 16 48(12) 50(11)

34 16 184(10) 105(4)
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3.5 Cluster size determination using shadowgraphy

Under stagnation conditions in the liquid regime larger clusters with a diameter of

several micrometers form in the atomisation process (c.f. formula 3.1.24). These clusters

dominate in the Mie-scattering patterns due to their bigger size making the reconstruction

of the cluster size distribution with the setup used impossible. A further characterisation

of the cluster jet is done with a shadowgraphy measurement. For this, the main ARC-

TURUS laser pulse is used without any amplification and the focus of the laser is shifted

to a point in front of the cluster jet. The focus diagnostics consisting of an objective

and a camera are used to take backlighted photos of the cluster jet. A sketch of the

experimental setup can be seen in figure 3.15. The short pulse durations are important

since the clusters are moving with 200− 400 m/s [Täs12] and a blurring of the objects

due to their movement while the illumination has to be prevented. Four settings with

different stagnation temperatures (25 K, 27 K, 29 K, 31 K) and constant pressure (16

bar) were used and 40 photos were taken for each setting. Another 40 photos were taken

for comparison at a setting at stagnation conditions in the gaseous regime (16 bar, 40 K)

where no micrometer sized clusters were expected nor measured.

Figure 3.16 shows an example photo with micrometer sized clusters and another photo

at stagnation conditions in the gaseous regime without any of these large clusters for

comparison. The large dimensions of the cluster jet (∼ 1 cm) compared with the depth

of focus of the used objective (Z = 14µm) results in a strong background on the photos

generated by scattering of the incoming laser at clusters outside of the depth of focus.

The images show a distribution of sharply visible cluster shadows, blurred cluster shadows

and cluster shadows with interference fringes around them. The sharply visible clusters

shadows correspond to clusters inside of the depicted focus volume. Clusters outside of

the focus volume are shown as blurred clusters if they are close to the focus volume. At

larger distances they show interference fringes around them. Cluster shadows of clusters

outside of the focus volume are shown enlarged due to the divergent illuminating laser

beam. A calibration of the images for the determination of the cluster sizes were done by

B. Aurand by taking images of the focus spot of the main ARCTURUS laser pulse. Ten

focus spot images were taken at the starting position and an additional ten images were

taken after shifting the objective by 50/100/150µm with a step motor. The position
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Figure 3.15 – Sketch of the experimental setup used for the shadowgraphy of the cluster jet.
A short laser pulse (30 fs) illuminates the cluster jet while the focus diagnostics consisting
of an objective and a camera takes backlighted photos of the cluster jet. Based on an image
generated by C. Mannweiler.

Figure 3.16 – The left side shows an example shadowgraphy photo with several micrometer
sized cluster visible as dark spots or shadows while the right side shows a reference photo taken
at stagnation conditions in the gaseous regime without any large clusters visible.
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Figure 3.17 – Calibration of the photos taken with the focus diagnostics. The inverse of the
slope of the best fit is the calibration factor 0.344(13)µm/pixel. Data taken by B. Aurand.

shift of the focus spot has been determined from each image. This is depicted in figure

3.17. The inverse of the slope of the best fit is the calibration factor 0.344(13)µm/pixel.

For this and all following best fits a χ2 minimisation method is used. Thereby, the square

sum of the distances of the single data points to the fit function weighted by the squared

inverse of the corresponding uncertainty is minimised. As a measure for the goodness of

the fit, χ2/ndf with the number of degrees of freedom (ndf) of the fit is shown together

with the fit parameters and should be close to 1. In addition the probability that the

data measured could be generated by the best fit found is specified as ”Prop”.

The sharply visible shadows of clusters were counted and their sizes were measured

using the presented calibration for the four different stagnation temperature settings

and all 40 photos per setting. Since these clusters were seen sharply they were located
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Figure 3.18 – Found cluster size distributions for the four different stagnation temperatures.
All sharp clusters in 40 photos per temperature were measured and counted, this corresponds
to an evaluated volume of 0.2 mm3. The dashed red lines mark the respective maximum cluster
size of the atomisation process.

in the focus volume of the used objective. The evaluated volume per temperature is

calculated by the size of the single photos multiplied with the depth of focus of the

used objective and the number of photos taken V = A · Z · 40 = 0.2 mm3. Figure 3.18

shows the found cluster size distributions for all four measured settings. No large clusters

were seen in the photos taken at stagnation conditions in the gaseous regime. Clusters

below 1.75µm ≈̂ 6 px are too small to be detected due to the strong background on

the photos. The dashed red lines show the maximum cluster size of the atomisation

process calculated by formula 3.1.24. There are a non significant number of clusters

beyond the respective limit. These may be a tail of a wide cluster size distribution

centred around a value below the calculated limit, but this can not be proved with the

given statistics. There may be an error in the evaluation of the photos since all clusters

outside of the focus volume are depicted larger than they are and it is difficult to judge
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Figure 3.19 – Calculated volume flow of the observed micrometer sized clusters in comparison
with the measured total volume flow. The fraction of the larger clusters of the total volume
flow increases with lower temperatures.

whether a cluster shadow is sharp or not. Or this may be a result of the geometric shape

of the clusters, which is not always axially symmetric as assumed in theory and evaluation.

The fraction of the gas flow contained in micrometer sized clusters to the measured total

gas flow can be calculated using the evaluated density of the micrometer sized clusters.

Figure 3.19 shows the calculated gas flow contained in the larger clusters in comparison

with the measured total gas flow. The fraction of the larger clusters increases with lower

temperatures.

Since the large clusters are very rare in the cluster jet, the interaction probability of the

focused ARCTURUS laser pulse with one of the larger clusters is calculated. A listing of

the number of found large clusters and the number of shots necessary for a probability of
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95% for at least one interaction is shown in table 3.6. Even in the best case at the lowest

possible temperature 25000(8000) shots are necessary to ensure a single interaction. This

number is roughly two orders of magnitude higher than the planed number of shots in

the later main experiment (c.f. chapter 5) and thus no interaction of the focused laser

pulse with a micrometer sized cluster can be expected.

Table 3.6 – Total number of counted and measured micrometer sized clusters per temperature
and the number of shots necessary for at least one interaction of the ARCTURUS laser with
one of these clusters. The number of shots necessary for an interaction is approximately two
orders of magnitude bigger than the number of shots recorded (c.f. chapter 5).

temperature / K clusters per 0.2 mm3 shots for interaction (95%)

25 37 25000(8000)

27 26 37000(12000)

29 25 38000(12000)

31 13 74000(29000)

Summary

This chapter presented the newly build cluster source MCT-D and its characterisations.

The total density of the cluster jet was estimated with a Mach-Zehnder interferometer

to be below 1.7× 1018 cm−3 which is in good agreement with the calculated predictions.

Measurements of Mie-scattered light were used to determine the cluster size distributions

for stagnation conditions in the gaseous regime. The prediction of the mean cluster sizes

by the Hagena scaling law was slightly adjusted to the used gas and hardware. The cluster

sizes for stagnation conditions in the liquid regime were determined by a shadowgraphy

measurement showing a good agreement with the predictions by the atomisation process.

The interaction probability of a strongly focused short laser pulse with a micrometer

sized cluster was calculated based on these measurements, resulting in the expectation

for not a single observed interaction. A larger laser focus volume is necessary to reach a

better interaction probability. The temperature depending fraction of the micrometer

sized clusters of the total gas flow was calculated. Since these clusters are expected to

not participate in the laser cluster interaction, the effective density of the cluster jet is

reduced for stagnation conditions in the liquid regime. The fraction of micrometer sized
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3 Cryogenic cluster jet targets

clusters to the total gas flow increases for lower temperatures resulting in the prediction

of lower effective densities for lower temperatures.
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4 The ARCTURUS laser system

The laser system used in the scope of this work is the ARCTURUS laser system of

the Institute for Laser and Plasma Physics (ILPP) of the Heinrich-Heine University

(HHU) Düsseldorf. The ARCTURUS laser system was built in 2008 and received two

major upgrades by 2019. It is used for various experiments featuring solid [K+19],

gaseous [Bra17,Sch18], droplet [S+19] and cluster [Gri18,A+19] targets. This chapter

gives a short overview of the operation principle of the ARCTURUS laser system and

characterises the laser pulses generated. It is based on [C+19] where a most detailed

up-to-date description of the ARCTURUS laser system can be found.

4.1 Pre-amplification

The seed of every laser pulse is generated by a Ti:Sa oscillator pumped by a solid state

laser. These seeds have a pulse energy of 5 nJ, a pulse length of around 20 fs and a

repetition rate of 76 MHz. This frequency is much too high for the following amplification

stages and thus a Pockels cell picks pulses at 10 Hz. An Öffner-type stretcher increases

the pulse length of the picked pulses to about 500 ps for the first CPA stage and an

acousto-optic programmable dispersive filter (Dazzler) shapes the spectrum. The first

CPA stage consists of a 14-pass amplifier pumped by a Nd:YAG pump laser in second

harmonics mode, a regenerative amplifier and a multi-pass ’butterfly’ amplifier. After this

first stage the pulses are re-compressed to around 40 fs and have an energy of around 3

mJ. A cross-polarised wave (XPW) module enhancing the pulse contrast and broadening

the spectrum is located in the transition beam line leading to the main amplification. A

schematic view of the ARCTURUS laser system is depicted in figure 4.1.

57



4 The ARCTURUS laser system

Figure 4.1 – Schematic view of the ARCTURUS laser system with a Ti:Sa oscillator as pulse
source in the center, the first amplification stage highlighted in grey in the top right corner and
the main amplification stage highlighted in cream white. The amplification components are
depicted in red while the pump lasers are shown in green and all components concerning the
pulse duration and spectral width are illustrated in blue [C+19].

4.2 Main-amplification

In the main amplification stage of the ARCTURUS laser the incoming laser pulses are

stretched by another Öffner-type stretcher to 10 ps/nm bandwidth and another acousto-

optic modulator (Dazzler) compensates the spectral phase to keep a broad spectrum.

After a regenerative amplifier and another acousto-optical modulator (Mazzler), two

four-pass amplifiers, pumped by additional Nd:YAG lasers, increase the pulse energy to

300 mJ. At this point the pulses are split into three beams. One of them is the probe

beam. It is guided directly to a pulse compressor under vacuum and then further to the

experimental hall. The other two beams are guided parallel to each other to another

amplification stage. The laser beams leave this stage, consisting of two identical four-pass

amplifiers, with 400 mJ pulse energy and enter the two identical main amplifiers. The

main amplifiers are large-scale, four-pass amplifiers with a 5×5×3 cm3 Ti:Sa crystal each.

