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Abstract—A tapered microfiber decorated with titanium  waveguides [12], [13]. Furthermore, the strong nonlinearity of
dioxide-silicon dioxide nanocomposite saturable absorber (Tig~  TjQ, is beneficial for supercontinuum generation [14]. Besides
SiO2-SA) is demonstrated via alkali fusion method and spin- that, the transparency window of TiO, from ultraviolet towards

coating technique. The TiQ,-SiO,-SA exhibited 17.1% modulation . . .2 ) .
depth, 31.7pd/cm? saturation fluence and 35.4% non-saturable N€&-infrared bands make it a fascinating candidate for various

loss. The TiO,-SiO,-SA was able to generate a pulse duration of applications like photocatalysis [15], solar cells [16] and pulse
797 fsatarepetition rate of 10.39 MHz and an average output power fiber laser technology [17], [18], [19], [20]. Previous works re-

gf 16.57 mV\é_at i-56_um-bThiSdW0rk pfft!jemi an ;nharﬁ?d EP'EG ported that TiO, had |arge modulation depth up to 34%[20] and

uration within titanium-based saturable absorbers. The hig ) P ; ¥ ; ;

damage threshold of beyond 24.82 GW/cfand excellent stability two phpton abgorpjuon free in neer-infrared regm_n [14], Wh!Ch
alows it to maintain the fundamental mode-locking over wide

are believed to have opened a new route of using nanomaterials ) '
derived from waste product for next generation ultrafast photonic ~ Pump power ranges[17]. Despitethesuccessful attemptsof TiO,

applications.

I ndex Terms—Erbium-doped fiber laser, mode-locked, saturable

absorber, silicon dioxide, titanium dioxide.

|. INTRODUCTION

ULSE fiber lasers based on material integrated saturable

absorbers (SA) have recently garnered a huge research
interest in photonics communities. Over the past decades, the
considerable success of SAs employing graphene [1] and other
two-dimensional materials[2], [3] has triggered the emergence
of metal nanoparticles [4], [5], metal oxides [6], and transition
metal oxides[7], [8], [9] for ultrafast photonics. Titanium diox-
ide (TiOy) isatransition metal oxide with crystal structures of
anatase, rutile and brookite. TiOy hasbeen vigorously appliedin
many fieldsin photonics dueto its outstanding nonlinear optical
properties [10], [11]. In addition, the high nonlinear refractive
index of TiO, promotes strong light confinement in optical
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as light absorbing material for pulse generation [17], [18], [19],
[20], the achieved pul se durations within micro- to pico-seconds
are still lagged behind other existing materials [21], [22], [23].
Currently, numerous initiatives have been made to produce
nanoparticles from waste resources for sensor, actuator, and
supercapacitor applications[24]. The synthesis of nanoparticles
in a greener way lowers the overall cost as well as uses fewer
hazardous chemicals as compared to the well-established routes
such assol-gel, hydrothermal, solvothermal, surfactant-assisted,
micro-emulsion and templated method [25].

Inthe past years, silicon dioxide (SiO;) had gained significant
interest due to its high tolerance to extreme conditions like
acidity and basicity, high temperature, and humid environment
[26],[27]. In addition, it has been widely used as a coating layer
for metal oxides [28], [29]. Furthermore, it has been reported
that the introduction of SiO, layer is capable to inhibit the
aggregation of nanomaterials [30]. In fact, Li et al. stated that
the incorporation of SiO, does not contribute to the additional
scattering effect asitsrefractiveindex matched with silicaoptical
fiber [31]. Moreover, the sol-gel approach of material-SiO, has
been proven to boost the damage threshold of the SA device as
it helpsto dissipate heat and isolates the material from chemical
degradation [32], [33]. For instance, a high damage threshold
of graphene-SA [34] and molybdenum disulfide (M0S;)-SA
[31] up to 50.7 GW/cm? and 3.46 Jcm?, respectively have
been recorded after SIO, incorporation. In other work, Lv and
associates reported superior stability of M0S,/SiO;-SA under
600 mW pump power over one week monitoring period [33].

Therefore, motivated by these merits, we demonstrate an
ultrafast 797 fs pulse duration of mode-locked erbium-doped
fiber laser (ML-EDFL) via TiO,;-SiO; decorated onto a ta-
pered microfiber (TMF) with the help of polydimethylsiloxane
(PDMS) polymer matrix. The delivered pulse performance is
significantly improved as compared to the previously reported
titanium-based SAs. The findings show that the TiO5-SiO2-SA
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exhibited modulation depth and saturation fluence of 17.10%
and 31.7 uJem?, respectively. The estimated damage threshold
of this SA exceeded 24.82 GW/cm? input intensity, which was
determined from the back-cal cul ation method based on the laser
output power. The reutilization of industria ilmenite waste as
a precursor for nanomaterial production paves an ecofriendly
route for waste minimization and extends the exploration of
composite materials for ultrafast photonics.

