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Abstract

The decay dynamics of fullerenes and polyaromatic hydrocarbons (PAH)
after femtosecond-laser excitation have been studied experimentally by elec-
tron momentum mapping and mass spectrometry. The electron spectra of
fullerenes and large PAH-molecules were found to be exponentially decreas-
ing with energy without any distinct peaks outside the photon energy. This
is interpreted as a statistical electron emission from a transient hot, highly
excited, electron system where vibrations are still cold. The smooth electron
distributions observed were shown not to be due to tunneling ionization.
The photoelectron distributions showed a prolongation along the laser field
polarization axis, which was interpreted as field-assisted thermal ionization.
For the smallest molecule in the study, anthracene, a transition to atomic
like, above threshold ionization, was observed. Molecular fusion of clusters of
fullerenes, formed at liquid nitrogen temperature, after fs-laser excitation has
also been studied. Products of up to five fused molecules were observed. The
mass spectra are the results of several processes including multiple ionization,
evaporation of intact fullerenes and post-fusion C2 evaporation.

Keywords: Photoelectron spectroscopy, Momentum mapping imaging, ther-
mal ionization, above threshold ionization, molecular fusion, fullerenes, pol-
yaromatic hydrocarbons, femtosecond-laser.
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Chapter 1

Introduction

Molecules are very small objects, typically a billion times smaller than a
human. Putting it in our perspectives it means that the human is equally
big to a molecule as the sun is to the human. Apart from being very small,
molecules and atoms also live a very hectic life. In one second I can react and
pull my hand away from the hot stove or push the brakes in the car. To a
molecule or atom, one second is however a tremendously long time. Take for
example the time it takes for an electron to orbit the nucleus, which is about
100 attoseconds (10−16 s) or a molecular vibration, typically 10 femtoseconds
(10−14 s). Those numbers scale to a second as the time since the dinosaur
era (200 million years ago) and the time (2.5 million years) it takes for light
to travel to our nearest galaxy, Andromeda.

With electron microscopes we can resolve individual atoms in matter and
by light interaction we can probe the quantum states of atoms and molecules
but there is no camera which is fast enough to see the electrons moving
around a nucleus or to see when a molecular bond breaks. However, with
the rapid developments of femtosecond- and attosecond-lasers we now have
tools that serve as indirect cameras. Such lasers allow researchers to take
snapshots of the motion of electrons [1] and study the flow of energy between
quantum states in atoms and molecules [2].

Apart from being extremely fast, the short pulse durations of the fs-lasers,
imply that the power of the laser pulses are enormous, 10 GW and higher,
which is more than the power of most nuclear reactors. The electric field
strength is comparable to the Coulomb potential of the atom and gives yet
another aspect to fs-laser spectroscopy which is fundamentally different from
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traditional laser spectroscopy. Today fs-laser spectroscopy is well developed
and used in many different fields in both physics and chemistry, and the rapid
development of new lasers which deliver shorter and shorter pulses at higher
and higher intensities leads theory and inspires new experiments.

The work presented in this thesis concerns the interaction of large molecules,
fullerenes and polyaromatic hydrocarbons in the gas phase, with fs-laser
pulses. Compared to state-of-the-art laser technology the laser pulses used
here are relatively long, 150 fs, and of moderate intensity. Further, the exact
motion of electrons or the exact time of molecular bond breaking are not
the interest here. Questions that underlie the work are instead: How do
large molecules ionize after intense fs-laser excitation? How many electrons
are active in the ionization process? How fast does energy couple between
electronic and vibrational states?



Chapter 2

Background

2.1 Ionization dynamics in strong laser fields

The photoelectric effect states that an atom or molecule can be ionized only
if the photon energy exceeds the ionization potential of the element regard-
less of the light source intensity, where multi-photon ionization via long lived
resonances is an exception. However, with the ultra short pulse and high
intensity laser systems that are available commercially today, a modified ver-
sion of the photoelectric effect is observed. Multi-photon Ionization (MPI),
where the ionization is instant and no intermediate resonances are involved,
becomes possible at intensities on the order of 1010 W/cm2, where the exact
limit depends on, at least, photon energy and ionization potential [3]. That
is, the kinetic energy of the photoelectron is described by Ek = nhν − IP ,
where n is the number of absorbed photons, hν the photon energy and IP
the ionization potential. The ionization rate, Yn, for MPI is well described
by lowest order perturbation theory and is given by

Yn = σnI
n, (2.1)

where σn is the generalized cross section and I the laser intensity [4].

At higher laser intensities (I>1011 W/cm2), a pioneering discovery was made
in 1979 by Agostini et al. where it was observed that photoelectrons can
absorb photons in excess of the ionization potential [5]. This is also a MPI-
process and was given the name ’above threshold ionization’ (ATI). Hence,
the kinetic energy for an s-order ATI-electron is

Ek = (n+ s)hν − IP. (2.2)
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Consequently, an ATI-photoelectron spectrum is dominated by peaks sep-
arated by the photon energy, see Fig. 3.7. So far, even though extreme
intensities are required, the photon energy together with the ionization po-
tential is the most important parameter to characterize the photoelectron
spectrum. But at the highest intensities obtained with focused femtosecond
laser pulses, the electric field becomes so strong that it suppresses the bind-
ing potential and tunneling or above barrier ionization becomes possible, see
Fig. 2.1. These processes will be referred to as field ionization throughout this
thesis. A clear indication of field ionization, stated by many studies [6–9],
is a transition from an ATI-peaks dominated spectrum to a smooth pho-
toelectron spectrum. Also, in the field ionization regime the photoelectron
distribution is, to a large extent, well described by a classical propagation of
the electron in the electric field. Field ionization of both atoms and molecules
is a well studied area, where the perhaps most interesting, recent, finding is
the re-collision [10] of a photoelectron in one optical cycle followed by the
generation of high harmonic attosecond light pulses [11].

Figure 2.1: Illustration of above threshold ionization (ATI) and tunneling ion-
ization. See the main text for a discussion.

Several theoretical tunneling ionization models such as Keldysh-Fasail-Reiss
(KFR) and Ammosov-Delone-Krainov (ADK) have been used to predict ion-
ization rates in the ATI and tunneling regime. Common for those is that
they are based on a zero-range potential and a single active electron (SAE)
treatment where only the outermost electron is active and all the others are
spectators in a frozen core. In fact, the SAE- and zero-range potential based
theories can predict ionization rates of rare gas atoms very well [12].

An obvious question is, however, to what accuracy does a zero-range po-
tential describe large molecules and can one assume a single active electron
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when there are several delocalized electrons in the system? Several publi-
cations on this matter point to a breakdown of the, for atoms so successful
theories, when they are applied to larger molecular systems. This will be
discussed below.

2.1.1 The ponderomotive energy and the Keldysh parameter

In connection to early experiments on high intensity laser ionization of rare
gas atoms there were two parameters introduced which play a decisive role
for the ionization mechanism and for the photoelectron spectrum, those of
the ponderomotive energy, Up, and the Keldysh parameter, γ.

The ponderomotive energy, sometimes called quiver energy, corresponds to
the energy that a loose electron acquires in an oscillating laser (electric) field.
A photoelectron emitted after laser ionization of an atom or molecule, has
to traverse the focal volume of the laser field before it reaches the field free
vacuum level (this assumes that the ionization takes place during the laser
pulse duration). As the photoelectron flies through the laser field it experi-
ences an oscillating force according to the electric field E=E0cos(ωt), where
E0 is the amplitude of the electric field, and ω is the frequency. Averaging
over an integer number of laser cycles gives the ponderomotive energy,

Up =
q2E2

0

4meω2
=

q2I

2cε0meω2
(2.3)

where q is the charge, me is the electron mass, c is the speed of light, I
the intensity, and ε0 the vacuum permittivity. Hence, Up increases linearly
with laser intensity and with wavelength squared. For low intensity lasers,
nanosecond- and CW-lasers, this is a very small energy and it can safely be
ignored in most experiments regarding laser-matter interactions. However,
entering the high intensity regime, >1010 W/cm2, which is reached by most
amplified femtosecond lasers, the ponderomotive energy can be large and
play a central role in the ionization process of atoms and molecules. As an
example, an intensity of 1014 W/cm2, which is a typical intensity used in
experiments on photoionization of atoms, and a laser wavelength of 775 nm,
which corresponds to the fundamental wavelength of the commonly used Ti-
tanium:Sapphire fs-laser, gives a ponderomotive energy of 6 eV which is on
the order of the ionization potential of an atom.

The ponderomotive potential has been used to explain many signatures in
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photoelectron spectra of atoms that are only observed after intense laser
ionization. Freeman et al. observed that the ATI-peaks in a photoelectron
spectrum of xenon were shifted to lower energies as the laser intensity was
increased [13]. This was explained in terms of a raised ionization poten-
tial due to the laser field. High lying, loosely bound, Rydberg states are
AC-stark shifted almost like a free electron in an oscillating field, while low
lying, strongly bound states, are AC-stark shifted only slightly. Hence, the
effective ionization potential is raised by approximately Up [14]. This effect
can be seen in electron spectra of atoms as long as the laser pulse is not too
long. A long pulse would correspond to the case when the laser intensity re-
mains practically constant during the ionization. The emitted photoelectron
will in that case regain exactly the same energy, Up, which was lost inside
the atom due to the raised ionization potential, as it leaves the laser field
and acquires the quiver energy Up. In other words, the intensity dependent
ionization potential is not observed in the spectra since the energetic losses
inside the atom are exactly canceled by the winnings outside the atom. On
the other hand, if the pulse is short and changes in intensity during the
ionization, then the emitted electron does not have time to accelerate to the
same Up in the laser field outside the atom which means that the ponderomo-
tive shifts inside and outside the atom are not balanced. A schematic picture
of the above discussion is seen in Fig. 2.2. The transition from long to short
pulses is of course not sharp, but typically a pulse shorter than 10 ps can
be considered short for rare gas atoms [13]. The 10 ps can be understood as
the time it takes for a photoelectron with kinetic energy in the 10 eV range
to travel through the focal volume of the laser beam which, typically, is on
the order of 20 µm. The time it takes for the electron to leave the atom (ca.
1 Å) is on the other hand only on the fs-timescale.

To characterize the laser pulse duration as long or short by considering the
ponderomotive shifts of ATI peaks does however seem to depend on the
atomic or molecular system as well. In [9] the photoelectron spectra of C60

ionized with a 25 fs, 790 nm, laser are studied for different laser intensi-
ties. The intensities in the ATI-regime span a range from 3.7×1013 W/cm2

to 7.5×1013 W/cm2 corresponding to ponderomotive energies of 2.16 eV and
4.37 eV respectively. But even though the ponderomotive shifts are this large
the ATI peaks are seen to just slightly wiggle on the energy scale with at
maximum ca 0.2 eV. In fact, all the photoelectron spectra of the molecules,
C60, C70, coronene, benzo[GHI]perylene and anthracene reported in this the-
sis do confirm the observation that ATI-peaks do not move on the energy
scale as laser intensity is varied. Already at this point it is clear that rare
gas atoms and molecules ionize differently and it is clear that applying the
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Figure 2.2: Illustration of the effect of the ponderomotive energy in the short
and long pulse regime. See the main text for a discussion.

models developed for rare gas atoms, discussed in this chapter, to molecules
is questionable.

In a similar way, as discussed above, the ponderomotive energy shift was used
to explain the observed resonances inside ATI peaks and also the broaden-
ing of ATI peaks in xenon photoelectron spectra after intense multi-photon
ionization with short laser pulses [13, 15–17]. Due to the spatial profile of
the laser pulse the ponderomotive shift is not the same over the whole focal
volume. This means that electrons are emitted from atoms with different
effective ionization potentials which gives a broadening of the ATI-peaks.
Also, at different positions in the laser focus, different Rydberg states of the
atom are driven into resonance with a number of photons from which the
atom is ionized, resulting in resonance-peaks inside the ATI-peaks. For the
same reason as stated above these effects are not seen for long pulses.

A third, high intensity effect, related to the ponderomotive shift is peak sup-
pression [18]. In photoelectron spectra of xenon, in the long pulse regime, it
was observed that the lowest order ATI-peaks were strongly suppressed. The
reason for this is that due to the increased ionization potential the first order
ATI-electrons cannot reach the vacuum level. High order ATI-electrons on
the other hand are released from the atom into the laser field where they
gain quiver energy and end up in the photoelectron spectra at a position
corresponding to a non-ponderomotive shift. This will create a gap in the
photoelectron spectra at low energies.
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As was discussed above, the ionization mechanisms change drastically from
the perturbative regime to the ATI and field ionization regimes as the laser
intensity is increased. To distinguish between ATI- and field ionization and
to give a reference point on the intensity scale for the transition from multi-
photon ionization to field ionization, the Keldysh parameter, γ, is commonly
used in high laser intensity experiments. The Keldysh theory for tunneling
ionization rates is based on dc-tunneling ionization and a zero-range poten-
tial [19]. If the laser frequency, ω, is low enough so it can be considered
static for the valence electrons and the peak intensity is high enough to bend
the Coulomb potential to the extent that the probability for an electron to
tunnel through the barrier is significant, the Keldysh parameter is simply
the ratio of the tunneling frequency, ωt, and the optical frequency. This can
be expressed in terms of ionization potential, IP , and the ponderomotive
potential as

γ =
ω

ωt
=

√

IP

2Up
. (2.4)

If γ�1, the multi-photon ionization mechanism is considered to dominate
and if γ�1 the field ionization mechanism dominates.

Even though, as will be discussed below, the relevance of the Keldysh pa-
rameter when applied to molecular systems is unclear, it will be used as
reference point throughout this thesis. Attempts have been made to intro-
duce size dependent γ-values. Those calculations point to a reduced value of
the Keldysh parameter which means that molecules would field ionize more
easily than atoms [7]. However, experiments on large molecules like ethene,
propane, propyne, benzene, toluene and methanol [20, 21] and long chain
molecules; hexatriene, decatetraene and β-carotene, suggest a screening ef-
fect of the electric field due to the large extent of delocalized electrons and
consequently a decreased probability for field ionization [20–22].

2.2 Short pulse, high intensity, ionization of molecules

The interaction of large molecules of many different kinds with intense ultra-
short laser pulses is frequently studied [7–9, 20–39], even though not to the
same extent as atoms and diatomic molecules. Most of these studies focus on
the absolute, positively charged, ion yields and whether the above discussed
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theoretical models for laser-atom interactions can be applied to large molecu-
lar systems. Many of those high intensity effects that are observed for atoms,
like ATI and field ionization, are also observed for molecules. But there are
also major differences observed. Below follows a summary of selected pub-
lications where the difference between atomic and molecular ionization is
observed. The concept of hot electron thermal ionization is also introduced,
which is the underlying understanding of the experimental results reported
in this work.

