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Generation of synchronized femtosecond and picosecond
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Two operating modes, independent self-mode-locking and cross-mode-locking, are presented in a two-beam-
pumped double-cavity dual-wavelength femtosecond Ti:sapphire laser. Synchronization of femtosecond and
picosecond laser pulses is achieved by properly adjusting the cavity length matching and distributing the
pump laser powers in the two laser cavities, and moreover, a timing jitter of 517 fs between femtosecond
and picosecond pulses is obtained, with wavelength tuning ranges around 36 and 22 nm in the femtosecond

and picosecond cavities, respectively.
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Synchronization of pump and probe optical pulses is
of fundamental significance in a pump-probe scheme,
which has been developed into an increasingly power-
ful technique in ultrafast laser spectroscopy and rele-
vant inter disciplines. Synchronized femtosecond pulses
generated from cross-mode-locked dual-wavelength fem-
tosecond lasers, with extremely small timing jitter, have
been extensively utilized in two-wavelength pump-probe
schemes. In particular, synchronized femtosecond and
picosecond pulses are of great interest in the observation
of the oscillation periods of heale-hole exciton density
in a semiconductor quantum welll!!, and two-color pho-
toionization experiments(?.

Two categories of synchronization techniques,
the active synchronization (36! and passive
synchronization”=1%! have hitherto been employed to
synchronize two femtosecond laser pulses. The active
synchronization is fulfilled by precisely controlling the
laser cavity length using complicated optoelectronic feed-
back systems. In contrast, the passive synchronization
is achieved by nonlinear optical effects produced by
two laser pulses in a shared laser medium. Recently,
multi-pulse operation of a Kerr-lens mode-locked fem-
tosecond laser has been accomplished™®. Moreover,
a tunable dual-wavelength Ti:sapphire laser system
with quasi-continuous-wave and high-power outputs has
been demonstrated, and an optical-to-optical conversion
efficiency of 22.2% has been obtained[!7].

So far, synchronized femtosecond and picosecond
pulses has been generated in a one-beam-pumped dual-
wavelength femtosecond Ti:sapphire laser!8]. Passively
synchronized femtosecond pulses at 850 nm and pi-
cosecond pulses at 1064 nm have been obtained from
two different laser cavities, Nd:YVQO, laser cavity and
Ti:sapphire one'”). However, little effort has been de-
voted to synchronization of femtosecond and picosec-
ond pulses in two-beam-pumped laser structures with a
shared laser medium. In this letter, a two-beam-pumped
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resonant cavity structure is employed to allocate un-
equally the pump power in the two laser cavities, and
a relatively higher intensity of the picosecond pulses,
hence a more intense, cross-phase modulation (XPM),
is obtained in the two-beam-pumped Ti:sapphire laser,
subsequently, passively synchronized femtosecond and
picosecond pulses are obtained, with a timing jitter of
517 fs.

The experimental schematics of the two-beam-pumped
Ti:sapphire laser is presented in Fig. 1. A beam of Art
laser of 10 W was split into two parallel beams, with
powers of 6.5 and 3.5 W, respectively. The two beams
were focused by a 100-mm focal-length lens into a 4-
mm-long Ti:sapphire (Ti:S) crystal. The radii of M; and
M; are 100 mm. M;, My, M3, and My are reflectors
with high veflectivities from 700 to 900 nm. Ms; is a
chirped mirror, and Mg and M7 are output couplers of
3% transmission. P; and P, are quartz prisms, which
are separated by 56 cm for the second-order dispersion
compensation. The femtosecond cavity, pumped by a
power of 3.5 W, is composed of M3, Py, Po, My, My,
and Mg. The picosecond cavity, pumped by a power
of 6.5 W, consists of M5, My, M;, My, and M7. The
temporal widths of the femtosecond laser pulses were
measured by a second-order interferometric autocorrela-
tion with an actively stabilized Michelson interferometer,
the temporal widths of the picosecond laser pulses were
measured by a second-order intensity autocorrelation,
and the crosscorrelation was measured by sum-frequency
of the two laser pulses in a BBO crystal. The laser

M, Ti:S M; L Ar* laser

Fig. 1. Schematic arrangement of the two-beam-pumped
double-cavity dual-wavelength femtosecond Ti:sapphire laser.
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Fig. 2. Independent self-mode-locking. (a) The second-order
interferometric autocorrelation and spectrum (inset) of the
pulses in the femtosecond cavity. (b) The second-order inten-

sity autocorrelation and spectrum (inset) of the pulses in the
picosecond cavity.

spectrum was recorded by a spectrometer.

