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Laserinduzierte Coulomb-Explosion von Allenmolekülen: Experiment und Simu-
lation:

Die Arbeit behandelt die durch intensive infrarote (IR) und extrem ultraviolette (XUV)
Laserimpulse induzierte Coulomb-Explosion von Allenmolekülen (C3H4). Über den
gesamten Raumwinkel werden geladene Fragmente mit einem Reaktionsmikroskop
detektiert. Ein Computerprogramm zur Simulation von molekularen Fragmentations-
vorgängen wurde entwickelt, um die Interpretation von Mehrfach-Ionen-Koinzidenz-
spektren zu erleichtern.
Die Doppelionisation von Allen durch mehrere Photonen eines intensiven IR-Impulses
mit Impulslängen unter 10 fs offenbarte sechs Fragmentationskanäle mit je zwei Ionen.
Vier dieser Kanäle zeigen Anzeichen einer Isomerisierung. Eine Aufspaltung in drei
geladene Fragmente wurde nicht beobachtet.
Die gemessenen freigesetzten kinetischen Energien aller Coulomb-Explosions-Kanäle
sind unabhängig von IR-Impulsintensität und IR-Impulslänge und ändern sich auch
nicht bei der Verwendung von XUV-Impulsen. Verzweigungsverhältnisse von stabilen
und instabilen zweifach geladenen Molekülionen weisen eine Abhängigkeit von
der Intensität der IR-Impulse auf. Die Halbwertszeit von langlebigen metastabilen
zweifach geladenen Molekülionen wurde anhand von Flugzeitspektren abgeschätzt.
Pump–Probe Messungen mit XUV- und IR-Impulsen deuten auf eine Dynamik von
zweifach geladenem Allen auf Zeitskalen von 50 fs hin.

Laser induced Coulomb-explosion of allene molecules: Experiment and simula-
tion:

In this thesis Coulomb-explosions of allene molecules (C3H4) induced by intense
infrared (IR) and extreme ultraviolet (XUV) laser pulses are studied. Over the full
solid angle charged particles are detected with a reaction microscope. A software for
simulation of molecular fragmentation processes has been developed to facilitate the
interpretation of multi-ion coincidence spectra.
Multi-photon double-ionization of allene by intense IR pulses with pulse lengths below
10 fs reveals six double-ion fragmentation channels of which four show indications of
an isomerization process. Triple-ion fragmentations have not been observed.
Measured kinetic energy releases of all Coulomb-explosion channels are independent
of IR pulse intensity and of IR pulse length. They also do not differ, if XUV pulses
are used. Branching ratios of stable and unstable dications feature a dependence on
the intensity of IR pulses. The half-life of long-lived metastable allene dications is
estimated from time-of-flight spectra.
Pump–probe measurements with XUV and IR pulses indicate dynamics of allene
dications on time scales of 50 fs.
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1. Introduction

Spectroscopic observations like the Balmer series of the hydrogen spectrum [Bal85], the
photoelectric effect [Her87] and the black-body radiation [Kir60] gave a crucial impetus
for the development of quantum mechanics. Since then increasing energy resolution
of spectroscopy has led to discoveries that could not be explained by established
theories. A prominent example is a discrepancy from Dirac’s model measured by W.
Lamb [LR47] in 1947 triggering research that eventually led to the developement of to
quantum electrodynamics.

New spectroscopic techniques that reach unprecedented frequency resolutions be-
came accessible with the invention of lasers in the 1960s. Today sophisticated spec-
troscopic experiments are for example used in atomic fountain clocks for time stan-
dards [SLL+

99] or in precision spectroscopy to measure drifts in fundamental con-
stants [FKZ+

04]. The use of frequency combs as first performed by T. W. Hänsch

enabled absolute frequency measurements with spectroscopic precision [NHR+
00].

While energy resolution was the driving motor in many fields of physics, advances
in temporal resolution of reaction mechanisms were mostly done in chemical sciences.
Flow tubes in which reactants were observed at different distances allowed observation
of reaction dynamics on sub-second time scales [HR23]. In 1967 M. Eigen, R. G.
W. Norrish and G. Porter were awarded the Nobel prize in Chemistry “for their
studies of extremely fast chemical reactions, effected by disturbing the equilibrium by
means of very short pulses of energy" [Nob] that had been performed around 1950 and
had reached microsecond time scales.

The introduction of pulsed laser technology led – via the nano- and picosecond
regimes – to time resolutions of femtoseconds. A. H. Zewail was awarded the Nobel
prize in Chemistry in 1988 for his pump–probe experiments with ultrashort laser pulses
that reached time resolutions below 10 fs [Zew88]. This work laid the foundation of
a new scientific field, the femtochemistry. The pump–probe technique uses two laser
pulses that are separated temporally by a variable time delay. The pump pulse triggers
a reaction by excitation or ionization of the target molecule until it is probed by the
probe pulse.

Early experiments on reaction mechanisms were typically based on macroscopic
samples and observables and they were thereby part of physical chemistry. Today
pump–probe experiments with intense laser pulses are able to investigate the dynamics
of single molecules on a quantum level providing a powerful tool for chemical physics
that led to a number of new discoveries. From the 1990s onwards, for instance,
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1. Introduction

vibrational wave-packet dynamics have been observed in different diatomic molecules
like I2 [SCC95] and later H2 [ERF+

05].
Due to only one degree of freedom in internuclear motion, theoretical understanding

of diatomic molecules is rather advanced in comparison to medium sized molecules,
consisting of three to ten atoms. But especially the latter are highly interesting. Some
of them change their geometry upon excitation. The created isomers often feature com-
pletely new chemical properties. Therefore a better understanding of their formation
might enable us to create new substances or even steer chemical reactions with laser
pulses.

However, very few experiments with the pump–probe method have so far been
conducted on such targets [JRH+

10]. More commonly single, ultrashort pulses in the
femtosecond regime are used to investigate isomerization processes, especially hydro-
gen migration, of molecules like acytelene (C2H2) [ALO+

06], allene (C3H4) [XOY09a]
or 1,3-butadiene (C4H6) [ZRX+

12]. In these experiments the durations of the molecular
dynamics are extracted indirectly, for example from angular distributions of fragments
created in Coulomb-explosions. Direct measurement of isomerization times, however,
is not possible without a probe pulse.

In this work a titanium-sapphire laser system is used to create laser pulses in the
near infrared with pulse lengths of 10 fs and pulse energies of 1 mJ at a repetition
rate of 8 kHz. With our setup, pump–probe experiments with extreme ultraviolet
pulses and infrared pulses can be performed at a repetition rate that is superior to
that of other sources of such pulses. The extreme ultraviolet pulse is the perfect pump
pulse to investigate isomerization processes of charged molecular ions because many
target gases can be double ionized by a single highly energetic photon. This results in
excitation to selected states through a process relatively well understood by theory.

In the experiments conducted within the framework of this thesis, laser pulses
are focused into a cold jet of target molecules within a reaction microscope. Three-
dimensional momenta of all charged particles created by laser induced ionization or
fragmentation are measured over the full solid angle, allowing a kinematically complete
study of reactions.

As a part of this thesis Coulomb-explosion imaging experiments on allene (C3H4)
were performed and the acquired data was analyzed. Experiments on medium sized
target molecules were conducted for the first time with our laser system and reaction
microscope. Therefore single pulse experiments are carried out to provide a benchmark
for our experimental setup by comparing results with previous publications. Experience
gathered in these measurements may be used in future pump–probe experiments on
medium sized target molecules with extreme ultra violet and infrared laser pulses. To
our knowledge, such experiments have not been reported before. As a first step in this
direction a pump–probe experiment on allene molecules was conducted as part of this
thesis.

Chapter 2 gives a brief introduction to the creation of ultrashort laser pulses and the
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creation of extreme ultraviolet pulse trains by high harmonic generation. Theoretical
aspects of pulse creation, pulse propagation through dispersive media and the high
harmonic generation process are explained. Chapter 3 describes the reaction microscope
and charged particle trajectories within its electric and magnetic field. A software for
simulation of electron trajectories within these fields has been developed as a part of
this thesis. It is used to create simulated electron spectra which are compared with
experimental data to detect field inhomogeneities within the reaction microscope. A
quantum mechanical treatment of molecules is introduced in chapter 4 with focus on
potential energy surfaces which are fundamental for the Coulomb-explosion imaging
measurements performed in this work. Predicted fragmentation channels of allene are
introduced and simulated with a Monte-Carlo simulation developed as a part of this
thesis. Finally, results of Coulomb-explosion imaging experiments – with single laser
pulses and in a pump–probe configuration – are presented in chapter 5.
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2. Creation of ultrashort laser pulses

Contents
2.1. Theoretical background . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2. Laser system and high harmonic generation . . . . . . . . . . . . . . . 7

2.1. Theoretical background

The experiments on laser induced molecular dynamics presented in this work have
been performed with ultrashort and intense laser pulses. The foundation of such pulses
are mode-locked laser oscillators described in 2.1.1. Due to their broad frequency
spectrum such pulses are subject to undesired dispersive effects (section 2.1.2). The
laser pulses are further spectrally broadened via nonlinear effects in order to achieve
pulse lengths of only a few femtoseconds (section 2.1.3). The last part (section 2.1.4)
gives a short introduction to high harmonic generation, a method to create coherent
pulses in the ultraviolet and near x-ray regime that are used in some of the experiments
presented in this work.

2.1.1. Modelocking

Within a laser cavity of length L, standing light waves of angular frequency ωq are
created with a frequency separation of △ωL = πc/L. Here c denotes the speed of
light in vacuum1. In general, these longitudinal modes oscillate independently and
their phases Φωq(t) are not fixed with respect to each other. Modelocking is achieved,
if the amplified cavity modes have fixed phases Φωq [Spe09, p. 7]. In this case the
electric field E(t) at a fixed position in space created by (2n + 1) longitudinal modes of
frequency ωq = ω0 + q△ωL is given by

E(t) =
n

∑
q=−n

Eωq ei(−Φωq )eiωqt (2.1)

with the amplitudes of the cavity modes Eωq . E(t) describes laser pulses created by
constructive interference of the longitudinal modes. The time between two laser pulses
is given by τrep = 2L/c [Kre09, p. 30]. The repetition rate is given by 1/τrep.

1For cavities filled with a medium of refractive index n, c must be replaced by c′ = c/n.
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2.1. Theoretical background

The temporal length △τ of these laser pulses is related to the total width of the
spectrum and the phases Φωq via a Fourier transform of the envelope function. The
maximum number of amplified cavity modes is typically limited by the amplification
bandwidth of the lasing medium [Spe09, p. 8].

2.1.2. Propagation of laser pulses

The frequency dependent refractive index n(ω) of optical media like glass or even
air influences the propagation of ultra short laser pulses because the phase velocity
vph(ω) = c/n(ω) and the wave vector k(ω) = ω/vph(ω) are non-constant over the
large spectral bandwidth.

The electric field E(z, t) of a laser pulse propagating in z-direction can be expressed
by a Fourier transform

E(z, t) =
1√
2π

∫
s̃(z, ω)eiωtdω =

1√
2π

∫
s(0, ω)eiΦ(z,ω)e−λ(z,ω)zeiωtdω. (2.2)

Here |s(0, ω)| denotes the spectral amplitude at z = 0 and Φ(z, ω) denotes the spectral
phase which describes the effects of dispersive media on the phase relation between
different spectral components. It has no effects on the spectral composition of the
laser pulse, but can alter the temporal shape of the pulse. Absorption of frequency
components is described by e−λ(z,ω)z.

Φ(z, ω) can be written as a Taylor expansion at ω = ω0

Φ(z, ω) =
∞

∑
j=0

1
j!

∂jΦ(z, ω)

∂ω j

∣∣∣∣
ω=ω0

(ω − ω0)
j (2.3)

with the center frequency ω0 [Fis10, p. 30]. To describe femtosecond pulses propagating
through a dispersive medium sufficiently well, only terms up to j = 3 are considered.
It can be shown that the first two terms influence the carrier envelope phase and the
velocity of the pulse envelope (called group velocity). These terms do not modify the
shape of the pulse envelope.

The third term describes a frequency dependent phase velocity the so called linear
chirp. For a non-vanishing linear chirp, the pulse envelope is stretched. Higher orders
O
(
ω3) of the Taylor expansion are called nonlinear chirp which can for example cause

satellite pulses [Spe09]. Both, linear and nonlinear chirp, must be minimized and
compensated for in order to keep the laser pulses short and the intensity high.

2.1.3. Spectral broadening of laser pulses

Laser pulses created by a chirped pulse amplification system have typical pulse lengths
of approximately 30 fs. Further pulse compression requires a broadening of the fre-
quency spectrum. This is achieved by self-phase modulation due to an intensity

5



2. Creation of ultrashort laser pulses

refractive index [DR06, p. 193]

n = n0 + n̄2 I(t). (2.4)

The intensity I(t) has different magnitudes at different parts of the laser pulse. “
[They] will ‘feel’ different refractive indices, leading to a phase change across the
pulse [. . . ]” [DR06, p. 196] which results in a temporal chirp. The leading edge of
the pulse is shifted towards smaller frequencies and the trailing edge is blue-shifted.
Mere self-phase modulation does not change the length of the pulse envelope, but the
intensity dependent refractive index causes a spectral broadening which allows further
pulse compression. This is described in section 2.2.2.

2.1.4. High harmonic generation

Media with a dielectric polarization

P(E) ∝ χ(1)E + χ(2)E2 + χ(3)E3 + χ(4)E4 + . . . (2.5)

that responds in a nonlinear way to an incident electric field E, are known since the 1960s
when second harmonic generation was first observed in optical frequencies [FHPW61].
Since then, available field strengths increased rapidly and higher order nonlinear
processes like third harmonic generation could be accessed. The intensities of higher
order harmonics, however, decrease because the amplitudes of the susceptibilities χ(i)

fall fast with the order of i. Unexpected observations were made in the end of the 1980s:
focusing a high intensity laser into rare gases produces very high order harmonics
and, most importantly, their intensities are nearly constant over a wide range up to a
certain cutoff energy [LLF+

89]. An intuitive, semi-classical model [Cor93], the so-called
three-step modell, describes this process of high harmonic generation (HHG) in gases
(compare figure 2.1):

1. The atomic potential is distorted by the strong electric field of the high intensity
laser pulse. An electron escapes through the formed potential barrier in a tunnel
ionization process. This happens preferably at every half-cycle of the carrier
frequency when the amplitude of the electric field is maximized.

2. The trajectory of the freed electron within the laser field is calculated classically.
The electric potential of the remaining ion and the magnetic field of the laser are
neglected. First, the laser field accelerates the electron away from the ion until the
field changes its direction and, after half an optical cycle, accelerates the electron
back towards the ion2.

2Linear polarized light is crucial for HHG because the electron’s motion within circular polarized light
does not result in closed trajectories and the electron will not return to the vicinity of the ion.
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2.2. Laser system and high harmonic generation

Figure 2.1.: Three step model for HHG with intense laser fields (red pulse). The
atomic potential (green) is distorted by the external laser field and an electron (black
dot) tunnels through the potential barrier. It gains kinetic energy in the electric field.
If it eventually recombines with the ion, there will be a chance that a highly energetic
photon is emitted (blue pulse). Figure taken from [Rie07].

3. The highly energetic electron will eventually interact with the ion which is
described quantum mechanically in this model. Upon recombination, the system
can emit the gained kinetic energy in a single, extreme ultra violet (XUV) photon
of high energy. Elastic and inelastic scattering processes (which are the dominating
effects) do not contribute to the creation of high harmonics.

The three step model explains the experimentally measured intensity plateau and
predicts the cutoff energy of the high harmonics to a very good degree. Improvements
of the three step model take additional effects like the ion’s Coulomb potential [LBI+94]
into account, but the qualitative mechanism of the explained model is still valid.

Due to the tunneling mechanism, the HHG process repeats every half-cycle of the
carrier frequency and the XUV light is emitted as train of attosecond pulses. The
number of XUV pulses within the pulse train depends on the length of the original
infrared pulse. Attosecond pulse trains are referred as XUV pulses in this thesis.

2.2. Laser system and high harmonic generation

The laser system used in this work can be separated into three major parts: the first
parts of the beam line are the titanium-sapphire oscillator and the amplifier system
which creates infrared (IR) pulses of 32 fs length (section 2.2.1). In a second step, the
hollow fiber and chirped mirror compressor (section 2.2.2) reduce the pulse length to
approximately 10 fs. At last the HHG chamber (section 2.2.3) is used to create XUV
light from the IR pulses.
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2. Creation of ultrashort laser pulses

2.2.1. Titanium-sapphire oscillator and amplifier

The basis for all experiments presented in this work is a tabletop laser system that
consists of a laser oscillator and an amplification system. Created laser pulses have a
center wavelength of 785 nm at an average power of 8 W. The energy of each pulse is
1 mJ at a repetition rate of 8 kHz.

The laser pulses are generated in multiple steps, beginning with a modelocked
titanium-doped sapphire (Ti:Sapphire) laser oscillator, the model MTS-I manufactured
by Kapteyn-Murnane Laboratories (light yellow box in figure 2.2). The oscillator is
pumped by a Verdi continuous wave neodymium-doped yttrium orthovanadate solid
state laser with 6 W output power manufactured by Coherent. At a repetition rate of
80 MHz, a pulse length of 18 fs and an average power of 680mW, the peak intensity of
the oscillator pulses is too low for effective HHG (compare sections 2.1.4 and 2.2.3) and
multi-photon ionization of molecules (compare chapter 5).

The pulse energy is increased by several orders of magnitude to 1 mJ per pulse in a
chirped pulse amplification system, the Dragon amplifier of Kapteyn-Murnane Laboratories
(green box in figure 2.2). The central part of this amplifier is a cryogenic Ti:Sapphire
crystal pumped by a Q-switched and frequency doubled 100 W Neodymium-doped
yttrium aluminum garnet laser produced by Lee Lasers Inc.

Direct amplification of the very short oscillator pulses is impossible, because cre-
ated peak intensities would destroy the amplifier crystal. Instead the pulse length
is increased by a combination of a grating and several mirrors (labeled Stretcher in
the green box of figure 2.2). They introduce a wavelength dependent optical path
length which results in a stretched and chirped pulse (therefore the name chirped
pulse amplification). This lowers the peak intensities within the amplifier crystal to a
reasonable amount during pulse amplification.

Creation of pulse energies in the order of 1mJ at the high repetition rate of the
oscillator would require high pump powers which are technically not available. To
overcome this problem, a combination of polarizers and a Pockels cell (labeled Pockels
cell in the green box of figure 2.2) reduce the repetition rate from 80 MHz to 8 kHz
before amplification.

The remaining, stretched oscillator pulses are focused on the pumped amplifier
crystal and cause stimulated emission of photons (labeled Ring amplifier in the green
box of figure 2.2). The laser pulses pass the Ti:Sapphire crystal 13 times during the
amplification and are directed into a compressor stage afterwards (labeled Compressor
in the green box of figure 2.2). Here the pulses are compressed to a length of 32 fs with
a combination of gratings and mirrors, similar to the stretcher.

2.2.2. Hollow fiber and chirped mirror compressor

The temporal resolution of many experiments on atomic or molecular dynamics de-
pends on the length of the involved laser pulses. Furthermore, short pulses have
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2.2. Laser system and high harmonic generation
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Figure 2.2.: Schematics of a femtosecond laser system. Pulses created by this system were
required to perform the experiments described in chapter 5.
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2. Creation of ultrashort laser pulses

an increased peak intensity. The spectral width of the 32 fs pulses from the Dragon
amplifier is too narrow for further compression. Self-phase modulation described in
section 2.1.3, however, allows to broaden the spectrum of the pulses by focusing them
into a medium.

In this experiment a hollow core fiber (labeled Hollow core fiber in figure 2.2) with
a diameter of 250 µm and a length of 1 m is filled with neon at a pressure of 3.5 bar.
The laser pulses are focused into the capillary with a lens of 1.5 m focal length and the
beam is confined over the whole length of the fiber. The peak intensity decreases over
the fiber length because the pulses are stretched by higher order dispersion within the
fiber. As a result the efficiency of self-phase modulation decreases as well. This is the
reason why a longer fiber length does not necessarily result in a broader spectrum.

