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We report the experimental demonstration of transform-limited sub-6 fs pulses at an optimal central wavelength
by a tunable noncollinear optical parametric amplification (NOPA) source. Meanwhile, a white light continuum
in the near-infrared (NIR) range from 900 to 1100 nm is also successfully generated by focusing the unconverted
800 nm beam during NOPA generation on a sapphire rod. Both visible-pump/visible-probe and visible-pump/
NIR-probe experiments are realized using the same laser system. As examples, ultrafast photo-induced exciton
dynamics inside two kinds of materials are investigated by the visible-pump/visible-probe and visible-pump/
NIR-probe spectroscopy, respectively.
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Ultrafast optical science is rapidly evolving multidiscipli-
nary fields: it is the ability to excite samples with femto-
second light pulses and probe the subsequent evolution on
ultrashort time scales, which completely opens up new
fields of research in physics, chemistry, and biology[1–5],
particularly for the study of dynamics and reactions in
various organic molecules[6–8]. In this kind of research,
the dynamics process is required to be from the femtosec-
ond to the picosecond time scale. Therefore, in order to
investigate these processes, laser pulses with a shorter
duration than the time range of ultrafast dynamics phe-
nomena in the interesting samples are desirable. Most
organic materials have absorptions in the visible ranges[9],
and sub-15 fs ultrafast visible pulses generated from
a tunable noncollinear optical parametric amplification
(NOPA) have been widely used to study this kind of
real-time spectroscopy for lots of molecules[10–13].
Aswe know, the available tunability canbe used toprobe

the transient species by photo-inducing optical transitions
occurring at various wavelengths[14,15]. The wider the probe
spectrum, themore spectral signatures of the transient spe-
cies involved in the photo process can be monitored simul-
taneously, which significantly facilitates the assignment of
the underlying reaction mechanism. It is of great impor-
tance to generate visible-pump/near-infrared (NIR) -probe

system for studying the photo-induced dynamics in many
photoelectronic materials, because they have strong ab-
sorptions in the visible range and the generated electron
absorption is in the NIR spectral region[16–18].The alterna-
tive approach to cover a much wider range in the NIR is
to use a supercontinuum. This well-known phenomenon
occurs by focusing an ultrafast laser pulse under the proper
conditions into a wide variety of optically transparent non-
linearmedia, like gases, liquids, photonic crystal fibers, and
solids[19]. For example, a femtosecond white-light con-
tinuum is available at wavelengths shorter than 1.6 μm,
and is generated by a 10 mm cell containing CCl4 liquids.
Meanwhile, a coherent supercontinuum generated from a
photonic crystal fiber is applied to an NIR coherent anti-
Stokes Raman spectroscopy (NIR-CARS) microscopy,
and a clear CARS image of polystyrene microsphere has
been obtained using the CH2-stretching band[20]. Even
though white light generation has been used in time-
resolved studies, most of the supercontinua obtained from
bulk materials are focused on the visible range.

In this Letter, we demonstrate the generation of broad,
tunable, sub-6 fs visible pulses by NOPA in a 1 mm-thick
type I BBO crystal, and a white-light continuum for the
NIR spectral region by a 12 mm-thick sapphire rod is
also obtained. These both have very broad and smooth
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spectrums, high temporal and spatial coherence, and very
high pulse-to-pulse energy stabilities for spectroscopies.
Meanwhile, two pump–probe experiments are completed
using these two visible-pump/NIR-probe and visible-
pump/visible-probe spectroscopies. The results prove that
the obtained ultrafast visible pulse and NIR white light
continuum are very useful for many kinds of ultrafast
time-resolved spectroscopy experiments. They also illus-
trate that the setup could not only be used to study
the visible-pump/NIR-probe spectroscopy, but also
visible-pump/visible-probe spectroscopy. Meanwhile, the
NIR-probe beam that is generated by the unconverted
800 nm laser pulse of the NOPA system can fully utilize
the energy light in the experiment.
A schematic of the experimental pump–probe setup is

