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The large polycyclic aromatic hydrocarbon molecules coronene, benzo�GHI�perylene, and
anthracene have been ionized with femtosecond laser pulses at low laser intensities and the
ionization process studied with velocity map imaging spectroscopy, supplemented with ion yield
measurements. The electron spectra of coronene and benzo�GHI�perylene are structureless. Based
on fluence and pulse duration dependence measurements, it is shown that the electron spectra are not
produced in field ionization processes, and the ionization mechanism is identified to be a
quasithermal statistical electron emission, previously suggested for the fullerenes C60 and C70. The
anthracene photoelectron spectra are dominated by above threshold ionization features, but with
some indication of quasithermal ionization at longer pulses. © 2010 American Institute of Physics.
�doi:10.1063/1.3466925�

I. INTRODUCTION

Multiphoton ionization of molecules in short laser pulses
is usually assigned to either above threshold ionization �ATI�
at low laser intensities1–3 or field ionization at high
intensities.4–6 The experimental signature of ATI in photo-
electron spectra is a clearly identifiable series of peaks, sepa-
rated by one photon energy. Field ionization occurs for atoms
when the electric field is high enough to cause one or more
electrons to move out of the Coulomb potential of the
nucleus, in classical over-the-barrier trajectories or by tun-
neling through a barrier.7 The latter process gives rise to a
host of interesting phenomena, such as recollisional ioniza-
tion, and has also been predicted to give rise to spectra with
strong, photon energy separated peaks, similar to those ob-
served in the pure ATI phenomenon.7

In this work, we present evidence that a third ionization
mechanism is important for large organic molecules. It is a
thermal emission process that occurs between the time of
excitation of electronic states and the coupling of the elec-
tronic excitations to vibrational motion. The quantities rel-
evant to describe this ionization mechanism are the electron-
electron and the electron-vibration coupling time and the
thermal properties of the excited electronic states. Photoelec-
tron spectra of the previously studied fullerenes C60 and C70

are consistent with this quasithermal emission process,8–10

which has also been corroborated in Penning ionization ion
yield studies on C60 for which the mechanism was originally
proposed.11 Photoelectron spectra of sodium clusters12 and
ionization dynamics of rare gas clusters13 have similarly
been interpreted with this picture.

Although demonstrated to be applicable for fullerenes,
the degree of universality of the mechanism is unknown and
it is also not known if it is restricted to deep subthreshold
ionization processes, i.e., multiphoton ionization processes
with photon energies far below the ionization energy �IE�. So
far, neither has it been known if this type of ionization occurs
for molecules composed of more than one element nor at
what size the mechanism fails. The main motivation for the
work presented here is to investigate these two questions.

The three polycyclic aromatic hydrocarbon �PAH� mol-
ecules studied, coronene, benzo�GHI�perylene, and anthra-
cene are all planar. Coronene, C24H12, has seven aromatic
rings of which six are arranged symmetrically around the
central one. Benzo�GHI�perylene, C22H12, is similar but with
one aromatic ring less, and anthracene, C14H10, is a chain of
three aromatic rings. The numbers of valence electrons are
108, 100, and 66 for coronene, benzo�GHI�perylene, and an-
thracene. These molecules were chosen because of their
similarity to the fullerenes, the main differences being the
size and the added hydrogen.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with a titanium sap-
phire laser with a minimum pulse duration of 150 fs for the
fundamental, a repetition rate of 1 kHz, and a maximum
pulse energy of close to 1 mJ. The photon energy of the
fundamental infrared beam is 1.6 eV. Both the photoelectron
spectra and the ion spectra are recorded with typically 105

laser pulses. Usually less than 10% of the maximal laser
pulse energy is transmitted through a variable attenuator.
Higher transmission leads to substantial fragmentation which
precludes a safe identification of the molecular source of the
photoelectron. Laser fluences were calibrated once by com-a�Electronic mail: klavs@physics.gu.se.
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parison with literature Xe ion yield data that display a char-
acteristic shape when plotted vs. the laser intensity on a
double logarithmic scale. Fluences were in fairly good agree-
ment with values expected from calculations of Gaussian
beam propagation and beam characteristics measured outside
the vacuum chamber. The laser compression stage could be
detuned to provide pulse durations of several picoseconds.
The temporal profile was measured with an autocorrelator
and the shape found to be well preserved, although not per-
fectly, also for long pulses.