The chirped, but spectrally broadened, pulses are compressed by chirped mirrors
(named Chirped mirror compressor in figure 2.2) which reflect different wavelengths in
“different depths” of their coating. A pulse length of approximately 10 fs is achieved
behind the compressor. A pair of glass wedges on translation stages allow to increase
(or decrease) the amount of dispersive material in the beam line and to fine tune the
pulse length.

2.2.3. High harmonic generation chamber

Within the evacuated HHG chamber (sketched in figure 2.3) highly energetic XUV
photons are created from the IR pulses coming from the chirped mirror compressor.
XUV light is effectively absorbed by air, therefore this chamber is connected to the
ReMi by a differential pumping stage. Inside the HHG chamber, a beam splitter splits
the laser beam into two. The IR path is marked red and the XUV path is marked blue
in figure 2.3.

XUV path The IR pulses in the XUV path are focused into an aluminum tube (named
HHG target in figure 2.3) with a 200 µm entrance and 150 µm exit hole. A nonlinear
processes in argon is used to create the XUV light. The noble gas flows into the
aluminum tube continuously to maintain a pressure of about 100 mbar and to replace
argon that has escaped through the entrance and exit holes. To keep the low pressure
in the main chamber, the HHG target is placed within an additional chamber that is
pumped separately. A 0.2 µm thick aluminum filter (labeled Al filter in figure 2.3) is used
to block remaining IR light. XUV light with photon energies above 17 eV is transmitted
by the aluminum filter whose transmittance is given in figure 2.4. Afterwards the
divergent XUV pulses are focused by two gracing incident mirrors – trough a hole in
the parabolic mirror – into the reaction volume of the reaction microscope (labeled
ReMi in figure 2.3).
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2.2. Laser system and high harmonic generation

beam splitter

HHG target Al filter
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IR pulses coming from chirped mirror compressor

Figure 2.3.: Simplified schematics of the HHG Chamber. IR path and IR light are
colored red. XUV path and XUV light are colored bluish.
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Figure 2.4.: Transmittance of 0.2 µm aluminum filter [fXRO].
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2. Creation of ultrashort laser pulses

IR path The IR pulses in the IR path are focused into the ReMi by a parabolic mirror.
The main component in the IR path is a retroreflector on a motorized translation stage.
It can be used to change the delay between the IR and XUV pulses. This is necessary
for time dependent pump–probe measurements.

Both paths, XUV and IR, can be blocked separately which allows single pulse experi-
ments with either XUV or IR pulses as well as pump–probe measurements requiring
both pulses. Furthermore a motorized aperture in the IR path allows to adapt the
intensity of the IR pulses.

12



3. Reaction microscope
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The primary measurement tool in this work is a reaction microscope (ReMi) to detect
(molecular) ions and electrons created in atomic and molecular ionization processes.
This chapter begins with an introduction describing the functional principle (section
3.1). Electric and magnetic fields within ReMis guide charged particles towards position
sensitive detectors on trajectories described in section 3.2. A software to simulate
electron trajectories within the fields of a ReMi was developed as a part of this thesis.
It is introduced in section 3.3. This chapter ends with a comparison of simulated and
experimental electron spectra 3.4.

3.1. Functional principle of reaction microscopes

First conceptual studies on ReMis were carried out in the mid 1990s and experiments
followed soon afterwards [MUU+

94, MUS+
96]. Since then ReMis have been contin-

uously improved and developed into sophisticated devices to observe atomic and
molecular fragmentation processes [UMD+

03]. A sketch of a typical ReMi with its
basic components is depicted in figure 3.1.

While ReMis exist in a great variety and are often developed for a single type of
experiment, the principle of operation is always the same: An ionizing source interacts
with a supersonic target gas jet within a small reaction volume. The charged reaction
products, namely electrons and positive ions, are guided by homogeneous electric and
magnetic fields towards the position sensitive detectors based on micro-channel plates
(MCPs) and delay line anodes. For each particle the time-of-flight (ToF) and hit position
on the respective detector is measured independently. With these values the particle’s
trajectory within the electric and magnetic fields can be reconstructed. This allows to
determine the three-dimensional momenta of the ionization products – and therefore

13



3. Reaction microscope
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Figure 3.1.: Sketch of a ReMi with main components. Interaction of laser pulses
with the target molecules creates charged fragments that are guided towards position
sensitive detectors by an electric and magnetic field.

the kinetic energies – at the time of their creation. Charged reaction products can be
detected over the full solid angle.

A fundamental requirement for the momentum reconstruction are highly homoge-
neous fields supplied by spectrometer electrodes and a pair of Helmholtz coils. The
design as well as the construction of a ReMi is technically challenging [Fis03]. The
construction of the specific ReMi used throughout this thesis is documented by R.
Gopal [Gop10].

For the purposes of this thesis the axis parallel to the electric field is defined as z-axis
or spectrometer axis. The laser propagation direction is orthogonal to z and determines
the x-axis. The target gas jet propagates in inverse y-direction. This coordinate system
is also depicted in figure 3.1. If not indicated otherwise, the laser is polarized parallel
to the z-axis throughout this work.

3.2. Trajectories of charged particles within reaction
microscopes

For momentum reconstruction of charged particles a reconstruction of their trajectories
within the fields of a ReMi is required. The general equation of motion for a charged
particle of mass m and charge q in an electric field E⃗ and a magnetic field B⃗ can be
written as

F⃗ (⃗r) = q
(

E⃗ + ˙⃗r × B⃗
)
= m ¨⃗r. (3.1)

For the general case it is not possible to solve these coupled differential equations
analytically. In the special case of an ideal ReMi, however, the above equations decouple
and analytic solutions exists. These are introduced below.
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3.2. Trajectories of charged particles within reaction microscopes

3.2.1. (Positive) ions

Effects of the magnetic field on positively charged (molecular) ions can be neglected in
most cases, due to their large mass. The electric field is assumed to be homogeneous
and parallel to the spectrometer axis. With these constraints, the initial momentum pzi

in z-direction of an ion with measured time-of-flight Ti is calculated by1

pzi =
lmi

Ti
− 1

2
Uqi

l
Ti. (3.2)

Here l denotes the acceleration length between reaction volume and MCP detector and
U denotes the acceleration voltage over this length. The acceleration voltage is related
to the homogeneous electric field Ez by U = Ezl. The ion’s mass and charge is given by
mi and qi. The initial transverse momenta pxi and pyi are calculated by(

pxi

pyi

)
=

(
x
y

)
mi

Ti
(3.3)

where (x, y) denotes the measured hit position on the ion detector.

3.2.2. Electrons

Due to their small mass compared to the positively charged ions, electrons can gain
very high kinetic energies in typical ionization processes. A magnetic field is applied
in negative z-direction to force electrons on cyclotron trajectories. This significantly
increases the detector acceptance for fast electrons. The z-component pze of the electron’s
initial momentum is unaffected by the magnetic field. It is calculated by equation 3.2 if
mi and qi are replaced by the electron mass me and elementary charge e.

The calculation of the radial momenta is more complicated due to the magnetic field
Bz in z direction. A trajectory of an electron projected on the detector plane within
the ReMi is depicted in figure 3.2. The absolute value of the electron’s radial initial
momentum | p⃗re | is calculated by

| p⃗re | =
ωcme |⃗r|

2 |sin(α/2)| (3.4)

with the cyclotron frequency ωc = |e| Bz/me, angle α = ωcT (as defined in figure 3.2)
and measured hit distance |⃗r| from detector center. The azimuthal angle ϕ gives the
initial momentum’s direction in the x, y-plane and is calculated by:

ϕ = Φ +
ωcT(mod 2π)

2
, (3.5)

where Φ denotes the azimuthal angle of the measured hit position on the detector plane.
The interested reader is referred to A. Senftleben [Sen09] for more information and a
derivation of the formulas above.

1Some ReMis incorporate an additional drift length without an electric field. This is not the case for the
ReMi used in this work. Therefore all formulas are given without a drift length.
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3. Reaction microscope
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Figure 3.2.: Electron trajectory within a ReMi projected onto the detector plane.

Equation 3.4 shows the downside of adding a magnetic field: For certain ToFs, when
sin(α/2) = 0, the calculated momentum | p⃗re | diverges. Therefore it is important to
choose the magnetic and electric fields in a way that this situation does not occur for
momenta which are of interest. This is often challenging and sometimes impossible.
The desired acceptance for electrons and ions with different energies creates additional
constraints on these parameters, e.g. too weak magnetic fields cannot confine electrons
with high radial velocities while high electric fields are required to confine positive ions
with a high momentum in radial direction.

3.3. Software for simulation of electron trajectories in reaction
microscopes

As mentioned before, choosing correct field parameters in the ReMi is crucial to
obtain useful data during an experiment. In this work a Monte Carlo simulation of
electron trajectories within a ReMi was developed. The simulation is based on the Go4

data analysis framework that is being developed at the GSI Helmholtzzentrum für
Schwerionenforschung in Darmstadt [AMATB+

11]. The Go4 framework is also used
for ReMi data analysis in this thesis.

There are two main applications for the simulation of electron trajectories. First simu-
lation of electrons with expected energies can help to determine useful field parameters
before even starting an experiment. This can save valuable beam time. Furthermore
it is possible to simulate magnetic fields tilted with respect to the spectrometer axis.
Such field inhomogeneities exist in all real world ReMis because of imperfectly aligned
Helmholtz coils or influences of the earth’s magnetic field. Comparison of experimental
data with simulated spectra can reveal such field inhomogeneities.
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3.3. Software for simulation of electron trajectories in reaction microscopes
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Figure 3.3.: β-parameter: P(ϑ) = 0.5+ β
(

cos (ϑ)2 − 0.5
)

. β = 0 describes an isotropic
distribution, while β ̸= 0 introduces an anisotropy. In this thesis β-parameters are
used to introduce randomized angular distributions in the Monte Carlo simulations.

In the software, electrons are simulated with an initial kinetic energy which is
randomized by a Gaussian probability distribution to describe effects from the broad
energy spectrum of the ultrashort and spectral broadened laser pulses. The mean value
and the variance of this distribution are set as input parameters. The absolute value of
the electron’s initial momentum p⃗e is calculated from the kinetic energy.

A probability distribution of the angle ϑ

P(ϑ) = 0.5 + β
(

cos (ϑ)2 − 0.5
)

, β ∈ [−1, 1] (3.6)

is used to randomize the direction of the electron’s initial momentum p⃗e. P(ϑ) is drawn
in figure 3.3 for different values of β. In the simulation, ϑ is the polar angle to an axis
of symmetry.

The application of the β-parameter shall be explained with an example: if the laser
polarization was parallel to the spectrometer axis (z-axis) and an anisotropic angular
distribution of the created photo electrons was expected due to the laser polarization,
the z-axis would define an axis of symmetry. To simulate electrons that are ejected
preferably along the laser polarization, β must be chosen larger than zero, for example
β = 0.5 (compare figure 3.3), and the z-axis must be chosen as the symmetry axis. Both,
the β-parameter and the direction of the axis of symmetry, are input parameters of the
software. Due to the cylindrical symmetry, the momentum distribution orthogonal to
the axis of symmetry is always simulated as isotropic.

To create ToF spectra or spectra incorporating the detector position, trajectories
of electrons with initial momentum p⃗e are simulated within the ReMi fields. ReMi
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3. Reaction microscope

parameters like acceleration length l and acceleration voltage U, as well as the magnetic
field B⃗ are defined as input parameters. The method of trajectory simulation depends
on the angle between the magnetic field B⃗ and the spectrometer axis. If the magnetic
field is parallel to the spectrometers axis, the ToF and hit position can be calculated
analytically. In the case of a tilted magnetic field, it is necessary to solve the equations
of motion numerically. Both cases are described below.

3.3.1. Parallel electric and magnetic fields

When electric and magnetic fields are parallel, the time-of-flight T is calculated by

T = me
2l

pze +
√

p2
ze
+ 2meeU

. (3.7)

with electron mass me and elementary charge e. This equation is obtained by rearrang-
ing equation 3.2.

The hit position is calculated in two steps. By rearrangement of equation 3.5, the
angle Φ of the detector hit is obtained from the time-of-flight T and the cyclotron
frequency ωc:

Φ = ϕ − ωcT(mod 2π)

2
(3.8)

with the azimuthal angle ϕ = arctan(pxe /pye) of the initial momentum. The hit radius
|⃗r| is calculated by rearranging equation 3.4 to

|⃗r| = 2
pre

ωcm
|sin(α/2)| . (3.9)

The simulated ToF and hit position can be plotted in different types of spectra.

3.3.2. Non-parallel electric and magnetic fields

The coupled differential equations of motion of a charged particle in a magnetic and
electric field cannot be solved analytically for non-parallel fields. Therefore a tilted
magnetic field requires a numerical integration of equation 3.1. This is done by a
Runge-Kutta-4 integrator with adaptive step-size control taken from the Gnu Scientific
Library [GDT+

09] which uses the initial momentum p⃗e of each electron as well as ReMi
parameters to calculate the ToF and hit position. Spectra are created similarly to the
case of parallel fields.

3.4. A comparison of simulated electron spectra with
experimental data

As a part of this thesis, experimental electron spectra have been obtained at different
Helmholtz currents as a benchmark for the electron trajectory simulation. It will be
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3.4. A comparison of simulated electron spectra with experimental data

shown that all features in the experimental spectra can be resembled by the simulation.
In addition, magnetic field inhomogeneities will be revealed by comparison of simulated
and measured electron spectra. In this section, magnitudes of magnetic fields are given
in gauss. The conversion to the SI unit tesla is given by 1 G=̂1 × 10−4 T (compare
appendix A).

The experiments described in the following sections have been performed with 40Ar
as a target gas. The noble gas was single ionized by XUV photons with energies Ehν

that were created by HHG. Due to energy conservation, ejected electrons had a kinetic
energy

Ee = Ehν − Ei. (3.10)

Here Ei denotes the ionization potential of 40Ar. A ReMi with an acceleration length of
16.10 cm was used to detect ToF and hit position of photo electrons. It was operated at
an acceleration voltage of 44 V.

These values were used as input parameters of the software. The electron energy
distributions and their relative intensity were chosen to fit the experimental spectrum
at 40 A Helmholtz current. The variance of the Gaussian energy distribution was 0.7 eV
and the simulated angular distribution was isotropic in the simulation.

Data acquired at a Helmholtz current of 40 A is presented in the next section. There-
after results from an experiment with 45 A Helmholtz current are interpreted. By
comparing experimental electron spectra with simulated spectra, it will be shown that
the magnetic and electric fields are parallel at the lower Helmholtz current. At higher
currents, however, a comparison of the experimental spectra with simulated spectra
reveals that the magnetic field is tilted by a small angle of approximately 0.5 ◦ with
respect to the electric field.

3.4.1. Electron spectra at 40 A Helmholtz current

In a first measurement, the Helmholtz coils of the ReMi were operated at 40 A. In figure
3.4 the radius of the measured electron hit position is plotted over the measured ToF.

The most prominent feature in the experimental data are the nodes in the electron
hit radius at T1 = 45.0 ns, T2 = 90.3 ns, T3 = 135.7 ns. The hit radius is described
by equation 3.9 and it equals zero for ToFs that fulfill Tωc = α = 2π · i with i ∈ N.
Therefore the separation △T between two nodes depends on the cyclotron frequency
ωc = |e| Bz/me. This is used to calculate the magnitude of the magnetic field Bz within
the ReMi by

Bz = ωc
me

|e| =
2π

△T
me

|e| = 7.9 G. (3.11)

The XUV photons in this experiment have a discrete energy spectrum due to their
origin from HHG. Due to energy conservation in equation 3.10, the photo electrons have
discrete kinetic energies as well. The hit radius depends on the transversal momentum
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3. Reaction microscope
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Figure 3.4.: Experimental electron spectra at
40A Helmholtz current. The radius of the de-
tector hit position is plotted over the electron
ToF. A logarithmic color scale is used.
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Figure 3.5.: Simulated electron spectra with
a magnetic field of B = 7.9 G. Magnetic end
electric fields are simulated parallel. The ra-
dius of the simulated detector hit position is
plotted over the simulated ToF. A logarithmic
color scale is used.

(compare equation 3.9) and therefore on the kinetic energy. As a result, measured hit
radii feature a characteristic band structure shown in figure 3.4.

Electron trajectories have been simulated with a magnetic field parallel to the electric
field. Its magnitude of B = 7.9 G was extracted from the experimental data. All
prominent features of the measurement are reproduced by the simulated spectrum
which is plotted in figure 3.5. The nodes of both spectra appear at the similar ToFs.
This indicates a correct operation of the software.

3.4.2. Electron spectra at 45 A Helmholtz current

In a second measurement, the Helmholtz coils were operated at 45 A. All other ReMi
and laser parameters remained unchanged.

The nodes in figure 3.6 are shifted towards lower ToFs and their separation is smaller
than in figure 3.4. Furthermore the radii of the cyclotron trajectories decrease. The
separation between the nodes at T1 = 81.9 ns and T2 = 122.8 ns is used to calculate
the magnetic field with equation 3.11. Its magnitude is increased to 8.73 G due to the
higher Helmholtz current.

Compared to figure 3.4, the band structure in figure 3.6 is more washed out. The
energy spectrum of the XUV photons is the same in both measurements and the
broadened bands can only be explained by changes in the magnetic field. If photo
electron momenta were reconstructed from these hit positions, this would translate
into a reduced momentum resolution of the ReMi. To reproduce the broadened band
structure in the simulated spectrum, the magnetic field of 8.73 G must be tilted by by a
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3.4. A comparison of simulated electron spectra with experimental data
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Figure 3.6.: Experimental electron spectra at
45A Helmholtz current. The radius of the de-
tector hit position is plotted over the electron
ToF. A logarithmic color scale is used.

R
a
d
[m

m
]

ToF [ns]
40 60 80 100 120 140 160 180

5

10

15

20

25

30

35

Figure 3.7.: Simulated electron spectra with
a magnetic field of B = 8.73 G. The mag-
netic field is tilted by 0.5 ◦ with respect to the
electric field in the simulation. The radius of
the simulated detector hit position is plotted
over the simulated ToF. A logarithmic color
scale is used.

small angle with respect to the electric field. This angle was chosen 0.5 ◦ to create the
simulated spectrum in figure 3.7.

This tilt of the magnetic field results from the superposition of the coil’s magnetic
field with the earth’s magnetic field. When constructing the ReMi, the position of the
coils was varied in order to get the best results at 40 A. For higher Helmholtz currents,
the effective magnetic field has a non-vanishing component perpendicular to the z-axis.
According to a crude estimation (see appendix B) the effective magnetic field within the
ReMi is tilted by ≈ 0.3 ◦ with respect to the spectrometer axis at a Helmholtz current
of 45 A. This value is consistent with the angle of 0.5 ◦ obtained from the simulation.
It should be emphasized that the latter is obtained by a qualitative comparison of the
features of the two spectra and its uncertainty is at least 0.1 ◦.

It has been demonstrated that the Monte-Carlo simulation is able to reproduce
experimental spectra and can be used to analyze field inhomogeneities within the
ReMi. A planned upgrade of the software will include momentum reconstruction
from simulated ToFs and hit positions. This will allow to simulate the effects of field
inhomogeneities on reconstructed electron momenta.
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This chapter begins with an introduction to quantum mechanical methods and
concepts used to describe molecules (section 4.1). In section 4.2, Coulomb-explosion
pathways and isomers of allene dications predicted by theory, are presented. Section
4.3 introduces a software to simulate molecule fragmentation within a ReMi which has
been developed as a part of this thesis. Simulated allene fragmentation spectra are
presented in section 4.4.

