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Abstract: An effective supercontinuum (SC) generation is
Nd:GdVO, My (R =50cm)

demonstrated by injecting picosecond self Q-switched mode- ((’)) .
locked Nd:GdVQ laser pulses into a 1-m long microstructured :
fiber. The laser is operated at wavelength 100-nm away from the "

longer zero-dispersion of this dual zero-dispersion wavelength (R=28 cm) b
microstructured fiber. The phenomena of modulation instability, % ﬂSESAM
stimulated Raman effect, and dispersive wave can be sequentially k

. 3 M2 plate

observed from experimental results, leading to spectral broaden- i (.)
N =0
My

ing as pumping increases. PCF

MO
Schematiadiagram of experimental setup of SC generation
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1. Introduction mode-locked (CW-ML) lasers, including Ti:Sapphire laser

and Cr:Forsterite laser, etc., are often used as the pumping

sources to generate SC, that only several mini-watts of av-
rage power can easily make the peak power reach a few
ilowatts .

Supercontinuum (SC) generation from nonlinear mi-
crostructured fibers (MFs) has been widely used in optica
coherent tomography, optical metrology, coherent spec-

troscopy, and nonlinear microscopy, etc. The remarkable When the femtosecond laser is launched into the non-
performance of MFs are due to their unique propertieslinear MFs, various nonlinear optical effects including
of tailorable dispersion and high nonlinear coefficient by self-phase modulation (SPM), modulation instability (MI),
modifying the fiber structure [1]. The desired dispersion higher-order soliton breakup, self-frequency shift by stim-
and nonlinearity properties of guided modes in MFs canulated Raman scattering (SRS), and four-wave mixing
be produced by specially designed array of air holes in th FWM), etc., will be induced to cause spectral broadening
fiber cladding or core [2—4]. Generally, high peak power is[5-9] or optical frequency conversion [3,4,10-13]. The
the key factor for spectral broadening to result in SC gen-anti-Stokes emission from MFs can be efficiently gener-
eration in MFs. Therefore, femtosecond continuous waveated by modifying the air holes and controlling the bire-
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fringent[3,4,10]. Besides, the Cherenkov emission is ide- ((‘)) Nd:GdVO4 M (R = 50 cm)
ally suited for selective coupling into the high order guided Diode array | h
modes in MFs that are both experimentally and numeri-

cally demonstrated [11]. Through the mode control, the M, f
switching between the regime of broadband emission gen- (R =20 cm) 2
eration and the regime of isolated spectral componentsvis SESAM
are experimentally observed [12]. In addition, a nonlin- Is {I

ear transformation of pulses into higher order mode of a A2 plate

Spectrometer

quality spectrally isolated hollow beams [13]. PCF

specifically designed few-mode MFs will produce high- \ I:I 20
My

MO

The peak power is relatively low in CW-ML picosec-
ond lasers due to their longer pulsewidths and thereforé=igure 1 (online color at www.lphys.org) Schematic diagram of
high average powers are required for SC generationsexperimental setup of SC generation. &hd M, are folding mir-
For example, CW-ML laser with0 ps pulsewidth and rors of the oscillator. M and M, are two flat mirrors used for
2.4 W of average power was used to generate SC fronrollimating of light. MO is40x microscope objective lens used
700 nm to 1600 nm while the launching wavelength is lo- for focusing light into the PCF
cated in the anomalous dispersion region of fiber [14]. For
higher peak power, additional technique such as cavity-
dumping was needed to produce sub-kilowatt picosecon :
pulses for generating more tha0 nm bandwidth of (k Experimental setup

