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Abstract: We present a three-color mid-IR setup for vibrational
pump-repump-probe experiments with a temporal resolution well below 100
fs and a freely selectable spectral resolution of 20 to 360 cm™ for the pump
and repump. The usable probe range without optical realignment is 900 cm ™.
The experimental design employed is greatly simplified compared to the
widely used setups, highly robust and includes a novel means for generation
of tunable few-cycle pulses with stable carrier-envelope phase. A Ti:sapphire
pump system operating with 1 kHz and a modest 150 fs pulse duration
supplies the total pump energy of just 0.6 mJ. The good signal-to-noise ratio
of the setup allows the determination of spectrally resolved transient probe
changes smaller than 6-107° OD at 130 time delays in just 45 minutes. The
performance of the spectrometer is demonstrated with transient IR spectra
and decay curves of HDO molecules in lithium nitrate trinydrate and ice and
a first all MIR pump-repump-probe measurement.
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1. Introduction

Infrared pump-probe and two dimensional spectroscopy are very powerful tools to elucidate the
complex ultrafast dynamics of an abundance of condensed systems [1-4]. For hydrogen bonded
systems, high-lying stretching vibrations of the hydrogen bond donors can be utilized as local
probe of the chemical environment of the donor group [1,5-8]. Despite the fact, that ultrafast
infrared pump probe spectroscopy is used in many different disciplines including biology and
chemistry, detailed descriptions of the setups remain scarce [5,9-11]. Modern developments in
two dimensional IR spectroscopy and photon echo techniques are much better documented
[12-19]. The intention of this paper is to demonstrate new sources of femtosecond pulses with a
greatly simplified concept and a wide variability of output parameters. They are combined to a
new three-color spectrometer with very flexible operating parameters. We include detailed
insight into the construction of the spectrometer, which we hope will prove useful particularly
for newcomers to the field.

With the advent of ever shorter laser pulses, the time resolution of pump-probe setups
evolved from several picoseconds down into the 100 fs regime, allowing the resolution of
increasingly fast dynamics. Important information on the chemical nature of the vicinity of the
probed molecule lies in the spectral position of the vibration under consideration. It is for
example commonly agreed on, that an increased red shift in the position of an OH stretching
vibration correlates with an increased strength of the corresponding hydrogen bond [20,21].
This means that complementary information can be obtained with long pulses with a narrow
spectrum, as compared to the information gained from investigations with extremely short
pulses that lack high spectral resolution. More advanced techniques like photon echo
spectroscopy partially circumvent this problem, but the interpretation of the obtained data is
quite demanding and has to rely heavily on simulations, where the physical result depends on
the applied theoretical model [6,22]. Pump-probe spectroscopy still yields the most quantitative
and direct information.

With pump-repump-probe spectroscopy, higher lying vibrational levels can be reached via
successive excitation. These high-lying states are a very convenient probe of the shape of the
potential of the hydrogen bond under consideration. Experimental data on the shape of the H
bond potential in different chemical environments are in turn very valuable information for
theory to accomplish a better modeling of this still poorly understood interaction. It could
furthermore open a pathway towards optically induced chemical reactions like proton transfer,
which has not yet been achieved with infrared pulses.

We present first results obtained with a newly developed optical setup that allows mid-IR
pump-repump-probe spectroscopy with a time resolution significantly shorter than 100 fs. The
infrared pulses are generated via a recently demonstrated hybrid NOPA layout [23]. In order to
achieve a selective excitation of the vibrational modes under investigation, the pump pulses are
tunable in the range from 2,000 to 10,000 cm™, and their spectral widths are controlled by a
spectral grating selector. The pulses generated in this way have a spectral bandwidth between
20 and 360 cm ™ and pulse durations between 50 and 850 fs, with typical pulse energies of 3 pJ.
The probe pulses are shorter than 50 fs (FWHM up to 450 cm™), yielding few-cycle mid-IR
pulses with unprecedented spectral width. The Fourier limit for these pulses is below 30 fs.
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This paper is organized as follows: In Section 2 we will present the experimental setup and
briefly discuss the layout of the used optical parametric amplifiers and grating selectors.
Section 3 presents a full characterization of the employed pulses, including their spectral and
temporal phase and we will demonstrate that all our pulses have a stable carrier envelope phase
(CEP). Section 4 shows first measurements with the new setup, where we significantly improve
recently published measurements on OH stretching vibration lifetimes of HDO molecules in
lithium nitrate trihydrate [8]. Section 5 concludes with a detailed classification and comparison
to existing state of the art spectrometers.