4.1. Quantum mechanical treatment of molecules

While the Schrödinger equation of the hydrogen atom is solved in most quantum
mechanics textbooks [Sch07, p. 124-129], solving even the smallest molecules is difficult
and only possible with numerical methods or approximations. This section gives a
short introduction to molecules in quantum physics and how to separate electronic
and nuclear motion (Born-Oppenheimer approximation) in order to simplify the numerical
problem or, in the case of the H2

+ molecular ion, make it analytically solvable.

4.1.1. Calculation of molecular electronic wave functions

The non-relativistic Hamilton operator Ĥ of a molecule with I nuclei of masses Mi and
charges qi and J electrons of charge e and mass me,

Ĥ = − h̄2

2me

J

∑
j=1

∇2
j −

h̄2

2

I

∑
i=1

1
Mi

∇2
i + V

(⃗
r, R⃗
)

(4.1)
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4.1. Quantum mechanical treatment of molecules

contains three terms. The first two describe the kinetic energy of the electrons and
nuclei while the third term

V (⃗r, R⃗) =
1

4πϵ0

[
∑
j<j′

J

∑
j′=1

e2∣∣⃗rj,j′
∣∣ + ∑

i<i′

I

∑
i′=1

qiqi′∣∣R⃗i,i′
∣∣ − J

∑
j=1

I

∑
i=1

eqi∣∣⃗rj,i
∣∣
]

(4.2)

is the Coulomb potential of the system [Dem08, p.16]. It depends on the position
vectors of electrons r⃗ = r⃗1, . . . , r⃗j and nuclei R⃗ = R⃗1, . . . , R⃗I .

∣∣⃗rj,j′
∣∣, ∣∣R⃗i,i′

∣∣ and
∣∣⃗rj,i
∣∣ are

the distances between pairs of particles. The first term in 4.2 describes the repulsion
between pairs of electrons. The second describes the repulsion between pairs of ions
and the third describes the attractive potential between electrons and ions.

The Schrödinger equation, with the non-relativistic Hamilton operator Ĥ (defined in
equation 4.1), the energy eigenvalue E and the corresponding eigenstate ψ,

Ĥψ = Eψ, (4.3)

is exact if interactions due to nuclear and electronic spins are neglected. Unfortunately,
even for the H2

+ molecular ion – the simplest molecule – no analytic solution of this
equation exists [Dem08, p. 15-17]. Numerically, the Schödinger equation can either be
solved with the exact Hamilton operator (equation 4.1) or with a Hamilton operator
that has been simplified with physically motivated approximations. If the first method
is applied, it is difficult to transfer results obtained for a specific molecule to other
species. The second approach will reduce the required computational time and deepens
the insight into underlying physical processes. Hence it is pursued in the following
sections.

Due to momentum conservation and the large mass ratio Mi/me, the nuclei move
much slower than electrons. In very good approximation the electrons adapt instan-
taneously to the frame given by the nuclei. The motion of electrons and nuclei can
be separated in this case and the second term in equation 4.1 can be neglected for the
calculation of the electronic wave functions and the electronic energies.

In combination with equations 4.1 and 4.2 this gives a purely electronic Hamilton
operator

Ĥel = − h̄2

2me

J

∑
j=1

∇2
j +

1
4πϵ0

[
∑
j<j′

J

∑
j=1

e2∣∣⃗rj,j′
∣∣ − J

∑
j=1

I

∑
i=1

eqi∣∣⃗rj,i
∣∣
]

(4.4)

and an internuclear repulsion

VN = ∑
i<i′

I

∑
i=1

qiqi′∣∣R⃗i,i′
∣∣ (4.5)

that only depends on the nuclear positions which are parameters in this approximation.
The operators in the resulting electronic Schrödinger equation(

Ĥel + VN
)

ψel

(⃗
r, R⃗
)
= U

(
R⃗
)

ψel

(⃗
r, R⃗
)

, (4.6)
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4. Laser induced Coulomb-explosion of allene - Theory

act only on the electron position and on the wave function [Lev08, p. 370] and no
differentiation or integration is done over R⃗. The eigentvalues to the electronic wave
functions ψel are given by U

(
R⃗
)
. In physical chemistry, equation 4.6 is solved with

numerical methods like self-consistent field Hartee-Fock configuration interaction [Dem08, p.
73-77].

When equation 4.6 is solved numerically, one finds that for fixed R⃗ a number of wave
functions ψel = ψel,n and energy eigenvalues U

(
R⃗
)
= Un

(
R⃗
)

exist. Different sets of
electronic quantum numbers are denoted by n.

4.1.2. Potential energy surfaces, nuclear motion and Franck-Condon
principle

For each molecular state, the total energy of the system is conserved and distributed
among the electronic energy Un

(
R⃗
)

and the kinetic energy of the nuclei. The Hamilton
operator ĤN , describing the nuclear dynamics, can be written as

ĤN = − h̄2

2

I

∑
i=1

1
Mi

∇2
i + Un

(
R⃗
)

(4.7)

where Un
(

R⃗
)

is an effective potential which dictates the nuclear motion [Lev08, p. 372].
Un
(

R⃗
)

is therefore called potential energy surface (PES). The solutions of a Schödinger
equation with the Hamilton operator ĤN are vibrational energies and vibrational wave
functions of the nuclei.

For a diatomic molecule, Un
(

R⃗1, R⃗2
)

depends only on the internuclear distance∣∣R⃗1 − R⃗2
∣∣ and the PESs reduce to curves. These are sketched in figure 4.1 with

corresponding vibrational energy levels and wave functions. For a non-linear three
atomic molecule, the PESs depend on three independent variables: the internuclear
distance of two pairs of nuclei and the opening angle between those bonds. PESs of
larger molecules are complicated multi-dimensional structures.

The above described separation of electronic and nuclear motion is called Born-
Oppenheimer approximation which in general works well for the molecular ground state.
Whenever

(
Un(R⃗

)
− Um(R⃗

))
for different sets of electronic quantum numbers n and m

gets small (for example if the PESs cross), the Born-Oppenheimer approximation breaks
down and the nuclear motion can induce a coupling between electronic states. In this
case the molecule cannot be described as a nuclear frame oscillating in the effective
potential Un

(
R⃗
)
. This is encountered frequently in excited electronic states [Dem08, p.

24].
In Born-Oppenheimer approximation, transitions between electronic states – excita-

tion, absorption and ionization – happen on time scales which are very fast compared
to nuclei dynamics. The parameters R⃗i describing the nuclear frame of the initial state
are equal to those describing the final state R⃗ f . From a classical point of view, the
kinetic energy of the nuclei is conserved during electronic transitions and they occur
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Figure 4.1.: Schematics of bonding (green, blue) and anti-bonding (red) potential
energy curves Un

(
R⃗
)

of a diatomic molecule. The horizontal, black lines correspond
to vibrational energy levels of the bound molecule. The solid arrow indicates the
vertical ionization energy and the dashed arrow indicates the adiabatic ionization
energy.

at internuclear distances R⃗∗ with Ei
kin

(
R⃗∗) = E f

kin

(
R⃗∗) [Dem10, p. 315]. Quantum

mechanically the probability for an electronic transition between two vibrational states
is related to the Frank-Condon factor

FC
(
νi, ν f

)
=

∣∣∣∣∫ ψνi

(
R⃗
)

ψν f

(
R⃗
)

dR
∣∣∣∣2 (4.8)

which describes the overlap integral of the initial vibrational state ψνi

(
R⃗
)

and the final
vibrational state ψν f

(
R⃗
)
. Transition probability for a given set of nuclear parameters R⃗

is described by the integrand in equation 4.8. The integrand is non-zero over a range of
R⃗ due to the finite width of the involved wave functions but it is maximized for R⃗ = R⃗∗

in agreement with the classical picture [Dem10, p. 315].
The vertical ionization energy is the energy difference between the ground state of a

neutral molecule and the ground state of a molecular ion at nuclear parameters for
which the integrand in equation 4.8 is maximized. Ionization at such parameters can
create vibrationally excited molecular ions, because the local minimums in the PESs
of molecular ions are often shifted with respect to those of the neutral molecule, as
indicated by the green and blue dashed curves in figure 4.1. The vertical ionization
energy is denoted by a solid arrow in the same figure.

The energy difference between the vibrational ground state of the initial electronic
state and the vibrational ground state of the final electronic state is called adiabatic
ionization energy (also called threshold ionization energy). It is always smaller or equal
to the vertical ionization energy. In figure 4.1 the adiabatic ionization energy is denoted
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4. Laser induced Coulomb-explosion of allene - Theory

by a dashed arrow. Depending on the overlap of initial and final vibrational wave
functions, ionization at adiabatic ionization energies is often dramatically suppressed
compared ionization at vertical ionization energies. Under certain conditions, however,
ionization might occur only at inter nuclear distances with a very small overlap, e.g. for
photo ionization with a narrow bandwidth that is detuned from the vertical ionization
energy.

Besides the previously discussed bonding PESs1, anti-bonding PESs exist as well
(drawn in figure 4.1 as red curve). Repulsive PESs, especially those of multiply charged
molecular ions, can – under certain conditions – be used to determine a molecule’s
spatial structure from the momentum distribution of the created fragments, as described
in the next section.

4.1.3. Coulomb-explosion imaging

Multiple ionization of polyatomic molecules, can – depending on the molecular PESs –
trigger decays into several neutral and charged fragments. If all fragments are charged,
the repulsive PESs is often approximated by a Coulomb potential and the fragmentation
process is called Coulomb-explosion.

In a Coulomb-explosion, the probability density
∣∣ψν

(
R⃗
)∣∣2 of the vibrational wave

function within the bonding PES is mapped to a distribution of kinetic energies of the
final products via the repulsive PES [WSWZ03, p. 411, 412]2. This mechanism is shown
in figure 4.2 for a two atomic molecule. The sum kinetic energies of all fragments is
called kinetic energy release (KER).

For Coulomb-explosion imaging, the method of reconstructing molecular geome-
tries from the fragments’ momentum distribution, three conditions must be ful-
filled [WSWZ03, p. 411]:

1. All binding electrons need to be removed within a timescale shorter than the
vibrational or rotational times of the molecule, in order to map the undisturbed
geometry onto the anti-bonding PES.

2. The shape of the anti-bonding PES must be known because its shape quenches (or
stretches) the KER distribution compared to the original bond length distribution
(as indicated in figure 4.2). In some cases the PES can be approximated by a
Coulomb potential but often it has to be calculated.

1Solving the Schödinger equation 4.6 for varying parameters R⃗ results in Eigenstates and Eigenvalues
that form the PES. Strictly speaking, the electronic state is bonding or anti-bonding, not the PES. For
convenience this distinction is not made throughout this thesis.

2A full quantum mechanical treatment requires a calculation of the overlap integral of the initial wave
function ψν with the final wave function ΦKER. In a semi-classical picture the wave function collapses
to a δ-distribution located at the dissociating PES, during the ionization. This approximation neglects
the vibration of bound atoms and therefore it ignores the initial velocities of the exploding fragments.
In practice, if applied to molecules in the vibrational ground state, the semi-classical approximation
will be good enough compared to experimental resolution [WSWZ03, p. 411, 412].
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Figure 4.2.: Excitation of molecules to anti-bonding potential energy surfaces is the
fundamental principle of Coulomb-explosion imaging. This allows to map bond
length distributions onto measured KER distributions of charged fragments. Figure
taken from [WSWZ03, p. 412]

3. The cross section of the excitation to the repulsive PES must not depend on the
initial molecular geometry.

From a two body Coulomb-explosion, only a single bond length can be extracted. To
obtain more detailed structural information it is necessary to produce three of more
charged fragments. Then the momentum distribution and (relative) angular distribution
of these fragments contains information about bond lengths and angles between bonds.
This is crucial for the investigation of isomerization processes described in the next
section.

4.1.4. Isomerization and pump–probe Coulomb-explosion imaging

The sudden removal of one or multiple electrons causes an electron charge redistribution
on a sub-femtosecond timescale, while dynamics of the heavier nuclei appear on a
wide range of time scales between a few femtoseconds for protons and up to hundreds
of femtoseconds for carbon nuclei [ZRX+

12]. Such rearrangement of the nuclear
frame, called isomerization, has been subject of many experiments [Cor95, SSW+

05,
XOY09a, XOY09b, ZRX+

12] and theoretical calculations [MB08, PTS10] during recent
years. To reconstruct the equilibrium geometry of a neutral molecule, an instantaneous
excitation to the dissociating PES is required, as described in the previous section.
For investigation of isomerization processes immediate fragmentation is not desired,
because the nuclear frame needs time to rearrange.

The ideal experiment to measure nuclear dynamics is a Coulomb-explosion imaging
measurement with a pump pulse and a probe pulse. This is visualized in figure 4.3
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4. Laser induced Coulomb-explosion of allene - Theory

Figure 4.3.: Schematics of a four step pump–probe Coulomb-explosion imaging mea-
surement. First the target molecule (in this case allene) is excited by the pump pulse
(blue). The nuclei rearrange in step two. An isomer (in this case cyclopropene) has
formed and is probed a second pulse (red) in the third step. A Coulomb-explosion
is triggered. The geometry of the isomer can be reconstructed from the fragments’
momenta (last step).

and explained below in four steps:

1. An ultrashort laser pulse, the so called pump pulse, excites (or ionizes) the target
molecule.

2. As described in section 4.1.2, the nuclear frame starts to move in the direction of
the local minimum of the new PES. An isomerization process triggered by the
pump pulse has begun.

3. After a variable delay, a second ultra short pulse – the probe pulse – interrupts
the isomerization by instantaneously exciting the molecule to a repulsive PES.
The probe process must fulfill all requirements on Coulomb-explosion imaging
listed in the previous section.

4. The momentum distribution of all fragments is measured and can be mapped to
a molecular geometry at the time of interaction with the probe pulse.

In this ideal experiment, molecular geometries are imaged at different temporal
delays between the pump and the probe pulse. The evolution of the molecular frame
is then measured with a temporal precision that is given by the laser pulse length
and the stability of the delay. While the concept of pump–probe Coulomb-explosion
imaging is very simple, practical issues, most importantly high ionization thresholds

28



4.2. Allene

C C C
H

H

H

H

121°

2.59 a.u.

2.0
5 a

.u
.

Figure 4.4.: Neutral ground state of allene. Bond lengths and angles from [PTS10].

for triply charged molecular ions and a low cross section for multi-ionization with a
single photon, pose severe difficulties. These will be addressed in section 5.4 where the
idea of pump–probe Coulomb-explosion imaging is applied to allene molecules. These
molecules are introduced in the next section.

4.2. Allene

Hydrocarbons having two double bonds from a carbon atom to two others are called
allenes. The simplest member of the allene group, propadiene (C3H4, figure 4.4),
is commonly known as allene [MST95]. Following previous scientific publications
[Cor95, MB08, XOY09a, XOY09b, PTS10], the name allene is used in this work as well.
The geometry of the allene ground state is depicted in figure 4.4.

At room temperature and standard pressure, allene is a colorless gas with a molecular
weight of 40.06 g/mol. It boils at −34 ◦C and its melting point is at −136 ◦C (at standard
pressure) [Air]. Allene is a non-planar molecule, both CH2 compounds are rotated by
90 ◦ with respect to each other (indicated by the dashed line and triangular shape of
two CH bonds in figure 4.4). The symbol [a. u.] denotes that bond lengths are given in
atomic units. Conversion factors to SI units are given in appendix A. Predicted isomers
and fragmentation channels of allene dications are described in the next section.

4.2.1. Computed allene geometries and fragmentation pathways

The previously explained isomerization and PES concepts are now applied to a specific
molecule, allene. Extensive quantum mechanical calculations on allene cations and
fragmentation pathways were performed by A. M. Mebel and A.D. Bandrauk,
Theoretical study of unimolecular decomposition of allene cations [MB08] on which large
parts of this section depend.

Throughout the following sections, the terms fragmentation channel and fragmentation
path(way) are used extensively. Following previous nomenclature [ZRX+

12], each set of
final fragments forms a fragmentation channel. Here, fragments are defined by their
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4. Laser induced Coulomb-explosion of allene - Theory

molecular formula and not by their structural formula. In other words, if two isomers
of a certain fragment exist, they are considered the same fragment.

One or more fragmentation pathways (also called fragmentation paths) are assigned
to each channel. An example of two fragmentation paths corresponding to the same
channel are two isomers of a molecular ion that can explode into identical final frag-
ments.

Distinguishing between different fragmentation channels is in general simple with
a ReMi because particle species of coincidences can be identified easily. To separate
different fragmentation pathways of the same channel, detailed knowledge of the
reaction dynamics is required. If observables like KER or angular distributions are not
too different, it can be impossible to distinguish between such fragmentation paths.

Energy levels of allene dications and of fragmentations products calculated by A.
M. Mebel and A.D. Bandrauk [MB08] are depicted as horizontal lines in figure 4.5.
All energies are given in eV with respect to the singlet ground state of doubly charged
allene (labeled as C3H4

2+). Arcs in figure 4.5 represent pathways between different
isomers as well as fragmentation pathways. Barrier heights of each fragmentation
path are given in eV. The molecular states at the top of each arc are called transition
states (geometries of these transition states are given in [MB08]). Stable geometries
of electronic singlet state are given on the left hand side of figure 4.5. The right hand
side of figure 4.5 depicts geometries of the electronic triplet state. The adiabatic double
ionization energy of allene is 25.84 eV while the vertical double ionization energy is
28.05 eV and therefore 2.21 eV above the dication ground state.

Singlet isomers

Isomers of the electronic singlet state and fragmentation pathways starting from these
isomers are introduced below.

The geometry of the allene dication ground state is shown in detail in figure 4.6.
While the bond lengths and bond angles differ only slightly from the neutral ground
state, it features a planar symmetry. Two fragmentation paths starting from the C3H4

2+

geometry exist (red arcs in figure 4.5):

• C3H4
2+ → C2H2

+ + CH2
+

• C3H4
2+ → C2H3

+ + H+

The energetically lowest isomer the cyclopropene dication (labeled c–C3H4
2+ in figure

4.5) lies approximately 0.60 eV above the ground state dication. It features a triangular
geometry shown in figure 4.7 and can decay via three different fragmentation pathways
(blue arcs in figure 4.5):

• c–C3H4
2+ → C3H3

+ + H+

• c–C3H4
2+ → C2H3

+ + CH+
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Figure 4.5.: Isomers, transition states and fragmentation pathways of doubly charged
allene dications. Energy levels and pathways taken from [MB08, Fig. 2].
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Figure 4.6.: Singlet ground state of C3H4
2+

dication. Bond lengths and angles from
[PTS10].
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Figure 4.7.: Doubly charged cyclopropene
(c–C3H4

2+). Bond lengths and angles from
[PTS10].

• c–C3H4
2+ → C3H+ + H3

+

Cyclopropene is separated by an extremely low barrier from another isomer, labeled
5++ in figure 4.5. An oscillation mechanism between those two isomers has been
proposed by A. M. Mebel and A.D. Bandrauk [MB08].

Doubly charged propyne (labeled p–C3H4
2+ in figure 4.5) lies approximately 2.22 eV

above the singlet ground state. Three hydrogen atoms of the propyne dication are
grouped around one of the outer carbon atoms in an interesting way (compare figure
4.8): a pair of the C–H bonds is elongated to 2.39 a. u. while the distance between
those two hydrogen atoms is only 1.79 a. u. An H2 molecule starts to separate [MB08].
p–C3H4

2+ can fragment via two different pathways (green arcs in figure 4.5):

• p–C3H4
2+ → C2H+ + CH3

+

• p–C3H4
2+ → C3H+ + H3

+

Triplet isomers

Besides the singlet configurations, several triplet geometries exist. They are labeled
with a prefix “t” in figure 4.5.

The triplet ground state (labeled t–C3H4
2+ in figure 4.5) lies 1.74 eV above the singlet

ground state. It features a non-planar geometry similar to the neutral allene ground
state, but with slightly different bond lengths [PTS10]. Two stable isomers of the triplet
state exist, a propyne dication (labeled tp–C3H4

2+ in figure 4.5) and a doubly charged
vinylmethylene (labeled tv–C3H4

2+ in figure 4.5). Fragmentation pathways starting
from the triplet ground state are marked red in figure 4.5. Those starting from the
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Figure 4.8.: Doubly charged propyne (p–C3H4
2+). Bond lengths and angles from

[PTS10].

triplet propyne are marked green and paths staring from vinylmethylene are marked
blue. The interested reader is referred to Brian T. Psciuk et al. [PTS10] for details
about triplet geometries.