Each of these crystals is pumped by six Pro-Pulse pump lasers and a Titan Amplitude
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4.2 Main-amplification

Figure 4.2 – Floor plan of the shielded experimental hall. While all three laser beams (B1, B2
and Probe) can be guided to the two interaction chambers (Chamber 1 and Chamber 2), only
Beam 2 can be guided to another interaction chamber, the Medical chamber. All measurements
presented in this work have been taken at chamber 1 with the cluster jet target mounted at
the left side of the chamber (at the actual position of the probe beam) perpendicular to beam
B1 [C+19].

Technologies pump laser with a combined energy of 21 J per pulse. In addition, the

crystals are cryogenically cooled to prevent thermal lensing. The two laser beams leave

the main amplification stage with 7 J per pulse and are radially expanded to 10 cm

in diameter. All three beams are separately compressed under vacuum by double-pass

optical compressors to a pulse length of about 30 fs. The beams can be guided with

separate beam lines into the experimental hall. A sketch of the hall is shown in figure

4.2. Once inside the shielded area, the three beam lines each lead to the two interaction

chambers and beam B2 can be guided to another chamber. The measurements presented

in this work have been taken at chamber 1 (cf. figure 4.2) with the cluster jet going

from left to right and beam B1 from bottom to top. Since the vacuum in the interaction

chamber was insufficient for the beam compression chamber and the long beam lines, a
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Figure 4.3 – Laser energy measured in the interaction chamber as a function of the laser
energy measured before the final compression. The slope of the linear function without offset
corresponds to the beam line efficiency. The data was taken by B. Aurand and K.M. Schwind.

1mm-thick anti-reflex coated pellicle-window was inserted into the beam line in front of

the interaction chamber. Measurements with a calorimeter in the interaction chamber

and directly in front of the final compression, corrected by a cross-correlation of the

two used calorimeters, resulted in a beam line efficiency of 30(2)%. This measurement

can be seen in figure 4.3 and they were taken beforehand by B. Aurand and K.M. Schwind.

Once inside the interaction chamber, the laser pulse is focused with an f/2 off-axis-

parabolic mirror (OAP) onto the target. The focus volume has a minimum radius

of ω0 ≈ 5µm at its centre and expands to ω(zR) =
√

2ω0 at the Rayleigh length of

zR ≈ 30µm before and behind the centre of the focus volume. Figure 4.4 shows some

example pictures of the focus spot.
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4.2 Main-amplification

Figure 4.4 – Four example pictures of the laser focus spot during the measuring campaign.
Each picture has an edge length of roughly 70µm. Images taken by K.M. Schwind.
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5 Protons accelerated by

laser-cluster interaction

Proton acceleration is an intensively studied field of researched. High energy protons

are required for nuclear and particle physics experiments, as seeds for larger particle

accelerators, in material science, for radiation hardness tests or for medical application

as proton radiation. In conventional particle accelerators, the required proton energy

is reached by letting the protons pass an alternating electric field multiple times in

phase. This demands a closed loop structure resulting in a relation between diameter of

the accelerator and the maximum achievable proton energy due to the energy loss by

synchrotron radiation. Laser induced proton acceleration is a very promising alternative

for high particle fluxes in ultra-short pulses. The electric field strength in a plasma

reaches the TV/m scale, enabling a proton acceleration on a very small scale. This

results in smaller facilities and may increase the availability of accelerated protons for

science, industry and medicine. The most common approach for laser induced proton

acceleration is the TNSA (c.f. section 2.3) using thin solid foils as the target for an

ultra-short high energy laser pulse. Proton energies up to 58 MeV have been reported

e.g. by [S+00]. Several groups are working on improvements of this well understood

technique, e.g. [K+19] uses a special foil surface or [K+16] adds another acceleration stage

via an electric pulse travelling along a coil in the same directions as the protons. While

the energy achieved is very promising, foil targets come with several drawbacks. The foil

is destroyed by each interaction resulting in a low repetition rate and debris which may

damage the optical components in the interaction chamber. Many alternative targets

such as gas-jets e.g. [PV+19], frozen droplets [S+19,A+20], solid spheres [O+16], liquid

jets [G+17] and hydrogen ribbons [M+16] were already tested. Another promising target

for laser induced proton acceleration is a cluster jet target. The continuous flow of clusters

enables a high repetition rate and the use of pure hydrogen for the clustering process
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5 Protons accelerated by laser-cluster interaction

results in a pure proton acceleration without any other ions and without any debris.

After first experiments concerning laser cluster interaction by [D+96], the development of

cluster jet targets has made leaps of progress. [L+06b] shows an experiment using clusters

from a liquid nitrogen cooled source with a diameter below 8.8 nm resulting in proton

energies below 2 keV. Precursor experiments of this work [A+19,Gri18] with a stagnation

temperature down to 36 K [G+19] showed cluster diameters of up to 40 nm and easily

tunable proton energies up to nearly 100 keV. Especially promising is the reported strong

increase of the maximum proton energy with a decrease of the stagnation temperature,

because the MCT-D is able to operate at even lower temperatures (c.f. section 3.2). [J+18]

very recently reported of a cluster jet target able to operate at stagnation temperatures

down to 25 K and at very high stagnation pressures. They measured the cluster sizes to be

in the range of 1 µm and showed a single proton spectrum with energies up to several MeV.

Various measurements were taken with a proton spectrometer which is presented in the

first section of this chapter. A newly created evaluation routine is described thereafter

including the detailed handling of systematic uncertainties. Afterwards, the measure-

ments taken are presented and the maximum energies found are compared with the

expectations of the corrected Hagena scaling law and the acceleration through a perfect

Coulomb explosion as described in chapter 2.3.

5.1 Experimental setup

The experimental setup for measurements on proton energy spectra consists of the cluster

jet target MCT-D (c.f. chapter 3.2), the ARCTURUS laser (c.f. chapter 4) perpendicular

to the cluster jet and a Thomson parabola in forward direction of the laser. Another

Thomson parabola under 45° with respect to the laser propagation direction was added

for certain measurements. A sketch of the setup used can be seen in figure 5.1.

A Thomson parabola usually consists of a pinhole, a magnetic field, an electric field

anti-parallel to the magnetic field and a detector in this order. A sketch of a Thomson

parabola is depicted in figure 5.1. The pinhole defines the entrance in the Thomson

parabola and can be chosen to be bigger for higher flux or smaller for a better resolution.
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cluster-jet

laser @ 800nm; 30fs

vacuum pumps

cluster-source

magnet

phosphorscreen
MCP and

camera

pinhole

Figure 5.1 – A sketch of the experimental setup used to detect proton energy spectra. The
cluster jet propagates through the interaction vacuum chamber (p ≈ 0.1 mbar) and is dumped
in the pumping system. The ARCTURUS laser pulse interacts with the cluster jet in the
centre of the vacuum chamber and the accelerated charged particles can be detected with the
Thomson parabola under 0° with respect to the laser propagation direction. Based on an image
generated by C. Mannweiler.

In this work a pinhole with a diameter of 250µm has been used for a good compromise

of both characteristics. The entering particles of charge q are deflected in the magnetic
~B and electric ~E fields by the Lorentz force

~FLorentz = q ~E + q~v0 × ~B (5.1.1)

dependent on their velocity ~v0 or rather on their kinetic energy. The point of impact

on the detector can be calculated for non relativistic particles by assuming box shaped
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5 Protons accelerated by laser-cluster interaction

Figure 5.2 – Technical sketch of the Thomson parabola. The generated ions enter the detector
chamber through the pinhole and are deflected by the magnetic and the electric fields before
they hit the detector on a position depending on their energy and specific charge [Sch18].

electric and magnetic fields of constant field strength:

x =
q

mv2
0

E0`E (dE + `E/2) (5.1.2)

y =
q

mv0

B0`B (dB + `B/2) (5.1.3)

The coordinates and distances used are the same as shown in figure 5.2, ~ez is the ion

propagation direction, ~ex is the direction of the electric field and ~ey is perpendicular to

both of them. `E/B are the width of the corresponding field and dE/B are the distances

between the corresponding field and the detector. The magnetic field deflects the incom-

ing particles only in ~ey direction depending on their energy. Faster ions are deflected less

than slower ions. This results in an energy resolution in ~ey direction. The electric field

splits up the ion traces depending on their charge-mass ratio q/m in ~ex direction. This

results in different parabolic traces for each different ion species. Each trace keeps the

energy resolution caused by the magnetic field. In this way one detector can measure the

energy spectra of all generated ion species at once. While a magnetic field strength of

180 mT was used, the electric field was omitted in the scope of this work because the

target material used was pure hydrogen, which consists only of individual protons and

electrons.
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5.1 Experimental setup

Figure 5.3 – The left side shows a sketch of a single stage MCP. The plate is perforated by
parallel tubes in a uniform pattern. These tubes are usually under a small angle to the surface
normal. The right side shows the working principle of a MCP. A voltage is applied between the
front and the rear surfaces generating an electric field in the tubes. Incoming particles generate
electrons at their impact on the MCP and these electrons propagate in a cascade through the
tube resulting in a strong and local electron signal at the output. Courtesy of Hamamatsu
Photonics K.K.

A double staged micro channel plate (MCP), an MCP-88-D-R-VF-P43 by tectra GmbH,

was used in combination with a P43 phosphor screen and a CCD camera to detect the

ion trace behind the magnetic field. MCPs are thin plates with a uniform pattern of

tubes from the front side to the rear side. The tubes are under a small angle of 6-10°

to the surface normal and parallel to each other. A high voltage is applied between

front and rear side of the plate causing an electric field in the tubes. Incoming particles

may generate electrons at their impact on the MCP, which propagate, accelerated by

the electric field, through the tubes in a cascade. A schematic view of an MCP and a

sketch of the multiplication process can be seen in figure 5.3. The spacial resolution

of the incoming particles is sustained by the MCP while the signal is enhanced by a

factor of the order 106. This strong electron signal is converted to a visible signal by the

phosphor screen. The phosphor screen is excited by the incoming electrons and returns

to its ground state under emission of photons of 545 nm wavelength over 1 ms. This

phosphorescence is recorded by the camera using a trigger connected to the laser trigger.
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5.2 Evaluation method

The images of the phosphor screen are evaluated in several steps. Figure 5.4 shows a

raw data image taken at 16 bar, 34 K and 5 J laser energy before pulse compression with

the evaluated region of interest marked in green. At first, projections of the zero spot

to the different axes and the best fit of Gauss functions determine the position of the

zero spot. Figure 5.5 shows the two projections of the example shot. The x position is

needed as a starting parameter later and the y position is used as the reference point

for the energy calculation using formula 5.1.3. The quality of the best fits is very bad

since the uncertainties of the intensity is not known. Therefore, the uncertainties of

the fit parameters are not very precisely calculated. But it is not necessary to improve

this, since the resulting energy uncertainty will be statistically distributed and thus be

part of the later calculated standard deviation of multiple shots. Afterwards every pixel

row is evaluated separately. The region of the signal is fitted with a combination of an

asymmetric Gauss function for the signal and a linear function describing the background.