2. Experimental setup

The basic layout of our setup is illustrated in Fig. 1(a). As source we use a Ti:sapphire based
laser system (CPA 2010; Clark MXR) which delivers 779 nm pulses at 1 kHz repetition rate
with a pulse duration of 150 fs and a pulse energy of 900 pJ. For the current setup we use 600
WJ. The remaining pulse energy is used for diagnostics and further experiments.

To generate the infrared pump pulses we use a hybrid pumping technique [23] which allows
the generation of femtosecond pulses tunable from 1 to over 5 um at the pJ level. The idea of
the amplifier is shown in Fig. 1(b). A near-infrared continuum is generated in a 4 mm YAG
plate (SCG) [24] and amplified in a noncollinear optical parametric amplifier (pre-NOPA)
pumped by 60 pJ of the second harmonic of the laser light [25]. As amplifier crystal we use a 2
mm thick BBO crystal (type I, 32° cutting angle). Pulses on the pJ level which are tunable
between 900 nm and 1.6 pm are generated in this pre-amplifier. Here, the noncollinearity is
only used to geometrically separate the pump and idler pulses. In this work we denominate the
light which is amplified with the term “signal light”, and with the term “idler light” the light
which is newly generated, independent from their wavelengths.

The near-infrared pulses are then further amplified in a collinear amplifier (IR-OPA)
pumped by the 120 uJ of the fundamental laser light left over in the second harmonic generation
(SHG). Here we use a 1.5 mm thick LiNbO; crystal (type I, cut at 45°) as amplifier material.
The idler pulses which are produced during this amplification process spectrally range between
1.6 to 5.0 pm (2,000 to 6,250 cm™) and typically have pulse energies of several pJ. The full
details and advantages of this concept have been presented recently [23]. The blue pumped
pre-amplification drastically increases the MIR output energy especially at the spectral limits of
the main amplifier. The high output can be reached with moderate pump intensities in the
IR-OPA that allow the use of nonlinear crystals like LilOs which were previously considered
critical for fs OPA-operation due to the low damage threshold [26-28]. The amplifier is
operated completely collinear to avoid any spatial chirp of the idler pulses. A good method to
experimentally realize the collinearity is to minimize the spatial separation between signal and
pump light. Since the pump, signal, and idler pulses propagate in the same direction dichroic
optics are used to separate the 779 nm light (HR 800 nm, HT 1 - 5 um) and filters (germanium
or silicon plates) to separate the signal pulses. Due to the high refractive index of germanium
and silicon an anti-reflection coating is needed. It should be mentioned that germanium plates
have a drastically decreased infrared transmission if they are illuminated by high intensity 800
nm light and therefore these filters should be placed in the unfocussed beams or after the
separation of the 800 nm light. If the signal pulses are intended to be used for the experiment to
cover the range from 1.0 to 1.6 pm (6,250 - 10,000 cm™?) a slight noncollinearity in the IR-OPA
already leads to spatial separation from the pump and idler pulses and for the signal pulses no
spatial chirp will occur. For all measurements shown in this paper we use the idler pulses and all
IR-OPAs are operated in the collinear geometry.

In some experiments an energetically selective excitation of the sample is required. A
spectral selector [29] whose setup is shown in Fig. 1(d) allows decreasing the spectral
bandwidth of the pump pulses down to 20 cm™. A gold coated grating (3 cm x 3 cm, Horiba
Scientific GmbH) with a blaze wavelength of 3 pum and 100 lines/mm disperses the infrared
light. A f =100 mm calcium fluoride (CaF,) lens is used to focus the light onto the end mirror
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which reflects the light back to the entrance of the selector. By changing the width of the slit in
front of the end mirror the spectral width of the pump pulses can be adjusted continuously down
to 20 cm . To separate the input and output pulses at the exit of the selector a slight vertical
shift is introduced by the end mirror. To maintain collimation for the transverse plane of the
pump pulses at the exit and zero dispersion, the distance between lens and grating must be equal
to the focal length [29]. For the sagittal plane the distance between lens and end mirror must be
the focal length. The energy of the pump pulses also decreases proportionally to the narrower
bandwidth. The throughput of the selector is around 85% for the full bandwidth.

