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Abstract: We describe a transient absorption (TA) spectroscopy system in the ultraviolet (UV) spectral
range, for the study of the ultrafast optical response of biomolecules. After reviewing the techniques
for the generation and characterization of ultrashort UV pulses, we describe the experimental setup
of our ultrabroadband UV TA spectrometer. The setup combines sub-20-fs UV pump pulses tunable
between 3.35 and 4.7 eV, with broadband white-light-continuum probe pulses in the 1.7-4.6 eV range.
Thanks to the broad tunability of the pump pulses in the UV spectral range, the extremely high
temporal resolution and the broad spectral coverage of the probe, this TA system is a powerful and
versatile tool for the study of many biomolecules. As an example of its potential, we apply the TA
spectrometer to track ultrafast internal conversion processes in pyrene after excitation in the UV,
and to resolve an impulsively excited molecular vibration with 85-fs period.

Keywords: ultrafast spectroscopy; transient absorption; femtosecond pulses; ultraviolet; photophysics;
photochemistry

1. Introduction

Since the development of mode-locked laser sources [1], ultrafast optical spectroscopy has
provided invaluable insight into the light-triggered dynamical processes in many different systems
of interest for physics, materials science and (bio)chemistry [2,3]. While several techniques with
growing level of complexity and sophistication have been developed [4,5], transient absorption (TA)
still remains a very powerful and versatile approach, delivering a rich information content with a
comparatively simple experimental setup. TA typically works in a stroboscopic fashion, using two
synchronized pulses, the pump and the probe. The pump pulse is resonant with a transition of the
system under study, triggering a photoinduced process whose time course is followed by measuring
the absorption change of the time-delayed probe pulse, which should ideally be as broadband as
possible in order to deliver the maximum amount of spectroscopic information on the system [6-9].
The time resolution of TA spectroscopy is determined by the so-called instrumental response function
(IRF). In TA spectrometers with relatively narrow-band (>100 fs duration) transform-limited (TL) pump
and probe pulses, the IRF is the cross-correlation of the intensity profiles of pump and probe pulses [10].
When dealing with broadband probe pulses, it can be shown that, independently from their chirp,
the temporal resolution is determined by their TL duration, provided that the probe pulses are detected
through a narrow-band filter [11,12]. The ability to generate pump pulses with duration of just a few
optical cycles [1,13] and probe pulses with ultrabroad bandwidth has pushed the time resolution in the
visible and near-infrared (NIR) ranges to the sub-10-fs domain, allowing the observation of primary
light-induced processes in molecules and solids, which govern important biochemical processes such
as photosynthesis [14] and vision [15].
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The ultraviolet (UV) wavelength range is of great interest for ultrafast spectroscopic investigations
due to several reasons. First of all, the UV range is resonant with electronic transitions of many small
molecules with fairly simple excited state energy level structure, whose photoinduced dynamics can
be accurately modeled using ab initio computational approaches; ultrafast TA spectroscopy in the UV
can thus be used to benchmark the accuracy of such methods [16,17]. In addition, the UV matches the
absorption spectrum of many biomolecules, which present cyclic aromatic rings with strongly allowed
n—7t* transitions. Examples are the nucleobases (adenine, cytosine, guanine, thymine, and uracil) and
their multimers up to the double-stranded DNA helix, as well as the aromatic amino acids (tryptophan,
phenylalanine, and tyrosine), all of which have strong absorption bands in the 250-300 nm wavelength
range (~4-5 eV). While the main biological functions of these biomolecules are not directly related to
their interaction with light, still the study of their ultrafast optical response is very important. In DNA
the absorbed UV photon energy could initiate a variety of photoreactions, involving substantial
rearrangements of the molecular structure, that corrupt the information encoded in the base sequence.
Nevertheless, the quantum yield of such photoproducts is remarkably low, because DNA manages
to dissipate the absorbed energy very efficiently, mainly through harmless ultrafast non-radiative
decay processes [18-21]. This self-protecting property of DNA is not just an interesting feature of
its photophysics, but it is an essential requirement for the very existence and the replication of life,
which relies on the stability of the hereditary genetic information. In proteins, aromatic amino acids
have been proposed as built-in structural markers [22,23] whose TA signal is able to deliver information
on their secondary structure and on the misfolding processes that lead to aggregation, fibril formation
and are the precursors of several neurodegenerative diseases.