Figure 5.6 shows three examples with different signal to background ratios for this routine.

The significance of the fit compared to a linear background function is calculated. For a

significance above 3σ the signal is considered to be significant and the signal intensity

is counted in a fixed area around the zero spot x position while subtracting the fitted

linear function as the local background value. The counted signal is corrected to 100% of

the integral of the asymmetric Gauss function by multiplying the counted signal with

the inverse of the counted integral fraction for both sides

Aleft, counted

Aleft, total

= erf

(
mean− xstart√

2σleft

)
(5.2.1)

Aright, counted

Aright, total

= erf

(
xend −mean√

2σright

)
(5.2.2)

with the fitted peak position mean and the borders of the counted area xstart and xend.

Lower significances are considered as no signal and lead to a cut-off in the spectrum if

the respective significances of three neighbouring pixel rows are too low. The distance of

the evaluated pixel row to the zero spot y position is used to calculate the corresponding

energy of the measured protons by using formula 5.1.3. The fit parameters and the
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5.2 Evaluation method

Figure 5.4 – Raw data image of the phosphor screen after a single laser shot with 5 J energy
before compression on the cluster jet operated at 16 bar and 34 K. The signal area is marked
with a green box. In the higher region of the signal area is the zero spot generated by neutral
particles and below is a signal trace. Outside of the signal box is another area with higher
intensity. This is caused by a gas discharge of hydrogen gas in the MCP.

calculated significances of the signal fit of all pixel rows are shown in figure 5.7. Position

and width of the signal show non-physical fluctuations supporting the cut-off position

found by the significance. The trend of the fit significance shows a clear signal peak at

lower energies.

For the conversion of the counted signal s to a proton flux dN
dE

the calibration of A.-M.

Schroer [Sch18] was used. She used a slotted CR-39 plate in front of the MCP to compare

the signal on the data image with the signal on the well known CR-39 detector. She

found a conversion factor of k0° ∼ 7.32 counts/proton for the double stage MCP used for

the Thomson parabola in laser propagation direction. The proton flux is calculated as
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Figure 5.5 – Projections of the area of the zero spot on both axis. The top shows the projection
on the horizontal axis. The sharp edges around 470 px and 570 px are caused by evaluating only
the signal box. The steep flanks of the projection are caused by the width of the magnet used.
The bottom shows the projection on the vertical axis. The projection of the signal trace can
bee seen between 200 px and 550 px. Gauss functions are fitted to the centre of the projections
to get the position of the zero spot.
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Figure 5.6 – Three example projections of single pixel rows of the signal trace on the horizontal
axis. Shown are the pixel rows 500, 577 and 585 from bottom to top. The corresponding rows
are marked in green in the raw data image on the left side. The intensity uncertainties are
calculated from the statistical uncertainties of the detected proton number using the conversion
factor k ∼ 7.32 counts/proton. From I = k ∗ Nprotons and dNprotons =

√
Nprotons follows

dI =
√
kI. The single projections are fitted with an asymmetric Gauss function and a linear

background function, respectively. The combined function is shown in red, while the background
part of the fit is shown as a dashed line. A linear background only fit for a significance check
is plotted in blue. The two green lines mark the constant area for counting the background
reduced signal. While the bottom shows a very clear signal above a small background resulting
in a huge significance, the projection in the middle still shows a significant signal and the upper
projection shows no significant signal at all.
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Figure 5.7 – Results of the signal fits on the single projections of the signal trace. The top
graph shows the position and width parameters of the fitted signal function over the evaluated
energy range. All parameters show non-physical fluctuations beyond the cut-off energy marked
with the red line. The lower graph shows the calculated signal significances over the evaluated
energy range. The significance values for lower energies (30-90 keV) are several orders of
magnitude higher and not shown here for simplicity. The green line marks the cut-off constraint
of 3σ and the red line marks the cut-off energy found.
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dN

dE
=

s

k Ωdetector

1 MeV

∆E
(5.2.3)

with the solid angle covered by the detector Ωdetector and the energy range covered by

the corresponding pixel row ∆E. Figure 5.8 shows the counted raw signal with a linear

axis and the converted proton flux with a logarithmic axis of the example shot.

5.2.1 Systematic uncertainties

Since the fit area for the signal fit and the background function was chosen arbitrarily,

additional systematic uncertainties may occur during the evaluation process. Both pa-

rameters were varied slightly and the effect along a whole temperature scan was studied.

The fit area width was varied from the nominal value of 30 px to values between 24

px and 36 px. The smallest fit area still includes the whole signal peak and the widest

fit area ends at the signal drop caused by the magnet. The order of the background

polynomial was increased and decreased by one. Higher order polynomials were tested,

too, but the higher order coefficients stayed negligible small. Figure 5.9 shows the ratio

of the obtained cut-off energies and the nominal cut-off energy Ri = Ecut-off,i/Ecut-off,ref

for some representative example temperatures. No significant dependence of the cut-off

energy on the fit area or on the background function can be observed for any temperature.

The systematic uncertainties are calculated by

σ2
sys =

Σiω
2
i (1−Ri)

2

Σiω2
i

(5.2.4)

with ωi = (∆Ri)
−1 using the standard deviation ∆Ri from five shots per temperature.

The standard deviation of multiple shots includes uncertainties from fluctuations of the

laser energy or the target density. Figure 5.10 shows the calculated systematic uncertain-

ties and the standard deviations for the evaluated temperature scan. While the choice of

73



5 Protons accelerated by laser-cluster interaction

energy / keV
0 100 200 300 400 500

si
gn

al
 / 

a.
u.

0

5

10

15

20

25

30

35

310×

energy / keV
0 50 100 150 200 250 300 350 400 450

 s
r)

)
×

(d
N

/d
E

) 
/ (

pr
ot

on
s 

/ (
M

eV
 

1010

1110

1210

1310

Figure 5.8 – Counted and corrected signal and proton flux of the evaluated example spectrum.
The red line marks the found cut-off energy in both graphs. The top graph shows the raw signal
over the evaluated energy range with a linear axis and the bottom graph shows the converted
proton flux using equation 5.2.3 with a logarithmic axis. The signal uncertainties are calculated
from the uncertainties of the fit parameters of the signal fit.
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27 K

34 K

40 K

Figure 5.9 – Ratio plots for the determination of systematic uncertainties. The left side
shows the effect of varying the fitting range and the right side shows the effect of varying the
background function. The rows correspond to the parameters 5 J, 16 bar and from top to
bottom 27 K, 34 K and 40 K.
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the fit region has nearly no systematic effect, the chosen background functions results in

systematic uncertainty nearly as high as the standard deviation. The mean combined

value of the systematic uncertainties is 10.4% while the mean standard deviation is 15.9%.

This results in a mean total uncertainty of 19.9%.
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Figure 5.10 – Summary of the calculated systematic uncertainties and the standard deviations
of the evaluated temperature scan by temperature. The mean combined value of the systematic
uncertainties is 10.4% while the mean statistical uncertainty is 15.9%. This results in a mean
total uncertainty of 19.9%.

76



5.3 Proton data

5.3 Proton data

This section presents measurements of proton spectra taken with the experimental setup

shown at the beginning of this chapter and evaluated with the method presented previ-

ously. Apart from tests of the stability, variations of the cluster jet’s stagnation conditions

(pressure and temperature) and of the laser parameters (pulse energy and pulse duration)

are presented.

Stability scans

The first kind of measurements taken are stability scans. 50 shots per scan were taken per

set of target and laser parameters. All stability scans were taken at a laser pulse energy

of roughly 5 J before compression, a laser pulse length of approximately 30 fs, a high

backing pressure of 16 bar and variable stagnation temperatures of the cluster jet. Figure

5.11 shows three examples while the remaining scans are shown in the appendix A.2. The

left side shows the proton spectra evaluated with the routine presented in the previous

section and the right side shows the corresponding cut-off energies, respectively. The 50

proton spectra per scan differ only slightly and the cut-off energies of the stability scans

show the same small deviations. Table 5.1 shows the evaluated mean cut-off energies of

all stability scans taken in comparison with a theoretical value calculated by the predicted

mean cluster size using the Hagena scaling law (see formula 3.1.22) and the acceleration

by a perfect Coulomb explosion of these clusters (see formula 2.3.6).

Temperature scans

For the next measurement series the laser parameters (5 J before compression, 30 fs)

and the stagnation pressure (16 bar) of the cluster jet were kept constant and the

stagnation temperature was varied over a wide range including the gaseous, hypercritical

and liquid regimes. Five shots were taken at each temperature per scan and two scans

were recorded, one starting with the lowest temperature and the other starting with the

highest temperature. Figure 5.12 shows the proton spectra of some example shots for

different temperatures and figure 5.13 shows the cut-off energies of both scans versus
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16bar/34K  c-pol

16bar/37K  c-pol

16bar/40K  c-pol

Figure 5.11 – Three example stability scans. The stagnation conditions of the cluster jet were
(from top to bottom) 16 bar and 25 K, 16 bar and 34 K and 16 bar and 40 K. The left side
shows the 50 proton spectra of the stability scan with the mean cut-off energy marked with the
red line and the right side shows the corresponding cut-off energies of the single shots in the
scans.