Alcohol and chain molecules

D. Mathur et al. and T. Hatamoto et al. have measured photoelectron
spectra of methanol, ethanol and 1-propanol upon 100 fs laser radiation at
wavelengths 400 nm and 800 nm and at different peak intensities [8, 23]. It
is observed, in the case of 800 nm radiation, that these molecules behave
similar to atoms in the sense that a transition from ATI dominated spectra
to smooth spectra occurs at γ≈1, rather than at the same laser intensity.
Also plateaux like structures are observed in the spectra, similar to those of
rare gas atoms [40]. A small change of the γ value, 0.8 for methanol and 1.2
for 1-propanol, is observed for the ATI to field ionization regime transition.
Hence, a small structure dependence of the γ-parameter could be consid-
ered even though it is not nearly as dramatic as in the case of polycyclic
aromatics, reported by Dewitt and Levis [7], where for example the γ-value
for anthracene at a field strength of 0.75 V/Å changes from 3.08 to 0.47
by introducing a length correction. By changing the wavelength to 400 nm,
and consequently also lowering the optical field strength and moving away
from field ionization, the authors find a dramatic change of the photoelec-
tron spectra. The characteristic structures (2Up and 10Up cut offs and a
plateaux [6]) due to classical propagation in the field ionization regime are
now gone and the ATI peaks are superimposed on a smooth ”baseline” of
exponential character. This baseline increases in magnitude relative to the
ATI-peaks as laser intensity is increased and it is also more prominent for the
largest molecule in the study, 1-propanol. The origin of this baseline is not
given but could be due to inelastic rescattering of the electron wavepacket
according to the authors. Another explanation for this baseline is thermal
ionization, see below.

Lezius and co-workers have studied the response of the linear molecules;
hexatriene (HT ), (C6H8), length 7.2 Å, decatetraene (DT ), (C10H14), length
13.5 Å and β-carotene (βC), (C40H56), length 32 Å, to 40 fs laser ionization
in the wavelength range 400-1500 nm by mass spectrometry [22, 24]. These
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molecules have similar electronic structures so the main difference between
them is that they are different in size and number of constituent atoms. It
is observed that, regardless of wavelength, the mass spectra for the smallest
molecule in the study, HT, are dominated by intact mother ions of single
and multiple charge states, which is in good agreement with what would be
expected from a quasi-static field ionization process of one active electron.
For the second largest molecule, DT, the fragmentation pattern is strongly
wavelength dependent, with strongly enhanced fragmentation for short wave-
lengths and for βC, heavy fragmentation is observed at all intensities and at
all wavelengths. These two findings are inconsistent with an adiabatic, SAE,
field ionization process since it is wavelength independent and would have
resulted in a much more intensity dependent fragmentation than what is ob-
served. Instead a Non adiabatic Many Active Electron process (NMAE) is
used to explain the observed fragmentation spectra. Highly, multiply excited
ions of single or multiple charge are produced from which heavy fragmenta-
tion sets in after the laser pulse has passed. In fact, for the largest molecule,
βC, the authors argue that NMAE is the dominant ionization process even in
the classical field ionization regime of γ-values smaller than unity. Further it
was shown that the molecule cyclooctatetraene, COT, which is a ring-shaped
molecule with the same number of delocalized π-electrons as DT does not
ionize to equally high charge states as DT and almost does not fragment at
all. This indicates that it is not the number of electrons that is the crucial
parameter for the ionization and fragmentation process, but rather the elec-
tronic and/or geometric form of the molecule.

Cyclic aromatic molecules

Merrick et al. [7, 25] and Markevitch [26] have studied the ionization and
fragmentation processes for cyclic aromatic molecules after fs-laser radiation.
In [7] benzene, naphthalene and anthracene were interacting with a 780 nm,
170 fs laser at varying intensities. At 3.8×1013 W/cm2 a transition from an
ATI-dominated photoelectron spectrum for benzene, to a smooth spectrum of
exponential form for anthracene, was observed. It was explained in terms of
a superposition of ATI and tunnel ionization spectra where the tunnel ioniza-
tion probability grew relative to ATI for larger molecules. According to the
Keldysh parameter, γ, this interpretation is incorrect since these molecules
have similar γ-values at identical laser intensity. But it was shown with a
numerical model assuming a one-dimensional potential, that the Keldysh pa-
rameter is strongly structure dependent and that large molecules reach the
field ionization region already at γ>1. For example, at field strengths of
0.75 V/Å the structure dependent γ-value for anthracene is 0.47 instead of
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3.08 for the ordinary calculated γ. These arguments were strengthened by
ion yield measurements where it was shown that the ion yields of benzene,
naphthalene and anthracene fit well with the new structure-dependent field
ionization model [26]. The arguments were based on the observation that
the fragmentation and kinetic energy release of small fragments increases
super-linearly with the number of atoms in the molecule, indicating that the
molecule interacts with the laser field as a whole and not as independent sub-
structures leading to larger energy deposition in big molecules. Hence, it was
concluded that the tunneling ionization rates and the Keldysh-parameter are
structure dependent.

However, later experiments on organic molecules [20] and also the experi-
ments performed by Lezius et al. suggest the opposite, that it is harder to
field ionize large molecules due to a screening effect induced by the delocal-
ized electrons [22, 24].

The fragmentation pattern of anthracene after fs-laser irradiation was ex-
amined by Murakami et al. [27, 28]. In [27] it was found that heavy fragmen-
tation follows 800 nm excitation but with 1400 nm laser light the mother ion
stays intact or just a small amount of fragmentation was observed. Charge
states up to 3+ were observed at the highest intensity used, 5.0×1013 W/cm2.
It was suggested that the strong fragmentation is due to a resonance with
electronic levels at 800 nm. It was further concluded that the fragmentation
is not due to recolliding photoelectrons since the 1400 nm light in that case
would result in the heaviest fragmentation. The resonance enhanced frag-
mentation argument was further strengthened in [28] where anthracene was
exposed to circularly and linearly polarized 800 nm laser light. A higher yield
of fragment ions was found for circularly polarized light. This is in contrast
to what has been observed for C60 with 1500 nm light [29] where rescat-
tering of photoelectrons was the reported mechanism behind the enhanced
fragmentation for linearly polarized light. The explanation for the opposite
results in [28] is that when the randomly oriented gas phase molecules are in
line with the laser field polarization, fragmentation is induced by the reso-
nance of the 2Au←2B2g transition. This will always be the case for circularly
polarized light but in the case of linear polarization the transition will be
forbidden when the molecular axis and light polarization are perpendicular
to each other which will result in a suppressed fragmentation.

C60

One of the most studied large molecules in the area of fs-laser excitation
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and relaxation is the C60 fullerene. Below follows a summary of some of
the studies from year 2000 and forward. Also the concept of thermal ioniza-
tion of hot electrons will be introduced in connection with the reports on C60.

In [9, 30] C60 was ionized with 800 nm and 400 nm fs-laser pulses with du-
rations shorter than 70 fs at different intensities. It was found that the ion
yield for all charge states followed the simple power law, equation 2.1, below
saturation, and the authors therefore argued that C60 ionizes sequentially for
these laser parameters. It was further concluded that tunneling ionization
rates, calculated from ADK-theory, are orders of magnitude wrong compared
to the experimental data and that such a model is not applicable even though
the threshold for barrier suppression, calculated for atoms, is reached at the
intensities used here. Once again, the proposed reason for that is the effective
screening of delocalised electrons resulting in a raised threshold for field ion-
ization. Further it is observed from photoelectron spectra that the transition
from ATI-dominance to a smooth distribution happens at γ-values around
unity. Hence, the previous suggested, size-corrected Keldysh parameter for
cyclic aromatic molecules, seems not to be needed for C60.

Even though the results in [9, 30] suggest that a SAE multi-photon ioniza-
tion process is likely to be correct for these short and intense pulses the
results of Shchatsinin et al. [31–33], where C60 is ionized with sub-30 fs laser
pulses, points to a more complex scenario. In [31] it is suggested that the
adiabatic SAE-picture is likely to be correct only for the first charge state.
This statement is based on ion yield measurements that deviate from a In

power law, where I is the intensity and n the minimum number of photons
required to reach the specific charge state. The authors interpret this as
an indication of multielectron dynamics in C60 and argue that the plasmon
resonance [41] is involved in the onset of NMAE. It is however not clear how
a number of 387 THz pulses adds up to a 4800 THz oscillation which is the
center of the plasmon resonance in C60. It was further observed that the
autocorrelation function in a pump-probe scheme had a wider full width half
maximum for C60 than for xenon where a SAE is expected. Shchatsinin et al.
reported further evidence for multielectron dynamics in C60 after ionization
with elliptically polarized fs-pulses [32]. It was observed that the polarization
dependence was much stronger for ionization of xenon compared to C60. For
xenon, the ion yield peaks at linear polarization and drops going to circu-
lar polarization. The drop is consistent with a 8-photon ionization process,
where 8 is the minimum number of 1.6 eV photons required to ionize xenon.
This is understood in terms of a coherent ionization process for xenon. Go-
ing to C60, the laser polarization dependence on the triply charged ion yield
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fitted with a coherent two photon process, where an 11-photon process is
expected. With 3.2 eV photons no ellipticity dependence is observed at all.
The authors consider this to be evidence of a non coherent multielectron
excitation process for C60.

In [33] two-color pump probe experiments on C60 are presented. It is ob-
served that with a weak 399 nm pump pulse and a strong 797 nm probe
pulse the ion yield is greatly enhanced compared to the opposite order of the
pulses. It is argued that the 399 nm prepares the molecule in a highly excited
state where energy is shared between both electronic and nuclear degrees of
freedom.

2.2.1 Thermal ionization

The above summary of publications regarding excitation of large molecules
by fs-lasers all show a breakdown of the single active electron approximation
and it is clear that multiple electrons are excited in these super intense fields.
The natural question to ask now is how do multiply excited molecules ionize?
There is no clear answer to that question but in this section a thermal ion-
ization process will be described which is the way that the results presented
in this thesis are understood and argued for.

In [34] photoelectron spectra of C60 were presented for different laser pulse
durations ranging from 25 to 5000 fs. The wavelength was 790 nm. It was
shown that the shortest pulse durations, <70 fs, give rise to ATI-dominated
electron spectra, which is in agreement with what had been reported previ-
ously [9, 30]. Also, the corresponding mass spectra are dominated by intact
C60 ions of different charge states. From these two observations it was con-
cluded that the molecules ionize promptly in a MPI process where any excess
energy is carried away by the photoelectrons. But as the pulse was stretched
to durations in the 100-1000 fs time window the ATI-peaks were strongly
suppressed and replaced by a structureless distribution of exponential form.
For these pulse durations another ionization process becomes active. The
absorption of photons is now slow enough for the excitation energy to dissi-
pate into the electronic degrees of freedom of the fullerene, creating a highly
excited, thermally equilibrated, electron system, which, due to the low heat
capacity of electrons, can reach extremely high temperatures, on the order of
tens of thousands of Kelvin. If an electron is emitted from this hot electron
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bath, it is called transient hot electron emission and can be described statis-
tically [34, 35, 42]. The extreme heating of the electron system is only short
lived, up to a picosecond approximately. After that time this decay path
disappears when energy couples between the electronic system and nuclear
vibrations. Energy is assumed to leak from the electronic to the vibrational
system with a characteristic time constant of 240 fs in C60 [35], which is on
the order of a vibrational period (longest and shortest observed vibrational
periods are 122 and 21 fs respectively [43]). This was verified by the mass
spectra in [34] where the onset of heavy fragmentation appeared at ca 500 fs.

On the timescale of electron motion, which is on the order of femtoseconds
or less, the thermal ionization is a delayed process. But on the timescale
of a mass spectrometer, which typically has a resolution, at best, in the
nanosecond range, it can be considered as a prompt process. Notice that the
description of this ionization process does not involve any specific states or
resonances like the plasmon resonance. The transient hot electron ionization
process is described in detail in [35]. The emission process is described with
detail balance which was originally inspired by Weisskopf’s work on statis-
tical emission of neutrons from excited nuclei [44] and also used to describe
nanosecond thermal ionization [45].

As the pulse duration was extended to 5 ps in [34] delayed ionization [46],
characteristic for thermionic emission, and the bimodal fragmentation [47]
pattern which is characteristic for ns-ionization of fullerenes was observed in
the mass spectra. Also multiple charge states were no longer present and
the electronic temperatures were lower. Hence, energy is now equilibrated
in both electronic and vibrational degrees of freedom and electron emission
and fragmentation processes are purely statistical [45, 48–53].

Other systems where the transient hot electron ionization has been ob-
served are for example sodium clusters in the gas phase after fs-laser ir-
radiation [54, 55] and it has also been used to rationalise the fragmentation
pattern obtained subsequent to fusion of fullerene clusters in the gas phase
after fs-laser excitation (see chapter 7). It is also closely analogous to the
two-temperature model [56], frequently used in solid state experiments to
interpret sub-picosecond relaxation processes of solids after fs-laser irradia-
tion. [57–61].

An interesting parallel to the idea of equilibration of energy in the electronic
systems of molecules is discussed in [62–64], this time for atomic ions. In
these studies the whole electronic system of Au25+, after electron recombina-
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tion, is considered to be excited. For atoms there is of course no quenching
of energy to vibrations so the excess energy from the recombination is emit-
ted either via electron or photon emission. The authors show, theoretically,
that the rate of electron emission is about 200 times higher than the photon
emission and that the spectrum of emitted electrons from the highly excited
ion is of thermal nature. The key point in this theory is a strong interaction
between the electrons of the outer unfilled electron shell, and the authors
point to a many body quantum chaotic system.

Electronic temperature fits

The apparent electronic temperature, Ta, which is frequently mentioned in
the following chapters to describe and understand the photoelectron spectra,
will be defined here. As discussed in the section above, ”Thermal Ionization”,
the spectra of thermionic and transient hot electron emission resemble the
shape of a Boltzmann distribution,

P (ε) ∝ e−ε/kbTa. (2.5)

where ε is the electron kinetic energy and kb is Boltzmanns constant. kb is
set to 1 for convenience throughout this thesis and electronic temperatures
are therefore given in units of eV. Equation 2.5 is just an approximation but
gives a robust estimate of the electronic temperature for the interpretation
of the electron spectra. For a rigorous discussion and the definition of a tem-
perature in a microcanonical system see [35, 45].

