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Photochemical reactions are of vital importance in human life. Lives are utilizing light for
two essentially important purposes in their life. One is the energy source and the other is the
information source. The most widely found processes in the former and the latter are
photosynthesis and vision, respectively. Photosynthes is the process in plants to fix carbons and
provide oxygen in air to form bodies of plants, which in turn become food of animals. Hence, the
solar energy is the sources of all livings on the earth . In visual processes, photo-isomerization is
initial process of photo-sensor protein. Ultrafast photo processes is also applicable for optical
memory or switch. Therefore, these ultrafast photochemical reactions have recently been studied
widely for many years in all over the world, called as “femto-chemistry”, which clarified ultrafast
phenomena in photochemical reactions.

Interesting photochemical reactions are generally active in visible wavelength region,
therefore the technique to generate shortest visible laser pulse was studied hard in these years. In
Advanced Laser Research Center (ALRC) of National Chiao-Tung University (NCTU), I have
built up a Non-collinear optical parametric amplifier (NOPA) system to generate sub-10fs visible
pulse, which can be used for pump-probe measurement to study ultrafast dynamics of various
materials. Multi-channel measurement system was also built up for simultaneous observation in
broadband spectrum with good signal-to-noise ratio. Using both of them, time-resolved
measurement to study ultrafast dynamics can be performed in broadband probe spectral range.

This project is planned to develop a fast scan pump-probe system combined with the
multi-channel lock-in amplifier (MLA) system. If one scan of pump-probe measurement can be
finished in several seconds (fast scan pump-probe), the observed result can provide reproducible
results even for slow dynamics (from 100fs to 10ps). It will provide us full knowledge about the
ultrafast dynamics of those materials, and help us to elucidate mechanism of ultrafast phenomena
in photochemical reactions of various materials.
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Photochemical reactions are quite useful for human life as explained below. Photosynthesis
process in plants provides oxygen for all livings. Photo-isomerization process in rhodopsin (a protein
which works as light sensor in eye) is the initial process when a light sensor protein, rhodopsin,
catches light on retina of eye. Ultrafast photo processes in materials can be used as a gimmick for
optical memory or switch.

Useful photochemical reactions are generally active in visible wavelength region, which can be
studied by ultrashort visible laser pulses generated by non-collinear parametric amplifier (NOPA).
Because of its smooth and broad spectrum, the NOPA pulse enabled us to observe ultrafast
phenomena in broadband spectral range for the study of probe wavelength dependency of ultrafast
dynamics. It helps to clarify ultrafast dynamics of intermediates in the chemical reaction. But also, the
ultrashort duration of the pulse width makes it possible to time-resolve the motion of molecular
vibration. It enables us to study real-time change of molecular structures of transient states in the
photochemical reactions. After development of multi-channel lock-in amplifier (MLA) system, ultrafast
dynamics at every probe wavelengths can be measured the lock-in detector arrays in a broad spectral
range in the same time.

However, one scan of those measurement costs around 1 hour. Therefore, long-term instability of
light source contaminates obtained signal seriously, which makes it difficult to obtain reliable data. The
other problem caused by long-time measurement period is that the sample is damaged under
long-time irradiation by ultrashort laser pulses.

In this project, | plan to develop a fast-scan ultrafast spectroscopy system, which enables us to
perform one scan of the ultrafast spectroscopy in several seconds. It is expected to solve above

problems being one of the most useful methods for ultrafast spectroscopy.

THE2 B/ (Target of this project)

In Advanced Laser Research Center (ALRC) of National Chiao-Tung University (NCTU), I
have built up a NOPA system to generate sub-10fs visible pulse, which can be used for
pump-probe measurement to study ultrafast dynamics of various materials. Multi-channel
measurement system was also built up to use together with the ultrashort visible laser pulses.
Using both of them, time-resolved measurement can be performed in broadband probe spectral
range to study ultrafast dynamics.