78



5.3 Proton data

Table 5.1 – Mean proton cut-off energies of the stability scans in comparison with a theoretical
value. The top five scans were taken with a circular polarised (c-pol) laser pulse and the lower
five were taken with a parallel polarised (p-pol) laser pulse. All scans were taken at a backing
pressure of 16 bar and at a laser pulse energy of roughly 5 J before compression. The scan taken
at 25 K has no corresponding theoretical value since these stagnation conditions correspond to
the liquid regime where no estimations concerning mean cluster sizes can be made.

temperature / K cut-off energy / keV theoretical value / keV

c-pol

34 177(25) 157

35.5 186(32) 135

37 129(25) 117

38.5 82(23) 102

40 57(15) 90

p-pol

25 301(49)

35.5 167(29) 135

37 124(23) 117

38.5 80(21) 102

40 70(17) 90

the corresponding stagnation temperatures including the mean cut-off energies of the

stability scans. The same theoretical value as before has been plotted as a function of

the temperature for a comparison with the data in the gaseous regime. Since these and

some of the following measurements were recorded simultaneously with another Thomson

parabola under 45° with respect to the laser propagation direction, the cut-off energies

found in this data are plotted, too. The evaluation of the data taken under 45° was

done in the same way as presented for the data taken under 0° (presented before in this

chapter), but another calibration (counts → protons) is missing. Therefore, the spectra

were scaled with a global and constant factor to match the data taken under 0°. This

works very well and can be seen in the appendix A.1. In the following only the evalu-

ated cut-off energies found under 45° will be shown in addition to the data taken under 0°.

Two major trends can be seen in the data of the temperature scans. The first one is

the strong rise of the cut-off energy with decreasing temperature in the gaseous regime

(T > 36 K) while the proton spectrum gets not only wider but the overall flux increases,
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Figure 5.12 – Some example proton spectra at different stagnation temperatures of the cluster
jet. With decreasing temperature, the spectra increase in width and amplitude as long as the
temperature corresponds to the gaseous regime. This trend changes in the hypercritical and
liquid regime (T < 36 K) to a decrease of the amplitude of the spectra while the width of the
spectra stay the same.

too. This corresponds to bigger clusters in the cluster jet (higher cut-off energy) and a

higher density of the cluster jet (higher proton flux). This trend was already observed

before [Gri18, A+19] and motivated this work and the low design temperature of the

MCT-D. Both parts of this first observation fit very well with the expectation to the

cluster jet. The Hagena law predicts bigger clusters for lower temperatures d̄Cl. ∝ T−1.79

(see equation 3.1.22) and the gas flow theory predicts a higher density of the cluster jet

for lower temperature ρ ∝ (qV ·
√
T )−1 (see equation 3.1.17). The second trend in the

data can be found at even lower temperatures (T < 36 K) and thus in the hypercritical

and liquid regime. A further decrease in temperature does not change the cut-off energy

(width of the spectrum) any longer but the amplitude of the proton spectrum decreases.

This corresponds to a lower effective density of the cluster jet, which seems to be in
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Figure 5.13 – Cut-off energies of the two temperature scans and of all stability measurements
taken. The gray dots and squares are the cut-off energies of single shots while the black dots and
squares are the weighted mean values of the five corresponding single shots. Both temperature
scans and the stability measurements match very well and fit to the theoretical expectations for
higher temperatures of the Hagena scaling law and a pure Coulomb explosion. Temperatures
slightly above the critical temperature (TC. < T < 35 K) correspond already to the liquid
regime since the scan was taken at a pressure above the critical pressure. Temperatures even
slightly higher (35 K < T < 40 K) correspond to the hypercritical regime, where the Hagena
scaling law is no longer applicable.

conflict with the higher gas flow at lower temperatures corresponding to higher densities.

But, as shown with the shadowgraphy measurements presented in chapter 3.5 a higher

percentage of the gas is bound in the large clusters for lower temperatures (see figure

3.19) and these large clusters are not part of the interaction resulting in an lower effective

density at lower temperatures. Since the micrometer sized cluster do not participate in the

interaction due to their infrequency, the proton spectra taken at stagnation conditions in

the liquid regime allow to draw a conclusion concerning the cluster sizes of the interacting

clusters. Both the cut-off energy and the spectra shape do not differ significantly between
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the proton spectra taken at different stagnation conditions in the liquid regime. Thus

the cluster participating in the interactions are of a nearly temperature independent size

distribution. The cut-off energies measured at stagnation condition in the liquid regime

can be used to estimate the size of the smaller clusters participating in the interaction

with the laser. Using equation 2.3.6 and 3.1.22 results in

dCl. =

√
12ε0mE

e2ρCl.

, (5.3.1)

which gives a cluster diameter of 56 nm for an energy of 200 keV.

Pressure scan

After changing the stagnation temperature of the cluster jet, the impact of a change in

the stagnation pressure of the cluster jet is investigated. The laser parameters were kept

constant as before (5 J before compression, 30 fs) and the stagnation temperature of the

cluster jet was kept at 25 K. Some example proton spectra taken at different stagnation

pressures can be seen in figure 5.14 and the cut-off energies of the whole pressure scan

are shown in figure 5.15. The spectra show no significant difference to each other and the

cut-off energies are stable for the whole scan. The stagnation pressure has no significant

impact on the sizes of the smaller clusters generated at liquid stagnation conditions.

Scans of constant predicted mean cluster sizes

According to the Hagena scaling law there are several pairings of stagnation pressure

and temperature that result in the same mean cluster diameter. For three calculated

mean cluster diameters (51 nm, 56 nm, 63 nm) measurements at three to four differ-

ent stagnation condition pairings were taken. Figure 5.16 shows the proton spectra

and the corresponding cut-off energies of the three scans. The single measurements

in the scans show similar cut-off energies. The spectra differ only from each other in

shape and integral. While the integral is a measure for the target density and may

82



5.3 Proton data

energy / keV 
0 50 100 150 200 250 300 350

 s
r)

)
×

(d
N

/d
E

) 
/ (

pr
ot

on
s 

/ (
M

eV
 

1010

1110

1210

16 bar

15 bar

14 bar

13 bar

12 bar

11 bar

10 bar

  9 bar

  8 bar

  7 bar

Figure 5.14 – Some example proton spectra at different stagnation pressures of the cluster jet.
The scan was taken at a laser pulse energy of 5 J before compression, a laser pulse duration of
30 fs and a stagnation temperature of the cluster jet of 25 K. There is no clear trend visible in
the spectra.
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Figure 5.15 – Cut-off energies of the pressure scan. The scan was taken at a laser pulse energy
of 5 J before compression, a laser pulse duration of 30 fs and a stagnation temperature of the
cluster jet of 25 K. The cut-off energies stay constant for all pressure settings measured.
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change for different pairings of stagnation conditions, the shape corresponds to the clus-

ter size distribution which seems to be not the same for the different stagnation conditions.

Laser pulse energy scans

After the variation of the cluster jet parameters, the impact of a variation of the laser

pulse energy was investigated. For each laser energy scan the laser pulse energy was

varied by switching off single pump lasers while the laser pulse duration was kept at 30

fs and the cluster jet stagnation conditions were kept constant, too. Several measure-

ments were taken for different stagnation conditions of the cluster jet with five shots per

parameter setting. Figure 5.17 shows three examples for 16 bar and 25 K, 34 K and 40

K, respectively. The left side shows the spectra for the different laser pulse energies and

the right side shows the corresponding cut-off energies. The remaining laser pulse energy

scans can be found in the appendix A.3. While the spectra scale in amplitude with the

laser pulse energy, the cut-off energies show only a decrease with the laser pulse energy

at very low energies. The minimal laser pulse energy necessary for a pure Coulomb

explosion is calculated for the given settings using formula 2.3.5 which is marked as a

green line in figure 5.17. The expected behaviour would be a constant cut-off energy for

all laser pulse energies beyond the green line. But the data show a decrease at very low

laser pulse energies instead and the expected constant behaviour for higher energies. The

corresponding proton spectra do not change in their shape. Only the amplitude of the

spectra decreases for lower laser pulse energies resulting in a very low signal at higher

proton energies with the same background as before. Thus, the significance of the signal

is lower and may fall below the cut-off constraint of 3σ. This results in a lower cut-off

energy although the laser intensity is high enough to cause a Coulomb explosion of the

same clusters and the cluster size distribution has not changed. The amplitude of the

spectra was interpreted beforehand as a measure for the target density, but in this scan

the target density does not change. But, since the laser amplitude is high enough to

cause Coulomb explosions of the clusters even outside of the focus volume, the effective

interaction volume is enlarged for higher laser pulse energies.
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56 nm

63 nm

51 nm

Figure 5.16 – The left side shows the spectra and the right side shows the corresponding
cut-off energies of the compared stagnation condition pairings for the same calculated mean
cluster, respectively. While the top shows the different stagnation condition pairings for a mean
cluster diameter of 51 nm, the middle shows the same for 56 nm and the bottom for 63 nm.
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16bar/25K

16bar/40K

16bar/34K

Figure 5.17 – Three example laser pulse energy scans. The left side shows the proton spectra
and the right side shows the corresponding cut-off energies of the different laser energies,
respectively. The scan shown on the top was taken at 16 bar and 25 K, the scan in the middle
at 16 bar and 34 K and the scan on the bottom was taken at 16 bar and 40 K. The red
and magenta lines mark the expectations calculated from the Hagena scaling law and a pure
Coulomb explosion with the original and the corrected parameters. The green line is drawn at
the laser pulse energy necessary for a pure Coulomb explosion of the calculated mean cluster
size.
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16bar/34K

16bar/25K

Figure 5.18 – The two laser pulse duration scans. The left side shows the proton spectra and
the right side shows the corresponding cut-off energies of the different laser pulse durations,
respectively. The top shows the scan taken at a stagnation pressure of 16 bar and a stagnation
temperature of 25 K and the bottom shows the scan taken at 16 bar and 34 K. The red line
marks the laser pulse duration corresponding to the minimal laser intensity necessary for a
Coulomb explosion reaching the maximal cut-off energy of the particular laser pulse duration
scan. The green line marks the laser pulse length corresponding to the lowest laser intensity
where the laser energy scan already shows the maximal cut-off energy.

Laser pulse duration scans

Next to the variation of the laser pulse energy a variation of the laser pulse duration

is possible. The impact of the laser pulse duration was investigated in two scans with

constant laser pulse energy of 5 J before compression and at two different stagnation

conditions of the cluster jet. The first scan was taken at 16 bar and 25 K in the liquid

regime and the second scan was taken at 16 bar and 34 K in the hypercritical regime.
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The proton spectra and corresponding cut-off energies are shown in figure 5.18. The red

line marks the laser pulse duration corresponding to the minimal laser intensity necessary

for a Coulomb explosion (c.f. formula 2.3.5) reaching the maximal cut-off energy of

the particular series of measurement. The expected behaviour of the cut-off energies is

staying constant below the red line and start dropping beyond it. But the data show an

other progression. The cut-off energy drops way before reaching the red line. This has

the same origin as the drop of the cut-off energies at low laser pulse energies observed

in the laser energy scans (c.f. last paragraph). The reduction of the laser intensity by

reducing the laser pulse energy or by increasing the laser pulse duration reduces the

effective interaction volume, since the laser intensity is even outside of the focus volume

high enough to cause Coulomb explosions of the clusters. For a cross-check with the

laser energy scans, the green line is drawn. It marks the laser pulse length corresponding

to the lowest laser intensity where the laser energy scan shows no drop of the cut-off

energy. All measurements at lower laser pulse durations (which correspond to higher

laser pulse energies in the laser energy scans) should show the same cut-off energy. The

measurements at laser pulse durations between the green and the red line show a decrease

in the cut-off energy because the effective interaction volume decreases and consequently

the proton flux at the highest energies decreases to a non-significant amount.