The electron spectrometer is of the velocity mapping im-
aging type, similar to the one described by Bordas et al.14 It
projects the electron distribution on a two-dimensional posi-
tion sensitive detector comprised of a pair of microchannel
plates and a phosphor screen,15 in our device, located ca.
20 cm downstream. The electrons are extracted with ca. 2 kV
acceleration energy, multiplied by a dual channel plate detec-
tor and the spectrum recorded with a charge coupled device
�CCD� camera. The laser polarization is parallel with the
detector plane, and the cylindrical symmetry allows one to
invert the measured two dimensional spectrum to obtain the
three dimensional spectrum of the electron momenta emitted
by the molecule.16

A time of flight mass spectrometer is placed back-to-
back with the electron spectrometer. The molecular beam,
the laser beam and the spectrometers are placed in perpen-
dicular configuration. Ions are detected after a quick switch
of the polarity of the electrodes, and the mass spectrometer
acceleration is achieved in a three-electrode configuration.
The mass spectrometer can be operated in both linear and
reflectron mode. The mass resolution is about m /�m�300,
which allows to distinguish loss of hydrogen from a coro-
nene molecule. The spectrometers are described in Ref. 10
which should be consulted for further details.

Mass spectra of all the molecules were recorded at vary-
ing fluences, typically between 0.4 and 2 J /cm2, but for
some up to 10 J /cm2. The high fluences serve to determine
the pulse durations and fluences where the multiply charged
molecules appear in the spectra.

III. CORONENE

Electron spectra of coronene ionized with 775 nm 150 fs
light are shown in Fig. 1, both raw data and the correspond-
ing deconvoluted spectra. The derived energy distributions
are shown in Fig. 2. The spectra are dominated by a smooth
distribution of exponential form for electron kinetic energies
greater than the photon energy for the laser intensities below
1�1013 W /cm2. For the spectra with fluences below that,
the Keldysh parameter ranges from 2.8 to 4.1, which is far
from the field ionization regime and which is one indication
that this phenomenon cannot explain the smooth behavior of
the curves. This is very similar to the behavior of the
fullerenes under similar conditions.

Thus, the spectra recorded with laser intensities in the
multiphoton ionization regime and for single ionization con-
ditions of the coronene molecule, resulted in Boltzmann-like
electron distributions with no major contribution from ATI
peaks. The observation suggests that the transient hot elec-

tron ionization is present also for coronene. The �apparent�
electron temperatures extracted from linear fits to the photo-
electron distributions are shown in Fig. 3.

For fluences above 1�1013 W /cm2 two strong pairs of
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FIG. 1. Electron momentum maps of coronene after 150 fs, 775 nm ioniza-
tion. Left columns are symmetrized images and right columns are the in-
verted images. Laser peak intensities are as follows: 0.36 ��a� and �b��, 1.15
��c� and �d��, and 6.1�1013 W /cm2 ��e� and �f��.

FIG. 2. Electron spectra of coronene at constant pulse duration of 150 fs.
Wavelength of 775 nm. From bottom to top the laser intensities are as
follows: 3.6, 4.9, 6.7, 8.0, 9.3, 10.9, 12, 21, 28, and 61�1012 W /cm2. The
spectra are shifted vertically for display purposes here and in all other pho-
toelectron spectra.
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peaks appear in the spectra at 5.3/6.3 and 9.3/10.3 eV, super-
imposed on the smooth distribution. These peaks, which ap-
pear when extensive fragmentation is present, are clearly
seen as rings in Fig. 1�f� and are commonly present at high
fluences for all molecules. Due to their energy and the 1 eV/4
eV separation they cannot originate from ATI with 1.6 eV
photons. They show no angular dependence in count rate
relative to the laser field polarization and they become pro-
nounced in the electron spectra when C+ and C2+ appear in
the mass spectra. The explanation for these peaks is sug-
gested to be an 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+�3Po 1s22s2p� at 6.50 eV.

In addition to these peaks of atomic origin, the ATI se-
ries can be seen as very weak peaks in the fourth spectrum
from the top with the first, second, and third peak at energies
2.2, 3.7, and 5.3 eV respectively.

In order to verify the origin of the electrons, mass spec-
tra were measured for several fluences. Mass spectrometry of
PAH molecules after femtosecond-laser excitation has been
extensively studied before17–21 and the results presented here
mainly serve as a reference to the photoelectron spectra and
for comparison with the fullerene mass spectra.