In total, four different fragmentation paths start from the three stable triplet isomers:

• t–C3H4
2+ → C3H3

+ + H+

• tp–C3H4
2+ → C3H3

+ + H+

• tv–C3H4
2+ → C2H3

+ + H+

• tv–C3H4
2+ → C2H2

+ + CH2
+

Summarizing, six different fragmentation channels of doubly charged allene are
predicted by theory:

1. C3H4
2+ → C2H2

+ + CH2
+ (2)

2. C3H4
2+ → C2H3

+ + CH+ (1)

3. C3H4
2+ → C2H+ + CH3

+ (1)

4. C3H4
2+ → C3H3

+ + H+ (5)

5. C3H4
2+ → C3H+ + H3

+ (2)

The number of calculated fragmentation pathways per channel is given in brackets.
Eleven different paths were found in total. A. M. Mebel and A.D. Bandrauk

searched intensively for the C3H4
2+ → C3H2

+ + H2
+ channel because it was measured

in previous experiments [XOY09b] but were not able to find a corresponding pathway
[MB08].
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Figure 4.9.: Flowchart for the instantaneous fragmentation algorithm. Simulated
spectra are created via several steps from various input parameters like fragments
mass mi and charge qi as well as ReMi parameters like acceleration voltage U and
acceleration length l. Different fragmentation processes can be simulated for different
initial geometries.

In a different set of quantum mechanical ab initio calculations, the same fragmentation
channels were found, albeit with different fragmentation pathways. Additionally, the
fragmentation via the C3H+ + H3

+ channel appears only if neutral propyne is doubly
ionized [PTS10].

4.3. Software for simulation of ion trajectories in reaction
microscopes

The simulation of molecular fragmentation processes can be used to visualize expected
coincidence channels before starting an experiment. Simulated ToF spectra can be
compared with obtained ToF spectra during the runtime of an experiment. This allows
to judge the physical value of a measurement immediately and experimental parameters
like laser pulses or spectrometer configuration can be adapted if necessary. Two
types of simulations were developed. The first one is used to simulate instantaneous
fragmentations. It is described in the next section. The second one is used to simulate
Coulomb-explosions starting from metastable molecular ions. It is briefly introduced
thereafter (in section 4.3.2).

4.3.1. Algorithm for the instantaneous fragmentation simulation

The simulation of instantaneous fragmentations can be described by five major steps
listed below. In addition they are visualized by different colored boxes in the flow chart
in figure 4.9. Detailed information on each step is given in the following paragraphs.
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4.3. Software for simulation of ion trajectories in reaction microscopes

1. Blue box: The initial momentum p⃗M of a target molecule with mass M is calculated
in the laboratory frame from the jet temperature Tempjet and jet velocity v⃗jet.

2. Red boxes: In the rest frame of the target molecule three different types of
processes can be simulated: recoil ions from photo ionization, two body Coulomb-
explosions and three body Coulomb-explosions. The initial momenta p⃗′i of the
created fragments with mass mi and charge qi are calculated in this step.

3. Green box: The fragments’ initial momenta p⃗′i are transformed into the laboratory
frame. The momenta in the new coordinate system are denoted by p⃗i.

4. Grey box: Time-of-flight Ti and hit positions (x, y)i are calculated in the laboratory
frame from the fragments’ initial momenta p⃗i and from ReMi parameters like
acceleration length l and acceleration voltage U.

5. White box: Different types spectra are created from Ti, (x, y)i and p⃗i. Some of
them are presented in section 4.4. This step is not described below.

1. Initial momentum of target molecule

Molecules within supersonic target gas jets are fast enough to cause measurable
deviations in the hit positions. In the simulation, this macroscopic velocity v⃗jet is taken
into account by calculating a corresponding momentum p⃗jet = Mv⃗jet. Here M denotes
the mass of the target ion. The jet temperature Tempjet is considered isotropic. The
momentum distribution of the target molecules is described by a Maxwell-Boltzmann
distribution which is used to assign a randomized momentum p⃗Temp to each simulated
target particle. The total momentum of the target molecule in the laboratory frame is
calculated with p⃗M = p⃗jet + p⃗Temp.

2. Fragmentation in rest frame of target molecule

Three different physical processes are simulated in the rest frame of the target molecules.
Only one “fragment” is created in recoil ion events. Therefore only one momentum
p⃗′i is calculated. In two body Coulomb-explosions, two momenta are calculated, one
for each fragment. The third processes are three body Coulomb-explosions resulting
in three final fragments with momenta p⃗′i , i ∈ {1, 2, 3}. Below, the calculation of the
momenta p⃗′i is described for each type of fragmentation.

Recoil ions If a neutral atom or molecule with ionization potential Ei is photo-ionized
by a photon of energy Ehν > Ei, an electron with kinetic energy Ee = Ehν − Ei will be
freed. The photon’s momentum | p⃗hν| = Ehν/c can be neglected, if the inelastic energy
transfer is small compared to the kinetic energy of the ejected electron [UMD+

03,
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p. 1269, 1270]. In this approximation, the ion’s momentum p⃗′i equals − p⃗e with
| p⃗e| =

√
2meEe.

In the simulation software, the magnitude of | p⃗′i| is chosen as an input parameter
and a randomized angular distribution of p⃗′i is simulated with a β-parameter (section
3.3 and figure 3.3).

Two body Coulomb-explosions Multiple ionization of molecules can cause a Coulomb-
explosion into two or more charged fragments as described in section 4.1.3. Typical
momenta, caused by the Coulomb repulsion, are in the order of 20 to 100 a. u. which
is one or two orders of magnitude larger than the momenta of photo electrons. This
justifies neglecting the recoil momentum in the simulation of Coulomb-explosions.

Repulsing PESs are approximated by a Coulomb potential and the exploding frag-
ments are considered as point-like in the software. The classical equations of motion,
describing the trajectories of two charged particles in the external homogeneous electric
field E⃗ of a ReMi, are given by

F⃗1 (r⃗1, r⃗2, t) = q1

(
E⃗ +

1
4πϵ0

q2

|⃗r12(t)|3
r⃗12(t)

)
= m1 ¨⃗r1(t) (4.9)

F⃗2 (r⃗1, r⃗2, t) = q2

(
E⃗ +

1
4πϵ0

q1

|⃗r21(t)|3
r⃗21(t)

)
= m2 ¨⃗r2(t) (4.10)

with the distance vector r⃗12 = r⃗1 − r⃗2 = −⃗r21 and charges q1,2 and masses m1,2 of the
fragments. At typical initial distances of a few Ångström, the Coulomb field (second
term in equations 4.9 and 4.10) is many orders of magnitude larger than the electric
field

∣∣E⃗∣∣ = U/l within a ReMi with acceleration voltage U and acceleration length l. As
a result the Coulomb-explosion can be treated independent of the electric field. With
this simplification, in the center of mass system, both fragments are ejected back to
back due to momentum conservation. The momenta p⃗′1 and p⃗′2 imparted on both ions
with initial distance vector r⃗0 are calculated by

p⃗′1 = − p⃗′2 =

√√√√ q1q2
|⃗r0|
2

(
1

m1
+ 1

m2

) r⃗0

|⃗r0|
. (4.11)

Molecular bond lengths have never exact values due to their description by quantum
mechanical wave functions. In the simulation, this is taken into account by using
a Gaussian distribution to randomize |⃗r0|. The mean value and the variance of this
distribution are set by parameters, while the angular distribution of r⃗0 is described by a
β-parameter (compare section 3.3 and figure 3.3).

Three body Coulomb-explosions The PESs of at least triply charged molecular ions
can lead to a three body Coulomb-explosion with three charged final fragments. Typical
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KERs are even higher than those of two body fragmentations, therefore the recoil
momentum due to the photo electron is neglected as well.

The equations of motion describing three charged fragments in an external field E⃗
are given by:

F⃗1(r⃗1, r⃗2, r⃗3, t) = q1

(
E⃗ +

1
4πϵ0

(
q2

|⃗r12(t)|3
r⃗12(t) +

q3

|⃗r13(t)|3
r⃗13(t)

))
= m1 ¨⃗r1(t), (4.12)

F⃗2(r⃗1, r⃗2, r⃗3, t) = q2

(
E⃗ +

1
4πϵ0

(
q1

|⃗r21(t)|3
r⃗21(t) +

q3

|⃗r23(t)|3
r⃗23(t)

))
= m2 ¨⃗r2(t), (4.13)

F⃗3(r⃗1, r⃗2, r⃗3, t) = q3

(
E⃗ +

1
4πϵ0

(
q1

|⃗r31(t)|3
r⃗31(t) +

q2

|⃗r32(t)|3
r⃗32(t)

))
= m3 ¨⃗r3(t), (4.14)

Here r⃗ij = r⃗i − r⃗j = −⃗rji with i, j ∈ {1, 2, 3}, i ̸= j are the distance vectors between
pairs of the point-like fragments with charges qi and masses mi. This system of coupled
second order differential equations describes a classical three body problem which
can not be solved analytically. For numerical integration, these nine second order
differential equations are rewritten into eighteen first order differential equations by
introducing

v⃗1(t) = ˙⃗r1(t) ⇒ ¨⃗r1(t) = ˙⃗v1(t), (4.15)

v⃗2(t) = ˙⃗r2(t) ⇒ ¨⃗r2(t) = ˙⃗v2(t), (4.16)

v⃗3(t) = ˙⃗r3(t) ⇒ ¨⃗r3(t) = ˙⃗v3(t). (4.17)

A Runge-Kutta integrator taken from the Gnu Scientific Library [GDT+
09] is used

to integrate this system of differential equations until the potential energy Ep of the
system is much smaller than the sum kinetic energy Esum

kin of the three fragments. As
soon as Ep = κEsum

kin is fulfilled, the momentary momentum p⃗′i of each particle is used to
calculate the particle’s ToF and hit position (compare flowchart in figure 4.9). It turned
out that for a parameter κ = 0.01, the numerical error is well below the experimental
resolution.

The initial distances between two pairs of particles |⃗r120 | and |⃗r130 |, as well as the
opening angle

α =
r⃗120 · r⃗130

|⃗r120 | |⃗r130 |
(4.18)

between those two bonds, are input parameters to define the initial molecular geometry.
To take non-fixed bond lengths of real molecules into account, the initial position of
each fragment can be randomized with a Gaussian distribution of a desired variance.

3. Transformation into the laboratory frame

The fragments’ momenta p⃗′i are calculated in the rest frame of the target molecule while
the momentum p⃗M is calculated in the laboratory frame. The transformation into the
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laboratory frame for each fragment is given by

p⃗i = p⃗′i + p⃗M
mi

M
. (4.19)

The second term describes the momentum transfer from the target molecule to the
fragment at the moment of its creation.

4. Trajectory calculation within the fields of the ReMi

With known momenta p⃗i in the laboratory frame, the time-of-flight Ti and hit position
(x, y)i are computed for each fragment with

Ti = mi

 2l

pzi +
√

p2
zi
+ 2miqiU

 , (4.20)

(
x
y

)
i
=

(
px

py

)
i
/(miTi). (4.21)

These equations are obtained by rearranging equations 3.2 and 3.3. The acceleration
length l and acceleration voltage U are input parameters chosen to describe the sim-
ulated ReMi. The charges and masses of the simulated particles are given by qi and
mi.

4.3.2. Algorithm for simulation of delayed Coulomb-explosions

In experiments performed as a part of this thesis, metastable parent ions have been
observed (compare section 5.2.5). After creation, they travel as a doubly charged ion
within the ReMi until they eventually explode in a normal two body Coulomb-explosion.
Such events will be called delayed Coulomb-explosions throughout this thesis. They
have been included in the simulation, for a better interpretation of the corresponding
observations.

The software to simulate delayed Coulomb-explosions is based in large parts on the
simulation of instantaneous fragmentations described before. Additional calculations
are performed to account for the trajectory of the metastable dication within the ReMi.
The main steps in the simulation of delayed Coulomb-explosions are visualized in a
flowchart in figure 4.10 and are briefly described below.

• Blue box: The initial momentum p⃗′M of the metastable dication in the laboratory
frame is calculated from the temperature and velocity of the target jet.

• Yellow boxes: A randomized decay time τ of the metastable dication is calculated
from an exponential distribution with a half-life that is defined by the user. The
ToF TM of the parent ion is calculated from p⃗′M with equation 4.20. If TM ≤ τ,
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Figure 4.10.: Flowchart of delayed Coulomb-explosion simulation. First the trajectory
of the metastable dication is calculated until its explosion at time τ. The fragments’
trajectories are then simulated for the remaining distance to the detector.

the parent ion’s ToF and hit position will be registered similar to a recoil ion
described above. If TM > τ, the trajectory of the dication within the ReMi will be
calculated until the moment of fragmentation at time τ. The gained momentum
p⃗M and its position (x, y, z)M at that time are used for further calculations below.

• Red boxes: A two body Coulomb-explosion in the rest frame of the parent ion is
simulated as described before.

• Green box: As for the instantaneous fragmentation, the fragments’ initial mo-
menta p⃗i in the laboratory frame are calculated from p⃗M and p⃗′i.

• Grey box: The dication’s position (x, y, z)M at time τ and the momenta p⃗i are
used to calculate the remaining times-of-flight T′

i and the hit positions (x, y)i of
the fragments. The used formulas deviate slightly from equations 4.20 and 4.21

to take into account the reduced spectrometer length and the reduced electric
potential due to the distance that has been traveled by the metastable dication.
The total time-of-flight Ti is calculated from Ti = τ + T′

i .

• White box: Different types of spectra are created with the fragments’ times-of-
flight Ti, hit positions (x, y)i and momenta p⃗i.
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4.4. Simulated allene fragmentation spectra

In section 4.2.1 six predicted allene fragmentation channels were introduced. The
simulation described in the previous section provides a powerful tool to visualize and
familiarize oneself with those fragmentation channels and with expected ToF spectra of
allene. After a brief introduction to (double-ion) ToF correlation spectra and triple-ion ToF
correlation spectra, simulated spectra are presented.

All spectra presented in this section were simulated with an acceleration voltage
U = 400 V, an acceleration length l = 16.1 cm and a target jet temperature T = 1 K.
These values resemble the ReMi settings used for acquisition of the experimental data
in chapter 5.

4.4.1. Introduction to time-of-flight correlation spectra

ToF correlation spectra are used throughout this work for identification of coincidence
channels. (Double-ion) ToF correlation spectra incorporate the time-of-flight of two
fragments. Three body fragmentations are best identified with triple-ion ToF correlation
spectra. Both types of spectra are described below. For convenience, double-ion ToF
correlation spectra will be called ToF correlation spectra in this thesis, if ambiguity with
triple-ion ToF correlation spectra can be excluded.

(Double-ion) ToF correlation spectra

In a two body Coulomb-explosion, momentum conservation dictates

p⃗1 = − p⃗2 (4.22)

for momenta p⃗1 and p⃗2 of the involved fragments. Plotting pz1 vs. pz2 will result
in diagonal lines, because the fragments’ momenta are correlated by equation 4.22.
Horizontal or vertical lines would mean pz1 is independent of pz2 which violates
momentum conservation. Such line will appear in experimental spectra if so called
false coincidences are created. This happens for instance if more than one target
molecule is ionized by a single laser pulse.

Momentum correlation spectra cannot be used for identification of coincidence
channels because the (initially) unknown charges and masses of the involved particles
are required to calculate pz1 and pz2 from the measured ToFs. Instead so called (double-
ion) ToF correlation spectra, where the time-of-flight T1 of the first fragment is plotted vs.
the time-of-flight T2 of the second fragment, are used to identify coincidence channels.
In such spectra, coincidences create curved diagonal lines, because the measured ToFs
depend only on the pz momentum components (compare equation 4.20). The curvature
of these lines results from the nonlinear pz dependency in equation 4.20. The smaller
ToF is typically plotted on the ToF1-axis and the larger ToF is plotted on the ToF2-axis
in ToF correlation spectra.
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Triple-ion ToF correlation spectra

The normal double-ion ToF correlation spectrum of a three body Coulomb-explosion
does not feature sharp diagonal lines, because the momentum conservation of a three
body fragmentation

p⃗1 = −( p⃗2 + p⃗3) (4.23)

involves three momenta. By plotting ToFs of only two fragments, the momentum
imparted on the third fragment is not taken into account.

This third ion is incorporated by plotting T1 vs. (T2 + T3) in a triple-ion ToF correla-
tion spectrum. This correlates the ToF of one ion, with those of the other two. In this
work, the three permutations of Ti vs. (Tj + Tk) (i ̸= j ̸= k, i, j, k ∈ {1, 2, 3}) are plotted
in the same spectrum. Furthermore the smaller value of Ti and (Tj + Tk) is plotted on
the ToF1-axis and the larger value defines the ToF2 + ToF3-value. The coincidence lines
in triple-ion ToF correlation spectra can contain small sub features due to the nonlinear
dependency between the ToFs and momenta.

Triple-ion ToF correlation spectra are the method of choice for identification of three
body coincidences. But plotting ToFs of three body coincidences in double-ion ToF
correlation spectra can unveil important information on the geometry of the parent ion,
as demonstrated in section 4.4.4.

4.4.2. Simulated recoil ion spectra

Most parts of the previous sections were focused on Coulomb-explosions, but single
and double ionization of allene results in slow recoil ions which will be observed
in an experiment as well. These are expected to produce several sharp peaks in the
ToF spectra. In figure 4.11 simulated ToFs of three different molecular recoil ions are
plotted.

ToF Species mass charge
in [ns] in [u] in [a. u.]

7275 C3H4
+

40 1

7366 (113C)C3H4
+

41 1

5144 C3H4
2+

40 2

Table 4.1.: Simulated ToFs of allene fragments.

The peaks in the ToF spectrum are summarized in table 4.1. The notation (113C)C3H4
+

denotes that one of the carbon atoms is replaced by a 13C isotope. From equation 4.20

one expects, for a negligible momentum pz0 , the relation

Tj

Tk
=

√
qk√qj

√mj√
mk

(4.24)
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Figure 4.11.: Simulated ToF of allene molecu-
lar ions.
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Figure 4.12.: Simulated ToF of allene iso-
topes.

for the ToFs Tj,k of two ions j and k with masses mj,k and charges qj,k within the same
spectrometer. As expected, the simulated ToFs are described by this relation as well.

4.4.3. Simulated two body Coulomb-explosion spectra

Simulated ToF correlation spectra of the six predicted allene fragmentation channels
introduced in section 4.2.1 are presented here. The channels can be organized into
two groups: the first group, in this work called C2–C coincidences, features the final
fragments C2Hi

+ + CH4−i
+ with i ∈ {1, 2, 3}. The final fragments C3Hi

+ + H4−i
+ with

i ∈ {1, 2, 3} are grouped in the C3–H coincidences.
The two groups appear at very different positions in the ToF correlation spectrum,

because of the rather small mass difference of the two fragments in the C2–C group and
the large mass differences of the C3–H fragments. Simulated ToF correlation spectrum
of both groups are discussed in the following paragraphs.

C2–C coincidences

A ToF correlation spectrum of the C2–C coincidences is plotted in figure 4.13. The three
diagonal, slightly curved, lines of the three coincidence channels are clearly visible. All
fragmentation channels are simulated with an initial internuclear distance of 5.5 a. u.
This value is motivated by the bond lengths of the neutral allene ground state shown
in figure 4.4. The bond lengths only affects the lengths of the lines in figure 4.13, the
positions of the lines remain unchanged. The width of the lines is results from the
simulated target temperature.

42



4.4. Simulated allene fragmentation spectra

PSfrag

ToF1 [ns]

T
o
F
2
[n
s]

C2H3
+ +CH+

C2H2
+ +CH2

+

C2H
+ +CH3

+

3800 4000 4200 4400 4600 4800

5400

5600

5800

6000

6200

6400

Figure 4.13.: Simulated two body Coulomb-explosions involving C2–C coincidences.

