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Abstract: We experimentally prove the broad emission band of Nd:LGS
disordered crystal and demonstrate a diode-pumped passively mode-locked
femtosecond Nd-doped La;GasSiO;4 (Nd:LGS) laser for the first time. With
a birefringent filter inserted into the cavity, the tunable continuous wave
(CW) laser of over 60 nm from 1045.2 nm to 1105.3 nm is achieved, which
is the widest tuning range with Nd-doped crystals to our knowledge. Further
in mode-locked operation, femtosecond pulses with pulse duration of 381
fs, average output power of 75 mW and repetition rate of 134.4 MHz are
obtained at the central wavelength of 1066 nm. It is suitable to be a compact
seed for femtosecond laser amplifiers.
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1. Introduction

Since large emission cross-sections and long upper level lifetimes, neodymium (Nd)-doped
laser media have been widely used in laser systems [1-6]. So far, the Nd-doped glass has
become one of the most commercial materials for the femtosecond laser and chirped pulse
amplification (CPA) [2—4]. Nd-doped YVO, and YAG have been prominent gain materials in
low, moderate and high power laser oscillators and amplifiers [5,6]. However, the Nd:glass
has a poor thermal conductivity so that it is hard for high power high repetition lasers and Nd-
doped commonly used crystals generally have narrow gain linewidth, which limit for
generating femtosecond pulses [7,8].

In recent years, the crystals with disordered structure have attracted wide attentions for
their inhomogeneous broadening spectra induced by party replacement of the ions in their
lattices. Nd-doped disordered crystals possess better thermal conductivities than Nd:glass and
broader spectra than Nd-doped commonly used crystals, which are potential candidates to
generate high repetition lasers and mode-locked femtosecond pulses. Up to now, only a few
femtosecond operations have been reported with Nd-doped disordered crystals [9-14]. G. Q.
Xie at al firstly obtained 900 fs and 534 fs pulses with Nd:CLNGG and Nd:CLNGG-CNGG
hybrid crystal [9,10]. And more recently, Z. P. Qin at al obtained the shortest pulses of 103 fs
with an Nd, Y-codoped CaF, crystal [12]. Table 1 shows femtosecond operations with some
disordered crystals up to now. The La;GasSiO,4 (LGS) disordered crystal is a multifunctional
material, which attracted a widespread attention because of properties such as piezoelectric,
electro-optic and dielectric properties [15—17]. Doping with Nd*" ion, Nd:LGS becomes a
laser medium [18,19]. Figure 1 presents the fluorescence and absorption spectra of Nd:LGS.
Its broad absorption band at 809 nm is suitable for laser diode pumping. The emission
bandwidth (FWHM) peaked at 1066 nm is broader than 10 nm, which could support
femtosecond pulse generation. Additionally, the thermal conductivity of Nd:LGS is about 1.7
W/m/K, much higher than Nd:glass. Since the above characteristics, Nd:LGS is a potential
gain media for compact femtosecond laser oscillators. In previous work, we have
demonstrated mode-locked femtosecond laser pumped by a CW Ti:sapphire laser with
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Nd:LGS [20]. However, the Ti:sapphire laser has disadvantages of higher cost and more
complexity. So it is expected to use laser diodes as pump sources for compactness and
applications.

Table 1. Femtosecond Operations with Some Disordered Crystals

Emission :
Crystal Pump laser wavelength Pulse width Output power
Nd:CLNGG [9] Laser diode 1061 nm 900 fs 486 mW
Nd:CLNGG-CNGG [10] Laser diode 1061.5 nm 534 fs 60 mW
Nd:SLG [11] Ti:sapphire laser 1061 nm 378 fs 33 mW
Nd:BLG [12] Ti:sapphire laser 1076 nm 290 fs 30 mW
Nd,Y:CaF, [13] Laser diode 1064 nm 103 fs 89 mW
1075.5 nm,
Nd:SYSO [14] Laser diode 1076.8 nm, 646 fs (best) (tri_fyzaovr?‘g )
1078.2 nm cens
1.0 1066 nm
0.9
0.8

0.7
0.6
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Fig. 1. Fluorescence and absorption (inset) spectra of Nd:LGS.

