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Ultrashort pulses were generated in passively mode-locked Nd:YAG and Nd:GdVOy4 lasers pumped by a
pulsed laser diode with 10-Hz repetition rate. Stable mode-locked pulse trains were produced with the
pulse width of 10 ps. The evolution of the mode-locked pulse was observed in the experiment and was
discussed in detail. Comparing the pulse evolutions of Nd:YAG and Nd:GdVOy lasers, we found that the
buildup time of the steady-state mode-locking with semiconductor saturable absorber mirrors (SESAMs)
was relevant to the upper-state lifetime and the emission cross-section of the gain medium.
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In recent years all solid-state passively mode-locked lasers
operating in the infrared spectral regions have wide ap-
plications in the fields of industry, defense, medical treat-
ment, and scientific research. Nd:YAG and Nd:GdVOy,
are favorable laser materials for the generation of ultra-
short pulses with various mode-locking techniques such as
active modulation, additive-pulse mode locking!*?!, self-
mode locking, and mode locking by various semiconduc-
tor saturable absorber mirrors (SESAMs)P~%1. Among
the various mode-locking techniques, mode-locking by
semiconductor absorber mirrors is very favorable for pi-
cosecond system. Generally the lasers are pumped by
continuous wave (CW) laser diodes (LDs), the output
powers of which limit the peak powers and pulse ener-
gies of the ultrashort pulses. Omne can achieve higher
peak powers by pumping the laser with pulsed diode-
laser. Heinaz et al. reported the pulsed diode-pumped
additive-pulse mode-locked laser(!. Sun et all'% re-
ported the pulsed diode-side-pumped mode locking with
SESAM, but the evolution of the stable mode locked
pulse was not discussed in detail.

In this letter we discuss pulsed diode-end-pumped
mode-locked Nd:YAG and Nd:GdVO, lasers with
SESAM, which generates stable mode-locked pulse trains
and shows the evolution of mode locked pulse in the
laser. The single-pulse energy of two laser is about 15
nJ, which is three times higher than that of CW system
under the same conditions. The pulse duration is found
to be < 10 ps. The evolutions of the stable mode-locked
pulse for two lasers are discussed in detail. We find that
the buildup time of the steady-state mode-locking with
SESAMs is relevant to the upper-state lifetime and the
emission cross-section of the gain medium.

The experimental setup, as shown in Fig. 1 has no
astigmatism and is easy to ensure pure fundamental
mode operation. The pump radiation was provided by a
pulsed fiber-coupled LD operating at a wavelength near
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808 nm. The pump beam from the fiber end was focused
onto the laser crystal with a spot diameter of about
160 pym. The Nd:YAG (¢3 x 5 (mm)) and Nd:GdVO,
(3 x 3 x 5 (mm)) laser crystals used in our experiments
had Nd3t concentration of 1 at.-%. Ls was a convex
lens with the focal length of 100 mm, which was used
to compensate the thermal lensing effect in the crystal.
Changing the focal length of the focusing lens Ly and the
distance between L4 and SESAM adjusts the laser spot
on the SESAM. Adjusting the angle of output coupler M
in the cavity changes the output coefficient. At the angle
of about 10° the best output of 7% transmission for per
output beam at the oscillating wavelength was obtained.
A SESAM consisting of a single 12-nm Ing 05Gag.75As
quantum well on AlGaAs Bragg mirror structure was
employed to achieve mode locking. The time response
of the absorber was characterized via reflection pump-
probe measurements at 1064 nm. The heat loaded on the
SESAM was handled simply by mounting it on a small
copper heat sink.

In the experiment, the laser operating at a 10-Hz rep-
etition rate with a pulsed diode-pumped system, we
obtained stable mode-locking with the crystals Nd:YAG
and Nd:GdVO, as shown in Figs. 2 and 4 respectively.
The pulse width of the two lasers was about the same or-
der as that in Ref. [6]. The pulse duration was about < 10
ps. In the experiment the pulse energies were measured
indirectly, we found that the pulse energy of Nd:GdVOy4
laser was a little higher than that of Nd:YAG. The single-
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Fig. 1. Schematic of the laser setup.
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Fig. 2. Oscilloscope trace of the pulse train illustrating the
stable mode-locking of the Nd:YAG laser.

Fig. 3.  Oscilloscope trace of the beginning part of the
pulse train illustrating the three stages of pulse evolution
of Nd:YAG laser.

Fig. 4.  Oscilloscope trace of the beginning part of the
pulse train illustrating the three stages of pulse evolution of
Nd:GdVOy, laser.

pulse energy of Nd:GdVOy laser was about 15 nJ, which
is three times higher than that of CW system under the
same conditions.

In the experiment the evolutions of the pulses in the
laser were observed as illustrated in Figs. 3 and 4. We
divided the evolution into three stages. 1) In the be-
ginning of laser emission, the average intracavity power
was low, and the SESAM just played the role of a loss
element in the cavity and the laser emission started from
the relaxation oscillation, so self-@Q-switching (QS) oc-
cured. Onme can see that QS of the crystal Nd:YAG is
strong, while QS of the crystal Nd:GdVOy is not distinct
contrasting to the crystal Nd:YAG. This is because that
the upper-state lifetime of Nd:YAG (230 ps) is longer
than that of Nd:GdVOy (90 us). The tendency of laser
to @-switching increases with the upper-state lifetime.
This phenomenon is in good agreement with the the-
oretic analysis!'!. 2) As the circulating energy inside
the cavity increased and the SESAM began to modulate
the laser, self-Q-switched mode-locking (QML) gener-
ated. In this stage one can see that the durations of
QML of Nd:GdVO4 and Nd:YAG are about 40 and 160
us, respectively. The duration of QML of Nd:GdVOy is
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Fig. 5.
train.