Despite the strong scientific motivation and the great potential interest, pushing the time resolution
of UV TA spectroscopy to the 10-20 fs domain, which is nowadays customary in the visible range,
requires addressing several technological challenges:

(i) the generation of few-optical-cycle pulses in the UV is difficult, due to the lack of suitable
broadband gain media, either linear or nonlinear, in this frequency range;

(ii) standard methods for the temporal characterization of ultrashort pulses, based on nonlinear
frequency up-conversion processes such as second harmonic generation (SHG), cannot be applied
to the UV, and more complex techniques are required;

(iii) due to the proximity with the onset of electronic transitions, all transparent materials in the
UV display a strong dispersion, causing a frequency chirp; this calls for a careful design of the
spectroscopic system to minimize the number and the thickness of refractive optical elements
and prevent the loss of temporal resolution.

This paper describes our recent efforts at developing an ultrafast TA spectroscopy system in
the UV with high temporal resolution for the study of the ultrafast optical response of biomolecules.
The system combines sub-20-fs pump pulses tunable in the 3.35-4.7 eV range (corresponding to
260-370 nm) with broadband probe pulses obtained by white-light-continuum (WLC) generation
in different materials. The paper is organized as follows: Section 2 reviews the methods used for
the generation and characterization of ultrashort UV pulses; Section 3 describes the experimental
setup of the UV TA spectrometer; Section 4 characterizes the performance of the system and presents
representative experimental results; finally, Section 5 draws conclusions and discusses prospects for
applications and improvements of the system.

2. UV Pulse Generation and Characterization

2.1. Pulse Generation

Few-optical-cycle light pulses are nowadays routinely generated in the visible and NIR ranges
using different approaches: directly from a laser oscillator [24], by spectral broadening in a nonlinear
medium (solid or hollow-core optical fiber) [25,26] or by a non-collinear optical parametric amplifier
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(NOPA) [27,28]. The extension of these techniques to the UV range is challenging for a variety of
reasons. First of all, there are no broadband laser gain media in the UV, with the exception of excimers
of noble gas halides [29,30]. Nonlinear gain media based on OPAs are also difficult to implement in
the UV, because they require pumping with high energy photons, which undergo strong two-photon
absorption in all nonlinear media [31]. For these reasons, broadband UV pulses are typically generated
by nonlinear frequency up-conversion of few-optical-cycle pulses in the visible or NIR ranges.

Few-optical-cycle UV pulses have been generated by nonlinear optical processes in noble gases
in a guiding geometry, using either a hollow-core optical fiber or a filament. The exploited nonlinear
processes were third or higher order harmonic generation or four-wave-mixing (FWM) between the
fundamental wavelength (FW) and the second harmonic (SH) of the driving pulse, typically generated
by a Ti:sapphire laser. Backus et al. produced 16-fs, 1-pJ pulses at 266 nm by third-harmonic generation
(THG) in air of the 20-fs pulses produced by an amplified Ti:sapphire laser [32]. Graf et al. obtained
considerably shorter sub-4-fs pulses at 270 nm with 1-puJ energy by THG in a Ne cell of the 6-fs output
of Ti:sapphire spectrally broadened in a hollow-core fiber [33]; the pulses were further shortened to
2.8-fs duration by Reiter et al. using a sub-4-fs driver pulse [34]. Kosma et al. produced 11-fs, 4-nJ
vacuum UV (VUV) pulses at 166 nm from fifth harmonic generation of Ti:sapphire in an Ar-filled
cell [35]. In a series of pioneering studies, Durfee et al. generated 8-fs pulses at 266 nm with pJ energy
by FWM between the SH and the FW of a 20-fs Ti:sapphire laser [36,37]. Beutler et al. reported on
sub-20-fs VUV pulses at 160 nm with energies exceeding 400 nJ generated by FWM between the third
harmonic of Ti:sapphire and the FW broadened by filamentation [38]. Kida et al. employed broadband
four-wave mixing for the generation of sub 10-fs deep-UV [39—41], which were further exploited as
pump pulses in a TA spectrometer [42—44]. Even shorter wavelengths were produced by Horio et al.,
who generated 5-nJ pulses at 133 nm by cascaded FWM between third, fourth and fifth harmonic of
Ti:sapphire in a filament [45].

Nonlinear interactions in gases typically require high-energy short-duration (<50 fs) driving pulses
and, due to the high order of the involved nonlinear process, they generate pulses whose shot-to-shot
stability is not optimum for TA applications. For this reason, in many TA setups the UV pulses are
generated by second-order nonlinear frequency conversion in crystals. Frequency up-conversion
processes generally need to compromise between efficiency, which scales as the square of the thickness
L of the nonlinear crystal, and phase matching bandwidth, which is inversely proportional to L.
For the case of SHG, the phase-matching bandwidth is given by [46] Avsy = 0.886/|Jsy|L where
Ssy = vglsH — Ug}:W is the group velocity mismatch (GVM) between the FW and the SH. For the case of
-barium borate (BBO) and Type I (ooe) phase matching, in the case of a FW visible pulse at A = 600 nm
wavelength, one has dgy = 410 fs/mm, so that a crystal thickness of L = 8 um would be required to
obtain a sub-5-fs UV pulse. With a thicker 50-um crystal UV pulses with ~20-fs duration and 5-10 pJ
energy were generated by frequency doubling a high-energy visible NOPA [47]. The phase-matching
bandwidth can be considerably increased by the use of achromatic phase matching [48,49], in which