5.4 Accelerated electrons

In the interaction of a high energy and ultra-short laser pulse with a cluster jet the atoms

of the clusters are ionised while the electrons are accelerated by the ponderomotive force

and the laser wakefield acceleration mechanism (c.f. chapter 2). This offers an alternative

to more traditional acceleration concepts used in conventional electron accelerators, e.g.

in microtrons an electric field is passed several times. Since the electric field strength

reached in a plasma can be several orders of magnitude stronger than conventional

electric fields [M+02], an acceleration of electrons up to the GeV scale as reported by

e.g. [L+06a] is possible along a very short path length. This comes with the benefit

of smaller accelerator facilities increasing the availability for industry and medicine

for techniques such as electron melting, electron cutting, non-destructive inspection

or radiotherapy. Usually gas jet targets are used for laser wakefield acceleration due

to their tunable density and the possible high repetition rate. Higher target densities
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are advantageous for the reachable electron energy and increase, up to a certain limit,

the number of accelerated electrons. Therefore, the use of a cluster jet target is very

promising because of the very high local density inside of the single clusters although the

total density in the cluster jet is well below the density of most gas jets presented in [M+13].

The same experimental setup as presented in the last chapter (see section 5.1 and figure

5.1) is used again to detect high energy electrons in laser forward direction. The direction

of the magnetic field is reversed for these measurements so that negatively charged

particles hit the MCP. The evaluation of the data is done in the same way as presented

before for the proton data (see section 5.2) with an additional conversion of the energy.

This is necessary because the evaluation routine calculates the energy for a given pixel

row under the assumption that the measured particle were non-relativistic protons. Since

relativistic electrons are measured instead, a conversion factor has to be taken into

account. The relativistic momentum p corresponding to the calculated energy Ekin for

protons is calculated from the relativistic energy momentum relation

(
Ekin +mc2

)2
= m2c4 + p2c2 (5.4.1)

and the detected electrons are assumed to have the same momentum. The relativistic

energy momentum relation is used again to calculate the corresponding energy of the

detected electrons.

A temperature scan at constant laser parameters of 5 J pulse energy before compression

and 30 fs pulse length and at a constant stagnation pressure of 16 bar for the cluster

jet was taken. The signal was very small compared to the proton signal seen before.

Not all temperature steps showed a significant signal above the background. Figure

5.19 shows the evaluated electron spectra for the temperatures with a significant signal

and figure 5.20 shows the corresponding cut-off energies. Only at stagnation condition

corresponding to highest effective target densities a significant signal can be observed.

The cut-off energies are roughly between 8 and 12 MeV, but without any clear trend.

Additional measurements with the same detector shifted to 45 ° or 135 ° with respect
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to the laser propagation direction showed no electron signal at all. The weak signal

intensity, the acceleration direction and the achieved energies all fit very well with the

laser wakefield acceleration sheme.

Since the Thomson parabola is quite far away from the interaction point (around 1.5 m)

and the energy resolution is restricted to the lower MeV range, Image plates (Fujifilm’s

BAS-IP TR 2040) were used to investigate lower energetic electrons close to the inter-

action point. Image plates are film-like sensors which can store radiation energy. The

stored energy can be released by stimulated emission with a laser as luminescence. The

used image plates were sensitive to electrons, protons and X-rays. The IPs were wrapped

in 14 µm thick aluminium foil to absorb the accelerated protons and a measurement with

an added permanent magnet at the back of the image plate showed that the detected

particles carried electric charge and thus were no X-rays. The image plates are wrapped

around the cluster jet like a cylinder. Figure 5.21 shows the readout of two image plate

taken at stagnation conditions of 16 bar and 34 K or 40 K, a laser energy of 5 J before

compression and a laser pulse length of 30 fs. Only a single laser shot was recorded per

image plate. Next to the strong electron signal in laser forward direction (the dot in

the centre) at 34 K, there is a ring link structure in both measurements. The difference

between 34 K and 40 K seems to be critical for the acceleration process. Additional

measurements with different filters in front of the image plate and with an electron

spectrometer consisting of a pinhole, a permanent magnet and an IP determined the

energy of the ring electrons to be up to 150 keV. But these measurements need further

investigation concerning the measured structure, the electron intensities and the electron

energy distribution and will be published in more detail in the next year [A+21]. Up to

now the ring electrons seem to be electrons with too much transversal momentum to be

trapped in the wake escaping from it in a more or less parameter independent angle.

The same structure of laser-wakefield accelerated electrons was already described in

former publications by [B+19] and [Y+17] using a similar laser pulse and a gas jet target.

The presented experiments used target densities 2-3 orders of magnitude higher than

the cluster jet density used in this work. Particle in a cell (PIC) simulations by [C+18]

or [M+20] show that the trapping mechanism is enhanced by the presence of clusters in

the target due to their local high density. This improves the laser wakefield acceleration

90



5.4 Accelerated electrons

energy / MeV 
0 2 4 6 8 10 12 14 16 18 20

 e
le

ct
ro

n 
flu

x 
/ a

rb
. u

ni
ts

1310

34 K

35 K

36 K

37 K

38 K

39 K

40 K

Figure 5.19 – Electron spectra at different stagnation temperatures of the cluster jet. The
scan was taken at a laser pulse energy of 5 J before compression, a laser pulse duration of 30
fs and a stagnation pressure of the cluster jet of 16 bar. Varying the stagnation temperature
leads to no significant change of the electron energy spectra.
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Figure 5.20 – Electron cut-off energies of the temperature scan. The scan was taken at a laser
pulse energy of 5 J before compression, a laser pulse duration of 30 fs and a stagnation pressure
of the cluster jet of 16 bar. There is no clear trend visible in the cut-off energies.
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Figure 5.21 – Readout of two IPs in laser forward direction wrapped around the cluster jet.
The bright centre spot is caused by wakefield accelerated electrons while the ring like structure
is probably caused by electrons which escaped from the wake without entering the bubble
regime. The shown data are taken at stagnation conditions of 16 bar and 34 K (left) or 40 K
(right) and from a single laser pulse of 5 J energy before compression and a pulse length of 30 fs.

using a cluster jet target to a comparable level to gas-jet targets of 2-3 orders of magnitude

higher density.

Summary

This chapter presented the data taken of accelerated protons and electrons in the laser

cluster interaction and the newly developed evaluation routine, which enables a treatment

of systematic uncertainties. A very good shot-to-shot stability of the accelerated protons

was shown. It originates from the large interaction volume containing many clusters

and the weak dependence on the laser pulse energy. A good agreement of the proton

energies in the gaseous cluster regime with the corrected Hagena law was shown in various

scans and the dependence of the laser pulse energy was investigated to have mostly an

effect on the size of the effective interaction volume. The interaction of a short pulse
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laser with clusters generated in the liquid cluster regime was investigated for the first

time. Unfortunately no interaction with micrometer sized clusters could be observed

as expected. However, next to these micrometer sized clusters another distribution of

smaller clusters are generated simultaneously. Although most of the clustering gas is

bound in the larger clusters, a clear proton signal generated by the Coulomb explosion

of the smaller clusters can be observed. The detected proton energies are more or less

pressure and temperature independent and reach up to approximately 200 keV, which

correspond to cluster diameters of 56 nm. Laser wakefield accelerated electrons with

energies around 10 MeV have been measured at low fluxes in laser forward direction.

Additionally, a ring structure of accelerated electrons of lesser energy (approximately up

to 150 keV) but higher flux was recorded closer to the interaction point. An increase of

the electron capture efficiency caused by the presence of the locally very dense clusters

was observed.
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interaction

The generation of ultra-short X-ray pulses has received a growing interest in the past

decades. Several applications in biology, physics and industry require X-ray pulses e.g.

for the investigation of condensed matter or ultra fast processes in the ps to fs scale or

as pumps for short wavelength lasers. The few existing XFEL facilities are already able

to generate the required X-ray pulses, but the access to these very large facilities (km

scale) is very limited. The interaction of an ultra-short laser pulse with a plasma offers a

promising small scale alternative. The three generation mechanisms of collimated X-ray

pulses in laser plasma interaction are betatron radiation of the heated electrons, higher

harmonics generation and Thomson scattering. The last two usually suffer of a low

yield [C+13] leaving only betatron radiation as a suitable X-ray generation mechanism.

Since gas jet targets are suitable for laser wakefield acceleration of electrons which in

turn generate the betatron radiation, these targets are very popular in the investigation

of generated X-ray pulses. But gas jets come with a small drawback as higher target

densities increase the number of accelerated electrons but decrease their energy simul-

taneously [C+13]. A cluster jet target may overcome this since the electron trapping

mechanism is enhanced due to the local high density regions of the single clusters, while

the total target density is comparably low as presented in the last chapter.

Various measurements of X-rays generated in laser-cluster interaction were taken. This

chapter introduces the experimental setup and the detectors used before the evaluation

method is described and the data taken is presented.
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Figure 6.1 – A sketch of the experimental setup used to detect X-rays. The cluster jet
propagates through the interaction vacuum chamber (p ≈ 0.1 mbar) and is dumped into the
pumping system. The ARCTURUS laser pulse interacts with the cluster jet in the centre of
the vacuum chamber and the generated X-ray radiation can be detected with an Andor X-ray
camera under 0° with respect to the laser propagation direction. Based on an image generated
by C. Mannweiler.