Individual pulses of the stable mode-locked pulse

shorter than that of Nd:YAG. This is because that the
crystal Nd:GdVOy with shorter upper-state lifetime and
larger emission cross-section can efficiently decrease the
QML more than Nd:YAGIS—8l.  3) After many cavity
round trips, stable CW mode-locking (CML) set in and a
picosecond pulse train with relative constant amplitude
followed. With the time base of 5 ns/division one can
resolve individual pulses (see Fig. 5), and the pulse rep-
etition rate is 154 MHz.

For the second and the third stages we can make an
explain as follows. The minimum intracavity pulse en-
ergy Epc, which is required for obtaining stable CML, is
described as!”!

Epc = (Fsat7LAeff,LFsat7AAeff,AAR)1/27 (1)

where Fyu,, = hv/(moy) is the saturation fluence of
the gain, Acs 1, the effective laser mode area in the gain,
Fiat,a the saturation fluence of absorber, A a the
effective laser mode area on the saturable absorber. The
energy of a mode-locked pulse in the cavity is defined as
E,. As E, > E, . laser operates in CML, as E}, < E, ¢
laser operates in QML. In our experiment Acff 1, Aert A,
Fiatr A, and AR are constant, but Fi,y 1, is variable with
the emission cross section or, of the gain medium. The
emission cross section of Nd:GdVOy (7.6 x 1071 cm?)
is larger than that of Nd:YAG (2.8 x 107! cm?), so
the minimum intracavity pulse energy Ep. of Nd:GdVOy
laser is lower than that of Nd:YAG laser, that is to
say Nd:GdVOylaser is easier to CML than Nd:YAG
laser. So the buildup time of steady mode-locking of
Nd:GdVOylaser is shorter than that of Nd:YAG laser.
Our experimental results agree well with the theoretical
study and provide good proof to understand the mecha-
nism of mode-locking with SESAM.

Figures 3 and 4 show that the buildup times of the
steady-state mode-locking are about 200 and 70 us for
Nd:YAG and Nd:GdVOy respectively, which are close to
the upper-state lifetimes of the two crystals (230 and 90
ps). That is to say the buildup of steady-state mode-
locking by SESAM is relevant to the upper-state lifetime
of the crystal. In the experiment, we also found when
the pulse width of pump light is longer than the buildup
time of the stable mode-locking, the width of the stable
mode-locked pulse train decreased with the decrease of
the pulse width of pump light (see Figs. 6 and 7). The
result is so important that one can pick out the stable
mode-locked pulse from the mode locked pulse train with
a proper pump width and a proper delay time, which will
be discussed in another paper.

In this letter we discussed the pulsed diode-pumped
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r the same conditions. The pulse duration is found to
< 10 ps. Employing the system the life of the diode

laser can be improved, and higher single-pulse energy can

obtained with higher pump energy.

This work was supported by the National Nature Sci-

ce Foundation of Beijing under Grant No. 3021001 and

the foundation of Liaocheng University. B. Zhang’s e-
mail address is zhangbingyuan@sina.com.cn.

References
Fig. 6. Mode-locked pulse train with the pump pusle duration 1. P. Heinz and A. Seilmeier, Opt. Lett. 21, 54 (1996).
of 120 ps. 2. P. Heinz, A. Reuther, and A. Laubereau, Opt. Commun.
97, 35 (1993).
3. U. Keller, Appl. Phys. B 58, 347 (1994).
4. U. Keller, D. A. B. Miller, G. D. Boyd, T. H. Chiu, J.
F. Ferguson, and M. T. Asom, Opt. Lett. 17, 505 (1992).
f 5. U. Keller, K. J. Weingarten, F. X. Kéartner, D. Kopf, B.
i Braun, I. D. Jung, R. Fluck, C. Hénninger, N. Matuschek,
“'ha......................... and J. A. der Au, J. Sel. Top. Quantum Electron. 2,
435 (1996).
6. B. Zhang, G. Li, M. Chen, Y. Wang, Z. Zhang, and Y.
Wang, Opt. Lett. 28, 1829 (2003).
7. B. Zhang, G. Li, M. Chen, Y. Wang, and Z. Zhang, Chin.
Fig. 7. Mode-locked pulse train with the pump pulse duration Opt. Lett. 1, 477 (2003).
of 400 us. 8. J.-L. He, C.-K. Lee, J. Y. J. Huang, S.-C. Wang, C.-L.

mode-locked Nd:YAG and Nd:GdVO, lasers with a 9.

SESAM at 10-Hz repetition rate, obtained stable mode-
locking, observed three stages of the pulse evolution.

Comparing the pulse evolutions of two lasers we found 10.
that the buildup time of the steady-state mode-locking
is relevant to the upper-state lifetime of the gain medium. "

The single-pulse energy of two lasers is about 15 nlJ,
which is three times higher than that of CW system un-

Pan, and K.-F. Huang, Appl. Opt. 42, 5496 (2003).

C. Hoénninger, R. Paschotta, F. Morier-Genoud, M.
Moser, and U. Keller, J. Opt. Soc. Am. B 16, 46
(1999).

H. D. Sun, G. J. Valentine, R. Macaluso, S. Calvez, D.
Burns, M. D. Dawson, T. Jouhti, and M. Pessa, Opt.
Lett. 27, 2124 (2002).

. U. Keller, Appl. Phys. B 58, 347 (1994).