The electronic temperatures are extracted from linear fits in semilogarith-
mic plots of the photoelectron distributions. The fits range from the photon
energy out to the noise level. In a few of the electron spectra where strong
peaks appear at high kinetic energies, the temperatures are estimated by
eye.
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Chapter 3

Experimental setup & analysis

3.1 Time of flight mass spectrometry

The mass spectrometer used in this work is a time of flight spectrometer
(ToF). The principle of a time of flight mass spectrometer is to accelerate
all ions to the same kinetic energy and then let them fly the same distance,
in a field free region, to a detector. The ions are accelerated by an electric
field to a kinetic energy E = qU , where q is the charge of the ion and U
is the acceleration potential. There are no relativistic effects involved so we
can simply put qU = mv2/2, where m is the mass of the ion and v is the
velocity. The velocity and flight time of the ions is thus only dependent on
their mass to charge ratio. So, when the ions arrive at the detector they do
so in bunches of constant mass to charge ratios. This will show up as peaks
on the detector’s time axis. By assigning the mass to known peaks in the
time of flight spectrum it can be converted to a mass spectrum.

A schematic picture of the time of flight setup in Göteborg is seen in Fig. 3.1.
It consists of two differentially pumped chambers, the interaction chamber
and the flight chamber. The molecular source is placed in the interaction
chamber. It is a resistively heated copper block which creates an effusive
molecular beam. The molecular beam interacts with a laser field, perpen-
dicularly aligned, between two electrodes named, HV1 and HV2. Ionized
molecules are accelerated towards the flight chamber by a static electric
field which is applied between the electrodes. Typically HV1=4.6 kV and
HV2=3.1 kV. The potential on the third electrode is half the potential of
HV2 and the fourth and final electrode is grounded. Further details are de-
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Figure 3.1: Schematic figure of the Time of Flight setup. See main text for
details. Figure adapted from [66].

scribed in Paper I. After the acceleration stage there are two sets of deflection
plates. These are used to steer the ion beam, vertically and horizontally, to-
wards the detector. Deflection voltages are on the order of 100 V.

The second chamber is a 2 meter long field free flight chamber where the ions
are separated in time according to their mass to charge ratio. The spectrome-
ter can be used as a linear ToF, or as a Reflectron Time of Flight spectrometer
(ReToF). The reflectron is placed at the end of the flight chamber. The re-
flectron consists of a long series of electrodes, where the ions experience a
smooth increase of the retardation field. The first electrode is grounded and
the second electrode usually put at 1.5 kV. From there the potential grad-
ually increases for every electrode up to 4.6 kV on the last one. After the
reflectron the ions fly back to the other end of the flight chamber where they
are detected by a dual Multi Channel Plate detector. A -2 kV potential is
typically applied over the MCPs and the detector is floated to -500 V. If the
voltage over the reflectron is put to zero the ion beam simply goes through
it and is detected by a channeltron at the end of the flight chamber. The
channeltron is placed in a housing, on which a -2.1 kV potential is applied.
The dynode of the channeltron is put at -2.4 kV.

At the spot of ionization the molecules have a spatial and kinetic energy
spread. Some molecules will have a slightly longer flight distance than oth-
ers and there will also be a spread in thermal velocity of the molecules. By
tuning the ratio HV1/HV2, the shape of the acceleration field changes and
one can correct for the spatial distribution and thus get a finer resolution [65].

The reflectron is used to improve the resolution due to the initial spread
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in velocity. Ions with a higher velocity will spend more time in the reflec-
tron compared to the ones with a slightly lower velocity. In this way ions
of the same mass to charge ratio hit the MCP detector simultaneously. The
reflectron can also be used to detect metastable fragments by detuning the
electric field away from the values for optimal mass resolution [66].

A single ion counter card (FAST), of 125 ns channel width was used to
record the signal from the detector in this setup. The mass resolution of the
ReToF, δm/m is over 300. Using the single ion counter it is reduced by a
factor 3 because of the reduced digital resolution. One spectrum presented in
chapter 5 was recorded with an oscilloscope (Tektronix TDS 520) of higher
resolution, 500 MHz, than the counting card.

The laser beam focus was adjusted to be in the center of the acceleration
stage of the spectrometer, above the center of the effusive oven.

By scanning the voltage of the deflection plates, different parts of the molec-
ular ion beam can be selected. At most laser intensities the laser field is
strong enough to ionize even slightly out of focus. The deflection voltage was
therefore adjusted to give the highest yield of doubly charged ions, at rela-
tively low laser intensities, in the mass spectra. This condition is assumed
to correspond to the absolute focus of the laser beam.

The mass spectra are not corrected for the different detection efficiency of
heavy and light ions. Therefore the yield of large ions is underestimated
relative to the lighter ions of the same charge.

3.2 The momentum map electron spectrometer

The electron spectroscopy measurements reported in this thesis are done
with a Momentum Map (MM) spectrometer, also called Velocity Map Imag-
ing spectrometer (VMI). The momentum mapping technique has become a
popular tool in many spectroscopy fields during the last decades and was first
introduced by H. Helm et al. in 1993 [67]. There are two advantages with
this type of spectrometer compared to a conventional time of flight electron
spectrometer. It can measure very low kinetic energy electrons, below 0.1 eV,
where the time of flight spectrometer fails. Secondly it gives the full three
dimensional picture of the ionization dynamics. A time of flight spectrometer
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will only give the energy spectrum, while the momentum map spectrometer
in addition gives information about the angular distribution, relative to the
laser polarization, of the photoelectrons studied.

3.2.1 The principle of momentum imaging

In contrast to the time of flight spectrometer where the kinetic energy infor-
mation comes from the arrival time of electrons at a detector, the momentum
mapping technique reveals the kinetic energy and angular distribution of the
electrons from a two dimensional image. In Fig. 3.2 the principle of the mo-
mentum mapping method is shown. The interaction between the laser field

Figure 3.2: Principle of the momentum mapping detector. See main text for a
discussion.

and the target atoms/molecules takes place at point O. All photoelectrons
with a certain kinetic energy, ε, will at some time, t, after ionization be found
on the surface of a sphere of radius r=

√

2ε/mt, where m is the electron mass.
An electric field, F, collapses the photoelectron sphere on a screen, which is
positioned a distance L away from the ionization spot, O. The further away
from the center, O’, of the screen the electrons hit, the higher kinetic energy
they have and depending on what angles ϕ and θ the electrons are emitted
with, they will hit the screen at different positions.

3.2.2 Experimental

The experimental details of the electron spectrometer and the experimental
procedure are described in section II of Paper I together with a schematic
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figure. Some additional remarks not stated in the paper follow here.

The HV2 and the grounded electrode before the field free region have no
meshes. That results in curved equipotential surfaces and for the right ratio
of HV1/HV2 spatial focusing is achieved and photoelectrons of the same mo-
mentum are mapped onto the same coordinate (X,Z). This limits the spatial
smearing of the photoelectron distribution which is present in Time of Flight
spectrometers [68].

Neither the MCP nor the camera are triggered to the laser. The fact that
MCPs are constantly active implies that direct and delayed photoelectrons
are recorded in the same image. If only photoelectrons in a specific time
window should be studied the detector needs to be synchronized with the
laser. Electronic gating can however not be done on the fs-time scale but can
be easily achieved on the ns-timescale [69].

3.2.3 The inversion method and calculation of a photoelectron

spectrum

The image on the screen in Fig. 3.2 is a projection of a sphere of electrons
and it is clear from the figure that photoelectrons of a speed, |v|, but emit-
ted at different angles, θ and ϕ, will end up at different positions (X,Y) on
the screen. So to get the original 3D-photoelectron distribution it has to
be reconstructed from the projection. That is possible if the photoelectron
emission is isotropic (purely statistical) or in the case of direct emission if
the laser polarization is linear, so that the emission is rotationally symmetric
around the polarization axis. Suppose that the laser field in Fig. 3.2 propa-
gates in the x-direction and is linearly polarized in the y-direction, then the
photoelectron distribution is rotationally symmetric around the y-axis and
independent of the angle ϕ. Hence, to reconstruct the full 3D-distribution
it is enough to know the distribution of a slice, ϕ = 0, of the photoelectron
sphere. The inversion algorithm used here for this purpose is called ”direct
back projection” and is described in detail in [70]. The analytical equivalence
to this method is an inverse Abel transform. The inversion algorithm was
written in MATLAB code and tested on simulated distributions in the Mas-
ters’s thesis of Olof Johansson [71], with a later minor correction. The only
input required is the projected image, G(X,Y). Through a back projection
operator, G which integrates over ϕ, the slice, G(|p|,θ), of the 2D-distribution
at ϕ = 0 is calculated, where |p| is the absolute value of the photoelectron’s
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momentum and θ is the emission angle relative to the laser polarization axis.

Multi-photon ionization of rare gases by pico- and femtosecond laser pulses
has been studied extensively [13, 15, 17, 72] and provides a good reference to
test the spectrometer and inversion algorithm. In Fig. 3.3 the effect of the
inversion algorithm is demonstrated. Figure 3.3 a shows the projected im-
age, G(X,Y), of photoelectrons of ionized xenon atoms. Figure 3.3 b shows
the slice, G(|p|,θ), of the original 3D-distribution obtained with the inversion
algorithm. In this figure the angle θ is the angle between momentum axes
px and py, where θ=0 corresponds to px=0. The absolute momentum, |p|,
of the photoelectrons is directly proportional to the distance to the center of
the image and hence, the kinetic energy of the photoelectrons is proportional
to the square root of the distance. The momentum maps of xenon in Fig. 2
of Paper I and Fig. 3.7 can in a satisfactory way be compared to images
presented in [17] for similar laser intensities. To obtain an ordinary photo-
electron spectrum G(|p|,θ) is integrated over θ. This is shown in Fig. 3.7.

To energy-calibrate the photoelectron spectra (PES) the ATI-rings in the
xenon spectrum, which are hν separated, are utilized for a conversion from
the CCD-chip pixel units to eV, see Paper I. The calibration is unique for
every projection field, laser beam/molecular beam alignment and camera
position. It is therefore always performed before every photoelectron mea-
surement.

3.2.4 Detection efficiency and symmetrization

Ideally, the projected electron distribution should be symmetric around the
laser polarization and propagation axes and the four quadrants (A1-A4) seen
in Fig. 3.4a should be identical. Therefore, as stated above, only one quad-
rant needs to be inverted to get the photoelectron distribution. In reality the
detection efficiency of the PSD is however not the same for the four quad-
rants and the projection of the electron cloud cannot be assumed perfect.

All the photoelectron spectra reported in this work are extracted from a sym-
metrization of the four quadrants of the raw image, defined as (A1+A2+A3+
A4)/4. The effect of symmetrization will be discussed with reference to
Fig. 3.4- 3.7. In Fig. 3.4a the raw image of projected photoelectrons from
C70 ionized with the ns-laser is shown. It is well known that the dominant
ionization channel of fullerenes after ns-laser excitation is thermionic emis-
sion. This means that the projected photoelectron cloud should be isotropic
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Figure 3.3: Photoelectron momentum map of xenon ionized with the 150 fs,
775 nm laser at peak intensity 9.8×1013 W/cm2. a: raw image and b: inverted
image. The laser polarization is in the y-direction. The absolute momentum, |p|,
is proportional to the radius and the emission angle θ is indicated relative to the
laser polarization.

and the image in Fig. 3.4a completely symmetric. In Fig. 3.4b the four quad-
rants of the raw image have been divided into angular segments of 2◦ and
the counts in those segments have been integrated. Quadrants A2, A3 and
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A4 are shifted by factors 1.2, 1.4 and 1.6 respectively for display purpose.
The detection efficiency shows no angular dependence, in agreement with an
isotropic distribution. In Fig. 3.4c and d the same thing is shown but now
the counts are integrated from 1.0 eV and 2.5 eV respectively. We are now
much closer to the noise level of the detector but the detection efficiency
still shows no major divergence from an isotropic distribution. A comparison
with the distributions shown in Fig. 6.3 in chapter 6 also shows that the
detector inhomogeneity is minor compared to the effect of laser polarization.
The conclusion of these figures is that in terms of detection efficiency the
symmetrization serves to improve the image and even out angular depen-
dencies in the detector. It should be noted that the projection field is 2.3
times lower for the ns-spectrum in Fig. 3.4 compared to the fs-spectra below
in Fig. 3.6 and 3.7 so even though it does not cover the same kinetic energy
range it still covers the same detector area.

The next question is how the symmetrization of the raw image affects the
photoelectron spectra. The PES corresponding to the image in Fig. 3.4a is
shown in Fig. 3.5 for the four quadrants A1-A4, the average of these dis-
tributions, ’ave’, and the PES of the symmetrized image, ’sym’. Below ca.
0.1 eV the distributions are clearly different which is caused by the electrons
being emitted from a finite focal volume, creating a slight ellipticity at the
center (This is a general problem using too energetic photons with the setup
in Göteborg since they ionize from a larger focal volume). Apart from that,
thermal distributions are obtained from all quadrants as well as from the
symmetrized image, which is in agreement with a thermionic emission pro-
cess. Thermal fits are seen as dashed lines with temperatures given in the
caption of Fig. 3.5. There is no major difference between the four quadrants
and the symmetrized image gives a PES with a temperature close to the
average.

The same analysis of the symmetrization is shown again in Fig. 3.6 but here
for 775 nm, 150 fs laser ionization and for coronene at 2.11×1013 W/cm2.
These spectra contain photoelectrons with much higher kinetic energies and
have a higher count rate close to the edge of the detector, compared to the
C70 ns-PES above. The effect of a too high count rate close to the detector
edge is most clearly demonstrated in the coronene spectrum where the A2
and A4 spectra are seen to bend at energies above ca 8 eV. This effect is
most prominent in the measurements on PAH molecules (chapter 5) since
the count rate was much higher here than in the fullerene measurements
(chapter 4). It does however not affect the interpretation of the measure-
ments but the end point data should be interpreted with care and electronic



Experimental setup & analysis · 25

a

A1 A2

A3 A4

Figure 3.4: a: Raw image of C70 ionized with the nitrogen ns-laser (described
below). The projection field, HV2/HV1, is -1000V/-670V. A1-A4 are the names of
the four quadrants around the symmetry point, indicated by the cross and defined
by the laser polarization and propagation axes. Blue circles corresponds to 1.0 eV
and 2.5 eV. b: The four quadrants are divided into segments of 2◦ and the number
of counts are integrated. Angle 0 is in the y-direction. A1: Crosses, A2: Circles,
A3: Solid up triangle and A4: Open down-triangle. A2, A3 and A4 are shifted by
factors 1.2, 1.4 and 1.6 respectively for display purposes. The solid squares cor-
respond to a symmetrized image which is defined as (A1+A2+A3+A4)/4. These
points are also shifted in magnitude. c: Same as b but from 1 eV and out. d:
Same as b but from 2.5 eV and out.

temperatures are therefore only fitted to where the spectra bends off.

