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Abstract

Ultrafast transient absorption measurement system with cavity-dumped chromium:forsterite (Cr:F) laser as a light source was developed.
The second harmonic of the Cr:F laser can cover the immeasurable region of the titanium:sapphire laser which is nowadays the most
popular light source for the ultrafast spectroscopy. The second harmonic of the Cr:F laser was tunable from 620 to 640 nm and the shortest
pulse duration attained in the present condition wa$ fs. The sensitivity of this laser to ultrafast spectroscopy was evaluated by the
measurement ofg@Sand § state dynamics of azulene. In spite of extremely small molar extinction coefficient of the S transition,

i.e. 300 M~ cm™1, the ultrafast dynamics of azulene after photo-excitation tet&te was clearly observed with high S/N ratio ar8D fs
time resolution. Although the small molar extinction coefficient value of 308 Mn~1, pump-and-probe measurement clearly resolved
the multi-exponential recovery profile with a very weak oscillation of 160tm

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction in the process and their time-evolution. On the other hand,
time profile at single wavelength can provide precise dynam-
Since the pioneering work of the flash photolysis by ical information of the transient species that absorb or emit
Norrish and Porter in 194f1], time-resolved detection of light in the wavelength monitored. In special, application
transient states has become one of the essential methodsf ultrashort laser pulse with duration ef50fs allows us
to understand the mechanisms of various chemical reac-to observe oscillating behaviors in the pump-probe signals,
tions and physical processes. By the virtue of cutting-edge which is induced by the intra- and/or intermolecular vibra-
ultrashort pulse laser technology, we can now access totions. In the present study, we have developed a femtosec-
femtosecond time region by the time-resolved resolutions ond time-resolved transient absorption measurement system
of conventional spectroscopic methods, such as UV-Vis with <30fs time resolution leading to acquire the detailed
absorption, emission, IR absorption, and Raman spec-information of the coupling between molecular vibrations
troscopy[2]. Moreover, not only shortening of the laser and chemical reactior{g].
pulse resulted in better time resolution, but also the intense Inthe present paper, we represent a femtosecond detection
concentration of coherent photons in the pulse led to the de-System based on a cavity-dumped Kerr-lens mode-locked
velopment of new types of nonlinear coherent spectroscopy chromium:forsterite (Cr*:Mg,SiOs, Cr:F) laser. The cen-
such as CARS, RIKES, four-wave mixing, and photon echo ter wavelengths of the fundamental and second harmonic
measurement, et¢3]. of Cr:F laser are~1260 and~630 nm, respectively. These
Among these various detection methods, time-resolved wavelengths are not readily accessible by titanium:sapphire
transient absorption measurement has been utilized as a prin€Ti:S) laser, i.e. the most popular light source for ultrafast
ciple tool to investigate photo-induced dynamical behaviors. spectroscopy. To evaluate the system, we applied it to tran-
Time-resolved spectra can specify transient species involvedsient absorption measurement of azulene in cyclohexane.
Since the molar extinction coefficient of S— Sy transition
* Corresponding author. Tek:81-6-6850-6242; fax-81-6-6850-6244.  Of azulene is extremely small, i.e. 300¥cm™!, we can
E-mail address: nagasawa@chem.es.okaka-u.ac.jp (Y. Nagasawa). evaluate the limit of our measurement setup.
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2. Femtosecond pump-and-probe system 1.0 1
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2.1. Light source

Kerr-lens mode-locked Ti:S laser is known as the most
stable ultrashort pulse laser system with the fundamental
wavelength coverage of 750-900 riB]. However, stable
oscillation with <30fs pulse duration is limited in the
wavelength region around 800 nm. Although, the SHG can
expand the wavelength region, it is still restricted in the
wavelength around 400nm. One of the methods to ex-
pand the wavelength coverage is an application of optical 0.0 -
parametric generation (OPG) or amplification (OPA) with
regenerative amplifier. However, it usually requires rather
large laser system with appropriate amplifiers to obtain a
stable operation of the parametric devices and the systemFig. 2. Spectra of the second harmonics of the Cr:F laser centered at 620,
including these devices is very expensive. 630, and 640nm.