(a) Clark CHy NOPA spectral VD,
CPA-a2rO10 pump selector 1
A=779 nm OPA
f=1kHz probe
t=150fs
E =900 pJ NOPA || spectral
repump || selector 2
CH,
VD,
(b) SCG pre-NOPA IR-OPA ‘
IAD Tud signal
779 nm AP AD ™ 0.9-1.1 pm 0.9-1.1 prnA1(g pJ
~1;1;1_’—”'ﬂ'{} — D A@_’_D-Q)
389 nm 779 nm idler const.
2L 120 pJ 2.5-5 um 3 pJ
(c) (d)
SCG IR-OPA signal
1.05 ym 1 pd
779 nm AP AD
~1pd —FO'-H /_\(I)Aq)
AD const.
779 nm .
80 pJ idler
3um0.3 pud

Fig. 1. (a) Schematic representation of the mid-IR pump-repump-probe setup. CH; and CH,
denote chopper wheels, VD; and VD, are variable delay lines, L are lenses, and S represents the
sample. (b) Setup of the hybrid NOPA used to generate the pump and repump pulses including
the order of the phase fluctuations (n-A®). (c) Setup of the probe OPA for the generation of the
broadband probe pulses including phase fluctuations. (d) Layout of the 4f grating spectral
selector. To avoid any spatial chirp all infrared OPAs are operated collinearly. The different
pulses are shown with a slight angular separation in the figure for a better visualization.

The infrared pump pulses are sent over a motorized linear stage (M-521.DD; Physik
Instrumente GmbH; variable delay VD, in Fig. 1) to set the delay time between pump and probe
light. A hollow retroreflector with gold mirrors (50.8 mm clear aperture, 1 arcsec precision;
Edmund Optics Inc.) ensures highest reflectivity and with proper alignment no spatial deviation
is found when moving the delay stage over its full range of 200 mm corresponding to 1.33 ns. A
mechanical chopper (CH;) synchronized to the laser is used to obtain alternatingly a pumped
and not pumped sample for measuring the transmission changes. The setup for the repump
pulses is completely identical to the setup of the pump including the amplifier, spectral selector,
chopper (CH,), and variable delay (VD,).To obtain adequate probe pulses we generate an
infrared continuum in a 4 mm thick YAG plate and amplify the spectral region around 1.1 um
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in a single stage collinear OPA pumped by 80 pJ pulses at 779 nm. The setup is shown in Fig.
1(c). Type | amplification in a 2 mm thick LiNbO; crystal cut at 45° allows the generation of
extremely broadband pulses around 3 um. The pulse energy of 300 nJ allows a good
signal-to-noise ratio. The broad bandwidth and the favorable dispersion properties of silicon or
germanium at 3 um can be used to compress the pulses down to the few-cycle limit. A full
characterization of the pump and probe pulses will be presented in the next section. The easy
wavelength tuning of the single stage OPA even allows expanding the probe range from 1 to
over 5 pm in a stepwise manner. For the shorter wavelengths a BBO crystal can be used.
Figures 1(b) and 1(c) additionally show the phase fluctuations of the different pulses which will
be discussed in Section 3.

For polarization resolved experiments, it is important to have control over the respective
polarizations of all pulses. This is achieved by broadband half-wave plates and polarizers
(Thorlabs, nanoparticle linear film polarizer, 1.5 - 5 um) for all beams. Pump, repump and
probe beams are focused into the sample chamber which can be controlled in temperature and
pressure. The pump beams are focused with f = 100 mm ZnSe lenses (L4, L,), the probe with a
75 mm ZnSe lens (L3). The advantage of the ZnSe lenses compared to reflective optics is that
small angles of only 10° between pump and probe beams can be experimentally realized and
that no astigmatism occurs. Additionally, the high refractive index leads to less strongly curved
lenses and hence reduced aberrations and an improved beam profile in the focus. The high
losses due to the high refractive index can be partially compensated by anti-reflection coatings.
The probe pulse is finally coupled into a spectrometer (Chromex 250is) which is set up in a
Czerny-Turner configuration. The infrared light is focused into the 200 um entrance slit via a
parabolic mirror with an effective focal length of 50 mm. After an internal collimation in the
spectrometer a grating with 300 lines/mm and a blaze wavelength of 4 um is used to disperse
the probe light. At the exit of the spectrometer a nitrogen cooled multichannel infrared HgCdTe
detector (IR-3216; Infrared systems development Inc.) is used which offers 32 neighboring
pixels with 500 um width and 2000 pum height. The spectral resolution for one pixel is about 5
cm ™ (equal to 5 nm at 3 um) which enables to cover a wavelength range of around 150 nm at
once. The broadband probe pulses cover up to 1,000 nm spectral width which can be covered in
a stepwise manner, simply by turning the internal grating of the spectrometer. This means that
for capturing the full probe wavelength range no adjustments of the infrared amplifier have to
be made. Only the grating in the spectrometer has to be adjusted to change the probe range.

