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Abstract. A cavity-dumped Kerr-lens mode-locked chro-
mium-doped forsterite (Cr:F) laser was developed. The fun-
damental frequency of1270 nmwas converted into635 nm
by second-harmonic generation in an LBO crystal. A pulse
duration of 30 fs was obtained at635 nm with energy of
3.8 nJ. The developed laser was applied to single-wavelength
pump-probe measurements of dyes, malachite green (MG)
and phenol blue (PB).

PACS: 42.65.Re; 42.55.Rz

The development of ultrashort-pulse lasers has greatly con-
tributed to the achievement of time-resolved spectroscopy. In
particular, the advent of Kerr-lens mode-lockedTi: sapphire
(Ti:S) laser was truly a revolution because of its stability and
its easy-to-handle features [1]. It could be said that the appli-
cation of ultrafast spectroscopy to a wide range of scientific
fields was not possible without theTi:S laser. However, as
with other lasers, the limited oscillation wavelength has been
found to restrict its range of application in the case of reso-
nant spectroscopy.

The fundamental wavelength of aTi:Slaser is750–900 nm
and its second harmonic (SH) is in the range370–450 nm.
It is said that there is a “dark window” in the visible spec-
trum between500 nmand700 nm. The generation of pulses
at these wavelengths is possible by the optical parametric
technique; however, it is unstable and costly because amplifi-
cation is necessary. The simplest solution for such a problem
is to use alternative laser material. For example, the fun-
damental wavelength of a chromium-doped forsterite (Cr:F)
laser is close to1260 nmand its SH around630 nmcan cover
the “dark window” of theTi:S laser.

Here we report the development of a frequency-doubled
cavity-dumped self-mode-lockedCr:F laser that generates
30 fs FWHM pulses at635 nm. This ultrashort pulse can be
used to directly excite the electronic transitions of many in-
teresting chemical and biological systems, such as model
compounds of the photosynthetic reaction center [2], triphe-
nylmethane dyes [3], bacteriorhodopsin [4], and blue copper

proteins [5]. The cavity-dumper was included in the cavity
to reduce the repetition rate and increase the peak power.
A lower repetition rate is necessary to avoid optical damage,
especially for delicate samples such as photosensitive pro-
teins. The application of the laser to an ultrafast pump-probe
experiment of some dyes is also presented.

1 Laser performance

The layout of the laser is shown in Fig. 1a. The cavity con-
tains a 19 mm Cr:F crystal, an SF6 Brewster prism pair,
and a Bragg cell. TheCr:F crystal and mirrors were pur-
chased from Laser for Photochemistry Ltd. The4% output
coupler was from the CVI Corporation. The Bragg cell, the
cavity-dumper driver and its booster were purchased from
Camac Systems Inc. An output of8 W at 1064 mn from
a diode-pumpedNd:vanadate (Coherent/Compass) laser was
focused into theCr:F crystal by a9 cm focusing lens. The
Cr:F crystal was cooled to−6 ◦C. The prism distance was
21 cm, which was shorter than the previously reported value
of 27 cm[6].

Two different values of group delay dispersion (GDD)
and third-order dispersion (TOD) have been reported for
a Cr:F crystal [7, 8]. Recently it has been shown [9] that
the values reported in [8], namely42 fs2/mm for GDD and
116 fs3/mm (double pass) for TOD, were the more accurate
and we decided the prism distance by using these values.
The radius of the curved mirrors were all10 cm. The fold-
ing angles, 2θ, of the beam around theCr:F crystal and
Bragg cell were30◦ and13◦, respectively. These values were
determined from the following equation to compensate for
astigmatism [10, 11]:

θ = cos−1
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whereθ is the angle of incidence on the curved mirror,t is
the length of the dispersive medium,R is the radius of the
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Fig. 1. a Cavity layout of theCr:F laser. b Setup for the autocorrela-
tion measurement and single-wavelength pump-probe measurement:λ/2,
halfwave plate; BS, beam splitter; ND, neutral density filter

curved mirror, andn is the refractive index of the dispersive
medium.

Mode locking was started by vibrating one of the prisms.
The output from the4% output coupler was200 mW with
an 80 MHz repetition rate. The reflection of the output from
a glass plate was focused into a photodiode, which was used
to synchronize the cavity-dumping with the laser. Another
reflection of the output was focused into a photodiode con-
nected to an oscilloscope that monitored the energy of the
pulse train. The time dependence of the pulse energy with

Fig. 2. a Time evolution of the intracavity energy of theCr:F laser. The dent represents the30% cavity-dumping.b Autocorrelation trace of the second-
harmonic pulse of theCr:F laser. Gaussian fit gives a30 fs pulse duration.c The second-harmonic spectrum with FWHM of27 nm, again assuming
a Gaussian spectral shape

active cavity-dumping is shown in Fig. 2a. It can be seen
from that diagram that about30% of the intracavity energy is
dumped by the Bragg cell. For aTi:S laser, cavity-dumping
efficiency as high as80% has been previously reported [12].
The low efficiency of theCr:F laser was due to its operating
wavelength in the IR. The intracavity pulse energy is assumed
to be about63 nJ from 200 mW output from the4% out-
put coupler. Efficiency of30% gives an estimated dumped
energy of19 nJ; the actual output from the Bragg cell was
about15 nJ.