illustrated in Fig. 1. About 800 μJ after a beam split using
a commercial Ti:sapphire regenerative amplifier (0.9 mJ,
50 fs, 5 kHz at 800 nm)[21,22] passes through a 45° fused-
silica prism with an incident angle of 49°, a telescope col-
limates the spectral lateral walk off and images the titled
fronts on the focal plane, ensuring the maximum spatial
overlap between the pump and the signal fronts. Then,
the pulse is frequency doubled in a 200 μm-thick beta ba-
rium borate (BBO, type I, θ ¼ 29.2°) crystal. A small frac-
tion of the fundamental energy is converted to generate a
continuum of white light seed in a sapphire crystal plate
(1 mm thick, used for the visible spectral region). The
longer wavelength part in the seed beam is filtered out
through a short-pass filter (T > 90% at 500–750 nm,
R > 99% at 800–850 nm) to prevent any undesired ampli-
fication. A pair of chirped mirrors (−25 fs2∕bounce,
Layertec) is used to pre-compress and temporally shape
the white light, which will have a better overlap with
the pump pulse to be amplified in the NOPA. In order to
get better beam profiles and higher pulse energies, a two
amplification-stage NOPA system (1 mm-thick BBO crys-
tal, type I) is employed with a suitable title angle of 6.4°

between the seed and the pump. The pulses can be con-
tinuously tuned in the spectral region from 510 to 750 nm
for the most interesting excitation wavelengths by making
a suitable choice for the angle of noncollinearity between
the pump and seed, and also by the phase-matching angle
of the BBO[23].

The chirped output visible pulses with energies of sev-
eral microjoules are compressed with a pair of chirped mir-
rors and Brewster prisms. The easiest way to compress the
pulses is by using the fused silica as the prism material,
because above 550 nm, the length of the compressor
can be substantially shortened with a kind of spectralite
flint (SF10) instead of the fused silica prisms. A very help-
ful feature shown in Fig. 1 is the use of two mirrors acting
as a retro reflector inside the prism compressor. This fold-
ing allows for a quick and easy adaptation of the length of
the compressor to a change of the NOPA center wave-
length. In this way, the tunability of the NOPA can really
be exploited with a minute change in the alignment of the
whole setup. After compression, pulse durations of sub-6 fs
can be routinely achieved throughout the visible region.
The spectral profile of the output pulse after the prisms
at different central wavelengths is shown in Fig. 2(a),
and the insert is the compressed pulse duration according
to the spectrum represented by the pink line. Meanwhile,
the spectral width of the NOPA pulses can be adjusted
depending on the specific needs of the spectroscopic
experiment. For example, the green line in Fig. 2(a) is
the output spectrum which is adjusted according to the
absorption spectrum of the zinc chlorin aggregate.

The main mechanism of ultrafast continuum generation
is strong self-phase modulation enhanced by the self-
steepening of the pulse[24]. In the present study, the
Ti:sapphire fundamental is used for the generation of a
visible seed continuum by focusing it into a thicker sap-
phire plate to generate the NOPA beam. We observed
that the use of a longer sapphire length (L ¼ 10–20 mm)
yields a broader continuum, from the visible into the NIR.
Therefore, in order to extend the spectra into the NIR to
probe the exciton dynamics, we use the white light gener-
ated by focusing the unconverted 800 nm beam from the
NOPA into a sapphire rod (12 mm thick, used for the in-
frared spectral region) with a lens F2 (f ¼ 500 mm), as
shown in Fig. 1. The unconverted 800 nm beam collected
after the second-harmonic generation is used as a pump
beam for the visible NOPA in the NIR probe experiment.
The specific needs of the spectroscopic experiment should
be met by the appropriate choice and alignment of the
length of the sapphire rod and filter stage. After the sap-
phire rod, the white light went through a high-pass filter
(T > 90% above 900 nm, R > 99% below 900 nm), which
can obtain the right spectrum to probe the excited signal
and prevent the undesired amplification of the sample.
The output spectrum is measured by using lens F4 (f ¼
50 mm) to image the output surface of the medium onto
the entrance slit of the spectrograph. Briefly, the NIR part
of the broad and smooth supercontinuum, namely 950–
1050 nm, is obtained and shown in Fig. 2(b). To measure

Fig. 1. Schematic of the two-color pump–probe setup. Pulses
with 50 fs duration at a 5 kHz repetition rate are used to drive
the NOPA and white light generation. BS: beam splitter; SHG:
second-harmonic generation; VA: variable attenuator; WLG:
white-light generation; MLA: multi-channel lock-in amplifier.
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the pulse at various stages of propagation in the sapphire
rod, focusing lens F2 is moved on a translation stage, such
that the desired stage of propagation coincides with the
output surface of the medium. Together with the NOPA,
the setup allows us to study examples of a typical visible-
pump/NIR-probe experiment. Since both the NOPA and
NIR beams come from the same laser source, they can syn-
chronize with each other easily. The maximum pulse
energy of the NIR-probe beam can be as high as 1 uJ.
In this experiment, we do not need the full energy of
the NIR beam; we just need to use a 120 nJ energy
(150 fs) pulse to probe the sample, since the pump pulse
of the visible beam is about 80 nJ at this moment. After
passing through the sample at an external angle of ∼6°
with respect to the pump, the probe is dispersed in a poly-
chromator and guided to a 128-channel lock-in amplifier
connected with photodetector[25]. A chopper wheel in the
pump beam blocks every second excitation pulse so that

changes in the optical density of the sample can be
measured.