The complete tunability of pump and repump in central wavelength, spectral width, and
delay time allows, in combination with the extremely short and broadband probe pulses,
pump-repump experiments which can reveal molecular dynamics up to the nanosecond scale
with sub-100 fs time resolution and over the spectral region from 1 to 5 um.

3. Pulse characterization

To perform ultrafast infrared pump-repump-probe experiments adequate infrared pulses must
be provided. The probe pulses should cover a wide wavelength range and the pump pulses
should be tunable in wavelength and spectral width for a selective excitation of the investigated
systems. Our setup described in the previous section allows for the generation of such pulses.
Figure 2 shows spectra of the broadband probe pulses (red) with a full width at half maximum
(FWHM) of 450 nm (more than 400 cm™). The width at the 10% level is 900 nm (900 cm™)
and can be employed for transient probing. The Fourier limit (calculated for zero spectral
phase) of these pulses is 30 fs which corresponds to just three cycles in the mid-IR.
Additionally, spectra of pump pulses with different degrees of spectral confinement (15 — 100
nm, black and blue lines) are shown in Fig. 2. The spectral width of the pump pulses can be
tuned between 20 and 360 cm ™.

The use of few-cycle mid-IR pulses as probe light will significantly improve the temporal
resolution. To determine the pulse duration and spectral and temporal phase of our pulses we
performed frequency resolved optical gating measurements based on second harmonic
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generation (SHG-FROG) for both the pump and the probe light [30]. To be able to perform the
SHG-FROG and to set up the f-2f interferometer (to show the CEP stability, see below) with
available nonlinear crystals, we slightly had to readjust the pump and probe pulses, but the
obtained results can be readily transferred to the pulses used in the pump-probe spectroscopy.

1.0 _ probe
pump (open selector)

s I —— pump (100 nm)
o [ pump (40 nm)
205} pump (15 nm)
@ L
@
£

0.0 I o oor

L1 1 1 1 1 1 1

25 27 29 3.1 33 35 37
wavelength (um)

Fig. 2. Spectra of pump pulses with different spectral widths (black and blue). A typical probe
pulse spectrum is shown for comparison (red).

Figure 3(a) shows the spectrum and the spectral phase of the probe pulses. The SHG-FROG
measurement of the probe pulses yields a pulse duration of 45 fs which is shown in Fig. 3(b). At
a central wavelength of 3.15 um this corresponds to 4.5-cycle pulses. We used germanium
plates with different thicknesses to compress the pulses and a 500 um plate was found to be
optimum [13]. The flat phase shows that this straight forward compression is sufficient and no
extensive compression schemes must be applied. This is due to the fact that the second and third
order chirp accumulated in the visible and near-infrared is flipped because of the use of the idler
and then can be compensated by passing through transparent infrared material which has analog
dispersion properties as the material in the visible and near-infrared. This increases the energy
available at the sample and the stability of the setup. The time-bandwidth product for the probe
pulses is 0.55, showing their excellent compression.

The spectrum and spectral phase of typical pump pulses measured without passing the
spectral selector are shown in Fig. 3(c). The almost flat spectral and temporal phase (see Fig.
3(d)) shows that the pulses are close to the Fourier limit of 40 fs. The pulse duration of the pump
pulse is 51 fs and the time-bandwidth product is 0.52. There is a slight post pedestal which is on
the 5% level and also only contains 5% of the pulse energy. When reducing the spectral width
with the spectral selector the time-bandwidth product remains nearly the same leading to an
increased pulse duration of up to 850 fs for a spectral width of 20 cm™.

Another pulse property of high interest is the carrier envelope phase (CEP) [31]. In
commonly used setups the infrared pulses are generated via difference frequency mixing
between signal and idler from a collinear infrared amplifier. Since the pump laser for this
infrared amplifier typically does not have a stable CEP, it is not manageable to obtain equal
phase fluctuations of signal and idler pulses. Thus, the infrared output of the difference
frequency mixing does not have a stable CEP. Since pump and probe pulses in these setups
have pulse durations which lead to many cycles of the electric field this is usually of no
concern. Nevertheless, if theses pulses would be few cycle pulses, the phase fluctuations would
lead to strong variations in the strength of the maximum electric field. And this can affect the
experimental response of the investigated system although the nominal pulse energy shows
very low fluctuations from pulse to pulse. Therefore a stable CEP is desired when operating
with few cycle pulses to ensure a reproducible answer of the studied molecules.
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Fig. 3. Spectral intensity with corresponding spectral phase for typical probe (a) and pump (c)
pulses. Temporal intensity profile and respective phase of the probe (b) and the pump (d) pulses
obtained from SHG-FROG measurements.