the broadband pulses are angularly dispersed so that each frequency propagates within the nonlinear
crystal at its own phase matching angle. Employing achromatic SHG, Baum et al. [50,51] frequency
doubled the output of a broadband visible NOPA in a 360-um-thick BBO crystal, obtaining pulses
with energy in excess of 200 nJ and 250 THz bandwidth. Zhao et al. produced sub-15-fs pulses
with 600-n] energy by achromatic sum-frequency generation (SFG) of the NOPA output with the FW
of Ti:sapphire [52]. The advantage of achromatic phase matching, however, comes at the cost of a
considerable complication of the experimental apparatus.

The phase-matching requirements are less tight for SFG between a narrowband pulse at
frequency wi and a broadband pulse at frequency wj, to give w3 = w1 + w,. For this configuration,
the phase-matching bandwidth becomes [53] Avsrg = 0.886/|032|L, where 63 = vlz — % is
the GVM between the broadband pulse and the SFG pulse. For the case of BBO with Type II (eoe)
phase matching, considering up-conversion of a visible pulse by a narrowband pulse centered at
A1 = 800 nm, one gets 5y3 = 120 fs/mm; this means that a relatively thick 50-um BBO crystal can be
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used to up-convert a sub-10-fs visible pulse to the UV. Using this configuration, Borrego-Varillas et al.
generated 8 fs pulses with 1-pJ energy and central wavelength tunable from 310 to 400 nm by SFG
between the NOPA output and a narrowband NIR pulse, generated either directly by Ti:sapphire or by
an OPA [53].

2.2. Pulse Characterization

The application of UV pulses in TA spectroscopy requires the precise management of dispersion
to keep the pulse duration as short as possible, thus maximizing the time resolution of the experiment.
The measurement of the temporal duration requires the knowledge of the spectral amplitude and
phase [54]. The characterization of the spectral phase is however not straightforward in the UV
range since, due to the lack of transparent materials and of suitable phase-matching configurations,
no traditional techniques based on SHG or SFG can be applied.

For this reason, autocorrelation techniques in the UV exploit multi-photon absorption as nonlinear
process. A first approach consists in utilizing the two-photon conductivity of a substrate and measuring
the generated charge by using a pair of electrodes [55,56], with the main drawback of a complex
manufacture of the electrodes. In gas phase, two-photon induced fluorescence of excimers [57] or gas
ionization [58] have been exploited. Another group of techniques uses two-photon absorption (TPA)
in liquids and bulk materials [59-62]. For this purpose, the beam is divided in two replicas: when they
temporally overlap, a contribution due to TPA arises, thus creating an autocorrelation signal. Finally,
Motzkus et al. proposed a shaper-assisted cross-correlation setup by combining a pulse modulator and
a solar-blind photomultiplier tube [63]. Such techniques, however, do not allow the full reconstruction
of the light pulse in amplitude and phase.

Among the approaches for complete pulse reconstruction, the so-called spectrographic techniques
aim at evaluating the relative arrival time of spectral slices of the pulse. A measurement generates
thus a 2D map as a function of time and frequency—known as spectrogram—from which it is
possible to extract the spectral phase. The most well-known example of these techniques is the
frequency-resolved optical gating (FROG) [64]. In FROG the pulse is split in two replicas which are
superimposed in a nonlinear crystal. The delay of one of the replicas is varied and the SHG signal
is registered in a spectrometer as a function of the delay yielding the spectrogram. With an iterative
algorithm it is then possible to retrieve the spectral phase of the pulse. Unfortunately, this approach
cannot be directly applied in the UV due to the lack of suitable SHG crystals in this range. Another
scheme, the polarization gating (PG) FROG, which exploits a x(® polarization-gate arrangement,
was successfully extended by Kane et al. to the UV using quartz as the nonlinear medium [65].