The dumped fundamental beam was focused into a4-mm-
long LBO crystal (type I) for SH generation. The small
value of group velocity mismatch,6.8 fs/mm, enables the
utilization of such a long crystal length [13]. The conver-
sion efficiency was about25% and the pulse energy gen-
erated at635 nm was about3.8 nJ. The spectral peak of
the SH can be tuned from615 nm to 640 nmby changing
the insertion of one of the intracavity prisms. The short-
est pulse duration, of30 fs, was obtained when the spectral
peak was tuned to635 nm; the pulse duration became as
long as50 fsat shorter wavelengths. The autocorrelation trace
and the spectrum of the30 fs pulse at635 nmare shown in
Fig. 2b and c. Gaussian fits of the data are also shown for
comparison.

To our knowledge, this is the shortest SH pulse ever gener-
ated from a cavity-dumpedCr:F laser. ForCr:F lasers without
cavity-dumping, a fundamental pulse duration of25 fs was
reported using a19 mm Cr:F crystal with SF6 prisms [14]
and a pulse duration of20 fs was reported for a7 mm Cr:F
crystal with SFS01 prisms [9]. However, the pulse duration
of a previously reported cavity-dumpedCr:F laser was54 fs
for the fundamental pulse and49 fsfor the SH pulse [6]. The
FWHM of the spectrum shown in Fig. 2c was27 nm, which
gives a time–bandwidth product of 0.60. The system has not
yet reached the transform limit. Further improvements, such
as shortening theCr:F crystal or changing the prism material,
may result in shorter pulses.

2 Single-wavelength pump-probe measurements

To confirm the applicability of the cavity-dumpedCr:F laser
to ultrafast spectroscopy, single-wavelength pump-probe (PP)
measurements of dyes, malachite green (MG) and phenol
blue (PB) were carried out. Single-wavelength PP measure-
ment is one of the simplest method to observe electronic
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ground-state recovery from an excited state. The signal is
a combination of ground-state bleach, stimulated emission,
and impulse-stimulated-resonance Raman scattering. MG is
a well-studied triphenylmethane dye that is known to have an
ultrashort electronic excited state lifetime that depends on its
solvent viscosity [15]. PB is also a dye well-known for its
solvatochromic nature [16]. To our knowledge, ours was the
first femtosecond measurement carried out for PB. The molar
extinction coefficients of BG and PB at the absorption max-
imum are about80 000and22 000respectively. Normalized
absorption spectra of the dyes were compared with the SH
spectrum of theCr:F laser, as shown in Fig. 3. Note that both
dyes cannot be resonantly excited by the fundamental or SH
of a Ti:S laser.

The experimental setup shown in Fig. 1b was used
for the measurements of the autocorrelation and PP sig-
nal. After passing through a precompensation prism pair,
the SH beam was split into pump and probe beams by
a 50% beam splitter. At the sample position, the pump-
beam energy was about0.6 nJ and the probe-beam energy
was reduced to60 pJby a neutral density filter. A rotating
sample cell was used in order to avoid optical damage to
the sample. The sample length was0.5 mm and the opti-
cal densities of the dyes were set to about 1.2. The signal

Fig. 3. Normalized absorption spectra of malachite green and phenol blue in
methanol, compared with the second-harmonic spectrum of theCr:F laser

Fig. 4. Single-wavelength pump-probe signals of malachite green and phe-
nol blue in methanol, with635 nmexcitation

was integrated for 5 and 7 seconds/point for MG and PB
respectively.

The measured pump-probe signals of MG and PB are
shown in Fig. 4. The ultrafast dynamics of MG had been ex-
tensively studied by femtosecond dye-laser systems, but not
with such a high time resolution and signal-to-noise ratio as
those observed here. The fluctuation of the normalized sig-
nal is less than±0.0025. The quantum beat of MG with
a 150 fsperiod can be clearly seen. This quantum beat is as-
signed to the skeletal breathing mode of MG with a frequency
of 225 cm−1 [17]. The signal decay was fitted by a multi-
exponential function with decay-time constants of160 fsand
610 fs. A rise component with time constant of390 fs was
also observed, which indicates an intermediate state. Detailed
analysis of the signal for MG will be reported elsewhere [18].
In the signal of PB, at least two vibrations, with frequencies of
150 cm−1 and420 cm−1, were detected. Detection of a weak
vibration with such a high frequency as420 cm−1 was pos-
sible by the high signal-to-noise ratio. The fluctuation of the
normalized signal is less than±0.007 which is not as small
as MG due to a nearly four times smaller extinction coeffi-
cient. The PB signal features bi-exponential decay with time
constants of260 fsand11 ps. Since the time constants are so
different in value, each component should represent a differ-
ent type of dynamics. Detailed analysis of the signal for PB
will also be reported elsewhere [19].

3 Conclusion

A cavity-dumped Kerr-lens mode-locked chromium-doped
forsterite laser was developed for ultrafast spectroscopy.
The fundamental frequency of1270 nmwas converted into
635 nm by second-harmonic generation in a LBO crystal.
A pulse duration of30 fswas obtained at635 nm, which is the
shortest visible pulse ever generated from a cavity-dumped
Kerr-lens mode-lockedCr:F laser. The developed laser was
applied to single-wavelength pump-probe spectroscopy of
dyes, malachite green and phenol blue. Signals were obtained
with an extremely high signal-to-noise ratio. Nonexponen-
tial decays and quantum beats with frequencies as high as
420 cm−1 were observed.
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