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This study describes a simple method to generate sub-20 fs UV-pulses (264 nm) by third-harmonic generation, in
an air-plasma filament formed after focusing the fundamental 800 nm beam directly in the lab open-atmosphere.
The generated pulses are applied to track the relaxation through the conical intersection that couples the Sy and
S; states, in the benchmark molecule of naphthalene. The transients, with a resolution of about 25 fs, show two
differentiate patterns of quantum beats. The assignation of these oscillations to specific modes in the lower S;
state and to electronic coherence between the two coupled states is discussed.

1. Introduction

Femtosecond (fs) laser pulses permit to track the evolution of
photoexcited molecular systems directly in the time-scale of the move-
ment of their nuclei. Among many other problems, perhaps one of the
most natural fields of application has been the description of the non-
radiative transitions between non-adiabatically coupled electronic
states. Very often, these couplings between the multidimensional elec-
tronic potentials are mediated by the presence of conical intersections
(CIs) [1,2]. The use of increasingly shorter fs pulses has given access to
observables that reflect the interplay between the electronic and nuclear
degrees of freedom that occurs in the proximity of these regions.

Going one step further, the unprecedented time-resolution associ-
ated to sub-fs laser pulses is making possible to investigate pure elec-
tronic dynamics [3,4]. However, the interaction of the extreme peak
power and bandwidth carried by attosecond (1078 s) pulses with mol-
ecules, produces intricate observables whose interpretation challenges
the actual theoretical methodology [5-7]. In this context, pulses with
durations around ten or few tens of fs offer remarkable properties for the
study of the electronic-nuclear coupling promoted by Cls in molecular
systems, in particular:
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- They can be tuned to the near part of the UV to explore valence
excitations of neutral molecules.

- While they provide enough energy resolution to induce individual
targeted excitations, they carry the required bandwidth to efficiently
prepare wave-packets that can travel through the coupling regions.

- The pump-probe schemes based in pulses of these durations provide
temporal resolutions of few fs.

Numerous studies employing different pump-probe techniques have
demonstrated these ideas by recording time-dependent signals that
reveal the relaxation dynamics through Cls, with resolutions of few tens
of femtoseconds. While initially, these methods were applied to gas
phase molecules detected by ionization [8-11], they have been suc-
cessfully extended to molecules in solution by using techniques based in
optic detection [12-15]. In parallel, the development of theoretical
models have permitted the interpretation of the recorded observables,
which in general reflect a combination of the change in the electronic
character and the involved nuclear wave-packet dynamics [16-21].

Herein, we report on the generation of sub-20 fs pulses at 264 nm,
which are used for time-resolved ionization (TRI) measurements. The
conducted experiments explore a simple method to tune the funda-
mental 800 nm beam to the UV by producing the third harmonic (TH)
directly in air at atmospheric pressure. The applied method has allowed
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us to investigate the internal conversion (IC) between the Sy and S;
states of naphthalene, with resolutions in the order of 25 fs. The weak
So-S1(Lp) transition, with origin at 32020 em! (3.97 eV), is polarized
along the long axis of the molecule, while the Sp-S2(L,) with much
higher oscillator strength, is located at about 35900 cm ! (4.45 eV) and
mainly polarized along the short axis.

According to previous studies, it is well established that the inter-
action between these two electronic configurations controls the photo-
physics of naphthalene after excitation in the lower portion of the UV
absorption [22-24]. Furthermore, the two involved states, the higher
bright Sy (L,) and the lower dark Sz (Lp), represent a structure of valence
coupled nn* excitations common to molecules containing aromatic
chromophores. In addition, naphthalene offers a highly symmetric rigid
structure that, as in the extensively studied case of pyrazine [9,25,26],
permits to relate the recorded observables with the vibrational modes
involved. All this makes naphthalene a good case study to explore the
potential of the generated short femtosecond pulses for the study of non-
adiabatic dynamics through ClIs, which is confirmed by the novel in-
formation contained in the recorded observables.