C3–H coincidences

Figure 4.14 shows a ToF correlation spectrum of the C3–H group. All three coincidences
were simulated with the same initial internuclear distance of 6 a. u., a value which is
taken from the analysis of the experimental data in section 5.2.3.

The elongated C3H3
++H+ coincidence line results from simulated delayed Coulomb-

explosions. The simulated half-life T1/2 = 350 ns of the metastable C3H4
2+ dication

was chosen to resemble the length of the corresponding experimental line (plotted in
figure 5.2) qualitatively.

The exact process leading to this line shape is shown in figure 4.15: the later the
doubly charged, metastable parent ion explodes, the smaller is the measured time
difference between the proton’s time-of-flight T1 and the time-of-flight T2 of the C3H3

+

fragment. It is even possible, that the metastable dication does not decay at all before it
hits the detector. In this case it is measured as a doubly charged allene ion.

The experimental ToF correlation spectrum in figure 5.2 shows indications of a
delayed Coulomb-explosion for the C3H+ + H3

+ as well. A very short simulated half
life T1/2 = 15 ns resembles the experimental data qualitatively.

4.4.4. Simulated three body Coulomb-explosion spectra

Although three body Coulomb-explosions of triply charged allene molecular ions
are not predicted by theory [MB08], experimental evidence of triple ion coincidences
exists [XOY09a]. In order to demonstrate the capabilities of the simulation, two channels
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Figure 4.14.: Simulated two body Coulomb-explosions involving C3–H coincidences.
The delayed Coulomb-explosion of the channel C3H3

+ + H+ is simulated with a
half-life of T1/2 = 350 ns. The C3H+ + H3

+ channel is simulated with a half-life of
T1/2 = 15 ns. A logarithmic color scale is used.
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Figure 4.15.: Schematics of a delayed Coulomb-explosion within a ReMi.
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Figure 4.16.: The linear initial geometry of
the first channel used in the simulation.
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Figure 4.17.: The triangular initial geometry
of the first channel used in the simulation.

with four different pathways were simulated:

C3H4
3+ → CH2

+ + C+ + CH2
+

c–C3H4
3+ → CH2

+ + C+ + CH2
+

}
First channel

C3H4
3+ → CH2

+ + CH+ + CH+

c–C3H4
3+ → CH2

+ + CH+ + CH+

}
Second channel

The notation C3H4
3+ indicates a linear parent molecule. c–C3H4

3+ denotes a triangular
initial geometry.

For each path, several million events were simulated. The molecules were randomly
oriented in space with an isotropic angular distribution. The initial location of each
fragment was randomized by a Gaussian distribution with a variance of 0.1 a. u. This
takes varying bond lengths of real molecules into account. Double-ion ToF correlation
spectra and triple-ion ToF correlation spectra of both channels are compared below.

First channel

The initial geometries of the first channel’s fragmentation paths are shown in figures
4.16 and 4.17. The double-ion ToF correlation spectra (figures 4.18 and 4.19) of the
two pathways show very different structures. Simulation of triangular geometries
causes circular shapes to occur in the double-ion ToF correlation spectrum. Plotting of
simulated events starting from of a linear geometry results in several straight lines.

The structure in figure 4.18 is explained by the symmetry of the simulated geometry.
The central fragment ion gains very little momentum, because the terminal ions have
equal masses and charges. As a result, the central ion has a very small spread of ToFs
around 4000 ns while terminal fragments have a high ToF spread that depends on the
initial orientation of the parent ion. The horizontal and vertical lines result from plotting
the ToFs of the central ion vs. those of the terminal ions. The diagonal line is caused
by the double-ion ToF correlation of the terminal ions, which are strongly correlated
because the central ions carries very little momentum and momentum conservation is
approximated by a two body momentum conservation.
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Figure 4.18.: Double-ion ToF correlation spec-
trum of the linear geometry (first channel).
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Figure 4.19.: Double-ion ToF correlation spec-
trum of the triangular geometry (first chan-
nel).
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Figure 4.20.: Triple-ion ToF correlation spec-
trum of the linear geometry (first channel).
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Figure 4.22.: The linear initial geometry of
the second channel used in the simulation.
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Figure 4.23.: The triangular initial geometry
of the second channel used in the simulation.

The circles in the double-ion ToF correlation spectrum of the triangular molecule are
difficult to explain in detail but the absence of straight lines can be understood. Due to
the triangular symmetry, each of the fragments gains approximately the same kinetic
energy which means that all momenta in the three body momentum conservation
(equation 4.23) must be taken into account equally. Therefore the plotting of the ToF
correlation between two fragments does not result in straight lines.

As expected from momentum conservation (compare equation 4.23), the triple-ion
ToF correlation spectra (figures 4.20 and 4.21) feature a sharp diagonal line for both
pathways. The substructures result from the nonlinear relation between ToF and pz in
equation 4.20.

Second channel

The two initial geometries of the second channel are shown in figures 4.22 and 4.23. The
general features of the their double-ion ToF correlation spectra (plotted in figures 4.24

and 4.25) can be explained by the same arguments as for the first channel. The more
symmetric structure in figure 4.24 compared to figure 4.18 results from the smaller
mass differences of the involved particles. For equal masses of all fragments, the three
lines in the double-ion ToF correlation spectrum would intersect at the same point.

The triple-ion ToF correlation spectra of the linear and triangular geometry (figures
4.20 and 4.21) show again sharp diagonal lines. Similar to the pathways of the first
channel, deviations in the substructure can be found.
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Figure 4.24.: Double-ion ToF correlation spec-
trum of the linear geometry (second channel).
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Figure 4.25.: Double-ion ToF correlation spec-
trum of the triangular geometry (second
channel).
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Figure 4.26.: Triple-ion ToF correlation spec-
trum of the linear geometry (second channel).
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Figure 4.27.: Triple-ion ToF correlation spec-
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This chapter begins with a short introduction to comparable experiments performed
by other groups (section 5.1). Afterwards three types of measurements conducted
within the framework of this thesis are discussed. All experiments have been performed
with pulses created by the lasersystem described in section 2.2. Charged products
of fragmentation processes have been detected with a ReMi. Data obtained from a
single pulse experiment with IR pulses at different pulse intensities and pulse lengths
is analyzed in section 5.2. Results gathered by XUV induced allene fragmentations are
presented in section 5.3. Finally outcomes of an XUV–IR pump–probe measurement
are interpreted in section 5.4.

5.1. Previous experiments on allene molecules

In 1995, C. Cornaggia [Cor95] performed Coulomb-explosion imaging experiments
with highly intense, 130 fs Ti:sapphire laser pulses that ionized the allene molecules
to extremely high charge states. The ionization process was described as follows: at
the beginning of the laser pulse, stable C3H4

+ and C3H3
+ cations were produced.

After several tenths of femtoseconds, at peak intensity, the molecular ions were further
ionized to highly charged states. These exploded preferably into doubly and triply
charged carbon fragments in a triple-ion Coulomb-explosion. ToF correlation spectra
of those fragments indicated a linear carbon chain at the moment of fragmentation.
It was concluded that C3H4

+ and C3H3
+ molecular ions feature a linear geometry

similar to neutral allene molecules. These observations are in contradiction to more
recent theoretical studies which predict isomerization in singly [MB08] and doubly
charged [MB08, PTS10] allene molecular ions.
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Experiments performed with 40 fs laser pulses in 2008 [XOY09b] revealed several
double-ion coincidence channels. Some of those, e.g.

C3H4
2+ → C3H+ + H3

+,

cannot start from the neutral allene geometry (shown in figure 4.4) because they require
a hydrogen atom to migrate along the carbon chain. In the same experiment an
anisotropic angular distribution of C2–C explosions was found. It was concluded that
C2–C explosions occur shortly after ionization which is most probable for molecules
aligned parallel to the laser polarization. The explosions of C3–H channels, however,
featured a more isotropic angular distribution. These fragmentations result from
a metastable dication with a half-life of a few pico-seconds. Within this time the
metastable dication can rotate freely. This results in an isotropic angular distribution.

Triple-ion fragmentations induced by intense 40 fs laser pulses were observed in
2009 [XOY09a]. The coincidence channels

C3H4
3+ → CH2

+ + C2H+ + H+

and
C3H4

3+ → CH+ + C2H2
+ + H+

feature relative angular distributions which indicate a proton migration along the entire
carbon chain.

In order to verify these previous experimental results single pulse experiments have
been conducted as a part of this thesis. Additionally a pump–probe measurement with
allene target molecules has been performed for the first time to further improve our
understanding of allene isomerization.

5.2. Conducted IR single pulse experiments

In a first measurement IR laser pulses of three different pulse intensities and two
different pulse lengths were used to create singly and doubly charged allene ions by
multi-photon ionization. Charged fragments of dissociations and Coulomb-explosions
as well as stable allene cations and dications were detected with the MCP detectors of
the ReMi.

A ToF spectrum and a ToF correlation spectrum acquired at medium pulse intensities
are presented in the next two sections. These spectra are used to identify particle
species and coincidence channels. KER spectra of Coulomb-explosion channels are
given in section 5.2.3 and channel branching ratios for different pulse parameters are
shown in section 5.2.4. Results in both sections are used to obtain information about
the PESs of allene dications. Furthermore the data gathered in our experiments is
compared with theoretical predictions and results from earlier experiments. Finally, in
section 5.2.5, a Coulomb-explosion channel resulting from a metastable doubly charged
allene molecular ion is discussed and the half-life of this ion is estimated.

50



5.2. Conducted IR single pulse experiments

ToF [ns]

C
o
u
n
ts

C3Hk
2+

C3Hl
+

C2Hj
+

CHi
+

H3
+

H2
+

H+

0 1000 2000 3000 4000 5000 6000 7000 8000
100

101

102

103

104

105

106

107

Figure 5.1.: Measured ToF spectrum of allene fragmentations induced by IR pulses of
medium intensity. Identified allene fragments are labeled (i, j ∈ {1, 2, 3}; k ∈ {2, 3, 4}
and l ∈ {1, 2, 3, 4}). A logarithmic scale on the y-axis is used.

5.2.1. Time-of-flight spectrum and identification of fragments

A measured ToF spectrum of allene is shown in figure 5.1. This spectrum is used to
identify created allene fragments.

The sharp cutoffs at 800 ns and 7300 ns result from the time to digital converter (TDC)
window that only accepts ions within this time interval. The relation 4.24 and equation
4.20 (assumed that spectrometer parameters are known) allow an identification of the
peaks in this spectrum. A simulation of a ToF spectrum with expected fragments can
further help to identify peaks in the experimental spectrum. The ToF spectrum in figure
5.1 can be separated into five part. Peaks within each part are identified below.

ToFs between 6500 ns and 7300 ns The sharp peak at 7282 ns is identified as the
C3H4

+ allene cation peak. The peaks and the shoulder at slightly smaller ToFs (7190ns,
7100 ns and 7000 ns) result from singly charged allene with loss of one, two or three
hydrogen atoms. The creation of one or multiple neutral hydrogen atoms with a
non-zero momentum explains why these peaks are relatively broad compared to that
of C3H4

+.
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ToFs between 5500 ns and 6500 ns The broad structure between 5400 ns and 6350 ns
is created by C2Hj

+ , j ∈ {1, 2, 3} molecular ions. The broad ToF distribution is a sign
for high KERs created by Coulomb-explosions.

ToFs between 4800 ns and 5500 ns The sharp peaks between 5000 ns and 5150 ns are
identified as doubly charged allene fragments C3H4

2+, C3H3
2+ and C3H2

2+. The small
peak at 5208 ns corresponds to (113C)C3H4

2+. The peak at 4878 ns is created by the
H2O+ from the residual gases within the ReMi. These molecules are hot compared to
the jet temperature which results in a relatively broad peak.

ToFs between 3500 ns and 4800 ns The broad structure between 3600 ns and 4700 ns
results from CHi

+ , i ∈ {1, 2, 3} molecular ions with different numbers of hydrogen
atoms. Again the broad ToF distribution indicates fragments with high momenta
resulting from Coulomb-explosions.

ToFs between 800 ns and 3500 ns H+, H2
+ and H3

+ create structures at ToFs between
1000 ns and 2500 ns. Their widths indicate high kinetic energies obtained in Coulomb-
explosions.

5.2.2. Time-of-flight correlation spectra and identification of coincidences

While ToF spectra are useful for identification of created ion species, coincidence
channels are identified best with the ToF correlation spectra in figure 5.2 and figure 5.4.
These spectra will be analyzed in several steps that are listed below and explained in
detail afterwards.

1. The origin of horizontal and vertical lines in figure 5.2 are explained by false
coincidences.

2. C3–H coincidences shown in figure 5.2 are identified.

3. The elongated C3H3
+ + H+ and C3H+ + H3

+ coincidence lines are identified as
delayed Coulomb-explosions.

4. C2–C coincidences shown in figure 5.4 are identified.

5. The identified coincidence channels are discussed and compared with predictions
from theory and with results from experiments performed by other groups. It is
discussed why Coulomb-explosions from triply charged parent molecules were
not observed in our experiments.
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Figure 5.2.: Measured ToF correlation spectrum of allene. Identified diagonal lines
created by C3–H double-ion coincidences are labeled. Horizontal and vertical lines
are created by false coincidences. A logarithmic color scale is used.

53



5. Laser induced Coulomb-explosion of allene - Experimental results

1. Horizontal and vertical lines – false coincidences

In contrast to the simulated ToF correlation spectra (figure 4.14), the experimental
spectrum in figure 5.2 shows horizontal and vertical lines. These result from the
plotting of false coincidences whenever two uncorrelated ions are created by a single
laser pulse. For instance the broad vertical line at a Tof1 = 1150 ns is created by plotting
protons ToFs in (false) coincidence with ToFs of of heavy ions that are created by
ionization of a different target molecule. In other words, horizontal or vertical lines
indicate that the measured ToF of one ion is independent of the second ion’s ToF. If
these ions had been created in the same (two body) Coulomb-explosion, momentum
conservation would have been violated (compare section 4.4.1).

2. C3–H coincidences

Diagonal lines in figure 5.2 are only created by plotting real coincidences. These lines
can be assigned to fragmentation channels by comparing their values of ToF1 and ToF2

with the identified peaks in figure 5.1. The assignment of lines is further simplified by
comparing the measured ToF correlation spectrum with the simulated one in figure
4.14.

The coincidence lines beginning at small ToF1 and large ToF2 are assigned to C3–H
coincidences (labeled in figure 5.1). The coincidence lines in the bottom right corner of
figure 5.1 are created by C2–C coincidences and will be discussed later.

Several lines parallel to the C3H3
+ + H+ coincidence are found. The right shifted

line results from a (113C)C3H3
+ + H+ coincidence with a 13C isotope in the allene

fragment. The broad line shifted to the left results from C3H2
+ +H+ + H coincidences.

The momentum imparted on the undetected neutral H atom broadens this line. Even
further left is a faint line produced by coincidences with loss of two neutral hydrogen
atoms.

Two coincidence lines are assigned to the C3H2
+ + H2

+ and the C3H+ + H3
+ frag-

mentation channels. The coincidence line of the latter is more prominent. This is
interesting because the creation of a H+

3 ion requires a proton migration while the
production of H+

2 ions is more intuitive from the geometry of neutral allene (shown in
figure 4.4).

3. Delayed Coulomb-explosions

The extremely elongated C3H3
+ + H+ coincidence line could be explained by two

different processes: either the fragments have extremely high energies or the doubly
charged parent ion is metastable and travels towards the detector until it eventually
explodes.

Simulated coincidences of both processes are plotted in figure 5.3. Their curvature
and their probability distribution are compared with the measured line in figure 5.2.
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Figure 5.3.: Simulation of two types of Coulomb-explosion. Highly energetic Coulomb-
explosions with an initial internuclear distance of only 0.02 a. u. and delayed Coulomb-
explosions with an initial distance of 7 a. u. and 350 ns half-life of the metastable
parent ion.

It is concluded from the line shape that the C3H3
+ + H+ coincidences result, at least

partly, from metastable dications.
The elongated C3H+ + H3

+ coincidence line in figure 5.2 might indicate another
delayed Coulomb-explosion with a short half-life. A simulation of this coincidence
with 15 ns half-life is plotted in figure 4.14.

4. C2–C coincidences

The diagonal lines in the bottom right corner of figure 5.2 are created by plotting
C2–C coincidences. This region is magnified in figure 5.4. The prominent red line
is assigned to the C2H2

+ + CH2
+ coincidence, while the orange line shifted to the

left results from the C2H3
+ + CH+ channel. The probability for a fragmentation into

C2H+ + CH3
+ is very small and the corresponding coincidence line is very faint. Lines

of Coulomb-explosions with 13C carbon isotopes are found in figure 5.4 as well as
broad lines assigned to fragmentations with loss of one or two neutral hydrogen atoms.
Impurities of the target gas, namely C3H6 molecules, create further coincidence lines.

5. Discussion

Summarizing, all double-ion coincidence channels that have been measured in previous
experiments [XOY09b] and that are predicted by theory [MB08, PTS10], have been
identified in the ToF correlation spectra. With identified masses and charges the
momenta of all fragments can be calculated from the measured ToF and detector hit
position with equations 3.2 and 3.3. For all two body Coulomb-explosions the sum
momentum of the fragments vanishes due to momentum conservation. A momentum
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Figure 5.4.: Measured ToF correlation spectrum of allene with focus on C2–C coinci-
dences. A logarithmic color scale is used.
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sum condition will be used in the following sections to separate correlated events from
uncorrelated detector hits. This will allow further quantitative analysis, for example
on the kinetic energy release and the branching ratios of the identified coincidence
channels.

Despite intensive search no evidence of triple-ion coincidences has been found,
neither in the double-ion ToF correlation spectra nor in the triple-ion ToF correlation
spectra created with data from our experiments. The triple-ion Coulomb-explosions

C3H4
3+ → CH2

+ + C2H+ + H+

and
C3H4

3+ → CH+ + C2H2
+ + H+

have been observed in previous experiments [XOY09a]. Searching for this specific ion
combination with momentum sum conditions did not unveil such events either. In
our analysis, a few candidates for these triple-ion coincidences fulfill the momentum
sum conditions but they feature very low KERs. It is therefore concluded that they
are most certainly created by false coincidences. The same applies to the double-ion
Coulomb-explosions containing doubly charged fragments

C3H4
3+ → C2H2

2+ + CH2
+

and
C3H4

3+ → C3H3
2+ + H+

predicted by theory [MB08].
The absence of coincidences starting from triply charged parent ions is explained

partly by a low detection acceptance for processes with large initial potential energies.
At the used acceleration voltage of 400 V singly charged fragments with kinetic energies
up to 6.25 eV are detected over the full solid angle. The mean KER of C3H3

+ + H+

coincidences is measured as 4.6 eV (compare the calculated KER of C3H3
+ + H+ co-

incidences in table 5.1). In coincidences that include the heavy allene fragments the
proton’s kinetic energy is approximately equal to the KER. If protons were created from
triply charged parent ions, their kinetic energy would be roughly twice as high and
therefore above the detector acceptance.

Nevertheless, in the cases where the proton travels towards the ion detector, coinci-
dences from triply-charged parent molecules could have been measured. In this case,
the electric field is high enough to prevent the low energetic heavy fragments from
escaping. The only possible explanation for their absence is a very low probability to
produce C3H4

3+ ions which have a vertical ionization potential of 53.05 eV [MB08].

5.2.3. Kinetic energy releases measured with IR pulses

Measured KER spectra of the previously identified Coulomb-explosion channels of
allene are plotted in figure 5.7. To reduce background of non-correlated events, a narrow
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condition on the sum momentum of the fragments has been set for each channel. Still
two uncorrelated ions can by chance fulfill this condition, especially if both have very
low momenta. This for instance causes counts at low KERs of the C3H3

+ + H+ channel
in figure 5.7(a).

The interpretation of the obtained KER spectra is done in several steps that are listed
below.