The electronic temperatures of the different quadrants are given in the cap-
tion of Fig. 3.6. Similar discrepancies are observed for other spectra. The
symmetrized image is used to cancel the errors to first order.

Finally in Fig. 3.7 the same analysis as above has been done for the PES
of xenon. The vertical dotted lines are separated by the photon energy,
1.60 eV. At high energies, above 8 eV, the A1 quadrant is shifted to low
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Figure 3.5: The photoelectron spectrum of C70, obtained from the image in
Fig. 3.4a. From bottom to top the spectra correspond to quadrant A1, A2, A3,
and A4. ”Ave” is the average spectrum of the 4 bottom spectra. Spectrum
”Sym” is calculated from the symmetrized raw image. The electronic temper-
atures are; A1=0.32 eV, A2=0.31 eV, A3=0.34 eV, A4=0.32 eV, with a mean
value of 0.32±0.003 eV. The temperature of the average,”ave” is 0.32 eV and the
temperature of the symmetrized raw image, ”sym”, is 0.33 eV. The spectra are
shifted in magnitude for display purposes. See section 2.2.1 for the definition of
the electronic temperature and how it is extracted from the electron spectra.

energies compared to the others. The shift is on the order of 1-2%, consis-
tent with the uncertainties in finding the center of the image, and results in
a smearing of the spectra at the edge of the detector. The electronic tem-
peratures measured here for ns-laser ionization of C70 and C60, see Paper I,
are similar to what was reported for ns-laser ionization of C60 in [53]. Also
the photoelectron spectra, electronic temperatures and temperature depen-
dence on laser fluence of C60 after fs-laser ionization, reported in Paper I,
are similar to those of [35] and therefore confirm that the momentum map
detector operates satisfactory. At the end point, close to the detector edge,
the spectra are however not reliable.
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Figure 3.6: Same as in Fig. 3.5 but here 775 nm 150 fs-laser ionization of coronene
at 2.11×1013 W/cm2. The projection field is -2300V/-1500V. Electronic temper-
atures are for coronene; A1=1.75 eV, A2=1.97 eV, A3=1.94 eV and A4=2.06 eV
with a mean value of 1.93±0.06, ”ave”=1.93 eV and ”sym”=1.94 eV. The spectra
are shifted in magnitude for display purposes.

Figure 3.7: Same as in Fig. 3.5 but here for xenon ionized with the 775 nm 150 fs-
laser. Dashed lines guide the eye for the overlap of the ATI-peaks, separated by the
photon energy 1.60 eV. The spectra are shifted in magnitude for display purposes.
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Extraction fields

The condition for momentum mapping corresponds to the best possible res-
olution of the image of projected photoelectrons. This is found visually by
looking at the ATI-rings of xenon photoelectrons. The HV2-electrode is set
to a fixed value and the HV1-electrode is scanned until the optimum ratio is
found. Typically, -2300 V is applied to HV2 and the range for HV1 where the
optimum momentum mapping is obtained is -1520±20 V. The exact number
changes from time to time due to laser beam realignment. The typical ratio,
HV2/HV1, for best resolution is close to 1.5 regardless of the absolute volt-
age applied to the electrodes.

Figure 3.8: Electron spectrum of C60 ionized by the fs-laser, 775 nm, 150 fs, at
different projection field strengths, HV2/HV1. Solid line: -500 V/-331 V. Dashed
line: -1000 V/-661 V. Dotted line: -2300 V/-1520 V. The spectra are shifted in
magnitude for display purposes.

Fig. 3.8 shows the photoelectron spectra of fs-laser ionized C60 for three dif-
ferent extraction fields with the same ratio, HV2/HV1. The spectra cover
the same area of the detector but not the same range of kinetic energies. This
is seen in the top frame where the energy scale is in camera pixel units. Bot-
tom figure shows the energy calibrated spectra. The three different projection
fields give very similar spectra up to 2.3 and 4.5 eV. Hence the magnitude
of the projection field does not affect the electron distributions significantly.
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Further, if the detection efficiency differences for the for quadrants A1-A4,
discussed above, were essential it would show up in Fig. 3.8.

3.3 Lasers

Three different lasers have been used in this work. The measurements on
multi-photon ns-laser ionization of fullerenes and PAH-molecules involved a
commercial N2-laser (Laser Science Inc. VSL337ND-S). The photon energy
is 3.68 eV and the pulse duration is specified to be shorter than 4 ns. Typical
repetition rates used are 20-40 Hz.

For one photon excitation of clusters of fullerenes (chapter 7) a commer-
cial (Neweks Ltd. PSX-100) excimer laser was used. A fluoride (F2) gas
mixture laser medium gives an output photon energy of 7.9 eV. The pulse
duration is specified to 5 ns and the average pulse energy is 10 mJ. Typical
repetition rates used are 10-30 Hz.

3.3.1 The femtosecond laser system

The laser used for most of the studies is a commercial (Clark-MXR CPA-
2001) Titanium:Sapphire femtosecond laser. The fundamental wavelength is
775±5 nm (1.60 eV) in air, measured with a CCD Spectrometer from ”Ange-
wandte Physik und Elektronik GmbH”. 388 nm light was generated with a
BBO crystal in a doubling unit from Clark-MXR.

The laser beam shape is close to Gaussian and sech2 [73]. The maximum
output power is up to 900 mW at a repetition rate of 1 kHz. The pulse dura-
tion was measured by an autocorrelator (APE Pulse Check), in noncollinear
mode. The full width at half maximum (FWHM), τAC of the autocorrelation
trace was measured to 230 fs for the fundamental wavelength. The actual
pulse duration at FWHM, τp, of the intensity profile is related to the autocor-
relation function as τAC/τp=R, where R is a reduction factor. The scientific
community has agreed to use the reduction factor for a sech2 pulse regardless
of what the actual pulse shape is [73, 74]. The reduction factor for a sech2

pulse is 1.54, which gives a τp=150 fs. For a Gaussian pulse R=1.41. The
pulse duration of the 388 nm light is not known but is assumed to be the
same as for the 775 nm light, 150 fs. On its way to the interaction chamber
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the laser beam travels 25 m and passes a set of optical components which can
cause a slight pulse stretching. Attempts were made to position the autocor-
relator after the interaction chamber but due to vibrations in the house and
the long distance from the laser, causing the laser beam to wiggle in space, it
was not possible to measure the pulse duration at this position. Longer pulse
durations are achieved by detuning the compressor stage after amplification.

To attenuate the laser beam the combination of a λ/2-waveplate and a Glan
laser calcite polarizer, beamsplitters and neutral density filters were used.
The calcite polarizer also serves to control the laser polarization which has
to be parallel to the PSD-detector in the photoelectron measurements. The
laser beam was focused into the chamber by a lens of 30 cm focal distance.

3.3.2 Femtosecond laser beam characteristics

The peak intensity, I0, of the focused laser beam has been calibrated by xenon
ion yield measurements and compared to the measurement by Larochelle
et al. [12] where the ion yield is plotted versus laser peak intensity for a
800 nm, 200 fs, pulse. In this way a conversion factor from the pulse energy,
Ep, which is measured by a powermeter (Coherent Field Master), right after
the interaction area, to an absolute intensity scale is obtained. The conver-

sion factor is 4.44×1011W/cm2

µJ
.

From the definition of the peak power,

P0 = C · Ep

τp
, (3.1)

where C is a constant equal to 0.88 for a sech2 pulse and 0.94 for a Gaussian
pulse, and from the measured peak intensity the beam waist, w, can be
estimated from

I0 =
P0

πw2
. (3.2)

The beam waist corresponds to the distance from the center of the pulse
to where the intensity is reduced to a factor 1/e. Assuming a sech2 shaped
pulse w = 20.5 µm and for a Gaussian shaped pulse w = 21.2 µm. These
numbers can be compared to those reported from direct measurements of the
beam waist for similar lenses (30 cm) and 795/800 nm laser pulses. In [30]
the beam diameter at FWHM was 30±7 µm and in [35] the beam waist was
measured to 25µm.
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From the pulse energy and beam waist the laser fluence is calculated as

Fp =
Ep

πw2
. (3.3)

For all data where the laser fluence is presented, a beam waist of 21.2 µm
is used for the 775 nm beam. For the second harmonic the beam waist is
assumed to be half this value according to the following relation,

w =
fλ

w0π
, (3.4)

where λ is the wavelength, f the focal length and w0 the waist of the non-
focused beam.

3.4 The cold source

Chapter 7 concerns laser ionization of clusters of fullerenes. One way of
producing clusters of fullerenes is to use a gas aggregation source which in
this text is referred to as the ”cold source”. A schematic representation of
the Göteborg cold source is found in Fig. 3.9. The cold source was connected
to the interaction chamber in line with the time of flight mass spectrometer.
Nowadays the electron spectrometer is found in the same position (Fig. 3.1).
The operational principle is as follows: Fullerene powder is heated up to
about 500◦ C creating a vapour of fullerenes which rises into a cold carrier gas,
typically helium or argon. The carrier gas is cooled down by collisions with
the chamber walls which are at liquid nitrogen temperature, 77 K. The vapour
is quenched in the cold carrier gas and if the fullerene density is high enough
the molecules will condense and form clusters where the intermolecular bonds
are of van der Waals type [75]. The vapour then expands, supersonically,
through a conical nozzle of 2 mm diameter with a measured temperature of
110 K. Following the clusters down-stream they leave the cold source through
a skimmer of 3 mm diameter and pass a differential pumping stage before
they enter the interaction chamber. The characteristics of a cluster source
and the cluster sizes it produces is in general very dependent on nozzle and
skimmer geometries, background pressure, carrier gas etc. The most critical
parameter for this particular source is the carrier gas pressure, see Fig.1 in
Paper IV.
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Figure 3.9: The cold source used for production of clusters of fullerenes. Figure
from [66].



Chapter 4

Fullerenes - C60 & C70

This chapter is about fs-laser ionization of the fullerenes C60 and C70. Fem-
tosecond ionization of C60 has been extensively studied before and it therefore
serves as a good choice of reference for new measurements on other molecules
and also as an additional test of the new electron spectrometer. The tran-
sient hot electron ionization mechanism of large molecules is the main theme
in this thesis and it has been suggested for C60 [42], discussed in the back-
ground chapter. The main goal is to establish whether it is unique or not
for C60. The natural way to start measurements was therefore to repeat the
earlier results on C60 and from there proceed to a similar molecule, C70. The
chapter is based on Paper I with some additional results.

4.1 Mass spectrometry results

The mass spectra for C60 after 775 nm, 150 fs laser ionization are shown
in Fig. 4.1 for increasing laser intensities from a to f. For the lowest in-
tensity, Fig. 4.1a, only the singly charged C60 molecule and the first two
fragments C+

58 and C+
56 are observed. For this relatively low laser fluence the

excited C60 molecule decays mainly via these two channels, ionization and
C2-fragmentation (radiative cooling is negligible here [76]). The ionization
potential is 7.64 eV [77] and the C2 evaporative (fragmentation) energy is ca.
11 eV [50, 52, 78, 79] for C60. Proceeding to higher laser intensities, Fig. 4.1b
and especially in Fig. 4.1c, doubly charged C60 and fragment ions are ob-
served. At these laser intensities the absorption of photons is fast enough
for a second ionization step before the excitation energy is quenched into the
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Figure 4.1: Time of flight mass spectra of C60 ionized with 150 fs, 775 nm
laser pulses at different laser peak intensities. From a to f : 0.40, 0.49, 0.73, 1.11,
2.22 and 7.01×1013 W/cm2. Notice that the spectra in e & f are recorded with
a different acceleration potential, leading to longer flight times. f is plotted in
semilogarithmic scale for display purposes.

vibrational system. At even higher intensities, Fig. 4.1d, e and f, a possible
triply charged ion is observed. It is however not possible to distinguish a
C3+

60 ion from lighter fragments of lower charge. The main observation at the
highest intensities is however the onset of a heavy fragmentation all the way
down to C+ and for the highest intensity in Fig. 4.1f even doubly and triply
charged carbon atoms are observed.

The mass spectra for fs-laser excitation can, in an instructive way, be com-
pared to the ns-laser spectrum shown in Fig. 4.2 where a strong fragmentation
is observed, similar to Fig. 4.1e, but where doubly charged ions are absent.
The absorption of photons is now too slow for double ionization and a highly
excited vibrational system is therefore built up leading to strong fragmenta-
tion during the laser pulse duration. The tail, on the high mass side, of C+

60

is due to delayed ionization [46] and is a fingerprint of thermionic emission.
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Figure 4.2: Time of flight mass spectrum of ns-laser ionized C60.

Figure 4.3: Time of flight mass spectra of C70 ionized with 150 fs, 775 nm
laser pulses at different laser peak intensities. From a to d: 0.44, 0.62, 1.11
and 2.17 ×1013 W/cm2.
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Both the fs- and ns-mass spectra are in agreement with the previously pub-
lished mass spectra of C60 after fs-laser and ’long’ pulse (>ps) excitation [34]
and can be understood in relation to the discussion of thermal ionization in
the background chapter.

The fs-laser excitation mass spectra of C70 for similar laser intensities as
for C60 are shown in Fig. 4.3. The spectra are very similar to those of C60.
This is expected since the two molecules are very similar in most respects.
The interpretations of the C70 spectra are therefore the same as for C60.

In Fig. 4.4 the mass spectra corresponding to pulse durations from 150 fs
up to 1.95 ps at fixed fluence 2.27 J/cm2 are shown. The important change
in going to longer durations is that the doubly charged fragments decrease
in abundance relative to the singly charged ions and at 3 ps pulse duration
they vanish. Also this finding is similar to what was observed in the mass
spectra of C60 in [34] where no doubly charged ions were present at 5 ps pulse
duration.