The center wavelengths of the fundamental and the SHG
of Cr:F laser are 1260 and 630 nm, respectijély These
wavelengths are not readily accessible by Ti:S laser. In ad-lower the repetition rate to avoid undesirable multiple exci-
dition, generation of ultrashort pulses in near IR region is tations of the sample, and (i) to achieve high peak power to
not Serious]y affected by group_ve|ocity dispersion arising generate efficient nonlinear effects such as SHG. The output
from the optical devices in the system. Therefore, we have pulse was focused into a 4mm LBO crystal for the SHG.
adapted Cr:F laser as the light source. The cavity mirrors and the Cr:F crystal were purchased

The composition of the femtosecond home-made from Laser for Photochemistry Ltd. and the cavity-dumping
cavity-dumped Kerr-lens mode-locked Cr:F laser is illus- System was from Camac Systems Inc.
trated inFig. 1 It is essentially identical to the one in Cr:F laser is known as a wavelength-tunable IR laser and
our previous reporf7]. The cavity was constructed by six the fundamental wavelength can be tuned around 1260 nm,
mirrors, four of which were curved mirrors with radius of a@s mentioned above. In the present experiment, the tuning
10cm. One of the flat mirrors was a 4% output coupler to Was achieved by moving one of the intracavity prisms in
get the information of the energy stored in the laser cavity. It and out of the beam and changing the incident angle of the
also contained 19 mm Cr:F crystal as the laser medium, SF6SHG crystal. The SHG can be tuned from 620 to 640 nm as
Brewster prism pair for Compensation of the group \/e|ocity shown |nF|g 2, which indicates that the fundamental could
dispersion, and a Bragg cell for cavity-dumping. The Cr:F be tuned at least from 1240 to 1280 nm. The reflectance of
Crysta| was cooled to-10°C and pumped by a continu- the Cavity mirrors were >99.5% for 1210-1360 nm except
ously emitted diode-pumped Nd:Y\iQaser (Millennia IR, for the 4% output coupler. The limited tunability in this
Spectra Physics) with output of 7W at 1064 nm. The dis- wavelength region may be related to the reflectance of the
tance between the prisms was 21 cm. The cavity-dumping Mirrors, emission spectra, and the pump energy.
efficiency of the Bragg cell was about 30% and the output ~ The pulse energy and the duration are dependent on the
pulse energy was 10-15nJ at the dumping rate of 100 kHz.lasing wavelength. The highest pulse energy of 6nJ can

The cavity-dumping was introduced for two reasons: (i) to be achieved when the wavelength was tuned to 630 nm
in the present optical system. However, the pulse dura-
tion became as long as 50fs at the 630 nm operation. The
shortest pulse duration was attained with center frequency
of 635nm (fundamental light at 1270 nm). The autocorre-
lation trace of the second harmonic and the spectrum at
FWHM-optimized-condition are shown Fig. 3. The closed
circles and the solid line ifrig. 3aare respectively the ex-
” \<ﬂ\,) Bragg Cell perimentally obtained autocorrelation trace and the curve
# <\ calculated on the assumption of a Gaussian envelope of the
q&” laser pulse with a FWHM of 24.7 fs. The optical set up for
" 63inm the autocorrelation trace is shownHhigs. 4 and sand will
UL > be explained in later. At the FWHM-optimized condition,
SHG the laser spectrum centered at 635 nm with FWHM of about
31 nm, as shown ifrig. 3k The spectral width and the pulse
Fig. 1. Block diagram of home-made Cr:F laser. duration yielded a time—bandwidth produd&ty x At) of
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Fig. 5. Absorption spectrum of azulene in cyclohexane, compared with
the second-harmonic spectrum of the Cr:F laser and molecular structure
of azulene.
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up-to-date is FWHM of 14fs at 1300 nf8]. The spectral
Fig. 3. (a) Autocorrelation trace (closed circles) and the fitting curve (solid width of this laser was about 250 nm. However, very few
line), (b) spectrum of the second harmonic of Cr:F laser for the shortest investigations have been reported for cavity-dumped Cr:F

pulse in the present condition (closed circles) and the fitting curve (solid . g
line). Assuming a Gaussian function, FWHMSs of the pulse and the lasing laser{6, 7], and the shortest pulse width under cavity-dumped