However, it is difficult to obtain reproducible result especially for low frequency modes
and quantitative change observed in long time scale like several hundred femtoseconds. The
reason is explained in the following. One scan of pump-probe measurement typically costs almost
one hour when we want to observe ultrafast dynamics up to 1 picosecond delay time including
information of molecular vibration. The light pulse intensity of NOPA, generated by high order
nonlinear effect, can be easily affected by environment like temperature, humidity, and airflow

around the system, even though we are trying to avoid these environmental effects as far as



possible, The timescale of the modulation is generally in the order of minutes. Even in the
current system, we can accurately observe fast signal, like fast decay signal and real-time
molecular vibration because NOPA intensity is stabilized in short timescale of seconds by gain
saturation in the optical amplification process of NOPA. However, the instability in timescale of
minutes lowers the reproducibility for low frequency modes observed in the signal.

This project is planned to develop a fast scan pump-probe system combined with the
multi-channel lock-in amplifier (MLA) system. If one scan of pump-probe measurement can
be finished in several seconds (fast scan pump-probe), the observed result can provide
reproducible results even for slow dynamics (from 100fs to 10ps). It will provide us full
knowledge about the ultrafast dynamics of those materials, and help us to elucidate mechanism
of ultrafast phenomena in photochemical reactions of various materials. The fast scan
pump-probe was never tried with MLA system because of its technical difficulties, and it is a

very challenging project.

32 /H % (Research method, procedure and execution schedule)

I have already built up the sub-10fs visible pulse and multi-channel lock-in amplifier (MLA)
system in the project of Advanced Laser Research Center (ALRC) in National Chiao-Tung
University. The project is going to advance in the direction of broader bandwidth generation to
develop a measurement system for wider variety of materials that can be investigated with the
system. However, during the development in ALRC, I found the instability of light source in long
time scale of minutes makes serious problem for analysis of relatively slow dynamics in time
range of 100fs to 10ps. To solve this problem, it is necessary to develop a ''fast scan'' system,
which can finish one scan of pump-probe measurements in several seconds. However, the
development is quite independent from the direction of the ALRC project. This is the reason why
I am applying this project as an independent project. The difficulties in this project are shown in

the following together with the possible solutions and schedule.

(1* difficulty : to be solved in the 1% year)

The first difficulty is that a single scan of fast scan measurements should finish in the same
time period of several seconds without any delay. During the fast scan on the MLA system, the
data cannot be sent to computer to avoid any delay in the scan. The MLA system built in ALRC
has memory function. The difficulty can be solved if the fast scan pump-probe data can be stored
in the memory. This is planned to be done in the first year of the project by developing software

to handle the data storage in the fast scan measurement.

(2" difficulty : to be solved in the 2" year)

The second difficulty is that the motorized stage used for standard pump-probe measurement
cannot be synchronized well with multi-channel lock-in measurement system, because the stage
cannot be synchronized with external trigger signal, which can be used for triggered operation of
the lock-in system. Bad synchronization deadens fine time scale signals, like molecular vibration

signals observed in pump-probe signal. The problem of bad synchronization can be solved as



follows. In the pump-probe measurement system, we install a fast scan stage, which can be
operated by external voltage, and develop an electronic circuit system to scan the fast scan stage
synchronized with external trigger signals. Via external trigger signal generated by laser
controller, the lock-in system and the fast scan stage can be synchronized well to obtain fine
time-resolution even in the fast scan measurement.

HREFW (SEWmEER )

Until this project starts, all of the pump-probe measurements were performed by scanning the
motorized stage step by step (called as "step-scan method" in below), and the scan speed could
not be fast enough because of the limitation of its speed; the stage should wait at least 600
millisecond before it proceeds for next step. Following the schedule of "Research method,
procedure and execution schedule", I started to consider how to solve above problem.

I have developed a system, which emulates the ''fast-scan' method. For the estimation of
improvement obtained by the system, I demonstrated pump-probe measurement of an organic
polymer of poly(3-hexylthiophene) (P3HT) in step-scan measurement and fast-scan emulation.
The P3HT is widely studied as a material for organic solar cell, thought to be a promising
low-cost replacement for conventional silicon photovoltaics. However, its ultrafast dynamics
under photo-excitation is still unknown. Ultrafast time-resolved spectroscopy by NOPA pulses
has the ability to elucidate those ultrafast dynamics.

