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Abstract: Regular and robust Q-switched and mode-locked
(QML) pulses are produced in Nd:Gd\(@aser by the integra- 220 11ss0
tion of nonlinear mirror and semiconductor saturable absorber

mirror. The threshold of QML operation is increased by putting 20 n 1% %
the SESAM in laser cavity with large beam radius. The nonlinear £ '\ N -
mirror absorber can further increase nonlinear loss modulation of H " - 172
pulses to produce the stable and periodic QML pulses. z™ n Joo =
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1. Introduction has attracted much interest due to various superior natures
_ . including broader absorption bandwidth at 808 nm, higher

Diode-pumped solid-state lasers (DPSL) have been ofpermal conductivity, and damage threshold. For operation

great interest due to the characteristics of longer lifetime ot c\w state with TEN, mode output, Nd:GdVQ has

high stability, compactness, and portable for various apyeen demonstrated to generate very large average output

plications. Various laser crystals, such as Ytterbium-dopeqjo\,\,er & 100 W) [6] and show relative high conversion
[1,2] or Neodymium-doped laser crystals [3-6], are ofteng,q slope efficiency [7].

used in DPSL for ultrashort and high peak power pulses

generations. Neodymium-doped medium, especially vana- Q-switching and continuous wave mode-locking (CW-
date crystals like Neodymium-doped Yttrium Orthovana- ML) are widely used techniques in generating short pulses,
date crystal (Nd:YVQ) and Neodymium-doped Gadolin- which has also been reported in Nd:GdVfasers. In use
ium Orthovanadate (Nd:GdV/f), are particularly suitable of semiconductor saturable absorber mirrors (SESAM) [8,
because of their high absorption and emission cross se®], CW-ML was demonstrated in Nd:Gd\{@aser to gen-
tions [5]. Although Nd:GdVQ has a reduced stimulated erate multi-GHz repetition rate pulses having picosecond
emission cross section in comparison with Nd:YA/@ pulsewidth. Stankov proposed the nonlinear mirror mode-
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locking (NLM-ML) technique by using a second harmonic 1 ) S

(SH) crystal and a dielectric mirror with high reflection @ Nd:GdVO,s M1
coating for the SH wave and partial reflection coating for | Diode array OIAS h

the fundamental wave [10]. NLM-ML can provide strong | 808 1™
nonlinear loss modulation and generates CW-ML at low FAP-81-16C-800-,
pump threshold in Nd:GdVQlaser [11]. Generally, the '
repetition rate of the CW-ML pulses are relatively high,

which is restricted by the cavity length. Although high rep- SESAM
etition pulses have various advantages such as in optical

communication, optical switching and optical clocking, it
will reduce pulse intensity and accumulate heat, leading to

thermal lensing in optical nonlinearity measurements.
Figure 1 (online color at www.Iphys.org) Experimental setup of

High energy pulses with lower pulse repetition rate , = X :
can be generated by the Q-switching technique, such algld'deo“ laser with dual ML technique
that using the acousto-optical (AO) Q-switch modulator,
SESAM, or C8+:LaMgAl,,0;9 absorber in a-cut and
c-cut Nd:GdVQ lasers [12-14]. With the LiFF ab-
sorber, self-Raman conversion has also been reported
Q-switched Nd:GdVQ laser [15]. However, the generated
Q-switched pulsewidth is comparative longer relative to
the CW-ML pulses. Fortunately, Q-switched and mode-

locked (QML) pulses, in which CW-ML pulses are mod- center wavelength of 808 nm is used as the pump source.

ulated by long periodic Q-switched envelope, retains th ; - M
characteristics of short pulse but reduces the pulse repeti[—he pump beam coming out from the fiber is imaged on

tion rate. In Nd:GdVQ laser, OML pulses have been suc- he crystal through the 1:1.8 optical imaging accessories