Other variants of FROG have been also demonstrated for the measurement of ultrashort pulses
in the UV. One of the most common approaches is the cross-correlation FROG (XFROG) [66],
which exploits a fully-characterized reference pulse beam for difference frequency generation (DFG)
with the unknown UV pulse. The amplitude and phase of the test pulse are therefore retrieved
from the corresponding spectrogram and from the fully characterized reference. Self-diffraction (SD)
FROG has also been applied in the UV range, although it requires comparatively high energies in
the pJ range. SD-FROG retrieves the temporal information on the pulse from the diffracted beam
scattered by the crossing of two replicas in a material. Backus et al. measured 16-fs pulses at a central
wavelength of 266 nm by using this method [32]. Seidel et al. combined XFROG with a technique of
tomographic ultrafast retrieval of transverse light E-fields (TURTLE) [67]. In XTURTLE two orthogonal
linear projections at 0° and 90° and an additional projection, for example at 45°, of the vector-shaped
test fields in the UV are down-converted with a fully characterized reference pulse. The first two
maps (at 0° and 90°) are inserted in the XFROG algorithm to retrieve the phase. In a second step,
a TURTLE algorithm combines those measurements to model the third component at 45°. This allows
for retrieving the complete vector field of the UV test pulse. Finally, molecular alignment-based (M-)
FROG, which employs the impulsive alignment of gaseous molecules as gate function, was utilized for
the measurement of weak UV femtosecond pulses around 200 nm [68].



Appl. Sci. 2018, 8,989 50f 18

Another class of methods for the full reconstruction of an ultrashort pulse is based on spectral
interferometry (SI). In SI a fully characterized auxiliary pulse (reference) and the unknown pulse (test)
are delayed by delay T and sent collinearly onto a detector. SI has been applied to the near-UV range
by using as reference the SH of a fully characterized pulse [69]. This approach is however limited by
the fact that it requires a reference pulse in the same spectral range as the pulse under test and with a
comparable bandwidth. To overcome the limitations of SI, self-referenced interferometric techniques
were developed in the 90s. The most widespread method is the spectral interferometry for direct
electric-field reconstruction (SPIDER) [70]. In SPIDER the pulse is split in two replicas by a Michelson
interferometer and combined with a highly chirped pulse in a nonlinear crystal. The interferogram
encodes in its frequency-dependent phase the derivative of the pulse spectral phase.

Riedle and co-workers introduced a new scheme called zero additional phase (ZAP) SPIDER and
demonstrated the measurement of ultrashort UV pulses with this technique. In conventional SPIDER
additional dispersion due to beam splitter in the Michelson interferometer is added to the test pulse.
Instead, in ZAP SPIDER the unknown pulse is mixed with two chirped replicas, which avoids further
manipulation of the original pulse. This approach was applied to the characterization of 7-fs pulses in
the UV range (270-310 nm) by using a DFG scheme with a highly chirped fraction of the FW beam at
800 nm.

3. Experimental Setup

3.1. UV Pump Pulse Generation

In our TA setup we generate short UV pulses by frequency up-conversion of a broadband
NOPA [71-73], which is a source of few-optical-cycle visible pulses with moderate energy (a few pJs)
and high shot-to-shot stability. The experimental setup for the generation of the UV pump pulses is
shown in Figure 1. The system starts with a regeneratively amplified Ti:sapphire laser (Libra, Coherent,
Santa Clara, CA, USA), which delivers vertically polarized 100-fs pulses at 1 kHz repetition rate and at
800 nm wavelength. A 500-p] fraction of the laser light drives a single-pass visible NOPA [74], pumped
by the SH and seeded by a WLC generated in a 2-mm-thick sapphire plate. This NOPA produces
vertically polarized broadband pulses with a spectrum extending from 525 to 700 nm, corresponding
to a transform-limited (TL) pulse duration of 6.2 fs, and with energy of the order of 10 pJ. The NOPA
pulses are compressed by 12 reflections onto a pair of dispersion-matched dielectric double-chirped
mirrors (DCMs) until nearly flat spectral phase is achieved. For SHG (Figure 1a) the vertically polarized
NOPA pulses are focused by an f = 250 mm spherical mirror onto a 20-pum-thick free-standing Type
I BBO crystal cut at 6 = 42.4° which produces horizontally polarized UV pulses. Subsequently FW
and SH pulses are collimated by an identical spherical mirror and sent to a Brewster-cut MgF, prism
pair (tip to tip distance: 215 mm) which serves the dual purpose of filtering out the FW light and of
compensating the dispersion introduced by air and by the cuvette window on the pump beam path.
By adjusting the tilt angle of the BBO crystal and simultaneously the NOPA bandwidth, it is possible
to tune the carrier wavelength of the UV pulses from 260 to 300 nm, maintaining in all cases a pulse
energy of 40-50 nJ at the prism pair output.