spectrum are 24.7fs and 31 nm in (a) and (b), respectively. operation was reported to be 30fs by our own grdpin
the present study, we have achieved the 25fs pulse duration
with the oscillator setup identical with the previous report,
0.57, which is ca. 1.3 times that of the transform-limited re- by introducing the new pumping CW laser (Millennia IR).
lation. This indicates that the pulse compensation is nearly The spatial mode of Millennia IR seems to be better than the
in ideal condition. The pulse energy of the second harmonic previous pumping laser; less pumping power was necessary

at this condition was-4 nJ. to obtain similar output of the Cr:F laser. Restriction of the
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Fig. 4. Optical set-up for the single-wavelength transient absorption measurexgralfwave plate; BS, beam splitter; ND, neutral density filter; and
PD, photodiode.
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pulse duration in the present laser system may be the lengthabsorbance of the sample wa4.0 at the peak wavelength
of Cr:F crystal, i.e. 19 mnj9] which was only commer-  of the § « S absorption.

cially available when we started the construction. Introduc-

ing shorter crystal may be effective for further improvement

of the pulse duration in the present system. We are planning3. Direct detection of the S; state dynamics

to change the crystal with length of 7 mm which can result of azulene

in 20fs pulse duratiorf10]. For the 14fs pulse duration,

not only the crystal length needs to be shortened to 5mm Azulene is a famous molecule that does not obey Kasha’s
but also specially designed and fabricated double-chirpedrule [14]. In 1955, Beer and Longuet-Higgins reported an
mirrors in combination with high-index PBH71 prisms are anomalous fluorescence of azul¢b®]. The fluorescence of

necessarysl. azulene from the Sstate was much weaker than that from
the $ state. This characteristic behavior has been interpreted
2.2. The optical setup and the detection system as due to the large energy gap between theu®l the $

states of azulene and extraordinary fast internal conversion

Fig. 4 shows experimental set-up for measurement of from the S to the $§ because of the low energy level of the
autocorrelation function of the second harmonic pulse as S; state. Much attention has been focused on these charac-
well as the pump-and-probe signal. The second harmonicteristic behavior§16—19]and detection of azulene in the S
pulse was divided into pump-and-probe pulses with an state[20—27]has been attempted by many researchers. The
intensity ratio of 1:1 by a beam splitter. The probe pulse first accurate measurement of the Sate lifetime of azu-
intensity was reduced to 1/10 for the detection of transient lene was performed by Ippen et al. with two-photon absorp-
signal by a tunable ND filter. The arrival time of the probe tion fluorescence measurement and they presented a value
pulse was varied relative to the pump pulse by introduc- of 1.9 &+ 0.2 ps[22]. With a short optical pulse at 615 nm,
ing a computer-controlled optical delay stage (nanomover, azulene molecules were first excited up to thesgte. A
Melles Griot) in the optical path of the probe pulse. The second delayed pulse excited these molecules into the S
minimum step and the maximum length of the delay stage state which emits the easily detectable S S fluores-
is 100nm (0.67fs) and 25mm (167 ps), respectively. For cence. Thus, the number of molecules in thestte as a
the transient absorption measurement, photodiode (Modelfunction of time can be determined by measuring the amount
2031, New Focus) with a lock-in amplifier (Model 5210, ofthe $ — S fluorescence as a function of delay between
EG&G Instrument) was used. The chopper synchronized the two pulses. Recently, similar experiment was carried out
to the lock-in amplifier modulated the pump pulse with a with sub-20fs optical pulse by Wurzer et §0,21] The
frequency of 2349 Hz. Both pump-and-probe pulses were S; state lifetime of 1.7 ps decreased to 400 fs with excess
focused into the sample by a lens with 10-cm focal length. vibrational energy of 1300 cnt. They also observed oscil-
These pulses were recollimated after passing through thelatory behavior in their signal with frequencies-ei160 and
sample and then directed towards an aperture that al-~200cnT?! and they were assigned tq State vibrations.
lows only the probe pulse to be guided to the detector. However, to the best of our knowledge, direct measure-
This system was previously utilized to the pump—probe ment of § < S; absorption have never been reported for
measurements of triphenylmethane dy&$] with molar azulene and there are very few reports @nsgte absorp-
extinction coefficient of~80,000M1cm™ and a blue tion recovery[23,24] Shank and colleagues reported that
copper protein, plastocyanifl?], with molar extinction the recovery time of the ground state wa8-t 0.5 ps which
coefficient of~5000 M~1cm~1. Ultrafast dynamics of the  matched very well with the Sstate lifetime[23]. Their re-
X-B band absorption of iodine with molar extinction co- sult suggests that the;S— T; intersystem crossing is a
efficient of 200M1cm~1 have been measured with dye minor effect on the shortSstate lifetime. Sukowski et al.
lasers, Né&":YAG lasers and glass lasef$3a—d] How- studied vibrational cooling in the ground state by monitoring
ever, measurement with such a low molar extinction coef- the red-edge of S« Sy absorption after photo-excitation
ficient has never been reported for Cr:F laser and will be to S state[24]. They observed that the cooling takes place
challenging. on a time scale of several tens of picoseconds in various