Figure 4.4: Time of flight mass spectra of C70 ionized with 775 nm laser pulses at
fixed fluence but varying pulse durations. a: 150 fs, b: 560 fs and c: 1.95 ps. The
spectra are recorded with the reflectron detuned and the double peak structure
appearing at for example the C+

60 peak is due to metastable fragmentation [80].
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4.2 Electron spectroscopy

The photoelectron spectra of C60 and C70 ionized with the fs-laser at 775 nm
are extensively discussed in Paper I. Below follows a summary of the findings
and conclusions drawn from there with some additional remarks. Spectra of
C70 recorded at higher laser intensities than reported in Paper I are also in-
cluded.

The same photoelectron spectra of C70 as in Fig. 7 of Paper I are shown
with the addition of spectra for higher fluences in Fig. 4.5. For C60 spectra,
see Fig. 6 of Paper I. The experiments were performed with laser pulse inten-

Figure 4.5: Photoelectron spectra of C70 ionized with 150 fs, 775 nm, pulses. The
fluences and peak intensities are from top to bottom: 3.54 (2.22), 2.69 (1.69), 2.19
(1.38), 1.84 (1.15), 1.70 (1.07), 1.56 (0.98), 1.42 (0.89), 1.27 (0.80) and 1.13 J/cm2

(0.71×1013 W/cm2). Thermal fits are plotted as dotted lines and the temperatures
are presented in Fig. 4.7. The ns-spectrum is included as a reference to thermionic
emission and corresponds to an electronic temperature of 0.33 eV.

sities that correspond to the multi-photon ionization regime. The Keldysh
parameter, γ, calculated for the laser peak intensity ranges between 1.7 and 3
for the spectra in Fig. 4.7. Recall that the photoelectron spectra of rare gas
atoms, ionized at laser intensities corresponding to γ> 1, are dominated by
ATI-peaks. The PES of the fullerenes are however dominated by a smooth
distribution of exponential form at energies outside the photon energy 1.6 eV.
The same observation was made for similar laser parameters in [34, 35] and
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Figure 4.6: Momentum maps of C70 after fs-laser ionization. a: raw image, b:
inverted image, at laser peak intensity 7.10×1012W/cm2 (1.13 J/cm2). c: raw im-
age, d: inverted image, at laser peak intensity 2.22×1013W/cm2 (3.54 J/cm2). The
central rings, vaguely seen in b, are associated with resonance enhanced ionization
from Rydberg states [66, 81].

as discussed in section 2.2.1 the ionization process is interpreted as transient
hot electron emission.

Momentum maps for the highest and lowest fluences are shown in Fig. 4.6.
In contrast to the momentum map for ns-laser excitation in Fig 3.4a, which
is isotropic, these clearly show a prolongation along the laser polarization
axis. This subject will be further discussed in chapter 6 and for the moment
we note that it affects the slope of the photoelectron distributions but not
the interpretation of the data.

The observed apparent electronic temperatures after fs-excitation are ex-
tremely high, from 10000 K and higher, showing a linear increase with laser
fluence, see Fig. 4.7. Such extreme temperatures can only be observed if the
heating of the electronic system is very rapid so that the excitation energy
does not have time to dissipate into the vibrational modes which cools off the
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electronic system. As mentioned in section 2.2.1 the time window for this
process is approximately 100 fs to a few ps for C60. Hot electron emission is
therefore never observed for ns-ionization. The strong fluence dependence on
the electron temperature is due to the low heat capacity of electrons which
is yet another difference compared to the ns-case where excitation energy is
stored in both electronic and vibrational degrees of freedom.

Figure 4.7: The electronic temperatures of C60 (circles) and C70 (squares). The
dotted line is a linear fit to the electronic temperatures of C60 measured in [35]
where the laser wavelength and pulse duration were 780 nm and 180 fs respectively.

The apparent suppression of the fullerene electron spectra at low kinetic en-
ergies, inside ca. 2 eV, raises the question of detector saturation. According
to Fig. 3.8 a strong detector saturation can however not be observed, since
the magnitude of saturation would be different for different extraction fields.
Other possible explanations are peak suppression due to the ponderomotive
energy [18], discussed in chapter 2 and secondly, the approximation of the
thermal distribution as a simple exponential function is only a first order
approximation which is most accurate for high photoelectron energies.

Attempts have been made to extract the lifetime of the hot electron system
in C70 by observing the drop in temperature with increased pulse duration
and in ion pump-probe measurements. For a fixed laser fluence we expect
the electronic temperature to decrease with longer pulse duration due to
electron-phonon coupling, which is also what is seen in Fig. 10 of Paper I.
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However, there is a second factor contributing to this drop and that is the
possibility of electron emission before the excitation energy peaks or equiva-
lently before the laser pulse intensity peaks and these two effects could not be
disentangled. From the electron spectra in Fig. 4.5 it is clear that there is not
only ”hot electrons” that build the spectrum but also Rydberg resonances
are clearly seen at low energies. Hence, ion yield pump-probe data gives only
the combined lifetime of the whole excited system and is only good to show
that there is ”something” with a lifetime in the molecule.

The measurements at varying pulse duration could however be used in an-
other way. As discussed in the Background chapter the relevance of the stan-
dard Keldysh parameter, γ, is questionable when it is applied to molecules.
Some publications point to a transition from MPI to field ionization at lower
laser intensities for molecules while others argue for the opposite. To exclude
field ionization as the dominant mechanism causing the smooth electron dis-
tributions observed for the fullerene spectra, not relying on the value of γ,
the electronic temperatures for the short, 150 fs pulses, and the stretched
pulses were compared. This is shown Fig. 4.8. The plot shows that the
electronic temperature, or shape/slope of the spectra, corresponding to two

Figure 4.8: The electronic temperatures of C70 for 150 fs pulses at varying fluence
(crosses) and pulses of fluence 1.84 J/cm2 at varying pulse duration (open squares).
Solid and dotted lines guide the eye.
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different laser peak intensities can be identical as long as the low intensity
pulse has a higher fluence. Similar electronic temperatures are observed for
laser intensities that differ by as much as a factor of 4. This is inconsistent
with a field ionization scenario where the laser intensity is the most impor-
tant parameter for the shape of the photoelectron spectrum but consistent
with a thermal ionization mechanism where a higher laser fluence leads to a
stronger heating of the electronic system.

4.3 Conclusions

Both the mass- and photoelectron spectra of C60 are in good agreement with
previously published data, both for ns- and fs-laser excitation [34, 35, 53].
The fs-laser ionization spectra of C70 are very similar to those of C60 as
expected. The apparent electron temperatures are both fluence and laser
intensity dependent, which is consistent with a thermal ionization process
but not with field ionization. It is therefore concluded that electron emission
from C70, like for C60, is thermal; Electrons are emitted from a highly excited
electron system where vibrations are still cold.
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Chapter 5

Polyaromatic hydrocarbons

In this chapter the results on polyaromatic hydrocarbons (PAH) are pre-
sented and discussed. The main motivation for these experiments is to
investigate whether the transient hot electron excitation/ionization mech-
anism is unique for the fullerenes C60 and C70 or if it is a more general
ionization mechanism for large molecules after fs-laser radiation and, if so,
for how small molecular systems is it present? The molecules studied are
coronene (C24H12), benzo[GHI]perylene (C22H12) and anthracene (C14H10).
These are planar molecules consisting of a number of benzene-rings termi-
nated with hydrogen atoms. Coronene consists of seven rings, one central
ring surrounded by six outer rings. Benzo[GHI]perylene has the same form
as coronene but with two of the outer carbon atoms removed. Anthracene
consists of three benzene-rings in a row. The ionization potentials are for
coronene 7.39 eV [82], benzo[GHI]perylene 7.19 ± 0.1 [83] and anthracene
7.439 ± 0.006 eV [84]. The chapter is based on Paper II.

5.1 Mass spectrometry

Mass spectrometry of PAH-molecules after fs-laser excitation has been ex-
tensively studied before [25–27, 85, 86] and the results presented here mainly
serve as a reference to the photoelectron spectra and for comparison to the
fullerene mass spectra.

43



44

Coronene

Mass spectra of coronene after irradiation with 775 nm, 150 fs pulses at
different laser intensities are shown in Fig. 5.1. For the lowest intensity in
Fig. 5.1a, only the singly charged mother ion (M+) is observed. At slightly
higher intensity, Fig. 5.1b, the onset of fragmentation sets in and also the
doubly charged mother ion appears. At even higher intensities, Fig. 5.1c
and d, the doubly charged ion starts to fragment as well and for the high-
est applied laser fields singly charged carbon and hydrogen atoms and small
molecular ions dominate the spectrum, Fig. 5.1e and f. This is a similar de-
velopment of the mass spectra for increased laser intensity as was observed
for anthracene after 800 nm, 130 fs laser excitation [27].

Figure 5.1: Mass spectrum of coronene after 775 nm 150-fs laser ionization.
From a to f the laser peak intensities are: 3.33, 4.88, 7.55, 11.1, 27,8 and
62.8×1012 W/cm2. Recorded in linear ToF-mode.

The fragmentation goes through many different channels. This is most easily
seen in Fig. 5.2 which shows a spectrum with a higher resolution. The mother
ion fragments mainly via H2 losses, which is seen as a splitting of the mother
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Figure 5.2: Mass spectrum of coronene after 775 nm 150-fs laser ionization. Laser
peak intensity 2.06×1013 W/cm2. Recorded in linear mode with oscilloscope.

ion into sub-peaks or it fragments via C2Hx, where x is mostly even num-
bered for the largest fragments. The fragment groups seen below the doubly
charged mother ion correspond to small CyHx-ions. At least for the smallest
fragments, the left-most peak within the group of fragments corresponds to
the naked Cy ion, and from there single hydrogen atoms are added. Looking
at, for example the C4Hx group (inset in Fig. 5.2), the main sub-peaks corre-
spond to singly charged C4, C4H, C4H2 and C4H3. If there were also doubly
charged fragments of twice the mass there should be additional peaks between
those, looking like singly charged 4-0.5, 4-1.5 and 4-2.5 masses. Such peaks
are absent and hence there are no small doubly charged fragments, with
an odd number of hydrogens, in the spectrum. The same argument goes
for odd numbered carbon atoms. For the larger fragments, just below M2+

this kind of analysis is not possible since the sub-peaks are not resolved. Re-
ports on ionization of anthracene and smaller PAH-molecules with sub-100 fs
pulses do however show doubly charged fragments for the first fragmentation
steps [26, 86]. The above discussion holds for the benzo[GHI]perylene and
anthracene mass spectra too which are presented below.

There are differences but also similarities to the fullerene mass spectra. It ap-
pears as if there is, as for fullerenes, a competition between fragmentation and
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a second ionization step of the singly charged mother ion. Once the mother
ion reaches the doubly charged state it is unlikely that it will ionize again, due
to the high ionization potential of the third charge state. Hence, the highly
excited M2+ ion relaxes through fragmentation and a strong fragmentation
tail is observed below the M2+ ion, as is also the case for the fullerenes. But
according to discussion above it seems, unlike for the fullerenes where the
fragments just below M2+ are doubly charged, that the small fragments be-
low the coronene M2+ have a large contribution of singly charged fragments,
which indicates that some doubly charged fragments fission.

Benzo[GHI]Perylene

The mass spectra corresponding to 775 nm, 150 fs ionization are shown in
Fig. 5.3. The spectra are very similar to those of coronene so for a discussion
see the coronene section above.

Figure 5.3: Mass spectra of benzo[GHI]perylene after 775 nm 150 fs laser ioniza-
tion at different laser peak intensities from a to f : 2.66, 4.44, 6.22, 7.99, 13.1 and
20.9×1012 W/cm2. Recorded in reflectron mode.
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The effect of using a longer pulse duration (1100 fs) on the fragmentation
pattern is shown in Fig. 5.4. The main difference compared to the short

Figure 5.4: Mass spectra of benzo[GHI]perylene after 775 nm 1100 fs laser ion-
ization at the same laser fluences as in Fig. 5.3. Recorded in reflectron mode.

pulse duration in Fig. 5.3 is that the doubly charged mother ion M2+ is absent
at all laser intensities for the long pulse. As shown in the inset of Fig 5.4c
the position of the M2+ ion does not coincide with a strong peak as it does
for the 150 fs ionization case. The peak just to the left of the dotted line in
Fig. 5.4c corresponds to the position of the shoulder seen on the left side of
the M2+ peak in Fig. 5.3e. This trend of a lower doubly charged ion yield and
a lower yield of the small ions C+ and H+, by applying longer laser pulses,
is the same as was observed for the fullerenes, see chapter 4.

The only experiments performed with the second harmonic, 388 nm, of the
fs-laser were on benzo[GHI]perylene and in Fig. 5.5 the mass spectra at vary-
ing intensities are shown. The intensities used for the 388 nm pulses are ca.
one order of magnitude lower than those of the 775 nm pulses. The spec-
tra are very similar compared to the ones for 775 nm ionization in Fig. 5.3
both in shape and how the spectra develop with increased laser intensity.
The clearest difference is that, at least in Fig. 5.5e and f, the M2+ ion is
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Figure 5.5: Mass spectra of benzo[GHI]perylene after 388 nm 150 fs laser ion-
ization at different laser intensity from a to f : 7.55×1010, 1.51×1011, 3.40×1011,
5.52×1011, 1.58×1012 and 8.96×1012 W/cm2. Recorded in reflectron mode.

stronger in relation to the lighter fragments compared to what is observed
at any intensity in the 775 nm spectra. Further, for the highest intensity,
8.96×1012 W/cm2, in Fig. 5.5h triply charged carbon appears and the rest
gas of water and oxygen is ionized.

The fact that the fragmentation spectra are so similar for 388 and 775 nm
light suggests that the fragmentation of the ions is to first order driven by the
amount of energy that the molecules have absorbed and high electric (laser)
field effects are secondary and no major contribution to the fragmentation
due to re-colliding electrons can be argued for.