As an example, the obtained NOPA pulses are divided
into two beams and used for a visible-pump and visible-
probe experiment. A sample of zinc chloride aggregate[26]

is used in this experiment. The pulse energies of the pump
and probe are about 30 and 3 nJ, respectively, with spec-
tral range extending from 518 to 786 nm. The time trace
of the normalized transmittance changes (ΔT∕T) is
obtained as a function of the pump–probe time delay from
−200 to 2800 fs with every 1 fs step. The experiment
is performed at physiologically relevant temperatures
(295� 1 K). Figure 3(a) shows that the two-dimensional
different absorptions (ΔA ¼ − logð1þ ΔT∕TÞ) is depen-
dent on the pump–probe time delay in the spectral range
between 670 and 780 nm, and the right side shows an ex-
ample of a ΔA trace. We can observe that the fast relax-
ation process from the higher multi-exciton state to the
one-exciton state is found to take place in 100� 5 fs,
which shows that only the sub-6 fs ultrafast pulse can

Fig. 2. (a) Spectra of the different visible compressed wave-
length pulses. The green line represents the spectra obtained
by pumping the zinc chloride aggregate, and the red line repre-
sents the spectra for the PTB7-Th polymer in the subsequent
experiments. The insert is the shortest compressed pulse dura-
tion according to the pink line (the black line is the duration mea-
sured, while the red line and blue fit are the Lorentzian fit and
Gaussian fit, respectively). (b) Spectra of NIR. Insert is the sta-
tionary absorption spectrum of the PTB7-Th polymer (red line).

Fig. 3. (a) Two-dimensional pattern of the, different absorban-
ces (ΔA), which are dependent on the time delay from −200 to
2800 fs in the whole probe spectral region (670–760 nm); (right)
time trace of different absorbance rates. (b) Two-dimensional
pattern of the different absorbances (ΔA) dependent on the time
delay from −0.4 to 100 ps in the whole probe spectral region
(960–1040 nm); (right) time trace of different absorbances.
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accurately detect such a short relaxation time. The
detailed analyses have been made in another article[27].
A sample of organic photovoltaicmaterial PTB7-Th pol-

ymer[28,29] is used in the visible-pump andNIR-probe experi-
ment. According to the peak absorption of the PTB7-Th
polymer, which is shown to be located at around 700 nm
in Fig. 2(b), the center wavelength of the pump beam
is shifted to be a little longer, as the red line shows in
Fig. 2(a), which proves there is a very good overlap
between the laser spectrum and the sample absorption
spectrum. The pulse energies of the pump and probe beam
are 80 and 120 nJ, respectively. The time trace of the nor-
malized transmittance changes (ΔT∕T) is obtained as a
function of the pump–probe time delay from −0.4 to
100 ps with every 20 fs step. The experiment is performed
at physiologically relevant temperatures (295� 1 K).
Figure 3(b) shows the different absorbance spectra of
the exciton dependents the pump–probe time delay in
the spectral range between 960 and 1040 nm. On the right
is an example of a ΔA trace, and the corresponding decay
time of the PTB7-Th polymer is determined to be
about 5 ps.
In conclusion, stable sub-6 fs pulses at an optimal cen-

tral wavelength are obtained using a tunable NOPA
source compressed with a pair of chirped mirrors and
Brewster prisms. Meanwhile, a white light continuum in
the NIR range from 900 to 1100 nm is successfully gener-
ated by focusing the unconverted 800 nm beam of the
NOPA onto a sapphire rod. The visible-pump/visible-
probe and visible-pump/NIR-probe experiments using a
zinc chloride aggregate and organic photovoltaic material
PTB7-Th polymer as samples are studied with these short
pulses, respectively. The results show that the induced
absorptions and oscillating features in the time traces of
the absorbance change with different periods are clearly
observed, which proves that the ultrafast pulses are useful
for many kinds of spectroscopy experiments. We believe
that the dynamics observed using these kinds of pulses
in many materials can potentially be extended to study
even more complicated processes, such as energy conver-
sion systems in a natural photosynthesis system, and will
provide a good basis to investigate photosynthesis, etc.
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