6.1 Experimental setup

The experimental setup for measurements on generated X-ray radiation in the laser cluster

interaction consists of the cluster jet target MCT-D (c.f. chapter 3.2), the ARCTURUS

laser beam (c.f. chapter 4) perpendicular to the cluster jet and an X-ray camera in

forward direction of the laser. A sketch of the setup used can be seen in figure 6.1. A

small solid angle of the generated X-ray radiation is selected by a pinhole and enters

the detector chamber together with the accelerated charged particles discussed in the

last chapter. A magnet (0.18 T) deflects the charged particles as they would generate

bremsstrahlung in the following filter layers. An aluminium filter holder with five holes

for different filters is mounted in front of the camera. The holder itself has a thickness

of approximately 1 cm and absorbs all incoming X-rays with energies in the detection
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Figure 6.2 – A sketch of the filter arrangement used directly in front of the X-ray camera.
The holder features five holes for filters, three of which are covered by 14 µm aluminium foil
(top left, centre, bottom right), the other two area either covered with a 200 nm aluminium foil
(bottom left) or by a 200 nm zirconium foil (top right).

range of the X-ray camera. The holder features five holes for thinner filters. Figure

6.2 shows a sketch of the filter holder and the used filter arrangement. Three of the

holes were covered with a 14 µm aluminium foil (top left, centre, bottom right), one was

covered with a 200 nm aluminium foil (bottom left) and one was covered with a 200

nm zirconium foil (top right). The different filters protect the camera by blocking the

direct laser light and they are permeable for different amounts of the incoming X-rays,

allowing an estimation of their energy. The X-ray CCD (charge-coupled device) camera

(Andor DX436-BN) used is sensitive for photons between 10 eV and 10 keV and is placed

1.3 m from the interaction point. Figure 6.3 shows the quantum efficiency of the X-ray

camera and the transmission factors of the different filters and of the interaction chamber.

For the transmission factor of the interaction chamber a filling with hydrogen gas at a

pressure of 10−1 mbar and a transmission distance of 80 cm is assumed. This corresponds

to the distance between interaction point and pinhole to the detector chamber. The

transmission through the detector chamber is neglected since the vacuum in the detector

chamber is several orders of magnitude better than in the interaction chamber. Since

there is, as shown later, only an observed signal behind the two thinner filters and no

signal behind the thicker filters, the energy range of the generated X-ray radiation can

be estimated to be below a few keV and above approximately 50 eV.
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Figure 6.3 – The top shows the quantum efficiency (QE) of the X-ray camera used [Ins20]
and the transmission coefficients of the different filters and of the vacuum between interaction
point and detector chamber [HGD93]. 80 cm of hydrogen gas at a pressure of 10−1 mbar is
used for the transmission factor of the interaction chamber. The bottom shows three products
of the quantum efficiency with the transmission coefficient of the vacuum chamber and the
three different filters. These are the detection likelihoods or the detector acceptances for the
three different filters.
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Figure 6.4 – Example image taken with the X-ray camera at stagnation conditions of the
cluster jet of 16 bar and 25 K and at 4.2 J laser pulse energy and 30 fs laser pulse duration.
The orange rectangle marks the signal region behind the 200 nm zirconium filter.

6.2 Evaluation method

The images taken with the X-ray camera are evaluated in a region of interest corre-

sponding to the 200 nm zirconium filter. Figure 6.4 shows an example image with the

evaluation region marked with an orange box. The evaluation region leaves a small gap to

the right side because of several broken pixel close to the border. The 200 nm aluminium

filter on the bottom left side had a small hole resulting in an area where direct laser

light overexposes the camera. Since the signal behind the 200 nm aluminium filter can

not be distinguished from the light leak it is excluded from the evaluation. There is

another light leak in the bottom centre of the images where scattered laser light is detected.

For highest laser intensities and target densities some pixel in the evaluation region

are overexposed. Since this would cause an error in the following evaluation, these

pixel are extrapolated firstly. Therefore, the centre of the signal is determined using

projections of the whole signal region on both axis and finding the best fit of a Gaussian
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Figure 6.5 – The two projections of the whole evaluation region of the example shot shown in
figure 6.4 on both axis. The best fit of Gaussian functions combined with linear background
functions are shown in red. The mean position is taken as the center of the signal.

function. The mean values of the best fits are used as the centre of the signal. The two

projections and the corresponding best fits of an exemplary data image are shown in

figure 6.5. Since all data images share the same signal position, this procedure is done

for all data images and the mean position of the centre of the signal x̄centre = 1727(11) px

and ȳcentre = 1496(16) px is used for all images. Afterwards, concentric circles are found

around the central spot with the fixed number of 10000 pixel in between neighbouring

circles. The intensity values of all pixel between two neighbouring concentric circles are

filled into a histogram as shown in figure 6.6. Keeping the distances between the circles as

low as chosen results in very few counts per intensity value. Combining 100 neighbouring

intensity values increases the counts per bin to an more manageable number as already

shown in figure 6.6. The filled intensity values should be normal distributed around a

mean intensity allowing an extrapolation of the overexposed pixel. For this extrapolation

the overexposed pixel are removed from the histogram and the best fit of an asymmetric

Gaussian function to the remaining histogram is found. The asymmetric function is

chosen because of the linear background below the data which will be removed later

during the evaluation. A new random value following the distribution found is assigned

to every overexposed pixel. All new values are above the former overexposition threshold.

These new values are shown in figure 6.6 in red and they are used during the following

evaluation. The whole procedure starts in the centre of the signal and is repeated for

the next more outer concentric circle until all overexposed pixel are corrected. This

extrapolation technique was developed by A. Khoukaz [Kho21].
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Figure 6.6 – Intensity values of the pixel between the third and fourth concentric circles. The
best fit of an asymmetric Gaussian function is shown as a red line. The overexposed pixel were
already removed from the histogram and added again in red using random values following the
distribution found.

After the extrapolation of all overexposed pixel in the signal area, the measured in-

tensity in the marked box is projected column by column on the vertical axis. Figure

6.7 shows an example projection. The best fit of a Gauss function combined with

a linear background function is found for each projection and is shown in red while

the background part of the fit is shown in orange. The significance of the signal fit

compared to a linear background function is calculated. For significances above 3σ the

intensity values of the whole projection are counted while subtracting the background

part found by the best fit. The sum of these values is used as the evaluated X-ray intensity.

Uncertainties

Several uncertainties have to be taken into account during the evaluation of the X-ray

data. The statistical uncertainty is the square root of the number of incoming photons

101



6 X-rays generated by laser-cluster interaction

Figure 6.7 – Example projection of pixel column 1600 of the marked signal region (c.f. figure
6.4) on the vertical axis. The best fit of a Gauss function (signal) and a first order polynomial
(background) is shown in red. The background part of the fit is shown in orange and the
background only hypothesis for the significance calculation is shown in green.

σstat =
√
Nγ. Since every incoming photon generates multiple electrons during the

absorption process in the camera, the resulting intensity uncertainty is the square root

of the product of the conversion factor k(E) > 1 between incoming photons and photo-

electrons and the number of counted photoelectrons dNe =
√
kNe. The manufacturer

of the X-ray camera provides an energy dependent relation between incoming photon

energy and number of generated photoelectrons, as shown in figure 6.8 [Ins20]. Since

the transmission of the 14 µm aluminium foil increases at a few keV to a value which

is significantly above zero (e.g. TAl(3 keV) = 0.05) and there is no signal measured

behind these filters, the X-ray energy is certainly below a few keV. For the treatment

of the statistical uncertainties an X-ray energy of 3 keV is assumed as the exact energy

distribution is not known. This value is chosen because the X-ray energy is certainly

below this energy and the conversion factor is directly proportional to the X-ray energy.

Thus, the conversion factor is certainly overestimated resulting in an overestimation

of the relative statistical uncertainty. Next to the statistical uncertainties there are

uncertainties of the fit parameters, which are included during the background reduction.
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Figure 6.8 – Number of photoelectrons per detected X-ray in dependence of the X-ray energy,
data taken from [Ins20].

Additional uncertainties may occur during the reconstruction process. The centre of the

signal is found for the reconstruction technique and used to group up pixel with the

same intensity value. The centre spot has been shifted by up to 50 pixel in all directions,

which corresponds to about three times the standard deviation, resulting in a change of

the evaluated X-ray intensity of below 0.1%. In addition, the mean values and the widths

of the reconstruction functions (asymmetric Gaussian functions) were varied by up to

three times their fit uncertainties in both directions. Again, this resulted in a change of

the evaluated X-ray intensity of below 0.1%. The additional systematic uncertainties

generated by the reconstruction technique are neglected because they are very small

compared to the uncertainties caused by the evaluation process presented in the next

paragraph.

During the evaluation additional systematic uncertainties occur, because the evaluation

region as shown in figure 6.4 was chosen arbitrarily. The left border of the evaluation
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Figure 6.9 – Example ratio plots for the determination of systematic uncertainties caused by
the arbitrary choice of the evaluation region. The effect of the variation of the evaluation region
along the horizontal axis is shown on the top and the effect of a shift of the evaluation region
along the vertical axis is shown on the bottom. The shown example corresponds to stagnation
conditions of 16 bar and 25 K, a laser pulse energy of 4.1 J and a laser pulse length of 30 fs.

region was varied slightly and the whole evaluation region was shifted slightly along

the vertical axis while leaving the box size constant. Both variations were done for 20

pixel and for 40 pixel in both directions. The ratios of the nominal value to the values

evaluated with the varied evaluation regions are shown for an example shot in figure 6.9.

For the variation along the vertical axis, a decrease of the evaluated X-ray intensity can

be seen for shifts towards the signal but no increase of the X-ray intensity can observed

for shifts away from the signal. Thus, the whole signal is included at the nominal position

of the left border of the evaluation region. Increasing the evaluation region does not

increase the obtained signal due to the significance check of each pixel row. The shift of

the evaluation region along the horizontal axis results in no clear trend. The weighted

standard deviation of the ratios is used as an additional systematic uncertainty. Figure

6.10 shows the calculated systematic uncertainties for all shots.

6.3 X-ray detection

Several series of measurements were taken similarly to the scans of the accelerated protons

presented in the last chapter. The data was evaluated as presented before in this chapter

taking all discussed uncertainties into account. Two scans of the stability of the X-ray
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Figure 6.10 – Systematic uncertainties for all shots taken. The systematic uncertainties caused
by a variation of the evaluation region along the horizontal axis are shown in blue and the
systematic uncertainties caused by a shift of the evaluation region along the vertical axis are
shown in red. The combined uncertainties are shown in black, but for several shots the black
dots are hidden behind the corresponding red dots.

signal, a temperature scan, two pressure scans and two laser pulse energy scans are

presented in this section.