1. It is discussed which information can be extracted from the measured KER
spectra. In section 4.1.3, it was explained that several conditions are required
to calculate bond lengths from measured KER spectra. Most importantly the
repulsive PES must be approximated by a Coulomb potential or it must be known.
Furthermore all binding electrons must be removed within a timescale that is
short compared to the vibrational and rotational times of the molecule. It will
be shown that these requirements are not met in our experiment. Instead, the
measured KERs will be used to test the energy difference Etheo between the
transition states and final states calculated by [MB08]. The relation between the
KER and this energy difference Etheo is visualized in figure 5.5.

2. Mechanisms that might cause a difference between measured KERs and Etheo

are explained.

3. Measured KER spectra are presented.

4. Measured KERs are compared with predictions from theory. It is shown that
the KERmin values, where the KER distributions in figure 5.7 start to rise, are
consistent with predictions from theory. The reasons for this are discussed.

5. It is shown that laser pulse intensity and pulse length have no influence on the
measured KERs. KERs resulting from fragmentations induced by low intensity
XUV pulses are consistent with those obtained from intense IR pulses. It is
discussed that the intense laser field has no measurable influence on the PESs of
allene dications.

6. The results obtained from the KER measurements are summarized. Furthermore
the measured values are compared with KERs measured by other groups.

1. Information extracted from the KER spectra

In section 4.1.3 it was explained that the KER of a two body Coulomb-explosion contains
information about the probability density of the initial molecule’s vibrational wave
function under certain conditions. The PES of the repulsive state must be known and
all binding electrons must be removed within a time scale that is short compared to
time scales of nuclear rearrangement.
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The channels C2H3
+ + CH+, C2H+ + CH3

+ and C3H+ + H3
+ show a distribution of

hydrogen atoms that can only be explained by a migration of a proton. This is evident
from the geometry of the neutral allene in figure 4.4. Therefore the anti-bonding
PES causes a motion of neutral hydrogen atoms besides the repulsion of the charged
fragments. This leads to the conclusion that the PES is not approximated by a Coulomb
potential. The PES’s exact shape has not been calculated and the first condition for
successful reconstruction of the bond lengths of the original molecule is not fulfilled.

Doubly charged allene ions are detected in an amount that is comparable to the
count rate of the Coulomb-explosion channels (compare section 5.2.4 where branching
ratios of different channels are compared). The C3H3

+ + H+ fragmentation channel
results partly from a metastable C3H4

2+ molecular ion with a half-life of hundreds of
nanoseconds. This indicates that at least one stable or metastable PES exists. As a result
the excited C3H4

2+ molecular ion can vibrate within the local potential minimum until it
eventually tunnels through the potential barrier. If the vibrational energy is high enough
to form an isomer (for example cyclopropene or propyne), fragmentation channels
like C3H+ + H3

+ become accessible (compare figure 4.5). Both mechanism violate the
second condition for Coulomb-explosion imaging because in those cases the binding
electrons are not removed within a very short time. As a result these fragmentation
channels will contain no information about the bond lengths or vibrational wave
functions of the original allene molecule.

As a consequence of these considerations even potentially direct fragmentation
channels like C2H2

+ + CH2
+ can not be used for reliable geometry reconstruction

of the neutral allene molecule. Instead, the measured KERs are used to test barrier
heights of the PES calculated by A. M. Mebel and A.D. Bandrauk [MB08] and
Brian T. Psciuk et al. [PTS10, Table 2]. This is visualized with a one dimensional
non-monotonic potential energy curve sketched in figure 5.5. The energy difference
Etheo between a transition state and the total energy of the final fragments in figure 4.5
corresponds to the measured KER under certain conditions. These will be explained
below in detail.

2. Possible differences between measured KERs and Etheo

Several effects can cause a deviation between the measured KER and Etheo.

• The final products might be rotationally and vibrationally excited which causes a
reduction of the measured KER. This mechanism is indicated by the horizontal
blue line in the bottom right of figure 5.5.

• In case of a low internal excitation, the Coulomb-explosion can be preceded by
a tunnel process through the potential barrier. This causes a reduced measured
KER as well. This mechanism is indicated by the red arrow in figure 5.5.

• Transition states define a saddle point in a multidimensional PES (schematics

59



5. Laser induced Coulomb-explosion of allene - Experimental results

En
er

gy

R

Etheo
tunneling E(2)

− E+

Final state

Transition state

E(1)
−

Figure 5.5.: Schematics of a non-monotonic potential energy curve. The energy
difference between transition state and final state is given by Etheo. The measured KER
corresponds to Etheo, if the energy level of the populated vibrational state is similar
to the energy level of the transition state (green horizontal line). If the populated
vibrational state is above the transition state, the measured KER corresponds to E+

and it is higher than Etheo (this is indicated by the black horizontal line). If the final
fragments are excited or if a metastable state decays by a tunneling process, the
measured KER is similar to E(1)

− or E(2)
− respectively. In both cases it is smaller than

Etheo (these mechanisms are indicated by the blue horizontal line and the red line and
arrow).

in figure 5.6). The energetically most favorable fragmentation pathway leads
through the saddle point (green curve in figure 5.6) with zero internal energy.
Depending on the initial vibrational excitation, however, fragmentation processes
may lead via other energetically higher paths (for example the red curve in figure
5.6). Other pathways might lead through the saddle point but with additional
kinetic energy stored within the nuclear motion. Both processes will increase
the measured KER if the excess energy is converted into kinetic energy of the
fragments. This is indicated by the black horizontal line in figure 5.5.

3. Measured KER spectra

Table 5.1 compares measured KERs with calculated energy differences between transi-
tion states and final states. KER denotes the arithmetic mean of the experimental KER
distributions1. KERmin is a cutoff value at small energies where the counts in figure
5.7 reach 5 % of the peak height. △KER is an estimation of the KER measurement

1Only the main peaks in figure 5.7 are used to calculate KER.
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Figure 5.6.: Schematics of different pathways on a two dimensional PES. The green
path leads through the transition state in the saddle point. This path will be energet-
ically most favorable, if the saddle point is passed with zero internal energy. High
internal excitation might result in a pathway that does not pass the saddle point (red
curve) or passes through the transition state with additional vibrational energy stored
in the nuclear motion.

Channel KER ±△KER KERmin E(1)
theo E(2)

theo
in [eV] in [eV] in [eV] in [eV]

C3H3
+ + H+ 4.6 ± 0.6 2.5 1.7, 2.4, 2.4, 1.8, 2.5, 2.5,

3.2, 3.9 3.3, 3.8
C3H2

+ + H2
+ 4.0 ± 0.5 2.0 – –

C3H+ + H3
+ 3.8 ± 0.5 2.5 3.1, 3.4 –

C2H2
+ + CH2

+ 4.8 ± 0.6 3.0 3.1, 4.2 3.3, 4.2
C2H+ + CH3

+ 4.9 ± 0.6 3.0 1.9 2.5
C2H3

+ + CH+ 5.0 ± 0.6 3.5 4.0 4.0

Table 5.1.: Comparison of experimental KERs with theoretical predictions E(1)
theo [MB08]

and E(2)
theo [PTS10, Table 2]. KER denotes the arithmetic mean of measured KER

distribution. An estimation of the measurement uncertainty is given by △KER.
KERmin denotes a cutoff value at small energies. Etheo denotes the energy difference
between transition state and final state (indicated in figure 5.5). Calculated KERs via
direct fragmentation pathways are marked red (compare with red lines in figure 4.5).
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Figure 5.7.: Measured KERs of IR induced allene fragmentations at medium pulse
intensity.
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uncertainty calculated by

△KER ≈

√√√√2E1

m1

(
△py

sum
)2

1 + m2
m1

+
2E2

m2

(
△py

sum
)2

1 + m1
m2

. (5.1)

The full-width-half-maximum (FWHM) of the sum momentum distribution in y-
direction is given by △py

sum. The masses and mean kinetic energies of the involved
particles are given by m1,2 and E1,2 respectively. For a derivation of equation 5.1 see
appendix C. E(1,2)

theo denotes the calculated energy difference between transition state

and final state of each fragmentation path (indicated in figure 5.5). The values E(1)
theo

presented in table 5.1 correspond to the eleven calculated pathways in figure 4.5. The
values E(2)

theo have been calculated by Brian T. Psciuk et al. [PTS10, Table 2].

Predicted energy differences E(1,2)
theo of direct fragmentation paths are colored red

(those fragmentation pathways are marked by red arcs in figure 4.5 as well) in table
5.1. Black values of E(1,2)

theo correspond to indirect pathways which feature a stable
intermediate state and two barriers in the PES. It was shown in simulations that indirect
pathways which involve one or more rearrangement steps are suppressed compared to
direct paths [PTS10]. In this experiment the count rate of channels with direct paths is
much higher than the count rate of channels that fragment only via indirect pathways
(shown in section 5.2.4). The measured KER spectra of channels with both, direct and
indirect pathways, is therefore assumed to be dominated by fragmentation via direct
pathways.

4. Comparison of measured KERs with predictions from theory

Comparing the mean KER with the theoretical prediction shows that the measured
KERs are larger than E(1,2)

theo for all channels. Furthermore the widths of the KER
distributions are much broader than the energy separations of predicted pathways.
This indicates that involved paths on the PES do either not lead through the transition
states or lead through transition states but with a non-vanishing vibrational energy
(compare figures 5.6 and 5.5). The KERmin, however, can be assigned to a fragmentation
path through a saddle point without internal excitation. This value is consistent with
the E(1,2)

theo for all channels2 except C2H+ + CH3
+ (its distribution is shown in figure

5.7(e)). For two channels, KERmin is slightly smaller than the smallest predicted KER.
This could be explained by a non-vanishing internal excitation of the final fragments or
a tunnel process through the PES barrier. Both mechanisms are visualized in figure 5.5.

The KERmin value of the C2H+ + CH3
+ channel is larger than predicted by E(1)

theo and

E(2)
theo. Without information about the exact shape of the PES in the proximity of the

transition state, there is no way to explain why this channel behaves differently from

2Only direct pathways are assumed to contribute to the measured KER spectrum of channel C3H3
+ + H+.
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the others. Future experiments which include electron detection might lead to a better
understanding of this channel. The calculated values of this channel might not be too
reliable either: of all fragmentation pathways the discrepancy between the calculated
energies E(1)

theo and E(2)
theo is largest for the C2H+ + CH3

+ channel. This might indicate
that the calculation of this pathway causes numerical problems.

5. Influence of pulse intensity and pulse length on measured KERs

The KERs have been measured for different laser pulse intensities and different pulse
lengths, but neither the mean KER nor the minimal KER value depends on these laser
parameters. On the one hand this is surprising, because some channels feature several
fragmentation pathways with different barrier heights. Higher laser intensities should
address higher vibrational states of the C3H4

2+ molecular ion and fragmentation paths
over higher barriers should become more pronounced. On the other hand both indirect
fragmentation pathways of channel C3H+ + H3

+ have nearly equal barrier heights of
3.49 eV and 3.20 eV. The direct pathways of C3H3

+ + H+ feature transition states at
4.59 eV and 3.57 eV that are separated by 1.02 eV. The corresponding KERs, however,
are only separated by 0.6 eV. This is about two times smaller than the FWHM of
the C3H3

+ + H+ KER distribution which might conceal small shifts of the KER. The
C2H2

+ + CH2
+ channel is assumed to be dominated by the single direct fragmentation

path. For all other channels only one pathway is predicted. Therefore no shift in the
KER is expected for those channels.

An increased laser intensity should populate higher vibrational energy levels which
in turn result in an increased KER upon Coulomb-explosion (compare figure 5.5).
The high energetic tails of the KER distributions, however, are independent of the
laser intensity. This might indicate that the excitation to high vibrational energies is
suppressed due to the Franck-Condon-principle.

The discussed KERs result from multi-photon double ionization by intense laser
pulses with electric field strengths that are comparable to the Coulomb fields within
the allene molecules. The laser field could therefore have a significant influence on the
involved PESs and the measured KERs. To rule out such effects, the experiment has
been repeated with XUV pulses. In this measurement, single-photon double ionization
is the dominating process for C3H4

2+ production and field strengths are extremely
small. The measured KERs of the XUV experiment are consistent with those created
from IR pulses. Details concerning the measurement with XUV pulses are given in
section 5.3 and measured KER spectra are shown in appendix D.

6. Summary In an earlier experiment by another group, the KERs of the C2–C
channels were measured as 6.2 eV and the KERs of the C3–H channels were measured
as 4.6 eV [XOY09b]. The latter is consistent with the KER values of the C3–H channels
in table 5.1 . The KER values of the C2–C channels in table 5.1 differ significantly from
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the previously measured ones. A reason for this deviation has not yet been found.
Summarizing, the KERs measured in our experiment were used to test the predicted

energy differences between transition states and final states Etheo. It was found that
the KERmin values are consistent with E(1,2)

theo for all fragmentation channels except the
C2H+ + CH3

+ channel. In addition the measured KER distributions are independent of
the laser intensity. A hypothesis for this observation was proposed. KER distributions
measured from fragmentations induced by XUV pulses indicate that the PESs of doubly
charged allene are not distorted significantly by the intense IR pulse. This finding is
important if results from IR measurements are used to draw conclusions about the
undisturbed allene PESs.

5.2.4. IR pulse parameter variation and branching ratios

While the measured KERs are independent of the laser pulse parameters, it will be
shown in this section that the count rates of the coincidence channels depend on the
pulse intensity and pulse length. Count rates of different channels are compared for
each set of laser parameters as well. Both analyses give additional insight into the
processes leading to the Coulomb-explosions. This section is divided into the following
paragraphs:

1. The first paragraph explains how the normalization of fragmentation channels
is done to obtain the branching ratios. The branching ratio of a channel is defined
as the ratio of the number of fragmentations via this channel to the total number
of fragmentations starting from the same parent ion.

2. Afterwards it is explained how pulse parameters have been varied during the
conducted experiment.

3. A qualitative analysis of the branching ratios of all coincidence channels is
performed. Branching ratios of direct and indirect fragmentation pathways
are analyzed. Furthermore the branching ratio of stable and unstable C3H4

2+

dications at different pulse parameters is discussed.

4. A quantitative analysis of the C2–C channels is performed.

5. All results obtained from the pulse variation are summarized.

1. Normalization of fragmentation channels

The vertical ionization energy of the allene dication is 28.05 eV. With spectrally broad-
ened IR light with a center wavelength of 745 nm 17 photons are required to deliver
this energy. The average number of photons interacting with a single allene molecule
increases with the laser intensity. This results in an intensity dependent production
rate of allene dications to which the production of fragmentation channels must be
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normalized in order to obtain the branching ratios. The branching ratio of a certain
channel is given by the number of fragmentations via this channel normalized to the
total number of fragmentations from the same parent ion. In our experiment, the parent
ion itself can be stable and the creation of stable C3H4

2+ dications is also considered
a “fragmentation” channel. The total number of created allene dications Ndication is
calculated by

Ndication = NC3H4
2+ + ∑

coinc
Ncoinc, (5.2)

NC3H4
2+ =

N′
C3H4

2+

ϵ
, (5.3)

Ncoinc =
N′

coinc
ϵ2 γcoinc. (5.4)

ϵ = 0.5 denotes the estimated detection efficiency of the MCP detectors. It is inde-
pendent of ion species or their momentum distribution. The number of created stable
C3H4

2+ dications is given by NC3H4
2+ . It is calculated from the detected C3H4

2+ dications
given by N′

C3H4
2+ with equation 5.3. Ncoinc denotes the total number of fragmentations

per channel. It can be calculated from the detected coincidences N′
coinc of each fragmen-

tation channel with equation 5.4. To measure a two body event, both fragments must be
detected and ϵ is squared to take this into account. γcoinc compensates for a detection
efficiency that is dependent on the ion species. Its origin is briefly explained below. A
detailed analysis of the problem is done in appendix E.

γC3–H compensates for a detection efficiency of C3–H coincidences that is dependent
on the initial momentum of the C3Hi

+, i ∈ {1, 2, 3} fragments and the total count rate
and thereby on the laser intensity. The effect is shown in the spectrum in figure E.1 in
appendix E. It originates from the high number of created ions per laser pulse (up to
eight ions are detected per pulse at high IR intensity). Most of them are singly charged
recoil ions. They all hit the detector within a few hundred nanoseconds and many
of them are not detected due to detector dead times. If the ToFs of coincident C3Hi

+

fragments are similar or larger than those of the recoil ions, their detection is less
probable. The fraction of lost coincidences increases with the pulse intensity, because
the total count rate increases as well.

A method was developed to estimate the number of lost events due to these effects. It
is described in appendix E. γC3–H > 1 compensates for the C3–H coincidences that were
not measured due to detector dead times. Values for γC3–H are given in appendix E. The
fragments of C2–C coincidences are not affected by this intensity dependent detector
efficiency, because they have much smaller ToFs than the recoil ions. Therefore γC2–C

equals unity. It is important to emphasize that the number of created C3–H coincidences
is an estimation and should only be used for qualitative analysis. The number of C2–C
coincidences is considered more reliable and will be used for quantitative analysis as
well.
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Figure 5.8.: Branching ratios of all channels. The absolute number of events per
channel is reconstructed with equations 5.3 and 5.4. The branching ratios of channels
C2H3

+ + CH+, C2H+ + CH3
+ and C3H2

+ +H2
+ are multiplied by a factor of 10 and

the branching ratio of channel C3H+ +H3
+ is multiplied by a factor of 5.

2. Varied pulse parameters

Figure 5.8 shows the branching ratios of the fragmentation channels and the C3H4
2+

channel. The colors represent different laser parameters. The intensity variation has
been performed with a motorized aperture in the IR path of the HHG chamber without
changing any other laser parameters.

For the pulse length variation, long pulses were produced with a 2 mm thick glass
window which has been placed behind the chirped mirror compressor in order to
increase the pulse length from about 10 fs to more than 25 fs. The short pulse measure-
ment was done without the window. The opening of the aperture was slightly larger in
the long pulse measurement to compensate for the reflections on the glass. The average
power behind the aperture was the same for both pulse lengths.

The pulse length variation was conducted a few days after the intensity variation and
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5. Laser induced Coulomb-explosion of allene - Experimental results

the laser system had to be realigned in between3. The pulses are therefore not directly
comparable to the intensity variation. The intensity of the pulse length variation should
correspond approximately to the medium intensity of the intensity variation. The pulse
lengths of the intensity variation should correspond approximately to the short pulses
of the length variation.

3. Qualitative analysis of all coincidence channels

On a qualitative level, two important features of figure 5.8 can be analyzed. First, the
branching ratio of coincidences with direct pathways (C2H2

+ + CH2
+ and C3H3

+ + H+)
is one order of magnitude larger than that of channels with only indirect pathways
( C2H3

+ + CH+, C2H+ + CH3
+ and C3H+ +H3

+). This is true for all laser parame-
ters and it is predicted by theory [PTS10] and has been measured in earlier experi-
ments [XOY09b] as well. If two channels with direct pathways (C2H2

+ + CH2
+ and

C3H3
+ +H+) are compared compared with each other, the channel with the lower bar-

rier in the PES has the larger branching ratio. The same is true if the indirect channels
C2H3

+ + CH+, C2H+ + CH3
+ and C3H+ + H3

+ are compared with each other.
The second feature of the bar chart 5.8 is the decrease of the branching ratio of stable

C3H4
2+ molecular ions for increasing laser intensity. The pulse length does not have

a large effect on the branching ratios but the production of stable C3H4
2+ is slightly

increased for short pulses. This is consistent with the picture that the field of a long
pulse perturbs the PES for a longer time and might trigger a Coulomb-explosion.

4. Quantitative analysis of C2–C channels

Figure 5.9 shows the production of C2–C coincidences and stable C3H4
2+ molecular

ions normalized to the total production of these channels. This means branching
ratios are calculated only from the count rates of these four channels. The detection
efficiency for these channels is does not suffer from a count rate dependence like the
C3–H coincidences. The bar chart in figure 5.9 can therefore be used for a quantitative
analysis.