In our setup the pump and probe pulses are few cycle pulses and have a stable CEP. This is
ensured by the pulse generation setup, although our Ti:sapphire based laser system does not
have a stable CEP. In Figs. 1(b) and 1(c) the order of the phase fluctuations for all participating
pulses is indicated. The probe pulses are the idler output of a collinear infrared OPA. The seed
for this amplifier is generated with the laser light by continuum generation in bulk which does
not alter the phase fluctuations and therefore the seed has the same phase fluctuations as the
laser light (A®). Since the amplifier is also pumped by the laser light with its phase fluctuations
of A®, the idler pulses have a constant CEP [32]. This is due to the fact that the idler pulses
inherit the relative phase difference between signal and pump pulses (besides a constant phase
term).

The situation is more complex for the generation of the pump pulses due to the
pre-amplifier. There the seed light is a bulk continuum generated with the laser light and
therefore it has again the same fluctuations as the laser light (A®). The pre-amplifier is pumped
by the second harmonic light which has twice the fluctuations of the laser light (2A®). This
means that the signal pulses of the pre-amplifier have the same phase fluctuations as the seed
light and hence the laser light (A®) because parametric amplification only adds a constant
phase term and does not alter the fluctuations. Furthermore, the idler pulses have the same
phase fluctuations (A®) because they inherit the phase difference between signal and pump
phase fluctuations besides some constant phase terms (2A® — A® = A®). The infrared amplifier
is pumped by the laser light (A®) and since the seed light for this infrared amplifier has the
same phase fluctuations (A®) the idler pulses are again CEP stable.

To prove the phase stability we set up an f-2f interferometer [31] and measured the CEP for
both pulses. The setup for the interferometer is shown in Fig. 4(b). We first generate a super
continuum in a 4 mm YAG with either the probe or the pump pulses. These continua range
down to 500 nm. We frequency double the 1,000 to 2,000 nm part in a thin BBO crystal (SHG)
and overlap it with the 500 to 1,000 nm part. The interference pattern is recorded with a fiber
coupled spectrometer (HR2000 + ; Ocean Optics). Since the frequency doubled light and the
original continuum have different phase fluctuations (2A® and A®) a stable interference
pattern will only appear if there are vanishing phase fluctuations. This means that the infrared
pulses have a stable CEP. Figure 4(a) shows interference patterns between 500 and 900 nm for
the pump pulses over three hours. The Fourier transform of the individual spectra enables the
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readout of the spectral phase of the pump pulses. The resulting carrier envelope phase of the
pump pulses are shown in Fig. 4(d) for the first 90 min (blue line). To show the tunability of the
CEP we inserted a 4 mm ZnSe plate after 10 min, removed it after 20 min, and reinserted it after
30 min (light blue line). The standard deviation of the CEP fluctuations is 67 mrad.
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Fig. 4. Spectrum of the long time stable interference pattern from the f-2f interferometer obtained
with the pump (a) and probe (c) pulses. (b) Setup of the continuum generation and second
harmonic based f-2f interferometer. (d) Temporal evolution of the CEP of the pump (blue) and
probe (red) pulses over 90 min. To demonstrate the CEP control we inserted, removed, and
reinserted a 4 mm ZnSe plate after 10, 20, and 30 min (light blue).

Figure 4(c) shows the interference pattern obtained from the probe pulses which was
measured over 1.2 hours. The corresponding phase is shown in Fig. 4(d) (red line). For clarity
we shifted the CEP of the probe pulse upward. The standard deviation of the CEP of the probe
pulses is 97 mrad. The intensity fluctuations of the interference pattern which can be observed
in Fig. 4(c) are due to the continuum generation. The energy of the probe pulses is just above
the threshold for proper and stable continuum generation. However, long time laser power
drifts will lead to temporally unstable white light which explains the observed intensity
fluctuations.

Summarizing, we have shown that broadband probe pulses and bandwidth and wavelength
tunable pump pulses can be generated on the multi-100 nJ or even pJ level with our simplified
setup. The pulse duration of both pulses is very close to the Fourier limit. The utilization of
few-cycle IR pump and probe pulses significantly improves the time resolution. Also the carrier
envelope phase of both pulses is stable. This ensures the same electric field for all measurement
points. After the full characterization of the infrared (re-)pump and probe pulses we next show
the potential of the setup by investigating the ultrafast dynamics of isotopically diluted lithium
nitrate trihydrate and ice.