Anthracene

The mass spectra for anthracene, Fig. 5.6, are similar to those of coronene
and benzo[GHI]perylene and also to mass spectra of anthracene reported
in the literature for similar laser paramters [25]. Differences to coronene
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and benzo[GHI]perylene are first of all that anthracene ionizes at lower
laser intensity. Considering the low intensity spectra Fig. 5.6a-d and the
coronene spectra in Fig. 5.1 it is clear that anthracene is already heavily
fragmented at an intensity of 3.33×1012W/cm2 which is close to the ap-
pearance threshold for singly charged coronene ions in Fig. 5.1a. The ex-
planation for that is not related to the ionization potential since the IP of
anthracene, 7.439 ± 0.006 eV, is higher than for both coronene, 7.39 eV and
benzo[GHI]perylene, 7.19 ± 0.1. It is however consistent with the results
presented in [20–22] that it is easier to ionize smaller molecules with few
delocalized electrons and where the explanation lies in the screening effect
of those electrons. Secondly, in the coronene and benzo[GHI]perylene spec-

Figure 5.6: Mass spectra of anthracene after 775 nm, 150 fs laser ionization.
From a to j the peak intensities are: 1.33, 1.78, 2.22, 2.66, 3.11, 4.00, 5.33, 7.99,
12.0 and 20.4×1012 W/cm2. Recorded in linear mode.

tra, the M2+ ion signal appears before the lighter fragments and it is also
more abundant, at least for the low laser intensity spectra in Fig. 5.1b-d.
For anthracene this is not the case. For the lowest fluences, Fig. 5.6a-g, the
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Figure 5.7: Electron spectra of coronene at constant pulse duration 150 fs. Wave-
length 775 nm. From bottom to top the laser intensities are: 3.55, 4.88, 6.66, 7.99,
9.32, 10.9, 11.5, 21.1, 27.5 and 61.3×1012 W/cm2. The spectra are shifted verti-
cally for display purposes.

trend is that the mother ion first loses a C2Hx unit (Fig. 5.6b), which is
similar to coronene. But then at increasing laser intensity it seems as if a
strong fragmentation sets in and that a M2+ ion peak is never dominant, in
contrast to what is observed for coronene and benzo[GHI]perylene. At the
highest laser intensities, Fig. 5.6h-j, it seems as if the M2+ ion increases in
abundance compared to the lighter fragments.

5.2 Electron spectroscopy

5.2.1 Coronene

The electron spectra of coronene, ionized with 775 nm 150 fs light, for the
same range of intensities that was used in the mass spectrometry measure-
ments, Fig. 5.1, are shown in Fig. 5.7. with corresponding momentum maps
in Fig. 5.8. As for the fullerenes the spectra are dominated by a smooth
electron distribution of exponential form for electron kinetic energies greater
than the photon energy, at least for the lowest intensities. For the highest
intensity two strong pairs of peaks appear at 5.3/6.3 eV and 9.3/10.3 eV,
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Figure 5.8: Electron momentum maps of coronene after 150 fs, 775 nm ionization.
Left column are symmetrized images and right column are the inverted images.
Laser peak intensities are for a & b 0.36, c & d 1.15 and e & f 6.13×1013W/cm2

superimposed on the smooth distribution. These peaks are clearly seen as
rings in Fig. 5.8f and will be further discussed below. The ATI-series can be
seen, weakly, in the 4:th top most spectrum with the first, second and third
peak at energies 2.15, 3.74 and 5.33 eV respectively. For the lowest intensi-
ties, up to 9.32×1012 W/cm2, the corresponding mass spectra are dominated
by the singly charged mother ion and hence the contribution to the electron
distribution from small fragments can be disregarded. Further, the Keldysh
parameter ranges from 2.75-4.1 for these spectra, which is far from the field
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ionization regime. Hence, the similarities to the fullerenes are striking. For
laser intensities in the MPI-regime and for single ionization conditions of the
coronene molecule, Boltzmann-like electron distributions are observed with
no major contribution of ATI-peaks. This observation, together with the
similarities between the coronene and fullerenes mass spectra, suggests that
the transient hot electron ionization is present also for coronene.

Figure 5.9: Electron temperatures of coronene extracted from the spectra in
Fig. 5.7. Error bars are those of the mean value where several data points are
available. The point at highest fluence is fitted by hand and the error is estimated.

The electron temperatures extracted from linear fits to the photoelectron
distributions are shown in Fig. 5.9. The main observations here are that
electron temperatures and the close to linear increase of the temperature
with increasing laser fluence is very similar to those of the fullerenes.

For increasing laser intensities, above 9.32×1012 W/cm2 (1.49 J/cm2), there
is in fact nothing in the electron spectra that indicates that the transient
hot electron ionization mechanism is no longer present, the smooth electron
distribution is still there. But because of the stronger contribution of doubly
ionized ions and the heavy fragmentation, seen in Fig. 5.2d-f, and the smaller
Keldysh parameters, which becomes equal to unity for the highest intensity
6.13×1013 W/cm2, these photoelectron spectra are not easily interpreted.
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Figure 5.10: Same electron temperatures as in Fig. 5.9 and 5.11 but here as a
function of laser peak intensity. Crosses: Varying fluence at 150 fs pulse duration.
Open squares: Varying pulse duration at a fixed laser fluence, 3.43 J/cm2. The
error bar represents the largest standard deviation, of the mean value, of those
measurements where more than one point for the same laser parameter are avail-
able. The error bar represents the reproducibility of the measurements. The errors
in the fitting procedure are much smaller.

The same experiment as was performed on C70, Fig. 4.8, to eliminate field
ionization as the main active ionization mechanism in the experiments pre-
sented in this work, was also done for coronene, Fig. 5.10. Recall, the idea
is to measure the electron temperature as a function of laser intensity at
different laser fluences and pulse durations. In a pure field ionization process
the shape/temperature of the photoelectron distribution should depend only
on the laser intensity. In the coronene measurements the laser fluence was
chosen to be higher (3.43 J/cm2) for the stretched pulses compared to what
was used in the C70 measurements (1.84 J/cm2). This was to try to get a
better separation between the two branches. The result is similar to that
observed in the C70 measurements. For identical laser peak intensities, the
laser pulse with the longest pulse duration (highest fluence), generates the
highest electron temperature. For the lowest temperatures observed, around
1.2-1.3 eV, the short, 150 fs pulse, needs to be ca 4 times more intense than
the more energetic stretched pulses to give the same electron temperature.
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Figure 5.11: Electron temperatures of coronene extracted from the spectra in
Fig. 5.12. Same error bar as in Fig 5.10.

Figure 5.12: Electron spectra of coronene at constant fluence 3.43 J/cm2. Wave-
length 775 nm. From bottom to top the laser pulse durations are: 3440, 2660,
2010, 1299, 974, 779, 659, 590, 507, 444, 380, 329, 292, 241, 216, 179 and 150 fs.
The spectra are shifted vertically for display purposes.

The same data as shown in Fig. 5.10 for the stretched laser pulses is shown
in Fig. 5.11 but here versus the pulse duration. The electron spectra corre-
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sponding to the stretched laser pulses used in Fig. 5.10 and 5.10 are shown
in Fig. 5.12 which show that the electron energy distributions for energies
beyond the photon energy are strongly dominated by a thermal distribution
also for the stretched laser pulses.

5.2.2 Benzo[GHI]Perylene

The same photoelectron measurements, with minor differences in laser in-
tensity, as were performed on coronene with the fundamental wavelength of
the fs-laser, 775 nm, were also done for benzo[GHI]perylene. The results
are presented in Fig. 5.13 to 5.16. The benzo[GHI]perylene is a close rela-
tive to coronene and in analogy to the similarities between the fullerenes
C60 and C70, no major differences were expected between coronene and
benzo[GHI]perylene. Judging from the results presented in Fig. 5.13 to 5.10
they are more or less the same. One minor, but still clear, difference is that
the ATI-peaks in Fig. 5.13 are slightly enhanced compared to the coronene
PES, most easily seen for the 1.31×1013 W/cm2 spectra. This will however
not change the interpretation of the photoelectron spectra for benzo[GHI]-
perylene compared to the coronene data so, for a discussion of the data, I
will therefore refer to the discussion above in the coronene section.

In addition to the 775 nm measurements on benzo[GHI]perylene the second
harmonic, 388 nm, was also used for both mass spectrometry (see the mass
spectrometry section above) and for photoelectron measurements. The PES
are shown in Fig. 5.17, and the corresponding momentum maps for four of the
intensities are shown in Fig. 5.18. First we notice that for all laser intensities
the MMs are much more symmetric than the red-light MMs, possibly because
of the significantly lower laser intensities applied with the blue light, about
one order of magnitude. That is because only three photons are now re-
quired for ionization instead of five for the red light. The detailed analysis of
the angular photoelectron distribution will be further discussed in chapter 6.
Regarding the PES, Fig. 5.17, they are very similar to the ones obtained
with the 775 nm light, Fig. 5.13. Outside the photon energy, now 3.20 eV,
the spectra are smooth and well described by Boltzmann distributions and
there is no sign of a major ATI-series. This is consistent with the transient
hot electron ionization process which is not wavelength dependent (except
for cross section), as long as the photon energy is smaller than the IP. For
the spectrum corresponding to the highest laser intensity 3.73×1013 W/cm2,
the two non-ATI peaks at 5.3/6.3 eV appear again. These peaks were also
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Figure 5.13: Electron spectra of benzo[GHI]perylene at constant pulse duration
150 fs. Wavelength 775 nm. From bottom to top the laser intensities are: 1.78,
2.66, 4.44, 6.22, 7.99, 13.1, 20.9 and 33.3×1012 W/cm2. The spectra are shifted
vertically for display purposes.

Figure 5.14: Electron spectra of benzo[GHI]perylene at constant fluence
3.26 J/cm2. Wavelength 775 nm. From bottom to top the laser pulse durations
are: 2920, 2270, 1360, 1140, 690, 495, 405, 379, 335, 253, 177 and 150 fs. The
spectra are shifted vertically for display purposes.
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Figure 5.15: Electron temperatures of benzo[GHI]perylene. Squares: fixed laser
fluence 3.26 J/cm2, data from Fig. 5.14. Crosses: fixed laser fluence, 1.27 J/cm2.
Same error bar as in Fig 5.10.

Figure 5.16: Electron temperatures of benzo[GHI]perylene as a function of laser
peak intensity. Solid triangles: Varying fluence at 150 fs pulse duration. Solid
squares: Varying pulse duration at a fixed laser fluence, 3.26 J/cm2. Crosses:
Varying pulse duration at a fixed laser fluence, 1.27 J/cm2. Same error bar as in
Fig 5.10. Large pulse duration labels refer to solid squares and small numbers to
crosses.
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observed for all the other molecules with high intensity 775 nm light.

Figure 5.17: Electron spectra of benzo[GHI]perylene. Laser parameters: 150 fs
and 388 nm. From bottom to top the laser intensities are 0.43, 0.76, 1.28, 2.22, 6.57
and 37.3×1012 W/cm2. The spectra are shifted vertically for display purposes.
A stronger projection field was used here compared to all other photoelectron
measurements, which enables detection of photoelectrons of higher kinetic energies.

The PES for high electron kinetic energies (>3.2 eV) in Fig. 5.17 are regarded
to be thermal and the electronic temperatures are shown in Fig 5.19. The
observed temperatures fall into the same ”ball park” as what was observed
for 775 nm ionization. Differences are however that the temperatures at low
fluences are higher for blue light excitation compared to red light excitation.
For higher fluences the difference evens out.

A perhaps more interesting effect seen in Fig. 5.19 is how well the data points
for both the 388 nm and 775 nm light fit with a square root dependence on
the laser fluence which is consistent with a transient hot electron ionization
mechanism [35]. The temperature in a Fermi gas goes as Tel ∝

√
U , where U

is the internal thermal energy and where U , in a crude estimate is, directly
proportional to the laser fluence, in case of a constant, time independent,
cross section.

A careful look at the same plot for the fullerenes, Fig. 4.7 reveals a similar
trend for C60 and for C70 at low fluence. Data points for equally low fluences
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Figure 5.18: Electron momentum maps of benzo[GHI]perylene after 150 fs,
388 nm ionization. Left column are symmetrized images and right column are
the inverted images. Laser peak intensities are for a & b 0.43, c & d 6.57 and
e & f 37.3×1012 W/cm2.

as for benzo[GHI]perylene are however not available here. For coronene,
Fig. 5.9, the curve is different but the trend is also that the temperature rise
is more rapid at the low fluences up to ca. 2 J/cm2.

A comparison of the electronic temperatures with the mass spectra of 775 nm
and 388 nm light gives more information. In Fig. 5.20 mass spectra are shown
for 388 nm and 775 nm of 150 fs duration and also for 775 nm of longer pulse
durations. The mass spectra of every row are selected to have similar elec-
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Figure 5.19: Apparent electronic temperatures for benzo[GHI]perylene extracted
from the PES in Fig. 5.13 and 5.17. Solid circles 388 nm excitation and solid
up triangles 775 nm excitation. Inset shows the 388 nm data for the four lowest
fluences. The lines are ”hand made” fits of the form A+

√
FB, where F is the laser

fluence and A and B are constants. 775 nm: A=0.54 eV, B=0.8 eV/(J/cm2)1/2.
388 nm: A=1.055 eV B=0.57 eV/(J/cm2)1/2.

tron temperatures. For the 150 fs, 388 nm and 775 nm, laser pulses it is
clear that the mass spectra evolve similarly for increasing electron temper-
atures. A somewhat stronger fragmentation is observed for the red pulse
for the lowest temperatures, compare Fig. 5.20a to b, and d to e. This
is however inside the uncertainties of this comparison. Now, considering the
mass spectra for the stretched 775 nm pulses, Fig. 5.20c, f and i, these show a
strong fragmentation, at all electron temperatures, much different from what
is observed for the 150 fs pulses. Also this observation is consistent with a
thermal ionization process. The blue and red 150 fs pulses heat the electron
system quickly, resulting in a transient hot electron ionization. The process
is statistical and not state specific and therefore the hot electron system has
no memory of how it was excited (blue or red light). Hence, electron systems
that are equally highly excited, emit electrons of the same emission tem-
perature leaving ions behind with equal charge states and excitation energy,
which then couple to the vibrational modes, leading to the same fragmen-
tation pattern. For the longer, 775 nm pulses, the photon absorption is not
quick enough to prevent substantial quenching of excitation energy into the
vibrational modes during the laser pulse. Therefore, these pulses result in
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strong fragmentation already at low electron temperatures since a lot of the
excitation energy has coupled between the electronic and vibrational sub-
system before electron emission takes place. Figure 5.20 is consistent with,
although no proof of, a thermal ionization mechanism of benzo[GHI]perylene.

Figure 5.20: Mass spectra of benzo[GHI]perylene at different laser intensities,
wavelengths and pulse durations. The figure shows that similar electron temper-
atures gives similar mass spectra for both 775 nm and 388 nm laser light when
the pulse is short, 150 fs. The mass spectra corresponding to stretched pulses
(c 2270 fs, f 1360 fs, i 380 fs), at constant laser fluence 3.26 J/cm2, give a stronger
fragmentation pattern already at the lowest laser intensity in (c).