Il. MATERIALS, METHODS AND CHARACTERIZATIONS
A. Chemicals

Synthetic rutile made from ilmenite waste was procured from
a tin mining factory in Perak, Malaysia. Sodium hydroxide
(NaOH) was obtained from R& M Chemical while sulfuric acid
(H2S04) was purchased from Emsure. The isopropy! alcohol
(IPA, 99.5%), ethanol (99.5%) and silica (SiOy) nanoparticles
were ordered from Sigma Aldrich, and PDMS prepolymer and
curing agent (Sylgard184) was acquired from Dow Corning. In
this work, all the chemicals were utilized as received without
further purification.

B. Material Synthesis and Characterizations

TiOy nanoparticles were synthesized using the optimized
procedures of alkali fusion method [35]. Initially, bulk synthetic
rutile and NaOH were mixed at the mass ratio of 1.2, followed
by calcination at 550 °C for 3 hours. The product then went
through aleaching process by introducing 2 M of Hy, SO, under
continuous stirring condition at 80 °C for another 3 hours. This
step is crucial to maximize the interaction between the product
and strong acid [36]. Finally, the resultant product was washed a
few times using deionized water and dried at 80 °C for 24 hours.
The product was subsequently crushed using mortar and pestle
to obtain powders with reduced particle sizes. Next, to prepare
TiO,-SIO, nanocomposite, the aggregated raw SO, wasfirstly
dispersed in ethanol, ball-milled for 90 minutes with the help
of ceramic grinding ball. After that, the product was collected
after ball separation, filtration, and desiccation. Following that,
the SiO, powders was dissolved in NaOH solution at 60 °C
under stirring condition. It was then mixed with aged TiO, with
a mass ratio of 1:1 and subsequently stirred for 1.5 hours. By
calcinating the sample at 300 °C for several hours, the fina
product of TiO,-SiO, nanocomposite was produced.

The phase identification of as-synthesized TiO,-SIO, was
characterized using Rigaku SmartLab X-ray diffractometer
(XRD) equipped with Cu-Ka radiation of wavelength, A =
0.15406 nm. The measurement was taken within the 20 range of
20°to80° withaninterval of 0.02°. Fig. 1 showsthe XRD pattern
with peaks at 25.23° (101), 37.79° (004), 47.88° (200), 54.85°
(105), 62.55° (204) and 74.89° (215) which can be indexed as
anatase phase of TiO; [35], [37] and matched well with the
reference code (JCPDS 96-900-8214). Meanwhile, the visible
peaks at 27.38° (110), 36.02° (101) and 69.69° (112) repre-
sent the rutile phase of TiO, (JCPDS 96-900-9084) [38]. Both
phases crystallized in tetragonal systems; the |attice parameters
of anatase and rutilearea=b = 3.78 A, c = 951 A, and

|EEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

R Rutile
A Anatase

Intensity (Arb. Unit)

20 (degree)

Fig. 1. Diffractogram of the as-synthesized TiO5-SiO5.

a=b=460A, c=29A, respectively. From the XRD
analysis, the percentage of anataseandrutile TiO, are 90.4% and
9.6%, respectively. Thebroadening of the XRD peaksrevealsthe
reduced crystallite size after the leaching process. The average
crystallite size (D) of anatase TiO, is then estimated using the
Scherrer equation in (1) asfollows:

0.91
- [ cosf &)

where $ is the full width at half maximum (FWHM) of the
most intense XRD peak and 6 is the Bragg's angle. As a
result, the value of D at 20 = 25.23° is 6.12 nm. Conversely,
representative of SiO, was not observed as a conseguence of
their non-crystalline phase (amorphous) in nature.