4. Validation of the temporal resolution, high sensitivity and the repump capability in
LiNO4;»(HDO + 2D,0) and ice

Aqueous salt hydrates serve as a promising model system for confined water molecules in a
very well-defined geometrical arrangement [8,33]. In this study we document our improved
measurements of isotopically diluted (5 M HDO in D,0) aqueous lithium nitrate trihydrate. The
polarization resolved FTIR spectra in Fig. 5(a) show three different features arising from three
different kinds of H bonds, a strong (3385 cm™), a weak (3536 cm™) and a bifurcated one
(3475 cm™), leading to parallel and perpendicular signals. This behavior is due to the crystal
structure of LINO3x(HDO + 2D,0) with all of its OH groups lying in two mutually normal
planes [8]. We performed time resolved measurements at 220 K with the new spectrometer.
Figure 5(b) shows the transient change in optical density, measured at various delays after
pumping of the OH group engaged in the weak H bond. For short times the ground state is
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depleted by the pump pulse, leading to the ground state bleaching (GSB) at 3536 cm™. Due to
the anharmonicity of the OH stretching mode an excited state absorption (ESA) is observed at
3325 cm . Both features decay within the first 10 ps. The spectral lineaments remaining after
15 ps are assigned to transient heating of the sample. By fitting Lorentzian distributions to the
transient data we achieve a FWHM of 62 + 10 cm™ for the ESA which is significantly larger
than that of the GSB (20 + 10 cm™). The analysis of the spectra corresponding to strong and
bifurcated H bond shows widths of 125 + 10 cm™ and 110 + 10 cm ™ for the ESAs (centered at
3140 cm* and 3260 cm™) and 30 + 10 cm ™ and 80 + 10 cm™* for the GSBs [8].
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Fig. 5. (a) FTIR spectra of the OH stretching region of the sample. It can be seen how the three
resonances are polarization separated due to the orthorhombic structure of the crystal. The
corresponding H bonds are depicted in the insets above the spectrum. (b) Transient spectra after
excitation of the OH group engaged in the weak H bond. The delay times between pump and
probe are 0.1 ps (black), 2.5 ps (brown), and 15 ps (orange). (c) Transient measurement of the
weak OH stretching resonance for one detector position. (d) Transient signal of the maximum of
the excited state absorption of the weak (blue), bifurcated (green), and strong (red) OH stretching
resonances in LINO; x (HDO + 2D,0) including fits. (e) Transient signal over the first few
hundred femtoseconds of an ice sample to demonstrate the ultrafast instrumental response
function of 61 fs.

Figure 5(d) shows the temporal evolution of the ESA after excitation of the three individual
OH stretching vibrations at the center wavelength of the associated GSB. After a short time of
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about 0.3 ps all three signals start to decay exponentially. The fast dynamics observed around
delay time zero may be influenced by coherent artifacts that become more significant in the
blue shifted part of the ESA approaching the excitation wavelength of the pump beam. The
extracted lifetimes for strong, bifurcated and weak H bond are 1.1 £ 0.1 ps, 1.9+ 0.2 psand 3.4
* 0.3 ps. It is noteworthy that the lifetime, just like the strength of the observed H bonds,
correlates not only with the red shift of the respective OH stretching, but also with the
magnitude of their anharmonicity, indicated by the spectral shift between GSB and ESA. The
lifetimes in LINOx(HDO + 2D,0) are considerably faster than those of isolated HDO
monomers that are on the order of 6.8 ps [33-35] and exceed those measured in isotopically
diluted ice Ih of about 380 fs [36]. To show the spectral coverage of the 32 pixel detection, Fig.
5(c) presents the transient measurement from 3240 to 3400 cm ™ of the weak OH stretching
resonance. The entire transient spectrum shown in Fig. 5(b) is obtained by adding the transient
measurements from other spectral regions. For this purpose no optical alignment is needed. Just
the internal grating of the detection setup has to be rotated.

A first estimation of the temporal resolution is obtained from the FROG measurements of
the pump and probe pulses. The FWHM of the convolution between both pulses is 72 fs.
Although a possible resolution of 72 fs is already quite competitive, it has to be considered that
pump and probe pulses were slightly optimized to perform the FROG and CEP measurements.
A better method to determine the temporal resolution of our new spectrometer is the analysis of
the transient signals. This is superior to a pure optical determination by cross correlation in a
nonlinear crystal as it incorporates not only the pulse durations, but also any possible
broadening mechanisms in the interaction region. Furthermore it measures the instrumental
response function directly at the sample position. In addition, no restraints as continuum
generation for the CEP measurements must be regarded.