The two laser cavities were able to operate simultane-
ously in independent self-mode-locking modes. Figure
2(a) shows the interferometric autocorrelation of the
pulses generated from the independent self-mode-locked
femtosecond cavity, with the measured spectrum (dashed
line) and the Fourier transform spectrum (solid line) pre-
sented in the inset. Compressed with a pair of prisms out-
side the cavity, the femtosecond pulses exhibit high qual-
ity. The envelope of the interferometric autocorrelation
width measured as full-width at half-maximum(FWHM)
is 47 fs, and the wavelength is centered at 801 nm, with a
spectral width of 34 nm (FWHM). Gaussian pulse is as-
sumed, the femtosecond pulse width is 0.707x47 fs = 33
fs, and the spectral width is 34 nm, which is correspond-
ing to 15.9 THz, giving rise to a time-bandwidth product
of 0.52, which is close to the time-bandwidth product of
a Gaussian pulse, 0.441. Figure 2 (b) shows the intensity
autocorrelation and the spectrum of the pulses generated
from the independent self-mode-locked picosecond cav-
ity. The intensity autocorrelation width is 7.31 ps and
the wavelength is centered at 786.7 nm, with a spectral
width of 0.23 nm. The difference between the measured
spectrum and the Fourier transform spectrum is due to
the fact that the Fourier transform spectrum possesses a
low resolution determined by the limited time delay scan
range of the autocorrelation measurement. Difference
in the pulse widths in the two cavities is attributed to
different group velocity dispersion (GVD) compensa-
tions and different self-phase modulation (SPM) in the
two cavities.

It is of interest to note that the laser system was able to
operate in cross-mode-locking mode. Towards this end,
independent self-mode-locking in each cavity was first
achieved simultaneously in the two cavities, and then,

the femtosecond cavity length was adjusted to match the
picosecond cavity length. In the meantime, a frequency
counter was implemented to monitor the repetition rates
of the pulses in the two cavities. The coupling occurred
within a cavity length mismatch of about 0.3 pm and
the wavelength shifts were 1 and 5 nm for femtosecond
and picosecond pulses, respectively. When the lengths
of the two laser cavities were matched, XPM-induced
cross-mode-locking occurred in the laser medium, which
was indicated by an identical pulse repetition rate for
both cavities and leaded to remarkable variations of the
pulse properties.

Figure 3(a) shows the interferometric autocorrelation
of the pulses in the cross mode-locked femtosecond cav-
ity, with the measured spectrum (dashed line) and the
Fourier transform spectrum (solid line) displayed in
the inset. The interferometric autocorrelation envelope
width is 53 fs and the spectral width is 33 nm, centered at
800 nm. Figure 3(b) shows the intensity autocorrelation
and the spectrum of the pulses in the cross-mode-locked
picosecond cavity. The intensity autocorrelation width
is 1.26 ps and the spectral width is 1.24 nm, centered at
781.3 nm.

A close comparison of Figs. 2 with 3 reveals that the
picosecond pulse width shortens noticeably and the spec-
trum broadens considerably. In the femtosecond cavity,
however, the pulse width and the spectrum remain al-
most invariant. The above observation is interpreted in
terms of the XPM-induced variation. Moreover, in the
cross-mode-locking regime, the central wavelength shift
of the picosecond pulse is found to be highly sensitive to
the cavity length mismatch. The sensitive dependence
of the XPM-induced wavelength shift on cavity length
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Fig. 3. Cross-mode-locking. (a) The second-order interfero-
metric autocorrelation and spectrum (inset, dashed line: mea-
sured spectrum, solid line: Fourier transform spectrum) of the
pulses in the femtosecond cavity. (b) The second-order inten-
sity autocorrelation and spectrum (inset) of the pulses in the
picosecond cavity.
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Fig. 4. Intensity crosscorrelation for cross-mode-locking.

mismatch was observed previously as well'*). Numerical
simulations disclose that the XPM-induced wavelength
shift is not only sensitive to the time delay, but also to
the interaction length in the laser crystall'32%1. Addition-
ally, the cross-mode-locking is sensitive to the change of
the ratio of one pump power to the other. The sensitiv-
ity of the operating output power, however, is not very
sensitive to the pump powers.

Timing jitter between two pulses determines, to a con-
siderable extent, the time resolution of pump-probe de-
vices in which the two pulses are employed as pump and
probe pulses. Crosscorrelation was utilized to measure
the timing jitter between the femtosecond and picosec-
ond laser pulses, and the result is shown in Fig. 4. Since
the laser pulses are closed to Gaussian pulses, as stated
previously, we can calculate the timing jitter by Gaussian
pulse approximation, which is

T = [ - (& +13))7, (1)

where t is the crosscorrelation width, t; is one of the pulse
width, and ¢5 is the other pulse width. Under Gaussian
pulse approximation, ¢ = 1.031 ps, t; = 0.053 x 0.707 =
0.0375 ps, and to = 1.26 x 0.707 = 0.891 ps, which are
giving rise to a timing jitter of 517 fs.

Operating in the cross-mode-locking mode, inasmuch
as the femtosecond and picosecond pulses interact mutu-
ally in the laser medium, the femtosecond and picosec-
ond cavities can concurrently be tuned by adjusting the
prisms and slit position. The maximum wavelength tun-
ing ranges in the femtosecond and picosecond cavities are
36 and 22 nm, respectively.

In conclusion, two operating modes, independent
self-mode-locking, and cross-mode-locking have been
demonstrated in a two-beam-pumped double-cavity dual-
wavelength femtosecond Ti:sapphire laser. In the inde-
pendent self-mode-locking mode, the mode-locking mech-
anism for both the femtosecond and picosecond cav-
ities is the self-mode-locking governed by GVD and
SPM. As a contrast, in the cross-mode-locking mode, the
mode-locking mechanism is cross-mode-locking induced
by XPM. The timing jitter of 517 fs between the fem-
tosecond and picosecond pulses, and the large wavelength
tuning ranges of the femtosecond and picosecond pulses

broaden the applications of the laser in ultrafast laser
spectroscopy.
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