Stability measurements

Two stability measurement series were taken. During these scans all laser and target

parameters were kept constant and five shots were taken consecutively. The first scan

was taken at 16 bar backing pressure, 25 K stagnation temperature (liquid regime), 30

fs laser pulse duration and a laser pulse energy of 4.1 J. The second scan was taken at

16 bar backing pressure, 34 K stagnation temperature (hypercritical regime), 30 fs laser

pulse duration and a laser pulse energy of 4.6 J. Figure 6.11 shows the evaluated X-ray
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Figure 6.11 – X-ray intensity values for the two stability scans. The shot numbers are correct
for the 34 K scan, while the shot numbers of the 25 K scan were shifted by 38 for comparison.
The lines show the weighted mean values as listed in table 6.1.

intensities measured for both scans. Two additional shots taken during the temperature

scan at the same conditions are added to the series, respectively. Table 6.1 shows the

weighted mean values and weighted standard deviations as a measure for the stability.

The relative standard deviations are 9% and 21% and thus higher than the calculated

uncertainties. There are more uncertainties not taken into account yet, e.g. fluctuations

in the laser pulse energy or in the local target density. To include these effects, the highest

relative standard deviation of the stability scans is added as an additional uncertainty for

all following scans. A lower limit of the number of detected X-rays per shot is estimated

later in this chapter using the results of the following scans of the target parameters.

Table 6.1 – Weighted mean values and standard deviations (σ) of the X-ray intensities of the
two stability scans.

scan parameters mean X-ray intensity / arb. units relative σ

200 nm zirconium filter

16 bar, 25 K, 30 fs, 4.2 J 7.5(7)× 109 9%

16 bar, 34 K, 30 fs, 4.6 J 5.8(1.2)× 109 21%
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6.3 X-ray detection

Temperature scan

In addition to the two stability scans a temperature scan was taken. The laser was

operated at constant parameters of 30 fs pulse length and 4.2 J pulse energy before

compression. The stagnation conditions of the cluster jet were 16 bar backing pressure

and the temperature was varied. Two shots were taken at each temperature setting and

in steps of 3 K between 25 K and 46 K. Figure 6.12 shows the evaluated X-ray intensities

of the temperature scan with the two stability scans added. The evaluated X-ray signal

is higher for stagnation conditions in the liquid regime or for temperatures below the

critical temperature, but a clear trend can neither be seen in the liquid nor in the gaseous

regime within the given statistics. A more detailed interpretation of the temperature

scan follows in the next paragraph in combination with the pressure scans taken.

Pressure scans

Two pressure scans at stagnation temperatures of 25 K and 34 K and with laser pulse

durations of 30 fs and a laser pulse energy of 4.1 J before compression were taken. Two

shots were taken per pressure setting in steps of 2 bar in both scans. Figure 6.13 shows

the evaluated X-ray intensities of the two pressure scans. While the scan taken at 34 K

shows constant X-ray intensities for lower pressures and an increase of the X-ray intensity

for higher pressures, the scan taken at 25 K shows this behaviour for the whole scan.

For an interpretation of the measurements presented so far, two additional plots were

generated. Thereby, a possible dependency of the X-ray intensity measured on the cluster

sizes or on the cluster jet density is investigated. Figure 6.14 shows all measurements

at laser pulse energies between 4.1 J and 4.6 J before compression plotted against the

respective calculated cluster jet density. In addition a background measurement with

nearly no target density, taken at stagnation conditions of 34 K and 1.1 bar, is included.

The cluster jet density was calculated using formula 3.1.17 and the measured values

for temperature and volume flow at each single measurement. In addition, the residual

gas density is calculated from the interaction chamber pressure and added to the target

density to address the change of the residual gas density during the measurements. A

dependency of the X-ray intensity on the target density is expected as the number of
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Figure 6.12 – X-ray intensity values of the temperature scan and the two stability scans. All
measurements were taken at a stagnation pressure of 16 bar and at laser pulse energies between
4.1 J to 4.6 J. The X-ray yield is higher in the liquid regime than in the gaseous regime.
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Figure 6.13 – X-ray intensity values of the two pressure scans and the two stability scans.
All measurements were taken at laser pulse energies between 4.1 J to 4.6 J. While the scan
taken at 34 K shows constant X-ray intensities for lower pressures and an increase of the X-ray
intensity for higher pressures, the scan taken at 25 K shows this behaviour for the whole scan.
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6.3 X-ray detection

generated X-rays by betatron radiation is the product of the number of free electrons

and the number of oscillations each electrons undergoes emitting X-ray radiation. Since

the laser intensity is high enough to ionise all target atoms, the number of free electrons

corresponds directly to the target density. This results in combination with the oscillation

frequency of the electrons (see formula 2.4.1) in

IX-ray ∝ ne · ωb =
neωP√

2γ
= ne

√
nee2

ε0me2γ
(6.3.1)

∝ n3/2
e (6.3.2)

using the plasma frequency ωP =
√

nee2

ε0me
. The data is fitted with IX-ray = a+ b n

3/2
e with

the proportionality constant b and an offset parameter a. The function fits very well to

the data confirming the density dependency of IX-ray ∝ n
3/2
e .

A certain X-ray intensity is measured even without any target density resulting in a

offset parameter larger than zero as shown by the fit. This observed offset may depend

on the laser parameters, which were kept constant during the presented measurements,

but it originates not from the laser target interaction. Therefore, the offset has to be

constant during the presented measurements. An afterglow of the camera used can be

excluded since the measurements were not taken from highest to lowest target density.

An interaction of the laser pulse with the residual gas in the interaction chamber is

already included in the calculated target densities and the interaction of the laser pulse

with water, oxygen or nitrogen leaked into the interaction chamber is unlikely. The

dependency between interaction chamber pressure and target gas flow as shown in figure

6.15 shows that the leakage rates are negligible small. The interaction chamber vacuum

reaches the middle 10−3 mbar range at low gas flows. This fits very well to the used pump

(Leybold RUVAC WH 7000 with a nominal pumping speed of 7800 m3/h) with the big

vacuum chamber with several big flanges with big O-ring seals and relative short pumping

periods of maximum a few hours resulting in water vapour remaining in the vacuum

chamber. Potentially, the laser interacts with other components of the experimental

setup as the focusing off axis parabola, the pinhole to the detector chamber, the magnet

in the detector chamber or the zirconium filter foil in front of the camera. X-ray radiation
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Figure 6.14 – X-ray intensity values of the of all scans taken at laser pulse energies between
4.1 J and 4.6 J before compression plotted against the respective calculated target density using

formula 3.1.17. According to formula 6.3.2 the fit functions is IX-ray = a+ b n
3/2
e .
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Figure 6.15 – Interaction chamber vacuum in dependency of the target gas flow. The step
trend indicates very low leakage rates.
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6.3 X-ray detection

generated in this interaction or electrons generated in the interaction with the filter

may be detected by the X-ray camera. But the laser intensity is comparable low at the

positions of these components resulting in the expectation of a very weak interaction.

Another possibility for the observe offset is the detection of direct laser photons. The

transmission of a 200 nm strong zirconium foil for photons with a wavelength of 810

nm (central wavelength of the laser system used) is according to [J+04] in the order of

10−6 resulting in an expected offset in the X-ray intensity caused by the detection of

direct laser photons in the order of 107. However, the filter foil used was already used

and stored for several years and thus may be slightly damaged (micro fissures) increasing

the transmission for direct laser photons.

Figure 6.16 shows all measurements presented so far and at stagnation conditions in the

gaseous regime plotted against the respective calculated mean cluster diameter. The

calculation uses formula 3.1.20 and 3.1.22 (c.f. chapter 3.1) including the corrected

factor AN = 25(5) (c.f. chapter 3.4). Since a clear dependency of the X-ray intensity on

the target density was already confirmed, the X-ray intensities measured are reduced

by the offset parameter a and divided by the density dependency b n
3/2
e using the fit

parameters as shown in figure 6.14. No clear trend of the X-ray intensity with the cluster

diameter can be seen. The high data point at low cluster diameters results from a very

low corresponding X-ray intensity divided by a very low density dependency value.

Using the presented target independent offset and the mean X-ray intensity values

obtained from the stability scans, a lower limit of the number of detected X-rays per shot

can be estimated. Therefore, an X-ray energy of 3 keV is assumed once again, similar to

the handling of the statistical uncertainties. This determines the detection efficiency (see

figure 6.3) and the number of photoelectrons per incoming X-ray (see figure 6.8) in the

most conservative way, resulting in a lower limit. The evaluated mean X-ray intensity of

7.5(7)× 109 reduced by the offset 1.7(2)× 109 results in 0.7(1)× 107 photons per shot.

The zirconium filter covers a solid angle of 0.5µsr or an opening angle of 4 mrad.

As a comparison, [T+10] used a gas jet target with densities up to 3 × 1019 cm−3 and

a 10 TW laser system to accelerate electron up to 80 MeV and measured X-ray pulses

with 108 photons per shot at energies between 1 keV and 10 keV. [C+13] used a 3.75

TW laser system and an argon cluster jet target with densities up to 2× 1019 cm−3 and
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Figure 6.16 – X-ray intensity values of the of all scans taken at laser pulse energies between
4.1 J and 4.6 J before compression and at stagnation conditions in the gaseous regime plotted
against the respective calculated mean cluster diameter using the corrected Hagena scaling law
(formula 3.1.22). The X-ray intensity is reduced by the offset parameter a and divided by the

target density dependency relation b n
3/2
e using the fit parameters as shown in figure 6.14. No

clear trend of the X-ray intensity with the cluster diameter can be seen.

cluster diameters of approximately 8 nm and received 2 × 108 photons per shot with

energies above 2.4 keV and within a 10 mrad divergence. After all, the estimated lower

limit of this work of 0.7(1) × 107 photons per shot is not far below other approaches,

as long as the solid angle of the detectors is taken into account. However, the X-ray

energy is comparatively low. This suggest the interpretation that the detected X-rays

were generated by the lower energetic electrons (c.f. chapter 5.4) which were not trapped

and accelerated in the laser wakefield. Since only a small fraction of these lower energetic

electrons are accelerated in laser forward direction and most of them are part of the

observed ring structure (c.f. figure 5.21), a strong increase of the generated X-ray flow

can be expected for the examination of larger solid angle.
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Figure 6.17 – X-ray intensity values of the two laser energy scans and the two stability scans.
The stagnation conditions of the cluster jet were kept constant at 16 bar and 25 K in the fist
laser energy scan and at 16 bar and 34 K in the second scan.

Laser pulse energy scans

Two scans of the X-ray intensity at variations of the laser pulse energy were recorded.