To avoid multi-photon absorption process of azulene solvents. They concluded that energy transfer occurs from
molecule, appropriate ND filters were introduced into the azulene molecule to the surrounding solvent shell by binary
beam pathways. Intensities of the pump-and-probe pulsescollisions and the energy transferred per collision lies in the
were attenuated to be 760 pJ per pulse (c4>210° pho- range of several hundred wavenumbers depending on the vi-
tons per pulse) and 70 pJ per pulse, respectively. Azulenebrational excess energy. The energy flowing from the solute
(Aldrich) and spectral-grade cyclohexane (Kanto Chemi- to the solvent heats the immediate surrounding of the solute
cals) were used as received. The sample was placed intaand the transport of energy within the solvent is described
a home-made high-speed rotating cuvette to avoid optical by the conduction of heat.
degradation and multiple excitation of the sample. The The difficulty of measuring ground state recovery arises
optical path length of the sample cuvette was 0.5 mm and from the small molar extinction coefficient of the $- S
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transition, i.e~300 M~1 cm™1. In addition, the small S«
S; molar extinction coefficient also may make it difficult to

measure the Sstate absorption. Transient absorption signal,

AADbs, is usually given by
AAbs = (Se — Sg)Ce, (1)

wherese andeg are the molar extinction coefficients of the
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rather slow rise of the signal accompanied with oscillations
that vanishes in a several picosecond timescale. The strong
signal around the time origin was previously attributed to the
“coherent artifact”. This coherent signal was attributed to
the nonresonant two-photon absorption to thestate[20].
However, this assignment does not seem to be the case for
the present experiment, because the long time recovery of

excited state and that of the ground state molecule, respecthe < state with a lifetime of 1.33 n28] was not detected

tively. Ce is the concentration of the excited species and is

a function of delay time after excitation. Onlydg > eg at

in our signal and only the short decay within a few picosec-
onds was observed. Coherent interaction of the probe pulse

the probe wavelength, excited state absorption will appearWlth nonresonantly scattered pump pulse could be the plau-

as positive signal. In the case whegp = 0 andeg > O,

the signal intensity is negative and it can be regarded as th

bleach of ground state absorption.cif = ¢4, both the ex-

sible candidate to the present signal around the time ori-

eg|n Such an effect is often observed for samples with small

molar extinction coefficientf29]. The signal following the

cited state absorption and ground state bleach would be harorCOherent spike gradually decreases in a multi-exponential

to detect, becausaAbs = 0 in Eqg. (1) As will shown in
Fig. 6, the se is smaller than the smally, which has been
preventing the detection of{S—~ S recovery by transient
detection of the ground state bleaching.

Fig. 6 shows the time profile of the absorption change
of azulene in cyclohexane excited with the Cr:F laser cen-

tered at 635nm. We chose this wavelength because of thef () = ZA exp
stability of the laser system. This signal was accumulated

over 20 h of operation. The original ordinate is given as dif-
ference of transmittance of the probe pulse with and with-
out the pump pulse and converted intAbs as will be
shown inAppendix A The negativeAAbs indicates thate
in the monitoring wavelength region is much less tlagn
The strong negative signal around time origin is followed by

0 —pes

AAbsorbance / 10°®

(b)

Residual / 10°

Delay time / ps

Fig. 6. (a) Transient absorption signal of azulene at 635 nm and the fitting
curve after 150fs with double exponential function and an oscillation of
160 cnt!. The ordinate is in the\Abs estimated byq. (A.1). Residual of

the fitting with (b) single exponential function and (c) double exponential \/pration

function with an oscillation of 160 cr.

ashion with weak coherent vibrations and completely di-
minishes within several picoseconds.