For SFG (Figure 1b) a 30-J fraction of the laser FW is split off, sent through a half-wave plate
which rotates its polarization to horizontal, synchronized by a delay line and collinearly combined
with the compressed NOPA output by a dichroic mirror, which reflects the NOPA and transmits the
FW. The collinear FW and NOPA pulses are focused by a f = 250 mm mirror to a 50-um-thick BBO
crystal (Type II, eoe, 6 = 46.8°), recollimated by a mirror and sent to a set of three identical UV dielectric
mirrors, which filter out the FW of the laser and of the NOPA. Typical pulse energies of up to 1 pJ
are obtained.
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Figure 1. Experimental setup for the generation of few-optical-cycle UV pulses, based on: (a) SHG of
the NOPA pulse and (b) SFG between the NOPA pulse and a fraction of the FW laser source. DL: delay
line; DM: dichroic mirror; C: combiner.

3.2. UV Pulse Characterization

In TA spectroscopy with WLC probe and broadband detection, the time resolution is determined
essentially by the duration of the pump pulse [11]; for this reason, it is crucial to precisely characterize
its temporal profile. For this purpose, we adopt a modified scheme of two-dimensional spectral
shearing interferometry (2DSI), recently developed by some of the authors [75], which is suitable for the
full characterization of UV pulses. The 2DSI method [76,77] relies on spectral shearing interferometry
with zero delay; with respect to the SPIDER technique, which encodes phase as a sensitively calibrated
fringe in the spectral domain, 2DSI robustly encodes phase along a second dimension. In traditional
2DS]I, the pulse under test is nonlinearly mixed with two collinear fields, named ancillae, sheared
by a frequency (), resulting in two co-propagating replicas A(w) and A(w — Q), which give rise to
a spectral interference pattern. If one of the ancillae, at angular frequency wcy, is delayed by tcw,
the corresponding interferogram can be written as:

L(w,Tew) = |A(w)]* + |A(w — Q)7

12 | A(w)]| Alw — Q) coslwewTew + ¢(w) — plew — Q) M

where ¢(w) is the spectral phase of the pulse under test. By recording the spectra as a function of Tcy,
one obtains a 2D map which displays, for each value of w, interference fringes along the Ty axis with
phase: 8(w) = ¢(w) — p(w — Q), from which one obtains by integration the spectral phase as:

1%

o) = & [ ow)de @

Equation (2) shows that a precise knowledge of the spectral shear () is critical for an accurate
retrieval of the spectral phase. In traditional 2DSI the two sheared ancillae are generated by passing a
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strongly chirped pulse (which may be a replica of the pulse under test or an auxiliary pulse) through
an unbalanced Michelson interferometer which creates two delayed replicas, and which is also used
to scan the delay tcp. This configuration requires an indirect determination of the spectral shear
based on the chirp of the pulse and the delay of the replicas. Our 2DSI scheme, on the other hand,
produces the sheared ancillae by spectral filtering, which allows the direct measurement of () with
a spectrometer. The experimental setup is shown in Figure 2: a fraction of the FW is split off and
sent to a 4f zero-dispersion pulse shaper [78], using a 2000 lines/mm diffraction grating as dispersive
element. The two nearly monochromatic ancillae, with adjustable bandwidth and spectral shear,
are produced by a double-slit mask placed close to the Fourier plane of the pulse shaper. Finally,
the folding mirror of the shaper is replaced by two independent mirrors, one of which is mounted on
a precision translation stage which allows the scanning of Tcw. The two collinear ancillae are then
synchronized with the pulse under test, and both beams are non-collinearly focused onto a nonlinear
crystal for DFG (10-um-thick BBO cut for Type I phase matching with 6 = 29°). The nonlinear signal
is then coupled to a spectrometer, and its spectrum is recorded as a function of Tcyw, giving the 2DSI
map, from which the spectral phase of the pulse ¢(w) is extracted. The correctness of the calibration
of the shear is typically checked by characterizing the dispersion introduced by materials of known
thickness and comparing it to tabulated values.

Pulse !
under test : DFG
> H]—> == Spectrometer
¢ NN\ALN

Auxiliary A Ancillary fields

pulse A
V W\ Grating

>

i\

Figure 2. Modified scheme of the 2DSI technique used for the characterization of the UV pulses.

3.3. Broadband TA Spectrometer

Figure 3a shows the experimental setup of the high time resolution broadband TA spectrometer
in the UV. Most of the laser energy is used for the UV pump pulse generation, according to the scheme
reported in Figure 1. A flip mirror is used to deviate the pump pulse to the 2DSI setup displayed in
Figure 2, for its accurate characterization before the measurement. To take into account the effect of
air dispersion, which is not negligible at UV wavelengths, the path-length leading to the nonlinear
crystal in the 2DSI is made equal to the path to the sample. For measurements performed in a flow
cell, a 200 um-thick compensating fused silica window, identical to the entrance window of the cell, is
placed in front of the 2DSI.