The laser pulse length was kept at 30 fs in both scans and the stagnation conditions of

the cluster jet were kept constant at 16 bar and 25 K in the fist scan and at 16 bar and

34 K in the second scan. Figure 6.17 shows the evaluated X-ray intensities of the two

laser energy scans. Since a laser intensity of 1.4 × 1014 Wcm−2 is already sufficient to

ionise hydrogen by tunneling ionisation [Gib05], the interaction takes place at a larger

volume than the focus volume. This effective interaction volume with a laser intensity

beyond the ionisation limit can be calculated for every laser pulse energy by assuming a

Gaussian shape of the laser pulse, a constant integral of this profile function during the

propagation and a laser opening angle defined by the focusing f/2 OAP (≈ 35°). A fit of

the calculated effective interaction volume (∝ E
3/2
L ) to the X-ray intensities measured

using only a scaling factor shows their direct relation. Table 6.2 shows the fit parameters

of the two scaling fits. [D+97] found the same proportionality by irradiating krypton

clusters of 5 × 104 to 7 × 105 atoms per cluster with laser beam intensities between
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3.7×1016 Wcm−2 and 5.2×1017 Wcm−2 and [R+01] showed the same effect at Ar clusters.

Table 6.2 – Fit details of scaling of the calculated effective interaction volume to the X-ray
intensities measured.

scan parameters χ2 / ndf scaling parameter / µm−3

200 nm zirconium filter

16 bar, 25 K, 30 fs 10.04 / 15 0.154(11)

16 bar, 34 K, 30 fs 10.32 / 16 0.088(7)

Summary

In this chapter the measurements of X-ray intensities with an X-ray camera were presented.

The X-ray energy was estimated by different filters to a range between 50 eV and a few

keV. This identifies the origin of the X-rays measured to be the lower energetic electrons,

which are not accelerated by the laser wakefield. The X-ray yield of the interaction

of an ultra-short laser pulse with a hydrogen cluster jet was estimated to 0.7(1)× 107

photons per shot at a divergence of 4 mrad, which is comparable with values of similar

experiments already done by other groups. Various parameters were scanned and the

expected dependency on the target density IX-ray ∝ n
3/2
e could be confirmed. Another

dependency on the cluster diameter could not be observed. In addition, a relation between

the X-ray intensity and the laser pulse energy IX-ray ∝ E
3/2
L was found as an effect of the

effective interaction volume.
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7 Conclusion

This thesis presented studies on the interaction of a 200 TW laser system with a state-of-

the-art cluster jet target. The cluster source was designed taking precursor measurements

into account, built at the University of Münster and characterised regarding cluster

jet density and cluster diameter distribution. The design stagnation temperature of

25 K was achieved even at high stagnation pressures of up to 16 bar. This enables an

operation at stagnation conditions in the gaseous, hypercritical and liquid regime opening

a completely new parameter regime for investigations on the laser cluster interaction.

The stability of the newly built cluster jet target was tested for stagnation conditions

in the liquid and in the gaseous regime over several hours and found to be more than

sufficient. Measurements with a Michelson interferometer estimated the density of the

cluster jet to be below 1.7× 1018 cm−3 which is in good agreement with the calculated

predictions. C. Mannweiler evaluated the Mie scattering data taken in the scope of

his master’s thesis [Man19], resulting in a small adjustment of the Hagena law to the

gas and hardware used (AN = 33 → 25(5)). This enables a prediction of the mean

cluster diameter in the cluster jet for all stagnation conditions in the gaseous regime.

Shadowgraphy measurements revealed the cluster size distribution in the liquid regime

for the first time for such a cluster jet. The measured cluster sizes of several micrometers

were in good agreement with the prediction by the atomisation theory. The interaction

probability of an ultra short and highly focused laser pulse with one of the observed

clusters was calculated resulting in the prediction of not a single interaction during the

measuring campaigns.

Measurements on accelerated protons using a Thomson parabola were taken over a wide

parameter regime of the cluster source and the laser pulse. A new evaluation routine

was developed for a detailed handling of systematic uncertainties. A maximum proton

energy of 301(49) keV in supposable ultra short pulses was achieved during the measuring
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campaigns at optimal laser and target parameters. The proton spectra showed a good

shot-to-shot stability and the cut-off energies were at stagnation conditions in the gaseous

regime in good agreement with the adjusted Hagena law. The secondary dependency of

the proton spectra on the laser intensity was confirmed in scans of the laser pulse energy

and the laser pulse duration. A decrease of the proton flux for lower laser intensities as

an effect of a smaller effective interaction volume was observed. At stagnation conditions

in the liquid regime no hint of any interaction of the laser with a micrometer sized cluster

was found. Instead, proton spectra with typical cut-off energies of up to around 200 keV

were measured. These spectra originate from another cluster size distribution generated

parallel to the larger clusters during the atomization process. The smaller clusters interact

with the laser pulse and their diameters can be calculated from the achieved energies

to be below 56 nm. The proton spectra taken at stagnation conditions in the liquid

regime showed no significant difference to each other allowing the conclusion that the

cluster size distribution of the smaller clusters generated in this regime is independent of

the stagnation pressure and temperature. A bigger focus volume of high laser intensity

would be necessary to achieve an interaction with the larger clusters. Should a Coulomb

explosion of these clusters be realised, the expected proton energies are up to several

hundred MeV.

Laser wakefield accelerated electrons were measured in laser forward direction. The Thom-

son parabola showed only a very weak signal with electron energies up to 11.9(1.8) MeV in

supposable ultra short pulses. A significant signal was measured only at highest effective

target densities corresponding to stagnation conditions in the hypercritical regime. Image

plates were used to investigate accelerated electrons closer to the interaction point. A

ringlike structure around a central spot was found. The energy of these electrons was

below 150 keV and therefore the electrons were identified as escaped electrons, which

were not accelerated in the laser wakefield. This structure was already observed before

at gas jet targets with densities several orders of magnitude higher than the cluster jet

target used in this work.

The X-ray radiation generated in the laser cluster interaction was recorded with an

X-ray camera. Different filter layers allowed an estimation of the X-ray energy to a

range between 50 eV and a few keV. The measured X-ray intensity was determined for

optimised conditions to be 7(1)× 106 photons per shot at an opening angle of 4 mrad.

The expected dependency on the target density IX-ray ∝ n
3/2
e could be confirmed by
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scanning different target parameters. A dependency on the cluster sizes could not be

observed. The relation IX-ray ∝ E
3/2
L was found during laser energy scans as an effect of

the effective interaction volume.
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A Appendix

A.1 Proton spectra taken under 45°
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Figure A.1 – Comparison of proton spectra obtained with two different Thomson parabolas
at different angles to the laser propagation direction in the gaseous cluster regime. Since a
calibration of the Thomson parabola used under 45° was missing, the spectra are scaled with a
global and constant factor to match the spectra obtained under 0°. The factor is the mean ratio
of the un-calibrated proton flux measured under 45° and the calibrated proton flux measured
under 0°. The mean value was calculated over all energies and shots of a whole temperature
scan.
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Figure A.2 – Comparison of proton spectra obtained with two different Thomson parabolas
at different angles to the laser propagation direction in the liquid cluster regime. Since a
calibration of the Thomson parabola used under 45° was missing, the spectra are scaled with a
global and constant factor to match the spectra obtained under 0°. The factor is the mean ratio
of the un-calibrated proton flux measured under 45° and the calibrated proton flux measured
under 0°. The mean value was calculated over all energies and shots of a whole temperature
scan.
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A.2 Proton stability measurements

16bar/35.5K  c-pol

16bar/38.5K  c-pol

Figure A.3 – Two stability scans taken at circular laser polarisation. The stagnation conditions
of the cluster jet were (from top to bottom) 16 bar and 35.5 K and 16 bar and 38.5 K. The left
side shows the 50 proton spectra of the stability scan with the mean cut-off energy marked
with the red line and the right side shows the corresponding cut-off energies of the single shots
in the scans.
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16bar/25K  p-pol

16bar/35,5K  p-pol

16bar/37K  p-pol

Figure A.4 – Three stability scans. The stagnation conditions of the cluster jet were (from
top to bottom) 16 bar and 25 K, 16 bar and 35.5 K and 16 bar and 37 K. The left side shows
the 50 proton spectra of the stability scan with the mean cut-off energy marked with the red
line and the right side shows the corresponding cut-off energies of the single shots in the scans.
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16bar/38.5K  p-pol

16bar/40K  p-pol

Figure A.5 – Two stability scans. The stagnation conditions of the cluster jet were (from top
to bottom) 16 bar and 38.5 K and 16 bar and 40 K. The left side shows the 50 proton spectra
of the stability scan with the mean cut-off energy marked with the red line and the right side
shows the corresponding cut-off energies of the single shots in the scans.
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A.3 Proton laser pulse energy scans

16bar/35.5K

16bar/38.5K

16bar/37K

Figure A.6 – Three laser pulse energy scans. The left side shows the proton spectra and the
right side shows the corresponding cut-off energies of the different laser energies, respectively.
The scan shown on the top was taken at 16 bar and 35.5 K, the scan in the middle at 16 bar and
37 K and the scan on the bottom was taken at 16 bar and 38.5 K. The red and magenta lines
mark the expectations calculated from the Hagena scaling law and a pure Coulomb explosion
with the original and the corrected parameters. The green line is drawn at the laser pulse
energy necessary for a pure Coulomb explosion of the calculated mean cluster size.
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Studium

2010-2013 Bachelor Studium der Physik an der

Westfälischen Wilhelms-Universität Münster

24.10.2013 Bachelorarbeit im Institut für Kernphysik

”
Systematische Untersuchungen von TLD-Kristallen an einem

Thermolumineszent-Aufbau für das kernphysikalische Praktikum“

2013-2017 Master Studium der Physik an der

Westfälischen Wilhelms-Universität Münster

23.12.2016 Masterarbeit im Institut für Kernphysik

”
Investigations on gas jet beam profiles

with a Mach-Zehnder interferometer“

23.01.2017 Masterabschluss

Promotionsstudium

01.04.2017 Beginn der Dissertation am Institut für Kernphysik

der Westfälischen Wilhelms-Universität Münster

unter der Betreuung von Prof. Dr. Alfons Khoukaz

Berufstätigkeit

2014-2016 Studentische Hilfskraft am Institut für Theoretische Physik

der Westfälischen Wilhelms-Universität Münster

zur Betreuung von Bachelor-Studenten in einer Übungsgruppe
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