. . ~~ (OlAs, Coherent Inc.). An 8 mm-long Nd:GdVQcrys-
cessful obtained using the & YAG [16, 17], low temper- ) (a-cut, 0.5-at.% Nd" concentration) is high-reflection

ﬁ;ﬁfﬁgﬁgﬁoge{]gﬁ]' gggxabaosnsg?groatglbe ea[gsgc])r%ae (HR) coated at 1064 nm and anti-reflection (AR) coated at
- BY g 08 nm on one side (J. The other side (8) is AR coated

QML can usually be observed before the completely CW'at 1064 nm and has°2vedge. The resonator consists of

ML state is achieved as pump power increases [20]. two curved mirrors M and M,, with radius of curvatures
Short pulses generation by dual loss-modulation deof 500 mm and 200 mm, respectively; both mirrors are
vices has been widely reported recently due to vari-HR coated at 1064 nm and 532 nm. In addition, a SESAM
ously practical advantages. A Q-switched laser by placingBatop Inc. modulation depth 1.6%, absorbance 3%, dam-
electro-optical modulator and GaAs saturate absorber ingge threshold 600 MW/ct) is placed between Mand
side the cavity is used to generate nanosecond pulse witj1,. By using ABCD Law, the radius of cavity mode on
symmetric shape [21]. Besides, the dual ML techniqueSESAM is estimated to be about 40én, which can pre-
combining quadratic polarization switching and SESAM vent the SESAM from damaging at high pump power. The
in multiple pass cavity, has been demonstrated in bothdichroic output coupler (OC), which has 80% reflectivity
Nd:GdVO, and Nd:YVQ, lasers to generate low repetition at 1064 nm and HR coated at 532 nm, is placed at the other
rate pulses [22]. The results show that the dual ML desigrend of laser cavity. The OC in combination with a 10-mm
can improve the stability range of ML and reduce the risk jong type-Il KTP crystal acts as nonlinear mirror (NLM)

of SESAM damage at high pump power. In addition, Schi- absorber that provide loss modulation of pulses.
effer et al. make use of the saturable Bragg mirror and cas- The distanced; (from laser crystal to the M), I

cadedy® : x® nonlinearity to generate extremely stable (\1, 1o SESAM), 5 (SESAM to M), andl, (M5 to OC)
sub-10 ps sechpulses in Nd:GdVQ laser [23]. The sta-  4re 30 cm, 60 cm, 20 cm, and 11 cm, respectively. The
bility and efficiency of NLM-ML Nd:YVO, laser can also  |aser crystal and KTP were wrapped with indium foils and
_be _enhanced by the insertion of acousto-optical modulatop,ounted in water-cooled copper blocks where the water
inside the cavity to generate the QML pulses [24]. temperature was maintained at°C5 The output power

In this paper, we combine SESAM and NLM-ML tech- of the Nd:GdVQ laser were measured by a power me-
nigues to generate low repetition rate and high peak poweter and detector (Ophir Inc.) for both CW and ML states.
QML pulses in Nd:GdVQ laser. The SESAM is located The leakage radiation reflected from the wedged facet of
at the position of large cavity beam radius to prevent itthe laser crystal was detected by a high speed InGaAs de-
from damaging at high pump power. Due to the enhancetector (Electro-Optics Technology Inc. ET 3000) that was
ment of nonlinear loss modulation of pulses, the operationconnected to the oscilloscope (LeCroy LT372, bandwidth
range for robust and regular QML pulses generation would500 MHz). A noncollinear autocorrelator with a 2-mm
become wider as pump power changes. The shape of Qhick type-I BBO was placed outside the OC to measure
switched envelope would also be more symmetric. the pulsewidth.