2. Methods
2.1. Experimental

In order to carry out the reported TRI measurements, a new experi-
mental set-up was built at the Pulse Laser Centre (CLPU) laboratories in
Salamanca (Fig. 1). Femtosecond laser pulses were generated by a
FEMTOLASERS (FemtoPower Compact PRO CEP) laser system. This
source produced a 1 KHz train of 25 fs pulses centered at 800 nm with
~2 mJ. After reducing the energy to 0.75 mJ by taking the central
portion of the beam with a circular aperture (=1 cm), the beam was
divided in two branches by means of a fused silica beam splitter. The
transmitted part was used for pumping the UV generation, while the
reflected one served as probe. A negative chirp (-325 fs) was introduced
in the initial pulse to compensate for the dispersion induced by the
beam-splitter. For the probe beam, the 130 pJ reflected portion was
introduced directly into the beam manipulation chamber (Fig. 1). The
energy of the probe beam is further reduced to 30 pJ by a second
aperture prior entering the manipulation chamber to reach the appro-
priate ionization regimen. The pump beam was obtained by focusing
about 530 pJ of the fundamental beam in the lab open atmosphere (T =
20 °C, H = 40 %) by a 300 mm focal spherical mirror. The TH of the
fundamental was generated in the formed air-plasma filament [27,28].
Size, energy and focusing conditions of the incident fundamental beam
were carefully adjusted to optimize the generation of the TH. In opti-
mum conditions, about 110 nJ of TH were generated. The emergent TH
beam was characterized spectrally (Fig. 2), yielding bandwidths
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Fig. 2. a) Spectrum of the 3w generated from the air-plasma filament formed in
the open atmosphere of the lab. The ~12 nm bandwidth is compatible with
~13 fs durations. b) The dots are the pump-probe 1 + 3’ non-resonant ioni-
zation signal of pyrrole. The Gaussian fit (red line) yields a 28 fs FWHM value.

compatible with ~13 fs durations (see below for further consideration
on the temporal resolution achieved). We should mention that the
achieved stability of the UV pulse intensity was about 4 % (standard
deviation), even without taking any precaution to protect the filament
from airflows in the lab.

In order to deliver the TH pump beam to the ionization region of the
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Fig. 1. Scheme of the experimental set-up built for the time resolved ionization measurements. The inset shows a detailed view of the mass spectrometer.
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TOF mass spectrometer, avoiding the dispersion caused by any trans-
missive optics, a differential pumping system that drops the pressure
from atmospheric to the 7x10° mbar of the interaction region, was
employed. This system consists of three differentially pumped chambers
separated by apertures of increasing size, as indicated in Fig. 1. The first
500 pm diameter aperture was placed at the end of the filament
generated by the focused incident beam, allowing the generated TH to
enter the first chamber. The two subsequent apertures permitted to
transfer directly the TH beam to the manipulation chamber. There, it
was collimated by a 300 mm focal length UV-enhanced aluminum
mirror, filtered by two reflections on low GDD (10 fsz) dielectric mirrors
and finally focused, together with the fundamental probe that entered
the chamber through a 3 mm fused silica window, into the ionization
region by a 600 mm focal spherical mirror. With this simple geometry,
the angle formed by the non-collinear beams at the interaction region
was kept low enough to guarantee a good overlap and avoid degradation
of the temporal resolution. Typically, the pump and probe reached in the
ionization region intensities in the order of 10° and 10'! W/cm?
respectively.

The homemade mass spectrometer was equipped with an ionization
region formed by three electrostatic lenses according to the design by
Eppink and Parker (Fig. 1) [29]. The formed ions were focused into a
dual MCP detector located at the end of a 30 cm flight tube. The vapor
pressures of the solid naphthalene and pyrrole, increased by a heating
system, were mixed with 0.5 atm of He and expanded through a 20 pm
nozzle to form an continuous molecular beam. A vacuum system based
in a 1000 1/s turbomolecular pump permitted to maintain pressures
~4x10 mbar in the ionization region, when the molecular beam was
operated.

The ion spectra were monitored by a digital scope, while the signals
of the masses of interest were integrated and subsequently stored in a PC
computer for their analysis. The acquisition software also controls the
position of a linear translation stage (Thorlabs Z825) that permits to
adjust the pump-probe delay pathway with ~1 fs precision.