SC in MFs, and the fiber length is longer tham [15, g 1 shows the experimental setup of SC generation
16]. Sub-nanosecond Q-switched laser pulses with SUsting our homemade Nd:Gd\iQaser as the injection

oatpeapou s been e gt S M s o oSl s ot
u ; - N a0t reflective mirrors and then focused into a 1-m-long
gmoln, uItrell-ch:ﬁ and flat Sa%g;)uld be 35e3n2erate(i§)y USNGpolarization maintaining MF (Crystal Fibre, PM 760) by
ual-wavelength pumping nm an nm [18]. a40x microscope objective lens. A/2 plate is used to
change the polarization of the laser pulses before they are
Recently, Nd:GdVQ has become of great interest in Injecteéd into the MF. Finally, we measured the output spec-
Nd-doped laser crystals due to their wider bandwidth and"Um from MF by an optical spectrum analyzer (Ando,
better thermal properties in comparison with Nd:YyO AQ-6315). By optimizing the injected light field into the
and Nd:YAG. Various mode-locking techniques, including MF and properly rotating th&/2 plate, we can obtain the
semiconductor saturable absorber mirror (SESAM) [19]W|destbroadene.d_output spectrum from the MF with about
and nonlinear mirror (NLM) [20], have been used for ultra- 3270 coupling efficiency. _ _
short pulse generation. Before entering the completely ~The schematic figure-z laser setup (Fig. 1) consists of
CW-ML state, a Q-switched ML (QML) state can be ob- @ 4 x 4 x 8 mm a-cut Nd:GdVQ crystal that is end-
served in Nd:GdVQ laser systems as the pump power PUmped by the fiber coupled diode arrays (Coherent Inc.,
increases [19-21]. Distinguished from Q-switched pulses #AP-81-16C-800-1) oB08 nm in wavelength. The pump
the CW-ML pulses are contained in the Q-switching enve-D&am coming out from the fiber is imaged on the crystal
lope to retain the characteristics of ultrashort laser pulsestrough thel : 1.8 optical imaging accessories (OIAs, Co-
but the pulse repetition rate is reduced. Therefore, highep€rentInc.). One side of the laser crystal is high-reflection
peak power can be achieved at lower average power fofHR) coated atl064 nm and anti-reflection (AR) coated

QML pulses without using the cavity dumping technique. &t 808 nm. The other side of the crystal witlt wedge
is AR coated atl064 nm. The laser cavity consists of

two concave mirrors: one mirror M(the radius of cur-

In a previous work we have studied the build-up of su- vature R = 500 mm) is HR coated at064 nm. The other
percontinuum in heated MF using a CW-ML femtosecondmirror My, (R = 200 mm) having reflectivity of80% at
Ti:Sapphire laser [9]. As compared with the MF at room 1064 nm is used as the output coupler. The flat SESAM
temperature, a new blue-shifted spectral component is obfmodulation depth .6%, absorbancé%, damage thresh-
served in the initial stage of SC generation. Besides, NLMold 600 MW/cm?, Batop Inc.) is placed at the end of the
mode-locking of a diode-pumped Nd:GdY@ser in use cavity. The lengthd; (from laser crystal to the M), Io
of a10 mm long KTP crystal [20] was demonstrated by us (M; to M), andl3 (M, to SESAM) are30 cm,80 cm, and
to generate stable CW-ML at relative low threshold pump11 cm, respectively.
power of 2.3W. In this paper, we use picosecond QML At pump powerP, of 6 W, we maximized output pow-
pulses from a diode-pumped Nd:Gdy(ser by SESAM  ers of Nd:GdVQ to obtain regularly stable CW-ML pulse
to generate SC effectively from an 1-m-long MF with dual trains. Then, we measured the output power versus the
zero-dispersion wavelengths. pump power shown in Fig. 2 without touching the laser
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Figure 2 (online color at www.lphys.org) Output powers of

Nd:GdVO, versus the input pump power at different states of
CW (green circles), QML (red triangles), and CW-ML (blue dia- 0 1
monds). Inset is the time trace of QML pulses

-200 +

B, B, Ba, Bs x 10°%, | Bs x 10%,
ps?/km ps’/km pst/km | ps$/km ps/km
—34.64518 | —0.01037 | 0.00132 | —11.6922 | 9.10398