Mass spectra of coronene after irradiation with 775 nm,
150 fs pulses at different laser intensities are shown in Fig. 4.
For the lowest intensity, in Fig. 4�d�, only the singly charged
mother ion �M+� is observed. At slightly higher intensity,
Fig. 4�c�, fragmentation sets in and the doubly charged
mother ion M2+ appears, together with the doubly charged
mother ion with two hydrogen atoms eliminated. At even
higher intensities, Figs. 4�a� and 4�b�, the doubly charged ion
starts to fragment as well and for the highest applied laser
fields �not shown in Fig. 4�, singly charged carbon and hy-
drogen atoms and small molecular ions dominate the spectra.

It appears as if there is, as for fullerenes, a competition
between fragmentation and 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 energy of this charge state, or at

least that the triply ionized species will survive until detec-
tion. Hence, the highly excited M2+ ion relaxes through frag-
mentation and a strong signal at smaller masses is observed,
as for the fullerenes.

The mass spectra suggest that fluences up to 1
�1013 W /cm2 should be dominated by the singly ionized
unfragmented parent molecule. It should be kept in mind
when evaluating the mass spectra that the detection effi-
ciency is higher for smaller molecules and higher charges,
and that postionization, preacceleration fragmentation must
be expected to be present also. The above fluence limit, valid
for 150 fs laser pulses is therefore a conservative estimate.

It is possible to make an estimate of the energy residing
in the electronic system at the time of electron emission us-
ing simple and rather idealized thermal properties of the mol-
ecules. We treat the molecule as a Fermi gas with the Fermi
energy Ef =20 eV and typical temperatures of 1.5 eV. The
measured temperature is that of the ion. The valence electron
energy content of the product cation is then

E �
�2

4

Ne

Ef
T2 = 0.28 eV Ne, �1�

where Ne is the number of valence electrons. The Fermi en-
ergy is chosen as a reduced value of the 30 eV of Ref. 11
because of the presence of hydrogen. With Ne=108, 100, and
66 for the three molecules, this gives 19, 17, and 11 photons.
Furthermore the energy deposited in the vibrational motion
before ionization and the energy absorbed after ionization
must be added if one is concerned with postionization frag-
mentation. The last two are very difficult to determine, even
within a simplified theoretical model. A comparison between
the electron temperatures and the fragmentation pattern
therefore comes with a significant uncertainty but if we for
example use the minimal value of 19 photons in the coro-
nene cation C24H12

+ , the postionization energy per vibrational
degree of freedom is about 19�1.6 eV / �3�24+12�−6�
=0.3 eV. This is comparable to the measured values for
fullerenes that undergo thermionic emission and fragmenta-
tion on the ns time scale.22,23 It is therefore plausible that the
singly ionized species will show some amount of postioniza-
tion fragmentation. The small amount of singly charged frag-

FIG. 3. Electron temperatures of coronene extracted from the spectra in Fig.
2. Error bars refer to reproducibility of the measurements here and in other
figures. The relation between fluences and intensities is the pulse duration
which in this case is 150 fs, as a multiplicative factor.

FIG. 4. Mass spectra of coronene after 775 nm and 150 fs laser ionization.
Laser intensities are as follows: �a� 2.8�1013, �b� 1.11�1013,
�c� 6.7�1012, and �d� 3.3�1012 W /cm2.

074308-3 Femtosecond electron spectroscopy of coronene J. Chem. Phys. 133, 074308 �2010�
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ment ions suggest that the unknown amount of energy ab-
sorbed is relatively small.

We can also estimate the energy needed to ionize twice
and cause the subsequent fragmentation of the doubly
charged species. First, we calculate the threshold energy for
the second fragmentation of the singly charged molecule in
order to see the value of the electronic emission rate con-
stant. Using the energy content of 19 photons in the singly
charged molecule, we calculate an energy content for the
neutral precursor that would �hypothetically� ionize once and
fragment twice to be 19�1.6+7.2+7 eV=44.6 eV, where
the 7.2 eV is used for the ionization energy of coronene24 and
the 7 eV is an estimated dissociation energy. The second
electron emission will have 44.6−7.2=37.4 eV available
and with the second ionization energy 11.3 eV,24

this gives a second electron emission rate constant of
8.8�1015 s−1 exp �−11.3 eV /1.53 eV� = 5.4�1012 s−1 =1 /
180 fs, where the frequency factor is twice that of the singly
charged molecule because of the correspondingly larger elec-
tron capture cross section,9 and the emission temperature is
the average of the singly and doubly charged molecule. This
is indeed on the order of the expected coupling time and
indicates that if the molecule’s electronic system absorbs
enough energy for the molecule to fragment twice, it will
instead ionize twice with a high probability.