5.2.3 Anthracene

The electron spectra of anthracene after 150 fs, 775 nm ionization are shown
in Fig. 5.21, where the laser intensities are similar to those used in the mass
spectrometry measurements, presented in Fig. 5.6. The electron spectra are
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Figure 5.21: Electron spectra of anthracene at constant pulse duration 150 fs.
Wavelength 775 nm. From bottom to top the laser intensities are: 1.78, 3.11, 4.44,
7.99, 9.32, 10.88, 20.65, 27.31 and 61.05×1012 W/cm2. The spectra are shifted
vertically for display purposes .

dominated by series of ATI-peaks for the intensities up to ca 1013 W/cm2.
The ATI-peaks are clearly seen as rings in the momentum map in Fig. 5.22.

At higher laser intensities the spectra are seen to be smeared out to a smooth
distribution of exponential form. It is not possible to say what causes this
transition but candidates are tunneling ionization or the onset of a strong
thermal ionization process.

Comparing the photoelectron spectra of anthracene, at relatively low laser
intensities, to those of the fullerenes C60 and C70 and the PAH-molecules
coronene and benzo[GHI]perylene it is clear that the thermal component,
due to the transient hot electron emission, is suppressed in favor of the ATI-
series. The fact that the ATI-peaks become more dominant for anthracene
than for the larger molecules is unknown. It may be a result of the smaller
molecular system and the smaller number of delocalised electrons for an-
thracene which makes a thermal ionization process less probable. The results
presented here are in agreement with the electron spectra reported by Levis
et al. [7] and [8, 23], which are discussed in the Background chapter, where
smaller molecules were observed to enhance the ATI-peak structures. Their
interpretation of the spectra were however different.
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Figure 5.22: Momentum map of anthracene, a: symmetrized image and b: in-
verted image. Laser parameters: 775 nm, 150 fs and 7.99×1012 W/cm2.

ATI-ionization and a transient hot electron ionization mechanism can be
active at the same time, and the strong ATI-peaks in the anthracene spectra
do not exclude a thermal component for anthracene. At first glance, all the
spectra in Fig. 5.21, could be seen as ATI-peaks superimposed on a thermal
component. A fit of Lorentzian peaks to these ATI-peaks, to separate them
from a thermal component, is not possible since the ATI-peaks are built up
of an unknown number of sub-peaks, corresponding to resonance enhanced
ATI-ionization [13, 15–17]. See for example the double peak structure at ca.
0.25 and 0.45 eV and also the shoulder at ca. 0.7 eV.

Instead a thermal component with a temperature of 1.72 eV (dotted line)
was subtracted from the PES, giving the bottom spectrum in Fig. 5.23a. If
the PES is built up of a thermal distribution and an ATI-series, then this is
the ATI-contribution to the PES. The first and second ATI-peak were then
shifted by one and two photon energies respectively, as indicated by the ar-
rows in Fig. 5.23a, and then scaled to have the same peak value. The result
is shown in Fig. 5.23b, where the black, red and blue curves correspond to
the 1:st, 2:nd and 3:rd ATI-peak respectively. Notice that the thermal com-
ponent cuts the 1:st ATI-peak at low energies so it is only the high energy
side of the ATI-peaks that should be compared. Within the experimental
uncertainties regarding peak broadening, due to reduced resolution at higher
photoelectron energies, and the rather crude method described here, the
three peaks are similar. In Fig. 5.23c the ATI-peaks were shifted without
the subtraction of the thermal component and then scaled to approximately
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equal peak values. This gives a slightly worse agreement between the three
ATI-peaks.

Figure 5.23: a: A thermal component (dotted line) is removed from the an-
thracene PES. The resulting spectrum is shown below. b: The second (red)
and third (blue) ATI peaks are translated by one and two photon energies and
scaled to the same peak value as the first (black) ATI-peak. c: Same as b, but
without a thermal component removed. Laser parameters: 150 fs, 775 nm and
4.44×1012 W/cm2.
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The above procedure is arbitrary and it is unclear if there is a thermal ion-
ization process active also for anthracene. Since the ATI-ionization mainly
depends on the laser intensity while the transient hot electron ionization
also is sensitive to the laser fluence the obvious experiment is to stretch the
laser pulse and use a relatively high fluence, and possibly that way con-
clude whether anthracene ionizes thermally. In Fig. 5.24 the electron spectra
recorded at three of the lowest laser intensities and longest pulse durations
used in these experiments are shown (black lines) together with two reference
spectra (red and blue lines) for 150 fs ionization. The red spectrum corre-
sponds to a similar laser fluence as the black spectra and the blue spectrum to
a two times lower fluence. The second ATI-peak at ca. 2.1 eV is clearly seen
in the spectra corresponding to long pulse durations, but reduced by a factor
of two compared to the 150 fs spectra. This is indicated by the vertical lines
under the ATI-peaks. For the bottom spectrum, corresponding to a pulse du-
ration of 1.49 ps and laser intensity of 4.0×1011 W/cm2 the second ATI peak

Figure 5.24: Electron spectra of anthracene at three of the lowest laser intensi-
ties used in this study (black lines), together with two 150 fs reference spectra (red
and blue lines). From top to bottom the laser pulse durations and intensities are:
150 fs/ 4.44×1012 W/cm2, 150 fs/ 1.78×1012 W/cm2, 1.10 ps/ 7.8×1011 W/cm2,
1.49 ps/ 5.8×1011 W/cm2 and 1.49 ps/ 4.0×1011 W/cm2. The spectra are
shifted vertically for display purposes. Vertical lines indicates the height of
the second ATI-peak. Inset: Mass spectrum corresponding to ionization with
a 1.49 ps/ 3.8×1011W/cm2 pulse.
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is revealed when a smoothing function is applied to the spectrum (not shown
here). This observation shows that the ATI-series is suppressed and replaced
by a smooth, thermal like, photoelectron distribution for longer pulse dura-
tions. The inset in Fig. 5.24 shows the mass spectrum of anthracene ionized
with a 1.49 ps pulse of peak intensity 3.8×1011W/cm2, which is the same as
what is used in one of the photoelectron measurements. There is no sign of
delayed ionization on the mother ion peak (M+) and hence the smooth elec-
tron distribution cannot be attributed to thermionic emission on the µs-ns
time scale. This result suggests that also anthracene can ionize thermally
from a transient hot electron system, even though the process is suppressed
in favor of ATI-ionization.

5.2.4 The non ATI-peaks

The peaks observed in the photoelectron spectra at 5.3/6.3 eV (for coronene
also at ca 9.3/10.3 eV) for high laser intensities cannot, due to their position
on the energy axis and the 1 eV/4 eV separation, origin from ATI-ionization
with 1.6 eV photons. They show no angular dependence in count rate relative
to the laser field polarization and they become pronounced in the electron
spectra when C+ and C2+ appear in the mass spectra. The explanation for
these peaks is suggested to be a secondary electron recombination process
followed by electron emission. The first excited state of C+ (4P 2s2p2) is at
5.33 eV and the second excited state (2D 2s2p2) at 9.29 eV. The 6.3 eV peak
fits rather well with the first excited state of C2+ (3P◦ 1s22s2p) at 6.50 eV.

5.3 Conclusions

The large molecules coronene and benzo[GHI]perylene are shown to give
rise to smooth electron spectra outside the photon energy after fs-laser ex-
citation, similarly to the fullerenes. Also the development of the mass-
and electron spectra with increased pulse duration follow a similar scheme
as the fullerenes. The transient hot electron ionization mechanism, ac-
tive for fullerenes, is therefore most likely present also for coronene and
benzo[GHI]perylene. Going to anthracene the ATI-series becomes signifi-
cantly more dominant in the electron spectra. The results do however sug-
gest that the transient hot electron ionization mechanism is present also for
anthracene, but suppressed in favor of direct ATI-ionization.



Chapter 6

Anisotropy in the photoelectron

distributions.

Throughout this thesis it has been argued for multielectron dynamics and a
thermal ionization process of large molecules after fs-laser excitation. The
distribution of emitted particles in a thermal/statistical decay is expected
to be isotropic. The photoelectron momentum maps of the fullerenes and
PAH-molecules in chapters 4 and 5 did however show a prolongation in the
direction of the laser polarization which at first points against a thermal ion-
ization mechanism. In this chapter some of the previously presented data
are analyzed as a function of emission angle relative to the laser polarization
direction.

The theoretical analysis is far from completed and this chapter mainly serves
as a presentation of the experimental data. A model, taking the laser field
into account in a thermal ionization process is also presented.

6.1 Results and observations

The photoelectron spectra of coronene after 775 nm, 150 fs, excitation at
emission angles 0-10, 40-50 and 80-90 degrees are presented in Fig. 6.1. From
this figure it is clear that the photoelectron distribution along the polarization
is flatter (has a higher effective temperature) than the distribution perpen-
dicular to the polarization. Further, thermal distributions dominate for all
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Figure 6.1: The photoelectron spectrum of coronene for the emission angles 0-
10◦, 40-50◦ and 80-90◦ relative the laser polarization axis. The laser polarization
direction corresponds to 0◦. The laser peak intensity is 1.15×1013 W/cm2, pulse
duration 150 fs and wavelength 775 nm.

three spectra but with weakly visible resonance structures, which are pos-
sibly ATI-peaks, in the polarization direction. This is consistent with the
observation made in for example Fig. 3.3 of xenon or Fig. 5.22 of anthracene
where the ATI-peaks are stronger in the laser polarization direction. More
important is however that the thermal distributions observed after integra-
tion of the whole momentum map, which was done in chapter 4 and 5, cannot
be attributed to smearing, caused by the ellipticity of the distribution, since
thermal distributions are observed also for small angular segments. This is
a general observation for all molecules showing thermal electron spectra.

The temperatures and the number of counts for 9 angular segments between
0◦ and 90◦ are shown in Fig. 6.2 for three different laser intensities. A clear
trend is that the asymmetry increases both for the count rate and the elec-
tronic temperature with increasing laser intensity.

To exclude that the asymmetry is caused by experimental artifacts the po-
larization was flipped by 90◦, so that it pointed into the detector plane. This
was done for C70 and the result is presented in Fig. 6.3. With a polariza-
tion perpendicular to the detector the count rate and the apparent electron
temperature are nearly constant for all emission angles and the variations
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Figure 6.2: a: The angular dependence on the apparent electron tem-
peratures for three different laser peak intensities for coronene. Open tri-
angles 6.66×1012 W/cm2, solid squares 1.15×1013 W/cm2 and open circles
2.75×1013 W/cm2. b: The corresponding number of counts which are normal-
ized to the same number at 80-90◦.

Figure 6.3: a: The angular dependence on the apparent temperature for C70

for perpendicular (open circles) and parallel (solid squares) laser polarization with
respect to the detector plane. b: The corresponding number of counts. Laser
parameters: 775 nm, 150 fs and 1.07×1013 W/cm2.
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Figure 6.4: a: The angular dependence on the apparent temperature for
benzo[GHI]perylene after 775 nm (open circles) and 388 nm (solid squares) at
laser intensities 6.22×1012 W/cm2 and 6.57×1012 W/cm2 respectively. b: The
corresponding number of counts.

observed lies within the experimental uncertainties. This result establishes
that it is the laser field that is responsible for the ellipticity of the electron
distributions.

Finally a comparison is made for benzo[GHI]perylene for 388 and 775 nm
excitation at similar laser intensity shown in Fig. 6.4. The momentum maps
of benzo[GHI]perylene after 388 nm excitation in Fig. 5.18 did not show a pro-
nounced prolongation compared to 775 nm excitation (Fig. 5.8 for coronene
is representative), even though the laser intensities are similar. That is also
verified in Fig. 6.4 where the 775 nm light ionization is seen to result in a
stronger angular dependence. One possibility for this is that it is not the
peak intensity alone of the laser field which is the most important parame-
ter. Instead it suggests that it can be the ponderomotive potential and/or
the Keldysh parameter, eq. 2.3 and 2.4, which are both intensity and wave-
length dependent. An increased wavelength results in a higher ponderomo-
tive potential and a stronger suppression of the binding potential. A second
possibility is that with 388 nm light the molecules ionize earlier in the rise of
the laser pulse, at lower intensities. For example, only 3 photons are required
for ionization compared to 5 photons for 775 nm light.
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6.2 Thermal electron emission in an electric field

The transient hot electron ionization mechanism is based on detailed balance
as applied by Weisskopf to describe neutron emission from hot nuclei [44].
The rate constant for statistical emission of electrons from an electronic heat
bath reads

k(E, ε)dε =
2meσ(ε)

π2h̄3
ε
ρd(E − Φ− ε)

ρp(E)
dε, (6.1)

where me is the electron mass, σ the electron capture cross section, ε the
kinetic energy of the electron, E the total excitation energy, Φ is the ioniza-
tion potential and ρp and ρd are the level density of the parent and daughter
respectively [35]. The factor of 2 is the spin degeneracy of the electron. We
can further assume that the hot electron gas has an excitation energy which
is much greater than both the ionization potential and the kinetic energy
of one emitted electron. Hence the heat capacity can be considered con-
stant when an electron is removed and also the temperature of the electron
gas is unaffected. Equation 6.1 can then be approximated with Boltzmann
expansions of the daughter level density, ρd(E − Φ− ε), as

k(E, ε)dε =
2meσ(ε)

π2h̄3
ε
ρd(E)

ρp(E)
exp

(

− Φ

kBT

)

exp

(

− ε

kBT

)

dε. (6.2)

The idea is that the ionization potential is varying in time when the electric
field oscillates and that the suppression of the potential is directional, along
the laser polarization axis. That is,

Φ(t) = Φ0 + qE0r0sin(ωt)cos(θ), (6.3)

where Φ0 is the undisturbed ionization potential, E0 is the electric field
strength, r0 the radius of the molecule, ω the frequency of the laser field
and θ the angle relative to the laser polarization. This does not lower the
ionization potential when averaged over a whole period since the second term
vanishes, but since the ionization potential goes into the exponent in eq. 6.2
it does affect the distribution of photoelectrons, with an enhanced yield in
the direction of the laser polarization.
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Chapter 7

Molecular fusion of fullerenes

In this chapter the redistribution of energy in highly excited molecules will be
studied on a different system, clusters of fullerenes. The cold source described
in chapter 3 produces clusters of fullerenes (Fig. 7.1), where the intramolecu-
lar bonds are of weak van der Waals type. Clusters of fullerenes were ionized
by both the F2- and femtosecond laser (775 nm, 150 fs), perpendicular to the
cluster beam, and analyzed with the mass spectrometer. The mass spectra
revealed unexpected results after fs-laser ionization. The chapter is based on
Papers III-V.