-400 -

Dispersion, ps/km nm

Table 1 Parameters of dispersion Hi64 nm

-600

cavity. As the pump power is increased, we found the , ,
output power increases, accompanied by the changing of -800 — - - 5 -
laser state from CW (green circles), QML (red triangles), 600 70 goiNaveI;?fOth m:foo 19507 1500
to CW-ML. While the pump power is tuned between the g

1.7 W and 4.6 W, we always observe QML pulse train,

however, the Q-switching envelope experiences small variFigure 3 (online color at www.Iphys.org) () The SEM for the
ation and timing jitter. Therefore, we needed to prop- €ross section of the MF (scale bay.m), and (b) calculated dis-
erly adjust the length of; and the SESAM to optimize persion curves and mode pattern by the “mode solutions” using
loss modulation depth. Then, the stable time traces of'® image of (a)

QML pulses will be displayed on the oscilloscope (inset

of Fig. 2) that reveals constant shape of Q-switching envespectively (from the product specification). Using the
velope with successive equal time spacing (the repetitionsEM image as the input to the software Mode Solutions
rate is about 20 kHz). Each Q-switching envelope has the (Lumerical Solutions Inc.), we can calculate the dispersion
width of aboutl s (FWHM), in which about one hundred  curve as well as the mode pattern for this MF, and the re-
CW-ML pulses are contained. The time spacing betweensy|t are shown in Fig. 3b. Our calculation result shows that
the CW-ML pulses is$ ns, which corresponds to the cav- the two zero-dispersion wavelengths are locaté®@anm
ity round trip time. The pulsewidth of QML pulses is about and1190 nm, which is slightly different from the product
15 ps (FWHM), and the center wavelengthlisi2.9 nm, = specification. This may be due to the distortion from the
corresponding to the anomalous dispersion region of thehadows around the air holes in SEM image. In addition,
MF. the coefficients,, listed in Table 1 represents thg, order

Fig. 3a shows the scanning electron microscope (SEM)raylor expansion of the propagation constant around the
image of the cross section of the used polarization maincarrier frequency,, which are obtained from the calcu-
taining MF. This fiber has high birefringence resulting |ated dispersion of Fig. 3b.
from the difference in the diameters of the three air-hole
pairs closest to the core: one pair of air holes has larger di-
ameter (.7 pm) and the other two pairs smaller@:m). 3. Results and discussion
The core diameter is about 1.im and the pitch (spac-
ing between adjacent holes) is abaut ym. The fiberhas Due to the lower repetition rate of QML envelope than
two zero dispersion wavelengths) nm and1160 nm, CW-ML pulses, the peak power of QML pulses are about
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20 @ 247 W ated from the amplitude and phase perturbations. The fre-
1081 nm guency shifts of these components relative to the center
40 4 1045 nm wavelength of the pumping arg, = +(2,, /27, and the
& //1099 nm maxima of new frequency components are
1
-60 o 2~ P, 2
Q,L:n(“)) n=12..., 1)
|62