The instrumental response function was determined by the increase of the ESA (at 2920
cm ™) in pure H,O ice excited in the maximum of the OH stretching mode at 3300 cm™. As
shown in Fig. 5(e), we find a time resolution of 61 fs. To fit the experimental trace (dark grey
solid circles, red curve for the fit) we included a coherent artifact (grey curve) in addition to the
exponentially decaying molecular response (blue curve). The coherent artifact steepens the
initial rise and slightly shifts the apparent time zero. If we do not include the artifact in the fit, an
even better time resolution would be concluded. The future full analysis will clarify this
situation. We can, however, be sure from both the pulse convolution and the spectroscopic
measurement that the new spectrometer has a temporal resolution far better than 100 fs.

Extracting the pulse durations from the cross correlation represented by the increase of the
measured signal yields time bandwidth products of 0.6 + 0.1, which are in good accordance
with the FROG measurements shown in Section 3. The setup allows to determine transmission
changes with just a strength of 1.5-10~* for short measurement times which corresponds to
6-10° OD. The extracted lifetimes are in good agreement with our former measurements that
rendered lifetimes of 1.2 £ 0.3 ps, 1.7 £ 0.3 ps and 2.2 + 0.3 ps for the strong, bifurcated and
weak H bond [8]. The deviation of about 1 ps for the weak bond is believed to be a result of an
improved fit procedure which explicitly considers the coherent artifact. The artifact is most
distinctive in the signal from the OH group engaged in the weak H bond because of the smaller
red shift of the ESA. On the other hand the observation in the new recording may be due to the
improved signal-to-noise ratio. The extremely high temporal resolution and excellent
sensitivity of the setup should be noted. The employed pump pulse energy was just 1 uJ, to
avoid artifacts due to excessive heating of the sample. Even this comparatively low excitation
energy already results in about 10% excitation of the sample. The signal-to-noise ratio of the
measurements is extremely satisfactory. The probe pulses have energies on the order of 100 nJ.

To prove the repump capability of our setup, we performed pump-repump-probe
measurements in a 5M HDO in H,0 sample at a temperature of 230 K. The sample thickness
was 10 pm, the absorption spectrum of the sample is shown in the lower right hand part of Fig.
6 (black curve, note differing scaling). Due to the low concentration of OD oscillators as
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compared to the OH oscillators, the OD stretch band at 2440 cm™ is much weaker than the OH
stretch at 3250 cm ™. When we raise the temperature of the sample by 20 K a shifted spectrum is
found [37]. The difference between the two spectra is shown as dotted blue line. Since the
deposition of energy into one of the high lying stretching modes yields a heating of the sample
after the relaxation of the high frequency modes, this difference spectrum represents the
transient response at long delay times [37]. Thus, we expect a build-up of the GSB with the
instrumental response function, and a subsequent relaxation to a constant signal value, which
depends on the probed spectral position and can be deduced from the stationary difference
spectrum.
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Fig. 6. Transient 2-pulse (black), 3-pulse (blue) and difference signal (red) measured at 2440
cm™ (OD stretching mode) in a 5M HDO in H,O sample at 230 K. The solid lines are fits
according to a simple exponential model as guide to the eye. The symbols represent the raw data.
The delay between pump and repump pulse is set to 4.5 ps. At this time the pump-repump-probe
curve shows an additional signal due to further heating induced by the repump pulse absorbed by
the OH stretching modes. The inset shows the absorption spectrum of the sample (black, note
differing scaling factors) and the difference spectrum obtained by heating the sample by 20 K
(blue dotted). The spectral position of pump, repump and probe pulse at the OD and OH stretch
band are shown as black and red arrows.

For the pump-repump-probe measurements the pump and probe beams were tuned in
resonance with the fundamental OD stretching vibration at 2440 cm™ (4100 nm). The repump
beam was set to 3250 cm™ (3075 nm), corresponding to the equivalent excitation in the OH
regime. The black curve in Fig. 6 shows the pump induced signal. It consists of a ground state
bleaching of the OD stretching vibration around zero delay time (sub-100 fs rise). The
aforementioned long-term signal is due to a spectral shift of the OD stretching band caused by
heating of the sample [37]. An effective signal decay of 1.1 ps is determined from the
measurement and sets a lower limit for the heating time. The initial change of optical density is
35%, a very large value for MIR experiments. This shows that the 3 pJ pump energy together
with the 100 um focal diameter in the sample is well sufficient for any transient measurements
on water or ice. At 4.5 ps after the pump pulse the repump pulse is applied. The excitation of the
OH oscillators is not immediately visible in the OD stretching region, but results in an
additional heating of the sample with a new rise time of 0.5 ps, in which the high-lying
vibrations located on individual water molecules relax to low lying thermal modes including
many molecules. This manifests itself as a clearly visible additional signal in the OD stretching
vibration region and can only be observed in 3-pulse experiments.
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The blue curve shows the pure repump-induced effect as a difference between the 3- and
2-pulse signal transients. The 3.5% signal increase at 4.5 ps is recorded with excellent
signal-to-noise ratio. This is in striking difference to the pure signals with and without repump.
From earlier work we know that the pulses of our Ti:sapphire pump system are highly
correlated, i.e. subsequent pulses are nearly identical in energy despite a sub-1% overall
fluctuation [38]. The repump is blocked on every other shot and thereby the high degree of
correlation is optimally used to reduce the fluctuations in the difference signal just as this is
done in our broadband UV/Vis spectrometer [39].