To elucidate the time profile, the signal was analyzed by
assuming a fitting functiori(t), which was a sum of expo-
nentials and an exponentially damped cosine function:

<—i> — A, exp(—TL) cosvt + ¢).

(2)

Here,A, 7, v, and¢ are amplitude, lifetime, vibrational fre-
qguency, and phase shift, respectively. To exclude the effect
of the coherent artifact, the fitting was performed at and af-
ter 150 fs following the time origin. The results of the anal-
ysis are summarized ifable 1land the calculated curve and
residuals are shown iRig. 6. Analysis based on the single
exponential function gave a lifetime of 2.1 ps, which agreed
with the result of Shank et aJ23]. However, the residual
signal shown irFFig. 6b and dndicates that the analysis with
double exponential function with the lifetimes of 1.0 and
3.9 ps gives better reproducibilitygble 1. The better ex-
perimental time resolution and higher S/N ratio may resolve
the multi-exponential feature of the ground state recovery.
The longer time constant of 3.9 ps may be due to the vibra-
tional cooling of the ground state. Sukowski et al. obtained
a cooling time of 15:-5 ps in benzene with picosecond tran-
sient absorption measurement with excitation at 527 nm and
probed at 735 nnfi24]. Since our excitation was at 635 nm,
excess energy was smaller and the cooling time might have
shortened.

i=1

Table 1
Fitting parameters for the transient absorption signal of azulene
A 1 (pS) A 72 (ps)
Decays
Single exponential function 087 21
Double exponential function 0.51 1.0 0.36 3.9
A vemh) 4 () 7 (ps)
0.13 161 14 0.41
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Fig. 7. Oscillatory contribution to the experimentally obtained signal.
The solid line represents the damped cosine function with frequency of
160cnl.

In addition to the exponential decay process, a weak
oscillation with frequency of 160cmt appeared in the
residual shown inFig. 7. Two vibrations at~160 and
~200cnT! were detected in the two-photon absorption
fluorescence measuremdgg0,21] and these two frequen-
cies were assigned to thq State vibrations. However, in
our case, contribution from the excited state absorption
(S, < S transition) was estimated to be very small since
the intensity ofAAbs shown inFig. 6 was negative. Hence,
the present 160 cth oscillation may be attributed to the
ground state vibration. Such a low frequency mode was ob-

served in the far-infrared and Raman spectra of the ground
state of azulene, which was assigned to the out-of-plane

mode by the normal mode analy$80—35]

4, Conclusion

A transient absorption measurement system was devel-
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of Education, Culture, Sports, Science and Technology of
Japan and partially by Sumitomo Foundation.

Appendix A. Estimation of the absorption difference

In the present systemyAbs is given by

4 p
AAbs= — P°

1— 107Absy,
72 hcNa ( )

(A1)
Here,¢ is the molar extinction coefficient of the ground state
of the sampler the diameter of laser spat,the wavelength

of laser,p the power of pump puls&ys the Avogadro num-
ber, and Abs is the steady-state absorbance of the sample in
the laser wavelength. In our experimental conditiofns=(
300Mtecm™t, r = 120um, A = 635nm, p = 760pJ,
Abs = 1.0), AAbs was estimated to be in the order of £0

or less. The S/N ratio was considered to be in the order of
107 from the experimental datd&ig. 6). Consequently, the
expected limit ofAAbs measurable by the laser system was
concluded to be in the order of 1®to 10~7. Generally, the
limit of AAbs detectable with a conventional spectropho-
tometer is in the order of I&. The limit of AAbs detectable

by the photodiode we used was also about®lThe sensi-
tivity magnification of the lock-in amplifier was about3.0
The accumulation time of 1's per point with 100 kHz repeti-
tion rate will raise the sensitivity more than 2 orders of mag-
nitude. Consequently, theoretical limit of measurahlkebs

was estimated to be 18, which agrees with the experimen-
tal value. The stabilized laser system, which can detect such
aweakAAbs as 108 with 25 fs time resolution, is expected

to be applicable to various experiments such as higher order
nonlinear spectroscopy.
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