We can estimate the amount of energy required to ionize
trice by calculating the temperature needed to give a rate
constant of 1013 s−1. The value is 2.4 eV and the correspond-
ing energy is 74 eV for the doubly charged ion. This is
enough to cause a larger number of fragmentation processes,
consistent with the tail of fragments seen for the doubly
charged.

We conclude from these, admittedly crude estimates, that
the fragmentation pattern and charge pattern is consistent
with the proposed ionization mechanism.

The values of the Keldysh parameter in our experiments
suggest that field ionization is not the dominant mechanism
below the fluences where the ATI peaks are observed. It is
nevertheless highly desirable to have more direct evidence
for the nature of the mechanisms by which the electrons are
emitted, also because of the theoretical uncertainty surround-
ing the relevance of the Keldysh parameter in connection
with ionization of molecules as opposed to ionization of
atoms. We will use a signature based on the different behav-
ior of the two ionization mechanisms when the pulse dura-
tion is changed. Field ionization probes the instantaneous
value of the electric field, at least compared to time scales of
tens or hundreds of femtoseconds, whereas a quasithermal
ionization probes the amount of energy which is absorbed
and not yet dissipated into vibrational motion. Thus, if field
ionization is responsible for the measured spectra, we see a
stretched laser pulse is expected to produce the same electron
spectra as a short laser pulse with the same intensity. Obvi-
ously, the electron yields will be different but not the shape
of the electron spectra. Conversely, if the electron spectra are
emitted in a quasi-thermal process, the longer pulse will pro-
duce a higher apparent temperature than the shorter pulse, by
virtue of the larger energy content.

Electron spectra were therefore measured for different

pulse durations between 150 fs and 3.5 ps, and the apparent
temperatures in the spectra fitted. As for short pulses, the
long pulse electron energy distributions, the part above the
photon energy, are clearly dominated by a thermal distribu-
tion. Note that the use of a temperature does not bias the test;
it is simply used as a convenient shorthand for the shape of
the spectra. The results of such an experiment on coronene
are shown in Fig. 5. For identical peak intensities, the laser
pulse with the longest pulse duration �highest fluence� gen-
erates the highest electron temperature. For the lowest tem-
peratures observed, around 1.2–1.3 eV, the short 150 fs pulse
needs to be 4 times more intense than the more energetic
stretched pulses to give the same electron temperature. The
highest intensities used in this study mean that rigorously
speaking one could disregard the high temperature data be-
cause the extended fragmentation throws some doubt on the
nature of the molecule from which the electron originates.
The separation of the two branches at low temperatures is,
however, unaffected by this effect and guarantees the rigor of
the test. The evidence therefore clearly points to a quasither-
mal process.

IV. BENZO†GHI‡PERYLENE

The measurements of photoelectron spectra of ben-
zo�GHI�perylene with the laser fundamental wavelength mir-
ror those performed on coronene. In addition, measurements
were performed with the doubled frequency, 3.2 eV, 388 nm.
The benzo�GHI�perylene has a molecular structure which is
similar to coronene’s and no major differences were expected
between the two molecules in these studies. This expectation
was borne out. Photoelectron spectra �PES� are generally
structureless above the one photon energy, both for the fun-
damental and the frequency doubled light, and for short and
long pulses alike. One minor, but still clear, difference is that
the ATI peaks are slightly enhanced compared to the coro-
nene PES, although they are still very weak.

The test of electron temperatures vs. the peak intensity
was also performed for benzo�GHI�perylene. The result,
shown in Fig. 6, is similar to the results for coronene, i.e., the
smooth parts of the spectra are not due to field ionization.

FIG. 5. The measured coronene electron temperatures vs laser peak inten-
sity. Crosses: varying fluence at 150 fs pulse duration. Open squares: vary-
ing pulse duration at the fixed laser fluence 3.4 J /cm2.
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The momentum maps of benzo�GHI�perylene for four
different laser intensities of the second harmonic are shown
in Fig. 7. Corresponding photoelectron spectra are shown in
Fig. 8. For all laser intensities the asymmetry in the momen-
tum maps which is present in spectra recorded with the fun-
damental is strongly reduced. This may be ascribed to the
significantly lower laser intensities needed to ionize with the
frequency doubled light, about one order of magnitude. The
higher photoabsorption cross section for 388 nm is also ap-
parent in Fig. 9 where the temperature vs. fluence is shown
for both wavelengths. Apart from the symmetry, the PES are
very similar to the ones obtained with the 775 nm light. For
the spectrum corresponding to the highest laser intensity
3.7�1013 W /cm2, the two non-ATI peaks at 5.3/6.3 eV ap-
pear again.