Extended 3-pulse experiments are in progress to elucidate this combined action of OD and
OH induced heating of ice. The first data presented here not only show the possibility to
perform three-color experiments with excellent signal-to-noise. They also demonstrate that the
high spectral tunability of the setup in combination with well engineered samples facilitates the
interpretation of the data. In this way the influence of overlapping pump-probe signals on top of
the pump-repump-probe signal [40] can be minimized.

5. Summary and conclusions

In summary, we have presented a detailed description of a novel setup for IR
pump-repump-probe spectroscopy with few-cycle, carrier-envelope phase stable pulses. A
Ti:sapphire pump system operating with 1 kHz and a modest 150 fs pulse duration supplies the
total pump energy of just 0.6 mJ. The pump and repump pulses are tunable in the range from
2,000 to 10,000 cm™. The range from 6,250 cm™ downward is covered by the idler of the
IR-OPA, the higher energy range by the signal. This enables investigations on a broad variety
of vibrations (e.g., OH, NH, CH stretching modes and overtones) important for a plethora of
biological and chemical systems. Pump and repump spectral widths are controlled by grating
selectors. The pulses generated in this way have a spectral bandwidth between 20 and 360 cm™
and are nearly Fourier limited with a time-bandwidth product of 0.55 + 0.05. The probe pulses
are shorter than 50 fs with an unprecedented spectral width of 450 cm™ (FWHM). A first
estimate of the ultrafast instrumental response function as short as 60 fs has been found. This is
even shorter than the fastest vibrational dynamics like the relaxation of the OH stretching mode
inice Ih [17,19,41] and will allow the full temporal resolution of these processes.

The complete experimental system, delivering some of the shortest pulses applied for IR
spectroscopy to date [12-14,42,43], allows to determine transient absorption changes smaller
than 10~ OD. This high sensitivity allows for measurements with extremely low pump
intensities, to suppress artifacts due to strong temperature jumps [37]. The shot-to-shot stability
of the presented setup is exceptionally high, allowing for high quality measurements with
moderate measurement time. A typical time-resolved measurement like the one shown in Fig.
5(c) consists of about 130 time delays and takes around 45 minutes. The transient spectra
presented in Fig. 5(b) were recorded by one selected pixel of the IR detector via turning the
grating of the spectrometer and each was recorded in only 20 minutes. In the future we will
implement and validate a procedure that uses all 32 pixels in parallel and should decrease the
recording time by more than an order of magnitude.

With the available pump pulses, we have shown measurements with 8.5% of the molecules
in the LINO3;x(HDO + 2D,0) sample volume excited. For a thin ice sample even more than half
of the OH stretch absorption is bleached. This allows the ready performance of
pump-repump-probe measurements with large reasonable signal strength and excellent
signal-to-noise. In combination with the extremely high time resolution, re-excitations within
the short time window spanned by the lifetime of the initially excited vibrations are possible
without temporal overlap of pump and repump pulses. Thus, we can avoid artifacts caused by
the temporal overlap between pump and repump pulses. Excitations to higher lying levels will
not only enable us to investigate the properties of higher lying vibrational states, but might also
serve as a pathway to optically induced chemical reactions like proton transfer initiated by
mid-IR pulses, which has not yet been achieved.
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The warming up of the system and the fine adjustment of the setup on a day-to-day basis
only takes around two hours. The alignment of the invisible mid-IR pulses is greatly alleviated
by the fact, that all IR-OPA stages are collinear. Thus, the visible components of the NOPA
output can be employed as alignment guides. The low time consumption of both daily
alignments and data recording makes the setup very suitable for the investigation of biological,
short-lived samples, and enables high data output under routine operation. Finally, it is possible
to tune the pump and repump pulses to the visible and UV via minor modifications of the
NOPA layouts. This will allow us to carry out UV-pump-IR-probe experiments that can for
example provide important information on the mechanisms of UV induced DNA damage or
photosynthesis.
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