(b) 466 W

wherey = (nowo/cAcyy) is the nonlinear coefficient with
ny being the nonlinear refractive index add; ; being the
effective core area. Due to relative small core diameter,
very large value ofy ~ 74 km~'W~! around1064 nm
-60 exists in our MF. In Fig. 4a, the frequency shifts of the
first two harmonics/;, andwvs (with v corresponding to
-20 — —T 1045 nm, 1081 nm, andv, corresponding td 099 nm)
© o0 W relative to the pumping (1062.9hm) are4.8 THz and
9.2 THz, which can be described by Eq. 1. Due to the
Raman gain, the amplitude dab45 nm peak is smaller
than that ofl081 nm and only the Stokes component of
-60 the second harmonic dt099 nm can be observed, but
not the anti-Stokes component. When the gain exceeds the
-20 @ L — v threshold power of Raman amplification, t_he Stokes com-
ponents within the Raman band are amplified. The ampli-
fied Stokes components can be regarded as the pump to
induce second or even higher order Stokes components,
and the red edge of the spectrum is shifted to longer wave-
-60 length, i.e. self-frequency shift. The red-shift of spectrum
MM!M%M suppresses the gain of anti-Stokes components and results
77— in stronger amplitude of Stokes component on the red side
90 1000 1100 1200 1800 1400 of the pump than the anti-Stoke component on the blue
Wavelength, nm side. As the average injected power is increased further,
the Raman-effect becomes more obvious and makes the
Figure 4 The evolutions of spectral broadening for the experi- spectrum edge move toward even longer wavelengths (see
mental observation at the peak power of 4dy W, (b) 466 W, Fig. 4b and Fig. 4c).
() 505 W, and (d)583 W, respectively There is a rapid evolution in spectral broadening from
Fig. 4c to Fig. 4d when the peak power is increased from
505 W to 580 W. Fig. 4d shows that the spectrum spans
from 900 nm to 1400 nm for average pumping power of
20 times higher than CW-ML pulses. Therefore, several300 mW (or peak power o680 W). Once the spectrum
nonlinear effects, such as Ml and SRS effects, can be inextends to exceed the longer zero-dispersion wavelength,
duced in MFs even at lower average powers. We injectecan additional spectral component would be generated at
QML pulses into the MF to observe the spectral broad-1315 nm (Fig. 4d). It is termed dispersive wave and is
ening phenomena. Fig. 4a—Fig. 4d show the evolution ofresulted from the perturbation of the higher order disper-
spectral broadening as the average power of injected lasesive parametes,, (n > 3) near the zero-dispersion wave-
pulses are increased fro@80 mW to 300 mW, which  length. The higher order dispersion offers phase-matching
correspond to the peak power ££7 W to 583 W. Here,  to make the energy of the pump be transferred to the
we estimate the peak power of QML pulses injected intodispersive wave. Besides, there is an additional peak at
the MFs by considering the coupling efficiency 3%, 950 nm that might be due to the degenerate four-wave mix-
pulsewidth of15 ps, envelope repetition rate 20 kHz, ing (DFWM) of the pump pulses and the dispersive wave.
and about one hundred pulses in each Q-switching enve-
lope.
For injected peak power afi7 W, spectral peaks ap- 4. Conclusion
pear at1045 nm, 1081 nm, and1099 nm, respectively,
on the broadened spectrum curve of Fig. 4a. These spedRicosecond self Q-switched mode-locked pulses can be
tral peaks are resulted from MI, while the pump wave- produced at lower pump power from Nd:Gdy@ser in
length is located at the anomalous dispersion region of theise of semiconductor saturable absorber mirror. Due to
fiber. Due to interplay between the nonlinear and disperdower repetition rate and higher peak power of Q-switched
sive effect, Stokes and anti-Stokes components are genemode-locked pulses than CW mode-locked pulses at the

-40

y

Intensity, dB

-40 +

-40 950 nm
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sameaverage power, the QML pulses can be used to effec-[8] I. Cristiani, R. Tediosi, L. Tartara, and V. Degiorgio, Opt.
tively generate supercontinuum in microstructured fiberas  Expressl2, 124-135 (2004).

short as onlyl m. Supercontinuum spectra frdd00 nm to [9] J.H. Lin, C.C. Hsu, W.F. Hsieh, and K.H. Lin, Opt. Com-
1400 nm were experimentally demonstrated although the ~ mun.265, 659-663 (2006).

pumping wavelength i500 nm away from the longer zero- [10] M. Lie Hu, C.Y. Wang, L. Chai, Y. Li, K.V. Dukel'skii, A.V.
dispersion wavelength. Nonlinear effects, such as modula- ~ Khokhlov, V.S. Shevandin, Yu.N. Kondrat'ev, and A.M.
tion instability, stimulated Raman effect, and higher-order _Zheltikov, Laser Phys. Lett., 209-302 (2004).
dispersion perturbation at the zero-dispersion wavelengtt1l S-O. Konorov, D.A. Akimov, E.E. Serebryannikov, A.A.

sequentially predominates the SC generation as the pump- 'S"S”OV' (';"V élfilr\lno& K.g/. ?”ke's"g* AA\'“\//I' KZthkl?ll(ov’ VI'_S'
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