2. Experimental setup

The schematic laser setup is shown in Fig. 1. A fiber cou-
pled diode array (FAP-81-16C-800-I, Coherent Inc.) with
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Figure 2 Time traces of Q-switched ML pulses at irregular state
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Figure 3 Time traces of Q-switched ML pulses at regular state )
comes fixed at about 140 kHz that corresponds tes7

spacing.
. ) Fig. 4a shows the time expansion of the single QML

3. Results and discussions pulse trains so that the ML pulses can be obviously seen.

) . ) . For the QML pulses generation with only one saturable
By using only the SESAM and without the insertion of gpsorber, the ML pulses are usually initiated above the
KTP in cavity, irregular QML pulse trains will be produced ground level that can be seen in Fig. 2. Due to the en-
such as that shown in Fig. 2 for 12 W pump power. The Q-hancement of modulation depth from NLM saturable ab-
switched envelopes exhibit aperiodic, deformed shape andorber, the ML pulses in the center of Q-switched envelope
seriously time-varied amplitude fluctuation. Nevertheless,s started from the ground level. The time spacing between
the QML pulse trains will become regular after the KTP is ML pulses is 7.7 ns that corresponds the cavity length of
placed in front of the OC and the distance between themy21 cm. By fitting the QML envelope with the formula
is properly adjusted, as shown in Fig. 1. The loss modu-
lation depth of pulses will be enhanced by the action of 7
nonlinear mirror absorber. The initial phase difference be-; — 0
tween fundamental wave and second harmonic wave will exp (@) + exp G@)
be 7 after light enters the KTP, reflected by OC and re- ! ’
enters the KTP. Fig. 3 shows the regular QML trains, inwe can estimate the rise-timg =0.59 us and fall-time
which the amplitude variation was dramatically reducedt, =0.37us for the temporal profile of QML envelope. The
and the width of envelope become shorter in comparisorpulsewidth of QML pulses, measured by a home-made au-
with Fig. 2. The period of Q-switched envelope also be-tocorrelator, is about 195 ps as shown in Fig. 4b.
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Figure 6 (online color at www.lphys.org) Peak power and

) ) pulsewidth of QML pulses versus pump powers
Figure 5 (online color at www.lphys.org) Output powers of

Nd:GdVOy laser at CW (black circles), irregular QML (red cir-
cles), and regular QML (blue circles) states versus pump powers

4. Conclusions

Regular and robust QML operation has been demonstrated

The output power versus the pump power with KTP in Nd:GdVO4 Igser using the dual Ioss—modulatipn m_ech—
insertion is shown in Fig. 5. The threshold pump power &niSM- A s_emlcorjductor saturable absorbe_r mirror is put
P, for CW lasing (black circles) is 2 W and the slope ef- at the position with large cavity beam radius to prevent
ficiency is 10%. The laser will turn into irregular QML it from damaging at high intra-cavity peak power. In ad-
state (red circles, like Fig. 2) d,=2.9 W and generate dition, the nonlinear mirror mode-locking technique was

stable and regular QML pulses (blue circles, like Fig. 3) atUSed simultaneously to enhance the nonlinear loss modu-
P,=11.3 W. By using only nonlinear mirror mode-locking lation depth of pulses and stabilize QML pulses. As a re-

technology in Nd:GdVQ laser, the laser transfers to Cw- Sult, robust QML pulses can be generated at higher pump
ML state at relative low pump power dt,=2.3 W [11]. power and the operation range of stable QML state is also
Besides, in [11], the laser has relative short stable QmMLINcreased. For 15.5 W pump power, the highest average
operation range between CW and ML state as pump powePUtPut power of QML pulses is about 2.1 W, correspond-
increase. For generating high peak power QML pulsednd to peak power of 1.3 kW.

here, the threshold pump power for stable QML genera-

tion is raised. Besides, the stable operation range of QMLacknowledgementFhis work is supported by the National Sci-
state is increased &3, is varied from 11.3 W to 15.5 W.  ence Council of Taiwan, Republic of China, under grant NSC 96-
The highest output power of 2.1 W can be generate at th@112-M-027-002-MY3, NSC-96-2628-M-009-018-MY3, and
pump power of 15.5 W. NSC 96-2628-E-009-018-MY 3.
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