At increasing pulse intensity, the branching ratio of stable C3H4
2+ decreases by nearly

a factor of two. This indicates that one or more stable and one or more dissociating
states of the allene dication exist. The probability to excite the allene dication to an
anti-bonding PES increases with increasing laser intensity. It is concluded that – in the
Franck-Condon region – the repulsing PESs are energetically higher than the binding
PESs.

Additional information about the PES of the anti-bonding state can be extracted
from figure 5.10 which compares branching ratios of the C2–C coincidence channels.
The branching ratio of these channels is almost independent of the laser parameters.

3This has to be done regularly due to temperature or humidity drifts in the oscillator and amplifier.
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Figure 5.10.: Branching ratios of C2–C coin-
cidences for different laser parameters. The
branching ratios of channels C2H3

+ + CH+
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of 10.

The transition states of these pathways, however, are separated by approximately
0.9 eV [MB08] (compare figure 4.5) or 0.7 eV [PTS10, Table 2], depending on the applied
computational method. With this knowledge it can be concluded that all populated
dissociating molecular states are energetically above the highest transition state and all
populated dissociating states feature similar branching ratios. Otherwise an intensity
dependent branching ratio would have been measured because the population of
energetically separated dissociating states depends on the laser pulse intensity.

Assuming all populated dissociating states are energetically above the barriers, the
measured KER should only depend on the energy difference between the dissociating
states and the final fragments of the C2–C coincidences. This is visualized by the black
horizontal line in figure 5.5. As discussed above, the dissociating states are similar for
all C2–C fragmentation channels. Therefore the energy difference of the final fragments
should be equal to the energy difference of the measured KERs. The energies of the final
fragments are separated by 3.1 eV [MB08] (compare figure 4.5) or 1.7 eV [PTS10, Table
2], depending on the computational method. This is in contradiction to the measured
KERs for the three C2–C fragmentation channels which are nearly equal.

5. Summary

It was shown in this section that the branching ratios between stable and unstable allene
dications is dependent on the pulse intensity. Production of stable C3H4

2+ is favored
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5. Laser induced Coulomb-explosion of allene - Experimental results

at low intensities. The pulse length does not effect branching ratios significantly. The
branching ratio of fragmentation channels with a direct pathway is more than one order
of magnitude larger than that of channels with only indirect pathways. If a channel
with direct fragmentation pathways is compared to another, the channel with the lower
barrier in the PES has a higher branching ratio. The same is true if a channel with only
indirect fragmentation pathways is compared to another.

The calculated barrier heights of the C2–C channels are separated by at least 0.7 eV
[PTS10, Table 2] and the measured branching ratios are independent of the laser
parameters. This is only possible if all populated dissociating states are energetically
above the highest barrier. Furthermore all populated dissociating states must have the
same branching ratio. If all C2–C fragmentations started from the same dissociating
state, the measured KERs would differ by at least 1.7 eV according to calculated energies
of final fragments [PTS10, Table 2]. This is not the case. The only explanation for this
discrepancy are systematic errors in the experiment, a wrong interpretation of the data
or errors in the calculated PES. The KERs measured by H. Xu et al [XOY09b] are
equal for all C2–C channels. This is an indication that no systematic errors were made
in our experiment.

In earlier experiments the production ratio of the channels C2H2
+ + CH2

+, C2H3
+

+CH+ and C2H+ + CH3
+ was measured as 1 : 0.08 : 0.03 [XOY09b] (the count rates

were normalized to the number of coincident C2H2
+ + CH2

+ fragments). This ratio is
consistent with 1 : 0.091 : 0.028 measured in this work4 which is a further indication that
the branching ratio of these channels does not depend much on the pulse parameters.

5.2.5. Half-life of metastable allene dications

The elongated coincidence line in the allene ToF correlation spectrum (figure 5.2)
indicates a C3H3

+ + H+ Coulomb-explosion starting from a metastable parent ion. In
this section the half-life of this dication is calculated from measured ToF spectra. A
quantitative analysis of the half-life is done in the following steps:

1. A so called polygon condition can be used to select a certain area of a spectrum
for further processing. Here a polygon condition is used to isolate C3H3

+ + H+

coincidences that cause the correlation line of the ToF correlation spectrum. The
ToFs of the selected fragments are further processed in step 3.

2. With an event mixing technique a background spectrum of false coincidences is
created.

3. In ToF spectra or ToF correlation spectra, ion counts are plotted as a function of the
time-of-flight. To calculate the half-life from the ion distribution, the measured
ToFs must be mapped to decay times τ.This is achieved by an algorithm based
on the simulation of delayed Coulomb-explosions.

4This ratio is the average value of the branching ratios for different laser parameters.
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Figure 5.11.: ToF correlation spectrum created with the event mixing technique. Only
non-correlated events appear in this spectrum. Therefore it can be used for background
subtraction.

4. The developed ToF to τ mapping is tested in a simulation.

5. The half-life of metastable allene dications is calculated from measured ToF
spectra of the protons with the ToF to τ mapping.

6. The experimental results are analyzed in a conclusion.

1. Isolation of C3H3
+ + H+ coincidences

The polygon conditions of the Go4 data analysis framework allow to select the events on
the C3H3

+ + H+ coincidence line of the ToF correlation spectrum (shown in figure 5.2)
for further processing. The ToFs of the selected coincident protons are then projected
onto the ToF1-axis. The resulting spectrum is shown in figure 5.12. The projection onto
the ToF2-axis creates a ToF spectrum of coincident C3H4

+ molecular ions (not plotted).
The polygon condition removes most protons from false coincidences and most protons
from other coincidence channels. This is evident when the figures 5.12 and 5.1 are
compared. The former was created with the polygon condition, the latter incorporates
all detected ions. A few false coincidences, however, remain in the first figure as well,
especially for ToFs, where the coincidence line crosses horizontal or vertical lines in the
ToF correlation spectrum (compare figure 5.2).

2. Creation of background spectra

To take remaining false coincidences into account, a background spectrum was created
with an event mixing technique: ToFs from two different laser shots were randomly
chosen and plotted into the same ToF correlation spectrum. The result is a spectrum
that contains only false coincidences which is plotted in figure 5.11. By applying the
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Figure 5.12.: ToF spectrum of protons from
the coincidence line of the ToF correlation
spectrum. A logarithmic scale on the y-axis
is used.
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Figure 5.13.: Background ToF spectrum of
protons created with the event mixing tech-
nique. A logarithmic scale on the y-axis is
used.

same polygon condition to this spectrum and projecting the false coincidences onto
the ToF1- and ToF2-axis, ToF spectra of false coincidences are created. The background
spectrum for ToFs of protons is shown in figure 5.13. If it is subtracted from the ToF
spectrum of the real coincidences, a ToF spectrum with a reduced number of false
coincidences is obtained. The result is plotted in figure 5.16 where the measured ToFs
of protons are already converted to a decay time τ with a method described in the next
paragraph.

3. Mapping of ToFs to decay times τ

The linear decrease of the counts in the interval between 1500 ns and 4000 ns in the ToF
spectrum of protons in figure 5.12 indicates an exponential decay. For a quantitative
analysis, however, measured times-of-flight Ti must be mapped to decay times τ of the
parent ion. If the decay time τ of an event is known, the expected ToF can be calculated
by the equations

Ti = τ + Tfragment, (5.5)

Tfragment =
mi(2l − 2zM)

mi
M pz

M +
√(mi

M pz
M
)2

+ 2miqiU
(l−zM)

l

, (5.6)

zM =
1
2

U
l

qM

M
τ2, (5.7)

pz
M =

U
l

qM

M
τ. (5.8)
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(a) Spectrum of decay times τ over simulated
ToFs of protons.
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(b) Spectrum of decay times τ over simulated
ToFs of C3H3

+ fragments.

Figure 5.14.: Both figures have been created from simulated delayed Coulomb-
explosions with fixed decay times in intervals of △τ = 200 ns and with zero KER.

Here qM and M denote the charge and mass of the parent ion. The mass and charge of
the fragment are given by mi and qi. The acceleration voltage and spectrometer length
are given by U and l. These equations assume a vanishing KER5.

In the experiment Ti is measured and τ is unknown, but solving above equations for
τ analytically is difficult. Instead they are solved numerically by simulating delayed
Coulomb-explosions with fixed decay times τ of the metastable parent ion. These
fragmentation processes are simulated with zero KER and τ is varied in small steps.
For each value of τ the ToFs of the two simulated fragments are calculated with
equation 5.5. Plotting τ over the simulated ToF of the proton and the C3H3

+ fragment
results in the spectra shown in figures 5.14(a) and 5.14(b).

The data points in figure 5.14(a) are not exactly placed in a straight line and linear
interpolation on the set of data points is used to assign a decay time τ to each ToF
of a proton6. This linear interpolation is used below to map the experimental ToF
histogram of protons (figure 5.12) to the τ histogram shown in figure 5.16. A similar
linear interpolation is performed on figure 5.14(b) to map ToFs of C3H3

+ fragments to
decay times τ.

4. Test of the developed ToF to τ mapping

To test the ToF to τ mapping algorithm described above and to measure the influence
of a non-vanishing KER, a delayed Coulomb-explosion into C3H3

+ +H+ fragments

5The corresponding equations that incorporate the KER are used to create simulated ToF spectra of
delayed Coulomb-explosions (compare section 4.3.2).

6Figures 5.14(a) and 5.14(b) are plotted with a coarse binning and a large step size of τ for increased
visibility. For the linear interpolation a fine binning of 5 ns per bin and △τ = 50 ns has been used.
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Figure 5.15.: A simulated delayed Coulomb-explosion with 600 ns half-life and initial
distance of 6 a. u. has been used to create these spectra. A logarithmic scale on the
y-axis is used.

has been simulated with an exponential distribution of decay times τ. The initial
distance of 6 a. u. has been chosen to correspond to the measured KER of 4.6 eV of this
coincidence. The metastable parent ions have been simulated with a half-life of 600 ns.
The ToF spectra of the simulated fragments are mapped to τ spectra with the linear
interpolation described above. The τ histogram extracted from the simulated ToFs of
protons is plotted in figure 5.15(a) with an exponential function fitted to the data points.
The half-life of this function is 626 ns which is slightly higher than the half-life of 600 ns
used to simulate the delayed Coulomb-explosions. This difference can be explained by
two effects.

First, the simulated ToFs do not only depend on the times of decay, but also on the
direction of the initial momenta of the simulated particles. These momenta, however,
are not taken into account by equation 5.5 and therefore the reconstructed decay times
τ are distorted by the initial momenta. This explains the increasing number of counts
for decay times between 0 and 150 ns in figure 5.15(a). For τ > 150 ns the slope of the
distribution is not altered significantly by the non-zero KER. If the exponential function
is only fitted to data points with τ > 150 ns, the KER has no large influence on the
reconstructed half-life.

The second effect is connected to the non-linearity of equations 5.5 to 5.8 and the
binning of the spectra. The reconstruction of the decay time τ is done in two steps.
First, a ToF spectrum of the fragments of the delayed Coulomb-explosions is created.
Afterwards the decay time is reconstructed from the ToF spectrum. The binning in the
first step causes an inexactness, as the following examples demonstrate:

1. An ideal algorithm without the intermediate step of plotting the ToF spectrum
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would not cause the binning effect, because it would use the exact ToF to recon-
struct τ. In this case a (simulated) uniform τ distribution would be reconstructed
as uniform distribution. Mathematically this is possible because equation 5.5 is
bijective in the relevant τ and ToF range.

2. An algorithm using an intermediate step of creating a ToF spectrum will give a
different result: in figures 5.14(a) and 5.14(b) fixed decay times at regular intervals
of 200 ns are plotted over the simulated ToFs. While the intervals between the
decay times are equal, the intervals of the simulated ToFs are not equal. As a
result a uniform distribution of (simulated) decay times τ will cause a nonuniform
ToF distribution if the bin size of the ToF-axis is constant. If such a ToF spectrum
is used to reconstruct the original decay time τ, the reconstructed τ distribution
is not uniform either. Mathematically this happens because the binning of the
ToFs is a non-reversible operation.

Due to these binning effects, the half-life of the metastable allene state reconstructed
from the ToF spectrum is larger than originally simulated. If the ToFs of protons are
used for reconstruction of τ, the binning effect will be small, because the interpolation
on the data points in figure 5.14(a) is close to a straight line. For the heavy C3H3

+

fragments, however, the binning effect will be significant due to the curvature in figure
5.14(b).

Figure 5.15(b) shows the decay time histogram reconstructed from the simulated
C3H3

+ ToFs. The exponential function only describes the data for small times of decay
τ . 1500 ns. Furthermore, the fitted half-life of 815 ns is much larger than the value
of 600 ns that was originally used to simulate the delayed Coulomb-explosions. This
significant difference is caused by the binning effect discussed above. Due to this, the
experimental ToFs of C3H4

+ fragments are not used to calculate the half-life of the
metastable allene dications.

5. Calculated half-life of metastable allene dications

The C3H3
+ + H+ coincidence line of the measured ToF correlation spectra is used for

a half-life calculation of the metastable allene dications. Only the spectra acquired at
low and medium IR pulse intensities are used for the half-life calculation. At high
IR intensities the number of false coincidences is too high for effective background
subtraction due to lost events at the high count rates (compare appendix E). For the
data taken at medium pulse intensities the background subtraction described in step 2

(page 71) is used to remove false coincidences. At low pulse intensity a background
subtraction is not necessary due to a small number of false coincidences. τ histograms
for both laser intensities are plotted in figures 5.16 and 5.17

7.
7The bin size in figure 5.17 is larger than that in 5.16. This has only a very small effect on the fitted

half-life but reduces the statistical fluctuation at low laser intensity which makes the trend of the
distribution visible with the naked eye.
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Figure 5.16.: Histogram of decay time τ at medium pulse intensity, background
corrected. A logarithmic scale on the y-axis is used.
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Figure 5.17.: Histogram of decay time τ at low pulse intensity. A logarithmic scale on
the y-axis is used.
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A sum of two exponential functions

f (τ) = ae−bτ + ce−dτ (5.9)

is used to fit both spectra. The data within the shaded area (τ < 248 ns) is excluded from
the fitting algorithm because its structure mainly results from immediate fragmentation
and background effects. The obtained fitting parameters are given in table 5.2. At
both intensities, an exponential function with a short half-life Tb

1/2 describes the steep
increase of counts towards low τ. The long tail in the spectra is described by the long
half-life Td

1/2 of the second exponential function. The fitted half-lives at both intensities
are consistent with each other.

Parameter medium intensity low intensity

a 3946 707
b 0.0036 1/ns 0.0048 1/ns

Tb
1/2 = ln 2/b 193 ns 144 ns

c 807 113
d 0.000 78 1/ns 0.000 72 1/ns

Td
1/2 = ln 2/d 889 ns 963 ns

Table 5.2.: Fitting parameters for measured τ histograms.

6. Conclusion

The appearance of two different half-lives indicates at least two types of metastable
states. The appearance of several half-lives has been observed for other dication species
before [FE93]. The calculated half-life of the fast decay is consistent with the value of
190 ns estimated from the angular distribution of the C3H3

+ + H+ explosions by H.
Xu et al [XOY09b]. The slow decay, however, has not been measured in previous
experiments.

A simulated ToF correlation spectrum of the C3H+ + H3
+ channel is plotted in figure

4.14. The exponential decay of the metastable dication was simulated with a half-life of
15 ns. A comparison with the measured ToF correlation spectrum in figure 5.2 reveals
that the half-life in the experiment is slightly larger than 15 ns. It was tried to perform a
quantitative analysis of the C3H+ + H3

+ channel with an algorithm similar to the one
described above. However, this was not successful since it was impossible to distinguish
the KER effects from the delay effects in the corresponding τ spectrum due to the
short half-life. A mechanism, which explains a delayed C3H+ + H3

+ coincidence is
described by theory [MB08]. But for the C3H3

+ + H+ coincidence such a mechanism is
not reported.
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Figure 5.18.: Allene ToF spectrum with XUV pulses. A logarithmic scale on the y-axis
is used.

5.3. Conducted XUV single pulse experiment

Ionization of allene molecules with intense IR laser pulses allows to create a large
number of doubly charged allene dications in a short measurement time by multi-
photon ionization. This comes at the disadvantage of numerous events per laser pulse
– most of them singly charged allene – which increases the probability to detect false
coincidences in the C3–H channels.

Measurements with XUV pulses can create cleaner spectra because ionization is done
by single, highly energetic photons. An allene ToF spectrum created with XUV pulses
is plotted in figure 5.18. This spectrum is largely dominated by fragments from the
residual gases H2O, N2 and O2. About one third of the counts is caused single ionized
molecules.

The total cross section for single-photon double ionization is smaller than the total
cross section for single ionization with a single photon. This explains the small number
of C3H4

2+ counts in figure 5.18 despite the vertical ionization potential of 28.05 eV
[MB08] which is in the energy range of the XUV photons. Due to the low production
rate of C3H4

2+ ions, only a small number of Coulomb-explosion events has been
detected in the XUV measurement. Measured KERs of Coulomb-explosions induced by
XUV photons (shown in appendix D) are consistent with the IR measurement.

Summarizing, allene fragmentation in weak electric fields of XUV pulses does not
reveal new information on the PESs. This is indicates that the allene PESs are not
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altered considerably by the intense laser fields of IR pulses. Only with this knowledge
spectra from multi-photon ionization can be used to obtain information about the
PESs of undisturbed allene dications. The low cross section for double ionization with
XUV photons should be considered when interpreting the results of the pump–probe
measurement presented in the next section.

5.4. Conducted XUV-IR Pump–probe experiment

The idea of pump–probe Coulomb-explosion imaging experiments has been described
in section 4.1.4: double ionization by the XUV pulse starts an isomerization process of
a stable allene dication state. After a variable time delay, the molecular ion is excited to
an anti-bonding PES by the IR laser pulse. The measured momenta and KERs of the
resulting fragments contain information about the molecular geometry at the time of
excitation by the second pulse.

To gain information about bond angles, triple-ion Coulomb-explosions are required
and the doubly charged molecular ion must be further ionized by the IR pulse in the
probe step. The vertical ionization potential of C3H4

3+ is 53.05 eV [MB08] which is 25 eV
above the vertical ionization potential of the allene dication. IR intensities comparable
to those in the single pulse experiments were used in the pump–probe experiment to
overcome this energy difference.

Unfortunately no triple-ion coincidences have been detected with certainty during
this experiment due to two reasons. First, the probability for a single-photon double
ionization of a molecule by the XUV pulse and a sequential multi-photon ionization of
the same molecule by the IR pulse is too small to produce triply charged allene in a
significant amount. Furthermore, the used acceleration voltage of 400 V was too low
to guarantee a detection of highly energetic triple-ion coincidences over the full solid
angle. As a result only a low number of candidates for triple-ion coincidences have
been observed and it is impossible to distinguish them from false coincidences that
fulfill the momentum sum conditions. This has been discussed in detail in section 5.2.1
for the measurement with single IR pulses.

Only double-ion coincidence channels have been identified unambiguously in this
pump–probe experiment. For each channel, the number of coincidences is plotted as a
function of delay time in figure 5.19. Delay dependent numbers of coincidence in figure
5.19 indicate a nuclear rearrangement or isomerization process that is interrupted by
the probe pulse.

The channels C3H3
+ + H+ (shown in figure 5.19(a)), C3H+ + H3

+ (shown in figure
5.19(c)) and C2H2

+ + CH2
+ (shown in figure 5.19(d)) feature such a delay dependence.

For these channels the number of counts for delays between −50 fs and 0 fs is slightly
increased. This can be explained by two mechanisms:

• The allene molecule is excited by the XUV pump pulse to a short-lived metastable
or transient doubly charged state which decays within approximately 50 fs to a
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5. Laser induced Coulomb-explosion of allene - Experimental results
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Figure 5.19.: Measured counts of the Coulomb-Explosion channels over the delay
between laser pulses. Negative delay means XUV pulse comes first.
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5.4. Conducted XUV-IR Pump–probe experiment

stable state. This will lead to an increased number of detected coincidences for
delays between −50 fs and 0 fs, if the IR probe pulse is able to excite the short-
lived state to a repulsing state which fragments in a Coulomb-explosion. Only
if such a repulsing state is less probable to be reached from the stable state, the
lower detection rate for delay times between −200 fs and −50 fs can be explained.