A 35-1] fraction of the laser output is sent to a computer-controlled delay line, which serves the
dual purpose of synchronizing the pump and probe pulses and varying their delay, which is followed
by the WLC generation stage. Figure 3b,c show the experimental setups used for WLC generation
driven by the FW or by the SH. In both cases the energy for WLC generation is adjusted to ~1 uJ.
The driving pulse is focused by a lens with focal length f; = 75 mm and the WLC is recollimated
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by a spherical mirror with focal length f, = 50 mm used under the smallest possible incidence angle
(6 = 10°), followed by a pick-up mirror. An iris and a variable attenuator on the driving pulse path are
used to vary the numerical aperture and the power of the beam; these parameters, together with the
position of the nonlinear material in the focus, controlled by a precision translation stage, are finely
tuned to optimize the stability of the generated WLC. Optionally, the WLC can be driven by the SH of
Ti:sapphire, generated in a 1-mm-thick Type I BBO crystal (6 = 29°). Different setups and materials
are used to cover the visible and UV ranges: a 2-mm-thick sapphire driven by the FW to cover the
440-710 nm range, a 3-mm-thick CaF; driven by the FW to cover the 330-650m range and the same
plate driven by the SH to cover the- UV (270-370 nm) range. For the case of CaF,, to avoid optical
damage, a two-axis translation stage (Zaber Technologies, Vancouver, Canada, model T-LS28M) is
used to slowly scan the plane in a plane perpendicular to the propagation direction [79].

2DSI
Pump
>
Sample l—
./l‘—,ump &
; Q
-fprobc [Z /c?
WLC_ ﬁ Spectrometer
generation
Probe
DL(z)
(b) VA E, we  (C) VA F,_ F, | WLC
" Z; SHG || . H H
800 nm rl's 800 nm fl's
=T . =T 7
- f “ e jz
fi  ALO;/CaF, 72 1 CaF,

Figure 3. (a) Experimental setup of the broadband UV TA spectrometer. (b) WLC generation driven by
the FW of the laser source; (c) WLC generation driven by the SH of the laser source. BS: beam splitter;
OM: optical modulator; CG: compensating glass; VA: variable attenuator; F;, Fy, F3: short-pass filters.

The pump and the probe are separately and non-collinearly focused on the sample at
approximately 5° by two UV enhanced aluminum spherical mirrors with focal lengths fpump = 250 mm
and fyrope = 200 mm, to match their focal spots. The transmitted probe, selected by an iris, is focused
on the entrance slit of a spectrometer (SP2300 Princeton Instruments, Acton, MA, USA) equipped with
a CCD detector, with the spectral resolution of the order of 0.5 nm, and a read-out electronics (Stresing
Entwicklungsbiiro, Berlin, Germany) capable of single-shot readout of the probe spectrum at the full
1-kHz laser repetition rate [7]. The pump is modulated by a mechanical chopper at 500 Hz and the
differential transmission (AT/T) spectrum as a function of probe wavelength A, and pump-probe
delay T is calculated as:

AT
T

Ton (Apr/ T) — Torr (Apr/ T)
Torr(Apr, T)
Please note that since consecutive laser pulses have the highest degree of correlation,

the single-shot readout of the probe spectrum synchronous to the laser repetition rate contributes to
the improvement of the S/N ratio. In addition, the spectral resolution of the spectrometer makes it

(AprT) =
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equivalent to a narrowband filter. Hence, according to [11,12], independently from the chirp of the
probe, the temporal resolution depends only on its TL duration. For this reason, the probe pulses are not
compressed before the interaction with the sample. The chirp of the probe only results in a dispersion
of the zero pump-probe time delay, which can be compensated for by numerical post-processing of the
measured TA maps, without loss of the temporal resolution.

4. Experimental Results

Figure 4a reports a sequence of UV pump pulses generated either by SHG or by SFG of the NOPA
output, which cover a wavelength range from 260 to 370 nm (4.75 to 3.35 eV). The figure also plots the
spectral phases of the pulses, retrieved by 2DSI, which are essentially flat: the corresponding temporal
intensity profiles, shown as solid lines in Figure 4b-d, reveal sub-20-fs pulses, with a FWHM duration
very close to that of the corresponding TL pulses (with intensity profiles shown as dashed lines): 16.2
fs for the 270-nm pulse, 18.6 fs for the 290-nm pulse and 8.4 fs for the 340-nm pulse.

' ——270nm ]t@
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08} o330 Nm
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340 360 38
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Figure 4. Upper panel: Spectra of UV pulses centered at 270 nm, 290 nm and 345 nm and corresponding
spectral phases obtained using the modified 2DSI technique described in Section 3.2. Lower panel:
corresponding retrieved pulse temporal profiles together with the TL profiles (dashed black lines).