In this letter, we demonstrate a diode-pumped tunable CW laser of over 60 nm from
1045.2 nm to 1105.3 nm and 381 fs mode-locked laser at the central wavelength of 1066 nm
at 134.4 MHz with a Nd:LGS disordered crystal. To the best of our knowledge, it is the
widest tunable CW laser among Nd-doped crystals and the first demonstration of femtosecond
operation with diode-pumped Nd:LGS laser.

2. Experiments and results

LD M1 M2
D@ ) )

Fig. 2. Experimental setup of a CW and mode-locked (ML) Nd:LGS laser.

To experimentally investigate the laser properties of Nd:LGS, we implemented an tunable
CW laser experiment. The setup is designed as Fig. 2. The laser medium we used was a 3x3x8
mm?®, Z-cut, and 1 at. % doped Nd:LGS disordered crystal, which was water-cooled at 12 °C
and antireflection coated at 808 nm and around 1 pm. Then it was end-pumped by a fiber-
coupled diode laser with 100 pm core diameter (LIMO, Germany). The pump beam into the
crystal was focused by an imaging system with a magnification of 1. An X-folded resonator
was employed in our experiment. Both M1 and M2 were plane-concave pump mirrors with
the curvature radiuses of 75 mm. A high-reflection mirror (HR) and an output coupler M4
were used as end mirrors. They were coated with high reflection and transmittance of 0.8% or
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2.5% at the wavelength range from 1020 nm to 1100 nm, respectively. We adjusted the laser
cavity to obtain the maximum CW output power of 726 mW with 0.8% output coupler and
953 mW with 2.5% output coupler at 1066 nm under the pump power of 5.8 W as shown in
Fig. 3(a). And the threshold pump powers were as low as 71 mW and 161 mW. Then a
birefringent filter was inserted into the cavity with 0.8% output coupler to tune the central
wavelength of the CW laser by rotating it, which was placed with Brewster angle for
minimizing the reflection loss. Consequently, 60.1 nm continuously tuning range from 1045.2
nm to 1105.3 nm was obtained as shown in Fig. 3(b). The broad emission band makes
Nd:LGS a promise crystal to generate femtosecond pulses.

1000

—=—T=0.8% 300 + o
—e—T=25% N
800 | — 250
g g
€ 600t £ 200 2o
o o
§_ §_ 150
& 400} 8
H 3 100
= =
S 200} S
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Fig. 3. Output power of the CW Nd:LGS laser. (a) curves with different output couplers; (b)
CW output power versus wavelength with output coupler of 0.8% transmittance under the
pump power of 5.8 W.

In order to achieve femtosecond mode-locked operation, the HR mirror was replaced by a
curved highly reflected mirror M3 with the curvature radiuses of 100 mm and a
semiconductor saturable absorber mirror (SESAM), which was employed as an end mirror
with a modulation depth of 0.4%, a saturation fluence of 90 uJ/cm” and a recovery time of
less than 500 fs at 1.06 um (BATOP, Inc.). The dimension of laser spot onto the SESAM was
calculated to be about 70 um. For dispersion compensating, a pair of SF6 prisms were
inserted into another arm of the resonator with a tip-to-tip distance of 31.5 cm. The
transmittance of the output coupler M5 was 0.8%. The cavity length was 1.12 m,
corresponded to a repetition rate of about 134 MHz.

Under the pump power of 5.9 W, the mode-locked operation was achieved after
optimizing of mirrors in the cavity and dispersion compensation. However, the mode-locking
trains were not stable enough for dual-wavelength and high order transverse mode oscillating
in the cavity. From the spectrum of CW laser in Fig. 4(a), we could find dual-wavelength
laser centered at 1063 nm and 1066 nm. When we achieved mode-locking at the central
wavelength of 1066 nm, the longitudinal mode centered at 1063 nm was also existed as
shown in Fig. 4(b), which made significant effect on mode-locking stability and the quality of
spectrum. To solve this problem, we inserted a slit between the SF6 prims in the cavity. After
carefully optimizing the position and size of the slit, the longitudinal mode centered at 1063
nm and high order transverse mode oscillation could be suppressed. Finally, stable mode-
locked pulses centered at 1066 nm were successfully obtained and the spectrum of mode-
locking laser is described in Fig. 4(c). But the average output power decreased from 120 mW
to 75 mW for insertion loss of the slit. Figure 5 describes the stable mode-locked pulse trains
on the oscilloscope and the output power in mode-locked operation. When the pump power
increased to be 4.54 W, stable CW mode-locking was self-starting. The maximum output
power was 75 mW under the pump power of 5.9 W.
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Fig. 4. The spectra of CW laser and mode-locked pulses. (a) is the spectrum in CW operation;
(b) is the spectrum of mode-locked pulses without inserting a slit; (c) is the spectrum after
optimizing with a slit.
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Fig. 5. The CW mode-locked pulse trains on the oscilloscope (a) and the output power curve of
the mode-locked Nd:LGS laser with a 0.8% output coupler (b).