In order to test the temporal resolution of the system and to establish
the zero-delay reference during the naphthalene time-dependent mea-
surements, the 1(264 nm) + 3/(800 nm) non-resonant ionization signal
of pyrrole (Py") was employed. It has been firmly established that the
pyrrole molecule is non-resonantly ionized in this process [30,31]. Fig. 2
shows the instrumental response function recorded by this method,
which yields a value of 28 fs for the signal FWHM. It is worth to remark
here that, as indicated above, in order to compensate the dispersion in
the pump beam, a negative GDD (-325 fsz) was introduced at the
compressor stage so that the NIR pulses are Fourier transform limited at
the UV generation point. However, as the probe pulses propagate
through less material (3 mm of fused silica) it carries a small residual
chirp (-220 fs?) corresponding to ~35 fs. Knowing this value and the
order of the ionization process of pyrrole signal 1(267 nm) + 3'(800
nm), from the measured cross-correlation (orr = 28 fs) it is possible, by
applying the following expression [32],

Orr =\ Opump? + Oprove? /11 (@]

to derive the duration of the generated UV pulse, which yields a
value of ~19 fs. This number is close to its Fourier transform limit of 13
fs. Then, a proper compensation of the GDD in both branches could
provide a potential time resolution of ~23 fs.

2.2. Computational

In order to elucidate the nature of the electronic states and the
vibrational coordinates involved in the recorded transient signals, TD-
DFT calculations were carried out by Gaussian 16 software package
[33]. In all cases the CAM-B3LYP functional with the 6-31-++4G** basis
set was used. In this work, the Mulliken[34] convention for the Doy, point
group, with yz as the molecular plane, will be used. First, vertical
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excitations from the optimized Sp (Ag) geometry to the S;(B2y) and S
(B1y) states were calculated. Then, the minima of the S; and S, states
were optimized and their harmonic vibrational frequencies obtained.
Unrelaxed energy scans along selected vibrational coordinates, starting
at the So minimum, were also carried out for the Sg, S1, Sz, Do (?A,) and
Dq (2B3u) states.

3. Results and discussion

Fig. 3a shows a 1(264 nm) + 3'(800 nm) TRI decay that accounts for
the total ionization signal recorded at the Naphthalene* mass channel as
function of the pump-probe delay. In principle, the signal resembles that
registered by previous TRI experiments at similar excitation wave-
lengths [23,24], but using longer pulses in the 60-100 fs range. As it is
analyzed in detail there, the recorded transient is composed by a first
~40 fs decay followed by a constant background that reflects the IC of
the initially prepared So(L,) state to the lower long-living (ns) S;(Lp)
state. The vertical excitation at 264 nm prepares the naphthalene
molecule in the Sy(L,) excited state, whose absorption onset has been
calculated at 36800 cm™! (4.56 eV) [35,36], in good agreement with the
experimental detection at 35900 em™! [23,26]. The lower S;(Ly) carries
no oscillator strength, although it can be weakly induced by vibronic
coupling, mainly with Sg. Its origin is located at 32020 cm ™! (3.97 eV)
and predicted at 32500 cm ! (4.03 eV) [35-37]. In this situation, we can
assume that the pump pulse prepares a wavepacket exclusively on the Sy
surface.

However, in comparison with previously recorded transients
[23,24], the signal In Fig. 3a shows more complex oscillations that are
more clearly perceptible in Fig. 3b, where the exponential fit (red trace
in Fig. 3a) has been subtracted. The remaining trace shows an oscillatory
pattern formed by quantum beats with at least two different periods. By
taking the Fourier transform of the full-length signal (Fig. 3c), we find
two frequencies with periods of 289 + 91 and 59 =+ 4 fs that correspond
to 115 + 36 and 565 + 27 cm ™! energies, respectively. It is worth to
note that the slower contribution had already been detected in previous
experiments [24], while the observation of the faster beating has to be
attributed to the shorter pulses applied in the present experiments. More
precisely, the appearance of the fast beating could be related to two
associated effects: i) the improved temporal resolution that allows us to
resolve the maxima separated by 59 fs. ii) the larger bandwidth of the
excitation pulses (~772 cm’l), which makes possible to form a wave-
packet that encompasses at least two vibrational levels of the prepared
So(L,) state (see below for an extended explanation).

A rigorous modelling of the recorded transient is beyond our actual
capabilities and out of the scope of the present manuscript. However, by
assigning the observed oscillations with the help of simple calculations
and previous theoretical and experimental data, we can infer some novel
relevant aspects of the relaxation followed by the system, which involves
the non-adiabatic Sy(L,)/S1(Lp) coupling. The non-adiabatic coupling
between the S, and S; states of naphthalene has been spectrally char-
acterized in previous studies [37,38], while more recently, as mentioned
above, the ultrafast IC from the initially prepared Sy to the lower S; has
been tracked by time-resolved photoelectron and photoion measure-
ments [22-24]. Despite this, to the best of our knowledge, and on the
contrary to the naphthalene cation [39,40], there is no description of the
S2/S1 coupling in terms of Cls.