Figure 5 shows spectra of the WLC generated in the different materials pumping with the FW or
with the SH, which -as previously discussed- cover different wavelength ranges. For each spectrum
we calculated the wavelength dependent root-mean-square (rms) of fluctuations between consecutive
pulses as:

VI 1 [Si1 (Apr) = Si(Ap)]?
S(Apr)

where S;(Ay,) is the signal measured by the spectrometer at a given probe wavelength for the i-th laser

Erms ()\pr) =

shot and S(A,r) is the average probe signal.

The wavelength dependent rms fluctuations of the WLC measured for N = 300 consecutive pulse
pairs are reported in Figure 5 as shaded areas. One can see that the WLC generated in sapphire has
the best noise properties, with fluctuations below 0.2% over most of the detection range; the WLC
generated in CaF, driven by the FW has slightly higher fluctuations but adds a very significant spectral
interval from 330 to 450 nm; finally, the WLC generated in CaF, driven by the SH displays higher but
still acceptable fluctuations which are lower than 0.4% over most of the detection range.
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Figure 5. Solid lines: spectra of the WLC generated in CaF, with the SH pump (a), in CaF, with the FW
pump (b) and in sapphire with the FW pump (c). Shaded areas: shot-to-shot wavelength dependent
rms of the WLC fluctuations.

The overall stability of the WLC is quite good: in fact, a 0.2% rms fluctuation corresponds to a
noise <10~ for the AT/T signal when averaged over 500 consecutive pulse pairs, which correspond
to 1 second measurement time. This high stability of the probe is crucial for TA measurements with
UV pump pulses; in water solvent, in fact, two-photon absorption of the pump can produce hydrated
electrons [80], which display broad and long-lived absorption spectra in the visible [81]. To avoid or
minimize such spurious signals, the pump fluence should be kept as low as possible, thus calling for a
high sensitivity of the TA setup.

In the following we present a few examples of ultrafast TA spectroscopy results using our
high time resolution apparatus. As exemplary molecular system we use pyrene (C14H;g, chemical
structure shown in Figure 6), a polycyclic aromatic hydrocarbon consisting of four benzene rings.
Pyrene purchased from Sigma-Aldrich was used as received, dissolved in methanol, and flown in
a 200-pum-thick cuvette with 200-pm-thick entrance and exit windows. The absorption spectrum of
pyrene, reported in Figure 6, displays an intense band peaking at 3.7 eV (334 nm), with well-resolved
vibronic replicas at 3.9 eV (319 nm) and 4.1 eV (306 nm), followed by a second band peaking at 4.6 eV
(270 nm) with a well visible replica at 5 eV (250 nm). According to the well-known electronic structure
of pyrene, the ground state has Ag symmetry (S or 11Ag state), while the first excited state has B3,
symmetry(S; or 1B, state); however, the oscillator strength of the So—5; transition is very weak so
that it is essentially optically forbidden [82]. The first “bright” excited singlet state of pyrene is of By,
symmetry (S, or 1!B,, state) and the Sy—S, transition peaks at 3.7 eV; a second bright excited state is
the S state (or 2! By, state) with the Sy—S3 transition peaking at 4.55 eV (270 nm). Following excitation
of the bright S; or S; states, rapid internal conversion (IC) to the dark S; state occurs, mediated by
conical intersections. While the S;—5; process has been studied in detail [83-85], the S3—S; process is
less explored. Here we exploit our tunable pump and broadband probe to follow the dynamics of both
these processes.

Figure 7 shows TA maps obtained by pumping with SFG at 340 nm and probing in the UV and
in the visible range respectively. We start by discussing the UV range (Figure 7a). Around time zero
we observe a short-lived signal that is assigned to the solvent response and is due to TPA of one
pump and one probe photon. After this we note a strong positive peak at 334 nm, corresponding to
photo-bleaching of the Sy—S, transition, resonant with our pump, with the well resolved vibronic
replicas at 320 and 306 nm. At longer wavelengths around 360-370 nm we observe a photoinduced
absorption (PA) band, assigned to the S; state, which is not formed instantaneously, but rather grows
on the 200-fs timescale. In the visible range we observe a PA band, assigned to the S; state, which peaks
at 580 nm, forms instantaneously and decays on the 200 fs timescale, and two long-lived PA bands
peaking at 515 and 470 nm, assigned to S;. Taken together, these data confirm ultrafast IC from the
photoexcited S, to the S; state; the S; PA dynamics at 585 nm, displayed in Figure 8b, shows a decay
with ~85-fs time constant, in very good agreement with previous results [83-85].
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Figure 6. Chemical structure (inset) and linear absorption spectrum of pyrene dissolved in methanol;
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Figure 7. Pyrene TA maps acquired after 340-nm excitation, and probing in the UV (a) and visible (b) range.