7.1 Results and discussion

A mass spectrum of the cluster distribution generated by the cold source is
shown in Fig. 7.2a. The clusters were ionized with a F2-laser which has a
photon energy 7.9 eV, which is 0.3 eV higher than the ionization potential
of C60. One electron is removed from the fullerene in a direct ionization
process, leaving the electronic and vibrational systems cold and the cluster
unaltered by the ionization. Hence, this is a fingerprint of the cluster distri-
bution generated by the cold source. Two distributions of cluster sizes are
seen in Fig. 7.2a, one is centered around N=15-20 (inset) and then a second
one of unresolved peaks starts at ca. N=50 and extends up to hundreds
of C60 molecules. The by far most abundant sizes in the spectrum are the
monomers and dimers which exceeds the scale in this figure. These do how-
ever have a much higher detection efficiency than the largest clusters in the
spectrum. The cluster size distribution is very sensitive to the carrier gas
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Figure 7.1: Cluster of C60. Figure from [75].

pressure and the trend is that larger clusters are created at higher pressure.
This is further discussed in Papers III and IV.

The corresponding mass spectrum after fs-laser ionization is shown in Fig. 7.2b.
The C+

60 peak with fragments (C+

58, C
+

56...) dominates the spectrum com-
pletely and there seems to be no trace of clusters of fullerenes. The tail
on the high mass side of the C+

60 peak is not delayed ionization but due to
fragmentation of cluster ions to C+

60 during the acceleration time in the spec-
trometer. Zooming in on the high mass side of the C+

60 peak does however
reveal four small groups of peaks, where the peaks are separated by C2-units,
indicating fragmentation of excited fullerenes.

These four groups are surprising for two reasons. First of all, in contrast
to the C+

60 fragments (C+

58, C
+

56...) which show a monotonic decrease in abun-
dance (except local stability effects), these distributions peak and are close to
symmetric around a specific fragment size. This will be discussed later. Sec-
ondly, their positions in the mass spectra are surprising. The position where
the (C60)2

+ peak is expected is indicated in Fig. 7.2b and it is reasonable
to assume that the left most distribution of fragments are originating from
this dimer ion. The intramolecular van der Waals bond of the (C60)2

+ ion is
however very weak (ca 0.4 eV [87]) compared to the C2 evaporation energy
of C60 (ca. 11 eV) and it is therefore very unlikely that the two C60 cages
stay together while one or both evaporate C2 units, leading to the fragment
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Figure 7.2: a: Single photon ionization of (C60)N showing the precursor distri-
bution. b: The corresponding mass spectrum after 775 nm, 150 fs radiation at
laser peak intensity 1.73×1014 W/cm2.

distribution which is centered at 106 carbon atoms. They will rather first
fall apart to C60 monomers which then fragment. So there must be another
decay route to the fragment distributions observed in Fig. 7.2b.

What is suggested here is a rapid fusion of the C60 cages upon femtosec-
ond laser excitation, creating a highly excited C+

120 fullerene which decays
by C2 evaporation. Femtosecond laser excitation is crucial here since the
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electronic system must be heated to extreme temperatures to overcome the
fusion barrier of ca. 80 eV before too much energy is transferred to the vi-
brational system, causing the weakly bonded cluster to fall apart. Because
of this reason, fusion of gas phase fullerene clusters is never observed af-
ter multi-photon ns-excitation. Notice that this is the same description of
transient hot electrons which is used to explain the high apparent electron
emission temperatures of fullerenes and PAH molecules in chapter 4 and 5.

Fusion of fullerenes has been observed before by a number of groups. Yeret-
zian et al. reported molecular fusion of fullerenes in the hot and dense vapour
generated by laser desorption of a fullerene film [88–90]. The vapour ex-
panded into a pulsed flow of helium carrier gas and was analyzed in a time
of flight mass spectrometer. Spectra analogous to the one in Fig. 7.2b were
observed, except that the fragment groups were centered closer to the pre-
cursors.

Also in single collision experiments, C60
++C60, C60

++C70 and C70
++C70 fu-

sion of fullerenes has been observed [91, 92]. The fusion barrier of C60+C+
60→

C+

120 was experimentally measured to 60-80 eV in good agreement with molec-
ular dynamics simulations and it was found that the fusion barrier increases
with increasing size of the fullerenes. As the collision energy increases it
was also observed that the fused fullerenes fragment stronger due to a higher
excitation energy.

The shape of the fusion fragment distribution is understood as follows. The
high mass cut-off is defined by the minimum amount of fragmentation that a
fused C+

120 will undergo on the experimental timescale. The excitation energy
is at least ca. 100 eV resulting from the fusion barrier of 80 eV and the heat
of fusion ca. 20 eV [93]. The high mass cut-off dependence on the fusion
barrier is seen in Fig. 7.3 as a shift of the peak position of the fusion frag-
ments. For C70 the peak position is shifted by 2-3 C2 units compared to C60

which is consistent with a higher fusion barrier for C70 [91, 92]. Similarly the
excitation energy is larger for the fused C240

+ and hence the fragmentation
is stronger than for C180

+ and C120
+. The number of lost C2 units to the

center of the fragment distributions are 20, 14 and 8 C2 units respectively.

The low mass cut-off is not that easily understood. In [94], Fig. 2, it is shown
that the low mass cut-off stays constant when the fluence is varied and it is
further observed that the yield of fusion fragments is reduced when the flu-
ence exceeds a certain limit. The naive thought here is that by increasing the
fluence there will be more energy available for the fullerenes to fuse which
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Figure 7.3: Fusion fragment distributions for C60 and C70. The effect of a higher
fusion barrier for C70 is seen as a larger shift of the fusion fragments from its
precursor.

would increase the yield and also move the low mass cut-off to smaller masses.

The observation is explained as being due to the onset of a competing decay
channel - multiple ionization. With the huge laser fluences applied here the
(C60)2

+ dimer ion will be extremely hot (50 000 K) during and a few hun-
dred fs after the laser pulse has passed [35]. If it gets too hot the double
ionization decay channel will become dominant over the fusion channel and
due to the high charge mobility of fullerene clusters it is reasonable to assume
that two singly charged monomers are created and separated by Coulomb re-
pulsion [95] before fusion takes place. No C2+

60 ions are observed in the mass
spectrum in Fig. 7.2b. This explains both the stable low mass cut-off with
increased laser fluence and the reduced yield of fusion products at high laser
fluences. The excited monomer ions will, after coulomb repulsion and when
energy has coupled to vibrations, decay by C2 evaporation. This is probably
why the C+

60 peak dominates the spectra and why we never see any doubly
charged clusters of fullerenes after ionization with the fs-laser. The competi-
tion between fusion and multiple ionization is further discussed in Paper IV
where a simple model in a satisfactory way explains and reproduces the shape
of the fusion fragment distributions.
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The fusion fragment distributions have also been studied for different pre-
cursor distributions, Fig. 1 and 2 in Paper III and IV. The main observation
in these experiments was that the yield of fusion fragments increases when
there are many large, N>100, (C60)N clusters in the cluster beam, indicating
that the fusion fragments we do observe have their origin in large clusters.
Apart from that the shape of the fragment distributions were observed to be
fairly stable for varying precursor cluster size.

The last study on the molecular fusion of fullerenes is a pump-probe (PP)
experiment. The experiment was performed on C60 and at source conditions
giving large (C60)N clusters. The femtosecond laser beam was divided into
two identical beams in a Michaelson interferometer and the delay time, ∆t,
between the pump and probe beams was controlled by moving one of the
mirrors in the interferometer. The laser fluence was adjusted, by defocusing
the light, to not give rise to any fusion fragments in the mass spectra with
the pump beam alone. A smooth background was subtracted from the spec-
tra and the total dimer fusion signal was integrated. A normalized fusion
fragment yield is seen as a function of ∆t in Fig. 7.4, where a delay of 300 fs
corresponds to unity. The dashed line is a decay fit curve with a decay con-
stant of 630 fs.

In analogy to the previous discussion on the apparent electron temperature
for different laser pulse durations, Fig. 11 Paper I and ref. [34], it is tempting
to interpret the reduced fusion signal with increased pump-probe delay as
electron-phonon coupling which cools the electronic system and reduces the
probability for fusion. Electron-phonon coupling is part of the reason for the
reduced signal with increased PP-delay but there are most likely others too
and therefore the decay constant observed here cannot be identified with the
electron-phonon coupling time. Even though the laser fluence of the pump
pulse alone is too small to produce fused molecules it is still strong enough
to completely vaporize the cluster into C60 molecules. Hence, there will be
losses of molecules from the cluster between the pump and probe pulse and
we know that the size of the cluster affects the yield of fusion products.
Secondly, the vibrations will be heated to varying degree depending on the
PP-delay time which may alter the photon absorption cross section. These
two effects, at least, will influence the observed decay time.
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Figure 7.4: Pump-probe ion yield, y, of the integrated dimer fragment distribu-
tion. Dashed line is an exponential fit of the form y = y0 +C·exp(−∆t/τ), where
y0=0.42, C=0.90 and the decay constant τ=630 fs.

7.2 Conclusions

Clusters of fullerenes are shown to fuse after fs-laser excitation. The highly
excited fused fullerenes decay via C2 evaporation. The fragment distribution
is defined by the fusion barrier and the competing decay channel, multiple
ionization. Further, no intact clusters ions are observed in the mass spec-
tra after intense fs-excitation which show that the clusters are completely
evaporated.
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Chapter 8

Conclusion & Outlook

The decay dynamics of polyaromatic hydrocarbons, fullerenes and clusters
of fullerenes after fs-laser excitation has been studied by mass- and electron
spectroscopy.

A momentum-map photoelectron spectrometer has been installed and the
performance has been checked on reference systems. For optimization of res-
olution and energy calibration, the above threshold ionization rings of xenon
have been used. The xenon momentum-maps are similar to the ones reported
in [17]. Photoelectron spectra of C60 after ns- and fs-excitation have been
extensively studied before [34, 35, 53] and served as additional tests of the
detector performance.

The electron spectra after 150 fs, 775 nm, excitation were found to be domi-
nated by Boltzmann like distributions beyond the photon energy but of much
higher temperatures than what is observed with ns-excitation, on the order
of 1.5 eV (17000 K). They were also found to depend on laser fluence and
the results are in good agreement with the data published in [35]. For these
short laser pulses the excitation energy is equilibrated in the electronic sys-
tem before energy couples to vibrations after a few hundred femtoseconds.
A transient highly excited electron system is created from which electrons of
high kinetic energies are emitted statistically [34, 35].

Photoelectron spectra with a dominating thermal component outside the
photon energy were observed also for C70, coronene and benzo[GHI]perylene
after 150 fs, 775 nm, laser excitation and it was therefore suggested that the
transient hot electron mechanism is present also for these molecules. This
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argument was strengthened by the observation that the mass spectra of the
PAH-molecules develop similarly to the fullerene spectra with pulse duration
and fluence variations. For anthracene it was observed that the ATI-series
became significantly stronger. The suppression of the thermal component for
anthracene is tentatively assigned to be the result of fewer delocalized elec-
trons compared to the larger PAH-molecules and fullerenes. ATI-peaks were
observed even for ionization with pulse durations longer than 1 ps. The hight
of the ATI-peaks were however reduced compared to a smooth background
distribution of thermal shape, which suggests that transient hot electron ion-
ization is present for anthracene too.

Photoelectron spectroscopy measurements have been performed on C70, coro-
nene and benzo[GHI]perylene for varying laser pulse durations at fixed laser
fluence. With increased pulse duration, decreased electron temperatures were
observed. This was an expected result due to electron-phonon coupling. The
same data could also be used to exclude field ionization as the main cause
of the smooth photoelectron distributions. It was observed that the spec-
tra could have identical apparent temperatures for laser pulses of different
peak intensities as long as the pulse of lowest intesity was longer in duration
(higher fluence). This finding is consistent with a thermal ionization process
but inconsistent with a field ionization mechanism.

The momentum-maps of all the studied molecules after 775 nm, fs-laser ion-
ization showed a prolongation of the distribution along the axis of the laser
polarization. Thermal distributions were observed in all emission directions
but the count rate and electron temperatures were higher in the laser po-
larization direction. The anisotropy increases with increased laser intensity.
With 388 nm radiation of the same intensity as the 775 nm light, the asym-
metry is less pronounced. A lowering of the ionization potential in the laser
polarization direction was suggested to affect the rate constant for thermal
electron emission, causing the asymmetric momentum-maps.

The decay dynamics of clusters of fullerenes excited by fs-laser pulses has
also been studied. In [94] molecular fusion of (C60)N clusters was observed
after fs-laser excitation. Further studies of the fusion process have been done
in this work. Experiments on the precursor size dependence showed that
large precursors leads to a higher yield of fusion products indicating that
evaporation of fullerens from the cluster limits the process. Apart from that
the fusion fragment distributions were found stable in position in the mass
spectra with varying precursor cluster size. The higher fusion barrier of C70

compared to C60, leading to a higher excitation energy, was experimentally
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observed as a stronger fragmentation of the fused (C70)N clusters. The shape
of the fusion fragment distribution was shown to depend on the fusion bar-
rier, defining the high mass cut-off in the resulting mass spectra, and the
competition between molecular fusion and multiple ionization, which define
the low mass cut off. Pump-probe studies on the fusion fragment yield of
(C60)N clusters gave a decay constant of 630 fs. This decay constant is simi-
lar to, but cannot be identified as, the electron-phonon coupling time.

Open questions

There are several open questions of general interest regarding thermal elec-
tron emission after photo-excitation. One is ionization of large molecules
with photon energies larger than the ionization potential. For such systems
the experimental interest has focused on state specific ionization, but an
interesting question is if also such systems can emit thermal electrons. A
second system of interest is fs-laser multiphoton ionization of atoms. For the
rare gas atoms the photoelectron spectra are dominated by ATI-peaks and
for atoms with closed electron shells the probability for a thermal process
must be expected to be very low. But according to [62–64] electron recom-
bination of highly charged ions result in a chaotic multielectron excitation.
One could therefore suspect a similar behavior after intense laser excitation
of atoms or atomic ions with many electrons in an outer non-filled shell, and
a possible thermal emission process.
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