The carried out calculations place the Sy — S; (Lp, Boy) and Sg — Sy
(La, Byy) vertical excitations at 4.66 (266.04) and 4.73 eV (262.12 nm).
Although the values are clearly overestimated respect to the experi-
mental ones [37] and higher level calculations [35,36], the involved
molecular orbitals are those previously described (Fig. 4a). From the S,
and S; vertical geometries the minima of the states were optimized. The
optimization of the S, state easily takes the system to a minimum at 4.25
eV, which, at this calculation level, becomes the global excited state
minimum. On the other hand, in order to reach a minimum on Sy, it is
required to walk the system along the vg B3, coordinate (according to the
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Fig. 3. a) The dots correspond to the 1(264) + 3'(800) pump/probe signal recorded at the naphthalene ™ channel. The solid red line is the best multi-exponential fit
obtained. b) Oscillatory portion of the transient shown in a) obtained after subtracting the exponential fit (red line). ¢) FFT spectrum of the oscillatory signal shown

in b).

nomenclature employed in Refs. [37,41]), a skeletal distortion of the
ring on the molecular plane. The harmonic frequency for this S; vibra-
tion is calculated at 458 cm™! (same value for Sy) and experimentally
observed at 435 cm ! in the fluorescence excitation spectra [37,42].
Along this mode, the minimum reached is substantially the same loca-
tion on the L, surface obtained from the S, optimization, but has a lower
Cyp symmetry. Although the TD-DFT can not offer a proper description
of the non-adiabatic coupling, the optimizations of the S, and S; states
permit to infer that both surfaces cross to form a CI. As the vg Bsg vi-
bration has the right symmetry to couple the Boy and By states, it is very
likely-one of the modes responsible of the coupling of the S and S;
surfaces.

Grounded on this picture of the Sy and S; states we can try to
interpret the measured transients, in particular, the oscillations. The
excitation at 267 nm prepares the molecule in the Sy(L,) excited state,
with a vibrational content of about 1500 cm ™. According to previous
dynamic measurements and the present data, the initially prepared state
relaxes with a ~40 fs lifetime [22-24], as it is shown by the initial decay
Fig. 3a transient. The formed S; state relaxes in the ns time scale [37,43],
which is reflected by the remaining ionization signal recorded during
the full observation window. Regarding the periodic beatings, in prin-
ciple they should have a vibrational origin. However, their assignation
to the corresponding modes is far to be straightforward, as we expose in
the following discussion.

We consider first the fast 59 fs (565 cm™!) period beating. It is
tracked for delays longer than 1 ps, up to the limit of the observation
window. At these long delays, after the decay of the initially excited Sy
state, only the lower S; diabatic state (or the lower adiabatic S3/S;
surface) remains populated and consequently, the observed wavepacket
activity has to occur on it. Here, it is important to note that the frequency
of the two beatings have been extracted for the full observation window,
from the onset of the S, state to the limit of the detection. However, a
Fourier analysis by considering shorter windows, in particular, after

suppressing the earlier part of the signal, have not yielded substantially
different frequency values. In this situation, it is not clear if the observed
wavepacket is formed in the S, state prepared by laser-coupling to the
ground state and then transferred to the S; or alternatively, directly
induced in the S; state by the non-adiabatic coupling with the S, state.
Even so, in either case, the assignation can be based on the S; state
vibrational frequencies. Assuming that the wavepacket is induced by the
S2/S1 coupling, in principle, some good candidates for the modes
showing vibrational activity are the tuning modes involved in the CI,
along which the S; and S; minima are shifted. Indeed, in a closely related
system with the same symmetry, as the Sy(nn*)/S;(nn*) CI of pyrazine,
the observed oscillations on the lower surface have been assigned to the
Vga tuning mode [25]. For naphthalene, the A, tuning vibrations are also
the modes active in the S;-Sg transition, since the fluorescence excitation
spectrum recorded in jets can be used to identify the S; frequencies [37].
The lowest A, fundamentals are observed at 501, 700, 984 and 1143
cm™ !, which correspond to the 485, 715, 1020 and 1137 em™! calcu-
lated harmonic frequencies [42].