The sample was subjected to transmission electron mi-
croscopy (TEM) viaHitachi H-7100 STEM coupled with energy
dispersive X-ray (EDX). Fig. 2(a) shows nanosheet-like mor-
phology of TiO,-SiO,. The magnified TEM imagein Fig. 2(b)
reveals the successful coating of crystalline TiO, with amor-
phous SiO,. Specifically at point 1 (refer Fig. 2(c)), the weight
percentage of titanium (Ti), oxygen (O), and silicon (Si) are
57.6%, 30.6%, and 6.60%, respectively. Meanwhile, the low-
est percentage of Ti (5.10%) is represented by point 2 (refer
Fig. 2(d)), as compared to O (28.90%) and Si (31.30%). The
detected sulphur (S) in the EDX analysis is associated with
the incomplete removal of acid during the leaching process.
Meanwhile, theidentified carbon (C) element isdueto the slight
burnt of the sample caused by intense electron beam during TEM
characterization. Fig. 3(a), (b) present the absorption profile
of TiO5-SiO, spanning from ultra-violet towards near-infrared
region. From Fig. 3(a), the absorption edge was estimated to
be 405 nm, which matched with the previously reported work
in [39]. By considering the absorption edge wavelength (1),
Planck’s constant (h), and velocity of light (c) expressed in (2)
below;

hc

Ey=—, 2
the optical bandgap energy (E,) of TiO,-SiO, was estimated
to be 3.06 eV [39]. The E, and particle size share an in-
verse correlation to each other, in which an absorption edge
shifts to a shorter wavelength with reducing particle size [40].
This finding is supported by XRD analysis whereby broad 5
was obtained as depicted in Fig. 1, implying the size of the
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Fig. 3. (@) Ultraviolet-visible and (b) near-infrared absorption profile of as-
synthesized TiO3-SiOo.

synthesized TiO,-SiO;, lieswithin the nanometer regime. Apart
from that, a defect-free semiconducting material only allows
incident photons with energy equal to the E, to be absorbed
[41]. However, the non-negligible absorption of TiO,-SiO,
across 1000-2000 nm observed in Fig. 3(b) isdueto the crystal

(a), (b) TEM images and (c), (d) EDX analysis of the as-synthesized TiO2-SiO,.

imperfections (such as vacancies, atom dislocations, etc.) that
extends the material’s absorption bands [41]. The consistent
absorption profile in 1500-1600 nm wavelength (refer shaded
region in Fig. 3(b)) proved its functionality as light absorbing
material for our ML-EDFL laser system.

C. TiO,-S0,-SA Fabrication and Characterizations

As schematically sketched in Fig. 4(a), TiO,-SiO,-PDMS
nanocomposite was prepared by firstly dispersing 0.5 mg of
TiO5-SiO; nanoparticlesin 10 mL of IPA. Thereafter, the glass
vial was then filled with 1 g of PDMS and the mixture was
heated to 85 °C and agitated magnetically for 24 hours. Next,
0.1 g of curing agent was introduced to the TiO,-SiO,-PDMS
nanocomposite, followed by constant magnetic stirring for 30
minutes to retain its homogeneity. The air bubbles were then
removed from the nanocomposite through a degassing process
in vacuum. The TMF properties were set at 30 mm (taper
transition), 0.5 mm (waist length) and 10 ;m (waist diameter),
as shown in Fig. 4(b). The adiabaticity of the TMF was firstly
determined prior to itsfabrication by calculating thetaper angle,
#, using the following expression [42];
Dy — Dy
—57 ©)
where D; is the cladding diameter, D, is the waist diameter,
and L is the taper transition length. The calculated value of
0 was 1.92 mrad which was less than 5 mrad, validating its
adiabatic criterion [42]. In addition, the adiabaticity can also be
confirmed from its features of having low loss and no obvious
spectral fringes [42]. Next, the acrylate polymer coating layer
of single-mode fiber was stripped off and the unstripped optical

tanf =
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Fig. 4. (a) Thepreparation of TiO2-SiO2-PDMS nanocomposite, (b) illustra-

tion of the fabricated TMF, (c) spin-coating process, and (d) TiO2-SiO2-PDMS
nanocomposite deposited TMF.
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Fig. 5. Raman spectrum of cured TiO2-SiO2-PDMS nanocomposite.

fiber were locked on the stage holder of Vytran GPX-3400 op-
tical glass processing workstation for precise TMF fabrication.
AsdepictedinFig. 4(c), thefinal as-prepared TiO2-SiO,-PDM S
nanocomposite with curing agent was spin-coated at therotating
speed of 4000 rotation per minute for 5 minutes. Lastly, the
as-fabricated TiO,-SiO,-SA was left to dry (refer Fig. 4(d)).
The remaining cured TiO,-SiO,-PDMS nanocomposite in
the glass vial was analyzed using Raman spectroscopy (Horiba
Scientific-LabRAM HR Evolution, 532 nm excitation wave-
length). As shown in Fig. 5, the active Raman modes of anatase
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TiO, weredetected at 144cm1 (E,), 399cm 1 (B4,), 514cmt
(A1g, B1g) and 639 cm~! (E,) whereas second order Raman
of rutile phase was identified at 240 cm~? [43]. On the other
hand, the well-resolved Raman peaks of PDMS at 2908 cm—?*
and 2967 cm~* as well as other minor peaks that overlapped
with SiO,, (refer Fig. 5) signify the successful preparation of the
nanocomposite [44].