• The allene molecule is excited by the XUV pump pulse to a doubly charged
dissociating state, that decays within approximately 50 fs into one doubly charged
and one neutral fragment. The neutral fragment cannot be detected with the
ReMi. Therefore such a dissociation will not be detected as a coincidence. If the
IR pulse excites this dissociating state to a state which explodes into two singly
charged particles, an increased number of coincidences will be detected for delays
between −50 fs and 0 fs.

The C3H+ + H3
+ spectrum in figure 5.19(c) shows a second increase in counts at

around −100 fs. This could indicate an oscillation between different C3H4
2+ geometries

of which some will fragment via this channel if probed by the IR pulse while others will
not. An oscillation between the cyclopropene (c–C3H4

2+) and the 5++ geometry in fig-
ure 4.5 is predicted by A. M. Mebel and A.D. Bandrauk [MB08]. The cyclopropene
geometry features a fragmentation pathway to C3H+ + H3

+, while the 5++ does not.
This could explain the observed oscillation of the count rate. A Fourier transform of the
measured spectrum, however, does not indicate an oscillation at a distinct frequency.

The photon flux in the XUV pulse is much lower than the photon flux in the intense
IR pulse and on average less than one allene molecule is doubly ionized per the IR
pulse. Therefore the probability to probe a doubly charged allene ion with the XUV
pulse very small. This leads to the conclusion that any delay dependence for positive
time delays is attributed to statistical fluctuations.

Summarizing, there are hints for a delay dependence of the count rate albeit the
statistical significance is limited. It is definitely worth to repeat the pump–probe
measurement with an extremely low IR intensity. While this will reduce the overall
count rate, effects caused by the XUV pulses will get more pronounced and the number
of false coincidences is reduced to a minimum. This will further increase the visibility
of delay dependent effects.
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6. Summary and outlook

Coulomb-explosions of allene (C3H4) dications induced by ultrashort laser pulses have
been investigated within the framework of this thesis. All experiments performed in
this work have been conducted with a laser system and a ReMi which had previously
only been used with atomic or diatomic targets. The primary motivation for this
project was gathering experience with the acquisition and evaluation of data obtained
from fragmentations of larger molecules. The comparison of our results with those
from previous Coulomb-explosion imaging experiments with single IR pulses provides
a benchmark for the performance of our experimental setup. Also a pump–probe
experiment was carried out to directly measure isomerization times of doubly charged
allene for the first time reported.

A Monte-Carlo simulation of molecular fragmentations in ReMis has been developed
and its applicability for data evaluation has been demonstrated. Especially the possibil-
ity to simulate fragmentations from metastable dications improved our understanding
of ion trajectories from delayed Coulomb-explosions.

Proton ToF spectra were used to analyze metastable allene dications and it was
found that the decay is best described by two exponential functions, one with a
short half-life and another with a long half-life. The short half-life, measured as
T1/2 = 193 ns at medium laser intensity and T1/2 = 144 ns at low laser intensity,
is in good agreement with T1/2 = 190 ns obtained from indirect measurements in
previous experiments [XOY09b]. The half-life of the long-lived state was measured
as T1/2 = 889 ns at medium laser intensity and T1/2 = 963 ns at low laser intensity. A
comparable measurement on allene has not been reported before.

Single pulse experiments have been conducted with IR pulses of three different
intensities and two different pulse lengths. The observed Coulomb-explosion channels
are predicted by theory and have been reported by previous experiments [XOY09b].
The branching ratio of the stable allene dication does strongly depend on the laser
intensity while pulse length dependencies were less pronounced. At low laser intensities
production of stable doubly charged molecular ions is enhanced whereas at mid and
high laser intensities fragmentation channels dominate. Direct Coulomb-explosion
pathways are found to be favorable compared to indirect pathways which fragment via
one or more transition state. If the branching ratios of fragmentation paths of the same
type (indirect or direct) are compared, paths with lower barriers in the PES are favored.
The branching ratios of the C2–C coincidences were found to be independent of the
pulse parameters.
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Measured KERs from IR experiments are independent of pulse parameters as well.
They are in good agreement with those of Coulomb-explosions induced by single-
photon double ionization with XUV laser pulses. It is concluded that the molecular
PESs are not altered significantly by the field strengths of the IR pulses. The minimal
measured KERs of the Coulomb-explosion channels are in good agreement with
predictions from theory [MB08, PTS10] for all but one fragmentation channel. The
mean KERs of C3–H coincidences are consistent with results from previous experiments
[XOY09b] but the KERs of C2–C coincidences differ significantly.

Triple-ion coincidences were not observed in a significant amount. Most of the events
which pass the sum momentum conditions of expected triple-ion channels are most
likely created by false coincidences. This is partly explained by the low acceleration
voltage of 400 eV which is sufficient for detection of singly charged ions with kinetic
energies up to 6.25 eV over the full solid angle. A detection of highly energetic protons
created from a fragmentation of triply charged allene is still guaranteed for certain
angular distributions. The absence of triple-ion coincidences is therefore only explained
by a very small probability to create triply charged allene. Why triple-ion coincidences
have been observed in previous experiments [XOY09a] at IR pulse intensities that were
comparable to ours is not yet fully understood.

The total count rate of single-photon double-ionization by XUV pulses is small
compared to the count rate for multi-photon double ionization by IR pulses (at pulse
intensities used in this experiment). As a result, an XUV-IR pump–probe measurement
on allene did not show unambiguous signs of molecular dynamics. In the overlap
region of the pulses, the production of certain fragmentation channels seems slightly
enhanced. Furthermore there are hints suggesting that the branching ratio of the
C3H+ + H3

+ channel oscillates with the delay time. Both effects, however, might result
from statistical fluctuations as well.

Further investigation into allene Coulomb-explosion imaging experiments is def-
initely worth considering. A few lessons should be drawn from the experiments
conducted in this work. First of all, the count rate needs to be reduced in all measure-
ments. High count rates cause the detection efficiency of heavy C3Hi

+, i ∈ 1, 2, 3, 4
fragments to depend on their initial momentum. Also, high count rates reduce the
overall detection efficiency of these fragments. As a result, neither branching ratios nor
angular distributions of Coulomb-explosions can be used for quantitative analysis, if
these fragments are involved. In addition, a smaller count rate will reduce the number
of false coincidences. Furthermore the TDC window should be opened for longer ToFs,
otherwise heavy molecular ions with initial momentum away from the ion detector are
not detected.

If the search for triple-ion coincidences at high IR intensities is to be continued,
methods to reduce the count rate will be necessary as well. This can be realized by
misaligning the target jet in such a way that a larger part of the jet is cut out by the
skimmer of the ReMi’s jet stage. Slightly misaligning the laser beam with respect to
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6. Summary and outlook

the target jet will have the same effect: a reduction of the target density in the beam
waist, which will result in a lower overall count rate. At the same time a very high
laser intensity can be chosen to create triply charged allene ions. Protons created from
triply charged parent ions are expected to gain approximately twice the kinetic energy
of those measured in this experiment. To guarantee acceptance over the full solid angle,
an acceleration voltage of 800 V will be required.

Future pump–probe experiments should focus on the detection of double-ion coin-
cidences. This will allow to operate the IR pulses at extremely low intensities. To set
the IR intensity XUV pulses should be blocked and the motorized aperture should be
closed until the IR alone does not create singly charged allene anymore. The center of
the delay range should be shifted towards negative values. This way the XUV pump
pulses would mostly arrive before the IR probe pulses. The faint oscillation of the
C3H+ + H3

+ branching ratio (assuming it is not an artifact) seems to happen on time
scales of approximately 70 fs. Increasing the delay range to 700 fs would ensure the
detection of enough oscillations for an effective Fourier transform.

To our knowledge, electrons and ions created in allene fragmentations have never
been detected in coincidence. The ReMi’s capability of electron detection has not been
used in the present experiments either, because matching electrons to corresponding
ions is virtually impossible, if more than one target molecule is ionized per laser
pulse. In future low rate measurements, electron detection might provide additional
interesting information. Kinematically complete studies of all charged fragments will
bring out additional valuable information on the PES. For instance correlations between
the Coulomb-explosion channels and the energy levels of the removed electrons could
be measured.

Experience gathered in this work is going to be beneficial in further pump–probe
Coulomb-explosion imaging experiments and results presented in this thesis may
trigger further investigation into isomerization dynamics of medium sized molecules
which are still not thoroughly understood by theory.
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A. Atomic unit system and other non-SI
units

Typical scales of most quantities like lengths, masses, energy etc. in atomic and
molecular physics are extremely small while other for example velocities are typically
large. For convenience the so called atomic unit system is frequently used. In this
system, electron mass me, elementary charge e, the classical Bohr radius a0, the Planck’s
constant h̄ and 1/(4πϵ0) with the electric constant ϵ0 are set to unity. “a. u.” is the
symbol used for any quantity given in atomic units. Table A.1 gives a selection of
atomic units and their conversion factor to SI units. In the work only molecular bond
lengths, measured ion momenta and charges are given in a. u..

Quantity Expression Value in SI units

mass me 9.109 × 10−31 kg
charge e 1.602 × 10−19 C
length a0 5.292 × 10−11 m
angular momentum h̄ = h/(2π) 1.055 × 10−34 kg m2/s

energy h̄2/(mea2
0) 4.360 × 10−18 J

time mea2
0/h̄ 2.419 × 10−17 m/s

velocity h̄/(mea2
0) = cα 2.188 × 106 kg

momentum h̄/a0 1.993 × 10−24 kg m/s

Table A.1.: Atomic units. Table copied from [Sen09].

For magnetic fields of reaction microscopes, the unit gauss with the abbreviation G
is used. The conversion to the SI unit tesla is given by:

1 G = 1 × 10−4 T.
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B. Estimation influences of the earth’s
magnetic field on electron trajectories

One could argue that the washed out bands in section 3.4 do not result from a tilted
field but from another, hidden effect. To support the theory of the earth’s influence, an
estimation of the effective magnetic field is done:

The earths magnetic field in central Europe
∣∣B⃗earth

∣∣= 0.48, G, with B∥
earth = 0.20 G par-

allel to the earths surface and B⊥
earth = 0.44, G perpendicular to the ground [MMM+

10].
The spectrometer axis and the electric field of the ReMi are oriented towards 146◦

(south-east), therefore the magnetic field must be aligned towards 326◦ (north-west).
The earth’s magnetic field component perpendicular to the electric field is given by

BB⊥E
earth =

√
(B⊥

earth)
2 + (B∥

earth · sin (326◦))2 = 0.45G, (B.1)

while the component parallel to the spectrometer can be described with

BB∥E
earth = B∥

earth · cos (326◦) = 0.17G. (B.2)

At 40A current, the magnetic field is assumed to be homogeneous and and the coils’
magnetic field perpendicular to the electric field BB⊥E

coil fulfills BB⊥E
coil = −BB⊥E

earth. From the
nodes of the electron trajectories, the total magnetic field within the ReMi is measured
as BB∥E

ReMi = BB∥E
coil + BB∥E

earth = 7.90G which leads to a coils’ field BB∥E
coil = 7.73G parallel to

the electric field. The angle between the inverse electric field −E⃗ and the magnetic field
B⃗coil is calculated to:

αEB
coil = arctan

(BB⊥E
coil

BB∥E
coil

)
= 3.33◦. (B.3)

At a current of 45A, B′B∥E
ReMi = 8.73G, determined from the measured electron trajecto-

ries again, and B⃗′B∥E
coil = 8.56G. Assuming the angle of the magnetic field created by the

coils does not depend on the current,

B⃗′B⊥E
coil = tan (3.33◦) · B⃗′B∥E

coil = 0.50G (B.4)

and B⃗′B⊥E
coil ̸= −B⃗B⊥E

earth! The relative angle between the total magnetic field B⃗′
ReMi and

the spectrometer axis is calculated to

αEB
ReMi = arctan

(BB⊥E
ReMi

BB∥E
ReMi

)
= 0.32◦, (B.5)
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where BB⊥E
ReMi = B′B⊥E

coil − BB⊥E
earth. Although the angle differs from the simulated αEB

sim =

0.5◦, this deviation is not surprising. When simulating the electron spectra, there is
definitely a freedom of a tenth of a degree within which it is hard to say how the
experimental spectra are resembled best.
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C. Estimation of experimental KER
uncertainty

The KER of a double ion coincidence with kinetic energies Ei of the involved particles
is given by

KER = ∑
i=1,2

Ei (C.1)

and the error is calculated by error propagation

△KER =
√

∑
i=1,2

(△Ei)2 (C.2)

from the uncertainty of the single particle’s kinetic energy △Ei.
Ei can be expressed as

Ei =
(px

i )
2 + (py

i )
2 + (pz

i )
2

2mi
(C.3)

and its error is given by

△Ei =

√√√√( px
i

mi
△px

i

)2

+

(
py

i
mi

△py
i

)2

+

(
pz

i
mi

△pz
i

)2

. (C.4)

The momentum uncertainty in z-direction (ToF-direction) is smaller than in x, y direc-
tions (△pz

i < △px
i ≈ △py

i ) resulting in:

△Ei <

√√√√((px
i )

2 + (py
i )

2 + (pz
i )

2
) (△py

i
mi

)2

=

√
2Ei

mi
(△py

i )
2 (C.5)

with equation C.3 applied. The sum momentum of both particles in y-direction is given
by

py
sum = py

1 + py
2 ⇒ △py

sum =
√
(△py

1)
2 + (△py

2)
2. (C.6)

The ratio between the particles’ momentum uncertainty is

△py
1

△py
2
≈

√
m1√
m2

(C.7)
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if the jet temperature is neglected [Gop10, p. 69]. Applied to equation C.6, one obtains

△py
sum =

√(
1 +

m2

m1

)
(△py

1)
2 =

√(
1 +

m1

m2

)
(△py

2)
2. (C.8)

By rearranging, the momentum uncertainty for each particle can be obtained:

△py
1 =

△py
sum√

1 + m2
m1

; △py
2 =

△py
sum√

1 + m1
m2

(C.9)

For the FWHM of the py
sum distribution of the C3H2

+ + H2
+ coincidence measured in

this experiment as △py
sum = 10 a. u., △py

H2
+ = 2.2 a. u.1.

Combining equations C.9 and C.5 results in

△E1 ≈
√

2E1

m1

(△py
sum)2

1 + m2
m1

; △E2 ≈
√

2E2

m2

(△py
sum)2

1 + m1
m2

(C.10)

This means the error of the kinetic energy △Ei is dependent on the magnitude of
the kinetic energy Ei. For all coincidences, the width of the Ei distribution is small
compared to its mean Ei. With these considerations, the estimation

△E1 ≈
√

2E1

m1

(△py
sum)2

1 + m2
m1

; △E2 ≈
√

2E2

m2

(△py
sum)2

1 + m1
m2

(C.11)

can be made. Applying this to equation C.2 results in

△KER ≈
√

2E1

m1

(△py
sum)2

1 + m2
m1

+
2E2

m2

(△py
sum)2

1 + m1
m2

(C.12)

which is an estimation for the uncertainty of the measured KER used in chapter 5.2.3.

1This is not too far of the estimated momentum uncertainty of △py
D+ = 1.2 a. u. of deuterons from a D2

target jet. The momentum spread due to the jet temperature scales with the square root of the target
molecules’ mass and which partly explains the higher momentum spread in this experiment.
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D. KERs measured with XUV pulses
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Figure D.1.: Measured KERs of XUV induced allene fragmentations.
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E. Detection efficiency and drawbacks of
high count rates

As mentioned at several parts of this work, the high count rates of up to 8 ions per laser
pulse at medium and high IR intensities cause detection problems of heavy molecular
ions. In this chapter, these problems are analyzed for C3H3

+ molecular ions, the
following arguments apply to C3H2

+ and C3H+ as well.
A pz momentum spectrum of C3H3

+ cations from the C3H3
+ + H+ coincidence

measured with different laser intensities is plotted in figure E.1. The counts of the pz

distributions at low and high pulse intensities have been multiplied by a factor of 20
and 1.35 respectively to obtain equal peak heights at −12 a. u. for better comparison.

In this plot, C3H3
+ ions with pz < 0 explode towards the detector, while those with

pz > 0 have longer ToFs. The cutoff at pz = 20 a. u. is created by the TDC window
which does not accept ions with ToFs larger than 7300 ns (compare ToF spectrum 5.1 in
chapter 5.2.1). From symmetry arguments, one would expect the pz distribution to be
symmetric around pz = 0 because the laser polarization is parallel to the z-axis and the
measurement was not performed with a stabilized carrier-envelope-phase. This is the
case because the count rate drops fast at pz = −10 a. u. and starts to rise just before the
cutoff momentum. The spectrum can only be explained by a detection efficiency that is
dependent on the ToF and on the count rate which is largest at high intensities where
the effect is most prominent.

The majority of the C3H3
+ ions is not plotted in figure E.1 because it is created in non-

coincident events ( from single ionization with loss of a neutral hydrogen atom) with
momenta mostly between −8 a. u. < pz < 8 a. u.. The spectrum of these non-coincident
ions features a similar asymmetry as the coincident ones. More than 40% of all detected
ions are within the non-coincident C3H3

+ peak at low intensities, where the asymmetry
is smallest. This means at high intensities, when up to eight ions are detected per laser
short, multiple ions hit the MCP and delay line anodes within approximately 100 ns.
Due to a finite dead time of readout of the delay line anode which is typically in the
order of te > 10 ns [JMUP+

02], a large fraction of the coincident C3H3
+ counts will be

lost if they arrive at ToFs similar or slightly larger to those of non-coincident C3H3
+

molecular ions.
Missing C3H3

+ + H+ coincidences can be reconstructed by the following method. At
low pulse intensities, the counts with pz < 0 are assumed to be not influenced by the
dead time of the electronics (which is probably not completely true as seen in figure
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E. Detection efficiency and drawbacks of high count rates
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Figure E.1.: Measured longitudinal momentum spectrum of coincident C3H3
+ at

different laser intensities. The reconstruction of lost C3H3
+ + H+ coincidences is done

with this spectrum. Explanation see text.

E.1). For this intensity, the ratio

γC3H3
++H+

2
=

N′
2

N′
coinc

= 2.21 (E.1)

is calculated. Here, N′
coinc is the number of counts with pz < −12 a. u. (area shaded

black in figure E.1) and N′
2 is the number of counts with pz < 0 a. u. (area shaded black

and area shaded red in figure E.1) at low pulse intensity.
For pz < −12, the detection efficiency seems the behave normal for medium and

high pulse intensities as well and with the assumption that the angular distribution
and magnitude of pz does not depend on the laser parameters,

N′
2 = N′

coinc
γC3H3

++H+

2
(E.2)

gives an estimation of the number of counts with pz < 0 for all laser intensities and

N′
tot = N′

coinc γC3H3
++H+ (E.3)

gives the number of reconstructed counts for all pz. The ratio N′
tot/ϵ2 with the estimated

“normal” detection efficiency ϵ = 0.5 of the MCP and delay line anode gives the number
of originally produced C3H3

+ + H+ coincidence (compare equation 5.4).
Table E.1 summarized γcoinc values for all double ion coincidences. For C3–H

coincidences, those values are obtained with the corresponding pz spectra in a similar

92



way to that described above. The count rates at ToFs typical for CHi
+ and C2Hi

+ are
very low, therefore a reconstruction is not required for C2–C coincidences. In those
cases N′

C2–C is simply the total number of detected coincident ions and γC2–C equals
unity.

Coincidence γcoinc

C3H3
+ + H+ 2.21

C3H2
+ + H2

+ 1.77
C3H+ + H3

+ 1.49
C2H3

+ + CH+ 1.00
C2H2

+ + CH2
+ 1.00

C2H+ + CH3
+ 1.00

Table E.1.: γcoinc-factors for coincidence reconstruction.
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