Among these frequencies, the 700 cm™! vibration, assigned to a
deformation of the naphthalene rings (vg Ag in Refs. [37,41]), could be
more likely the mode responsible of the measured 565 cm ™! oscillation.
As expected, the unrelaxed energy scans along this mode (Fig. 4b), show
that the S, and S; surfaces cross. The fact that this transition between the
S; origin and the first level of the vg A, vibration appears at a substan-
tially higher value can be attributed to the expected anharmonicity of
the potential. In particular, considering the vibrational content of about
5859 cm ™! in the formed S; state, the observed wavepacket could reflect
one quanta differences between higher vibrational levels.

The observability is another key aspect when assigning the measured
beating, which depends on the modulation of the ionization cross-
section along the considered vibration. In general, a vibration will be
observed if the PES of the excited state along this coordinate is not
parallel to that of the ion, or in the case of multiphoton ionization, to
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that of an intermediate resonant excited state. For naphthelene, the
situation is rather complex, as the S; state correlates with the Dy Ay,
8.14 eV) and D; (2B3u, 8.87 eV) ion states [22], which can be reached by
the absorption of three 800 nm photons. As shown by Schmitt et al. [22]
photoelectron bands corresponding to the Dy and D; states are observed
after internal conversion of the prepared S, state. Accordingly, we
should consider the evolution of the ionization cross-section along both
continua. Regarding the examined coordinates, the Dy and D; surfaces
are not parallel along the totally symmetric A; modes, as the scans along
the vg Ay mode included in Fig. 4b show. In fact, it has been demon-
strated that these modes induce numerous crossings among cationic
states that develop in multiple Cis [40]. In this situation, we can
conclude that it is plausible that the evolution of the S; state along the vg
Ag vibration causes the required modulation of the ionization proba-
bility necessary to observe the oscillation.

Concerning the low frequency oscillation (115 ecm™Y), its origin was
examined in a previous publication [24]. There, it was concluded that it
could not be explained by wavepacket dynamics and it was attributed to
electronic quantum beats (Rabi oscillations) caused by the coherent
evolution of the coupled Sy/S; states. This explanation was sustained by
the particular behavior exhibited by this oscillation, specifically: i) it is a
damped oscillation that appears with the onset of the excitation and is
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not perceptible after three periods. ii) The oscillation frequency was
observe to decrease with the excitation wavelength. iii) The frequency is
lower than any of the normal modes predicted for the S, or S; states.
Under this interpretation, despite most of the population relaxes to S;
after the first beat, some of it remains in the upper state and the elec-
tronic coherence is maintained for longer times [16,24]. To the best of
our knowledge, no other coherent oscillations of electronic nature have
been reported for the non-adiabatic coupling of neutral electronic states
in aromatic molecules. In order to check the plausibility of this assig-
nation, calculations of the involved neutral and ionic PES along these
low frequency modes would be required.

4. Conclusions

The carried out work demonstrates an efficient method to prepare
sub-20 fs pulses at 264 nm by TH generation in the filament formed
directly in the open atmosphere of the lab. With the simple set-up
installed, resolutions ~25 fs are achieved in pump-probe experiments,
where the temporal evolution of the prepared electronic excited state is
tracked by multi-photon ionization. This pulse regime allows us to
efficiently prepare wavepackets on individual targeted states of neutral
molecules, which can be followed through coupling regions to provide
detailed information on the non-adiabatic electronic-nuclear interac-
tion. We have used the generated pulses to study the non-adiabatic
relaxation the in highly symmetric PAH molecule of Naphthalene. The
experiment has provided unprecedented detailed signals about the
temporal evolution of the non-adiabatically coupled S,/S; states of the
molecule, after the initial excitation of the bright S, state. The transient
shows oscillations that could be attributed to the coherent electronic
evolution of the interacting states, together with faster beatings that
correspond to the vibrational wavepacket propagation on the coupled
potentials. By comparison with experimental and theoretical data, the
observed faster oscillations are tentatively assigned to vibrational modes
of the S; state. However, the rich observable retrieved invites to a
rigorous modelling, which including the electronic degrees of freedom
and the relevant nuclear coordinates, could provide more insights on the
phenomenon.
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