The mass spectra for 775 nm, 150 fs ionization of ben-
zo�GHI�perylene are very similar to those of coronene and
will therefore not be discussed in detail. The frequency
doubled light was also used to record mass spectra. The in-
tensities used for the 388 nm pulses were ca. one order of
magnitude lower than those of the fundamental wavelength
pulses. At that reduced pulse energy the spectra are very
similar to the ones for 775 nm ionization, both in shape and
dependence on laser intensity. One difference is that the dou-
bly charged parent ion is more abundant relative to the
lighter fragments, compared to what is observed at any in-
tensity in the IR-light spectra. Also, for the highest intensity,
9�1012 W /cm2, triply charged carbon appears. For the
1.6 eV photon, 150 fs, pulses the fluence for the crossover to
extensive fragmentation was found to lie slightly below that
of coronene, at about 7–8�1012 W /cm2.

V. ANTHRACENE

The electron spectra of anthracene after 150 fs, 775 nm
ionization are shown in Fig. 10. The electron spectra are
dominated by series of ATI peaks for the intensities up to ca.

1013 W /cm2. Comparing the photoelectron spectra of an-
thracene in Fig. 10 at relatively low laser intensities to those
of the fullerenes C60 and C70 and coronene and ben-
zo�GHI�perylene, it is clear that the transient hot electron
emission is not as dominant relative to the ATI process. The
fact that the ATI peaks become more dominant for anthra-
cene than for the larger molecules may be related to the
reduced density of excited electronic states. The results pre-
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FIG. 7. Electron momentum maps of benzo�GHI�perylene after 150 fs, 388
nm ionization. Left columns are symmetrized images and right columns are
the inverted images. Laser peak intensities are as follows: 0.43 ��a� and �b��,
6.6 ��c� and �d��, and 37�1012 W /cm2 ��e� and �f��.

FIG. 8. Electron spectra of benzo�GHI�perylene, 150 fs and 388 nm. From
bottom to top the laser intensities are 0.43, 0.76, 1.3, 2.2, 6.6, and
37�1012 W /cm2.

FIG. 6. The electron temperatures from the stretched pulse spectra and from
the fixed pulse duration temperatures vs fluence data, both for the funda-
mental wavelength and plotted vs the intensity. Triangles: varying fluence at
150 fs pulse duration. Crosses: varying pulse duration at fixed laser fluence,
1.3 J /cm2. Squares: varying pulse duration at the fixed laser fluence,
3.3 J /cm2. The crosses are data for smaller laser fluence than those of the
squares. The small font pulse duration on top refer to the crosses and the
large font values to the 1.3 J /cm2 data.
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sented here are in agreement with the electron spectra re-
ported elsewhere25–27 where smaller molecules were ob-
served to give enhanced ATI peak structures.

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

ATI 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. To investigate this, measurements with
stretched laser pulses were performed. ATI peaks were
present in all measured spectra, but with an amplitude that
differed for short and long pulses. This is illustrated in Fig.
11 where spectra of different pulse duration but similar loga-
rithmic slopes were chosen. The pulse durations span from
150 fs to 1.5 ps. In spite of the poor statistics at the long
pulses, the contrast between the background and the ATI
peak amplitude clearly correlates with the pulse duration. We
tentatively take this as evidence for a suppression of the ATI
mechanism at long pulses relative to quasithermal ionization.

The mass spectra of anthracene are similar to those re-
ported in the literature for similar laser parameters19 and will
not be shown. The differences to coronene and benzo�GHI�p-
erylene are first of all that anthracene ionizes at lower laser
intensity. This is not caused by a lower ionization energy
because the IE of anthracene, 7.44 eV,28 is similar to both
coronene, 7.39 eV �Ref. 29� or 7.2 eV,24 and benzo�GHI�p-
erylene, 7.2.30 It is however consistent with the results pre-
sented in Refs. 31–33, where it was reported that it is easier
to ionize smaller molecules with fewer delocalized electrons.
The explanation given by the authors is that this is an effect
of the reduced screening due to a lower electron number. The
onset of extensive fragmentation, however, seems to have
shifted much less and is similar to the two larger molecules.

VI. CONCLUSION

The large molecules coronene and benzo�GHI�perylene
ionize with smooth electron spectra after fs laser excitation,
similarly to C60 and C70. These smooth spectra were shown
not to be due to field ionization but are consistent with the
transient hot electron ionization mechanism previously ob-
served for fullerenes. For the smaller molecule anthracene,
the ATI series become significantly more dominant in the
electron spectra, although a smooth component is present for
long laser pulses.
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