(1) Step-scan measurement of P3HT

Pump-probe signal of P3HT film was obtained as difference absorption spectra (AA) by using
the ordinal step-scan method consisting of 96 data points in 515-756 nm spectral region and 1200
data points with a 1-fs step between -100 and 1100 fs delay time. At first, delay time was scanned
from -100fs to 1100fs (forward scan). Inverse delay scan, from 1100fs to -100fs (backward scan),

was performed after the forward scan. Pump-probe data obtained in the two scans are shown in
Fig. stepscan-1.
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Fig. stepscan-1. Time-resolved difference absorption spectra (AA) obtained
by the step-scan method scanning delay forward (left) and backward
(right). Black curves show the point where AA=0.



(1-1) Commonly observed electronic dynamics

Figure stepscan-1 shows the sign of AA is different in shorter wavelength region (A<620nm)
and longer wavelength region (A>630nm). It is because the signals in those regions are affected
by different electronic states. In shorter wavelength region, where P3HT has strong absorption,
AA signal has negative value, dominated by photo-bleach of electronic ground state. Positive AA
signal is thought to be dominated by photo-induced absorption of electronic excited state.

(1-2) Poor reproducibility between forward and backward scans (damage on the sample
cause by long measurement time)

However, the AA traces of forward and backward scan seems quite different to each other.
Forward scan data shows oscillatory signal of wavepacket motion reflecting molecular vibration
of P3HT, however backward scan data does not. Signal quality of backward scan seems to be
poorer than the other. It can be explained as follows.

To observe real-time molecular vibration signal in pump-probe measurement, we used 10-fs
visible NOPA pulse having high peak intensity. And, one scan of the step-scan measurement costs
around 1 hour. Therefore P3HT film was damaged even during the first forward scan, and the

damage on the sample contaminated backward scan data seriously.

(1-3) Poor signal of molecular vibration (long-term instability of light source)

For the estimation of signal to noise (S/N) ratio, Fourier transform power spectra were
calculated for those AA traces in the delay time region between 100 and 1100 fs as shown in Fig.
stepscan-2.
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Fig. stepscan-2. Fourier power spectra of AA traces obtained in forward
(left) and backward (right) scan using the step-scan method.

Pump-probe method excites molecular vibration modes via stimulated Raman excitation,
therefore Fourier power spectra of AA traces can reflect Raman spectra of the sample. Raman
spectrum studied in previous work showed prominent peaks at 726, 1376, and 1450 cm’.
However, in Fourier power spectra, the most intense Raman mode (1450 cm'l) is almost
comparable with other modes, considered as noise signal because of non-reproducibility between
forward and backward scans in Fig. stepscan-2. The large noise in Fourier power spectrum is
explained as follows.



In step-scan measurement, because of several limitations (speed of motorized stage, time
constant of lock-in amplifier, etc.) 1-fs delay can be scanned at speed of 3 seconds. Therefore,
1450 cm™ molecular vibration mode whose frequency is 1450 cm™ (period is 23.0 fs) modulates
AA signal on detector with 69 seconds. It is difficult to be observed by NOPA pulses, which tend
to have long-term intensity instability explained as follows. NOPA uses high order non-linear
interaction inside, therefore if the character of excitation source of NOPA is slightly modulated by
some environmental perturbation, NOPA intensity can be largely affected. Environmental
perturbation, like wind, temperature change, and humidity change, generally occurs in long

timescale like several seconds, being origin of long-term instability of NOPA intensity.

(2) Emulation of fast-scan measurement by the step-scan motorized stage (for usefulness
evaluation of fast-scan method)

A fast-scan method, which is going to be built up in this project, is expected to solve above
problems of step-scan method. To confirm that the fast-scan method can solve those problems, I
have developed a program, which emulates the fast-scan measurement system with the same
motorized stage used for the step-scan method as explained in the following sections. The
motorized stage has several problems in usage for fast-scan emulation, however the result
obtained in the experimental setup persuaded us that the fast-scan method works much better than

the step-scan method.