Figure 9a shows the 2D TA map, as a function of probe wavelength and delay, following excitation
of the S3 state at 270 nm. At early times we observe a negative AT/T signal which peaks at 550 nm
and is assigned to a PA from the photoexcited S state; this band rapidly shifts to the red at 580 nm
(red spectrum in Figure 9b), matching the PA band of S;; at longer delays, the PA spectrum of S;
reappears, with characteristic peaks at 370, 470 and 515 nm. These data are consistent with a two-step
S3—+S,—5; IC process; the TA dynamics, displayed in Figure 10, show that this cascaded process
occurs, as expected, on a longer 500 fs timescale.

Finally, Figure 11a shows the AT /T dynamics at 385 nm, corresponding to the PA from the S;
state; the signal is clearly modulated by a long-lived oscillation, with 85-fs period (corresponding
to a 392 cm™ frequency, as evidenced in panel (b)), which is observed thanks to the high temporal
resolution of our setup. A wavelength dependent Fourier transform (panel (c)) reveals a second mode
at 410 cm™! at wavelengths between 335 and 342 nm, which closely matches the Raman ground state
mode of 408 cm ! [86]. Since the 392 cm™ mode shows a clear amplitude minimum at a wavelength of
370 nm, which corresponds to the peak of the S; PA band, we assign the oscillation to a vibrational
wavepacket on the S; state, which survives the IC process and is indicative of a vibrationally coherent
photophysics in pyrene [87-90].
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Figure 8. (a) TA spectra of pyrene following excitation at 340 nm at different probe delays; (b) TA
dynamics at probe wavelengths in the UV and visible range. For ease of comparison, the traces at 475
and 334 nm have been multiplied by a factor 10 and 0.5 respectively.
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Figure 9. (a) TA map of pyrene as a function of probe wavelength and delay following excitation at
270 nm; (b) TA spectra at different pump-probe delays.
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Figure 10. TA dynamics of pyrene following excitation at 270 nm, at UV (a) and visible (b) probe wavelengths.
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Figure 11. (a) Dynamics at 385 nm (main panel) and residuals (inset) after subtraction of a
multi-exponential fit; (b) Fourier transform of the residual from panel (a); (c) The Fourier intensity of
the oscillatory component as a function of the probe wavelength.

5. Conclusions

In this paper, we described a TA spectroscopy system in the UV spectral range, for the
study of the ultrafast optical response of biomolecules. The setup, which is driven by a 100-fs
regeneratively amplified Ti:sapphire laser, combines sub-20-fs UV pump pulses with broadband
white-light-continuum probe pulses. The ultrashort UV pump pulses are generated by frequency
up-conversion (SHG or SFG) of a visible ultrashort NOPA output, and are tunable in the 260-370 nm
range. Direct frequency-doubling of the ultrashort visible light delivers broadband UV pulses with
carrier wavelength from 260 to 290 nm. SFG between the NOPA pulses and a fraction of the laser
fundamental wavelength produces pulses with bandwidth in the 320-370 nm range. After suitable
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compression stages, the pulse duration ranges from 8.4 fs (for the 340 nm pulse) to 18.6 fs (for the
290 nm pulse).

The broadband probe pulses are obtained by white-light continuum generation in sapphire or
CaF; plates, and cover the spectral ranges from 270 to 710 nm with energy fluctuations of 0.2-0.4%
rms, corresponding to a noise <10~ for the AT/T signal averaged over 1 s. The ultrashort duration of
the pump pulses and the broad bandwidth of the probe pulses determine the extremely high temporal
resolution of the pump-probe measurement.

The TA spectroscopy system was applied to study ultrafast processes in pyrene in methanol.
After excitation of the bright optical transitions Sp— S, (occurring at 3.7 eV) and So—S3 (at 4.6 eV),
the system undergoes ultrafast internal conversion from either S, or Sz to the dark S; state. Thanks
to the ultrashort duration of the pump pulses and the ultrabroad bandwidth of the probe pulses, we
could successfully track the internal conversion process, which occurs on hundreds of femtoseconds
timescale. In addition, the temporal resolution allowed resolving an impulsively excited molecular
vibration, with 85-fs period, which survives the internal conversion process, pointing to a vibrationally
coherent photochemistry in pyrene.

The tunability of the pump pulses in the UV spectral range, the sub-20-fs temporal resolution
and the broad spectral coverage of the probe contribute to make this TA system a unique, powerful,
and versatile tool for the study of many biomolecules, which exhibit absorption in the 250-350 nm
wavelength range. This system will allow tracking fundamental biochemical processes such as the
photoprotection mechanisms in DNA and the secondary structure of proteins based on the response of
aromatic amino acids.
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