A commercial intensity autocorrelator (Femtochrome, FR-103MN) was used to measure
the intensity autocorrelation trace of the mode-locked pulses shown in Fig. 6. The width
(FWHM) of the autocorrelation trace was about 587 fs. If a sech®-pulse shape was assumed,
pulse duration was 381 fs. The inset in Fig. 6 shows the spectrum of the mode-locked pulses
measured by an optical spectrum analyzer (AQ6315A, Ando Inc.), which indicates a spectrum
FWHM of 3.28 nm at the central wavelength of 1066 nm. The time-bandwidth product was
estimated to be 0.33, very close to the Fourier-transform limit of 0.315 for sech® shaped
pulses.
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Fig. 6. Intensity autocorrelation trace of the mode-locked pulses measured and sech? fitting;
Inset: Spectrum of the mode-locked pulses with a spectrum FWHM of 3.28 nm at the central
wavelength of 1066 nm.
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Figure 7 shows the radio frequency (RF) spectrum of the mode-locked pulses with a RF
spectrum analyzer (Agilent E4407B). On a small span with a resolution bandwidth (RBW) of
1 kHz, the repetition rate was displayed at 134.4 MHz with a high extinction down to over 60
dB. The inset shows the RF spectrum on a wide span of 1 GHz with a RBW of 100 kHz.
From the RF spectrum, we could clearly know that the mode-locking was stable. Once the
pump laser diode was turn off and restarted, the mode-locking was self-starting and kept
stable with the pump power increased.

RF spectrum (dB)

134.2 134.3 134.4 134.5 134.6
Frequency (MHz)

Fig. 7. RF spectrum of pulse train measured by an RF spectrum analyzer with a small span and
a RBW of 1 kHz; Inset: RF spectrum on a spectral span of 1 GHz with a RBW of 100 kHz.

3. Discussion and conclusions

We experimentally proved the broad emission band of Nd:LGS disordered crystal and
obtained the femtosecond pulses. In CW experiment, we got 60.1 nm continuously tuning
range from 1045.2 nm to 1105.3 nm. From the CW tunable curve in Fig. 3(b), we can find
that there are two main peaks around 1.06 um and 1.08 pm. Both of them have FWHM of
more than 30 nm, which means the possibility to generate femtosecond pulses. We believe
femtosecond pulses around 1.08 um could be obtained by tuning the central wavelength,
which provides a suitable laser pump source for helium [21,22]. And if effective methods are
implemented, the dual-wavelength mode-locked laser will be also obtained, which has
potential applications for the generation of coherent terahertz radiation [23,24].

In mode-locked operation, we successfully suppressed the longitudinal mode centered at
1063 nm and high order transverse mode oscillation by inserting a slit. Stable and self-starting
CW mode-locking was achieved. The 381 fs laser pulse with output power of 75 mW is
suitable to be a seed for femtosecond laser amplifiers.

In conclusion, we have obtained femtosecond pulses with a Nd:LGS disordered crystal,
which possesses a broad emission band. The CW tuning range is more than 60 nm around
1.06 um. By using a SESAM and SF6 prisms, a stable 381 fs mode-locked laser at the central
wavelength of 1066 nm with an average output power of 75 mW has been achieved after
optimizing with a slit. Considering the excellent laser properties of Nd:LGS, we believe it will
be a promise crystal for compact ultrafast oscillators.
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