(2-1) Synchronization between motion of motorized stage and data storage into
multi-channel lock-in amplifier (MLA)

The motorized stage used for the step-scan can continuously move in a fixed range with a
constant speed. If the storage interval of pump-probe data into a memory of multi-channel lock-in
amplifier can be synchronized with the continuous motion of motorized stage, fast-scan
measurement can be performed. In the fast-scan emulation program, move command is sent to
the stage just after sending the start trigger signal to MLA, which minimizes the delay between
the start of the stage movement and the start of data storage in MLA.

However, the continuous scan of the motorized stage cannot be controlled by external trigger
signals, which means there is no way to perform perfect synchronization between the stage and
MLA. Therefore, the continuous motion of the motorized stage and data storage in MLA were
independently controlled by their own internal clocks in the fast-scan emulation program.
Because of the small fluctuation in those internal clocks, signal obtained in the fast-scan

emulation can be contaminated slightly.

(2-2) Reproducible pump-probe signal measured by fast-scan emulation
Figure fastscanemulation-1 shows AA traces obtained by the fast-scan emulation program in
forward and backward scans, which shows good reproducibility between forward and backward

scans.
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Fig. fastscanemulation-1. AA traces of fast-scan emulation scanned forward
(left) and backward (right). Black curves show the point where AA=0.

One scan of fast-scan emulation costs 5 seconds for 500 points accumulating data for 10
milliseconds at each delay points. The time constant of sample damage caused by laser pulse
irradiation is thought to be about minutes time scale, which is much slower than scanning time of
single fast-scan emulation. Therefore, the effect of sample damage, which was serious problem in
the step-scan method, becomes negligible on the measured data of fast-scan emulation.

(2-3) Clear molecular vibration signal in fast-scan emulation

Fourier power spectra of the AA traces were calculated traces in the delay time region
between 100 and 1000 fs (see. Fig. fastscanemunation-2).
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Fig. fastscanemulation-2. Fourier power spectra of AA traces obtained in
forward (left) and backward (right) scan of the fast-scan emulation.

Both of the Fourier power spectra show prominent peaks at around 726 and 1450 cm™, which
reflects well the Raman modes, and absence of other modes shows that noise is quite low in
signals. Good reproducibility between Fourier power spectra of forward and backward scans

certificates the reliability of the measured signals. There are some problems in the observed
signals, but they can be solved as follows.



The peaks of 1376 and 1450 cm™ of Raman modes are mingled together in the Fourier power
spectra because the delay region was not enough to resolve those peaks. Measurement in longer
time region will solve the problem of frequency resolution. Fourier spectra of backward scan
show an intense signal round 500cm™ that is possibly caused by poor synchronization between
the motorized stage and MLA. It will be solved after I develop a real fast-scan measurement

system, which perfectly synchronizes the stage and MLA in 2" year.
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As is mentioned in the section of "Research method, procedure and execution
schedule", in the 1* year of this project it was planned to solve the difficulty that a single
scan of fast scan measurements should finish in the same time period of several seconds
without any delay. Fast-scan measurement can solve this problem. I have just
accomplished to develop a system, which emulates the fast-scan measurement using a
continuous delay scan of step-scan motorized stage, and it was confirmed that electro
dynamics and molecular vibration signals are successfully obtained by the system with
high signal to noise ratio and good reproducibility. It means 100% of the schedule of 1%
year is already accomplished at the present moment.

The pump-probe signal during the continuous delay scan was successfully stored into
a memory, and the measured data shows striking improvement of signal quality compared
with the data of step-scan measurement. After the development of the real fast-scan
measurement system in 2" year, the problems found in the data of fast-scan emulation
could be all solved. And we obtain one of the most useful instruments for ultrafast
spectroscopy for the first time in the world.