The characteristics of bare TMF and TiO5-SiO,-SA were
investigated intermsof their linear transmission properties. This
property was characterized using Amonics ALS-CL-17-B-SC
broadband light sourceand Yokogawaoptical spectrum analyzer
model AQ6370B with a resolution of 0.02 nm, as depicted in
Fig. 6(a). The bare TMF was spliced in between these instru-
ments followed by TiO,-SiO2-SA. The transmission profiles of
both samplesareplottedin Fig. 6(b). Inthe case of un-tapered re-
gion, thelight propagation obeysthetotal interna reflection. The
tapering process causes the light to propagate outside the fiber
core/cladding as evanescent waves. Unlike lossy feature of non-
adiabatic TMF with obviousfringeson thetransmitted spectrum,
the experimental finding in Fig. 6(b) shows the transmission of
beyond 95% with no distinct fringes for bare TMF. The small ¢
value of 1.92 mrad in the fabricated adiabatic TMF preventsthe
fundamental mode from being excited and maintains its power
density within the optical fiber structure. In this scenario, the
magjority of the light is confined within the fiber core/cladding
area, assuming the large refractive index difference between
silicacore (n; = 1.45) and air (n, = 1.00). By considering the
simple calculation of Snell’'s Law, ny sinf; = ny sinf,, the
calculated critical angle (0.) of bare TMF was 43.59°. After the
nanocomposite deposition, the transmission of TiO5-SiO5-SA
reduced to 57-60% (within 1555-1565 nm wavelength range),
as plotted in Fig. 6(b). In this case, the nanocomposite served
as anew cladding medium with n, = 1.3997, consequently re-
duced therefractiveindex difference between two media. As per
calculation, the 0. increased to 74.81° after TiO,-SiO,-PDMS
was spin-coated onto the TMF. Therefore, a fraction of light
in the form of evanescent waves that propagate with incidence
angle smaller than 6. will experience dynamic absorption with
the embedded TiO,-SiO,. Meanwhile, the light with incidence
angle larger than 6. will be internally reflected and remained
in the core/cladding region. It is worthy to emphasize that the
polymer used in this experiment only served as a medium to
secure the nanomaterial, assisted back-coupling of light after
the nonlinear interaction and has no contribution towards the
saturable absorption effect, as reported in [45].

TheTiO,-SiO,-SA wasinserted into atwo-arm experimental
setupinFig. 6(c) for nonlinear measurement. The characteristics
of pulse fiber laser source are 150 fs, 60 MHz and 1.56 um
for pulse duration, repetition rate, and central wavelength,
respectively. The power adjustment was done by variable
optical attenuator (VOA). The power was split equally via
optical coupler (OC) and directed to a pair of optical power
meters (OPM1 and OPM?2) for data collection. The fabricated
TiO5-SIO2-SA was inserted within one port of OC and OPM2
while the other port (OPM1) was referred as reference power.
The nonlinear saturable absorption of TiO;-SIO,-SA can be
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Fig. 6. Linear transmission measurement (a) experimental setup and (b)
transmission profile bare TMF and TiO2-SiO2-SA; nonlinear transmission
measurement (c) experimental setup and (d) nonlinear transmission curve of
TiO2-SiO2-SA.

understood by three main parameters, specifically modulation
depth (o), saturation fluence (F,,;) and non-saturable loss
(aus), as effectively described in (4) below [46];

T(F)=1-ay elFat) —ay,, 4

where T is the transmittance, and F is the incident fluence.
From (4), o is estimated from the difference of maximum and
minimum transmission, F,,; is defined as the incident fluence
required to achieve haf of a,. In contrast, «,,, is referred to
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Ti0,-Si0,-SA

Fig.7. Experimental setup of thering cavity ML-EDFL using TiO2-SiO2-SA.

the constant linear loss of TiO,-SiO,-SA. The experimental
data and curve fitting of (4) are depicted in Fig. 6(d). From
the analysis, a;, a,s and F,,; are determined as 17.1%,
35.4%, and 31.7 pJem? (equivalent to |4, of 211 MW/cm?),
respectively. The SA with large modulation depth is able to
generate ultrashort pulses as well as suppress multiple pulses
including harmonic mode-locking. Therefore, this proves the
capability of TiO,-SiO5-SA to alow high fluence of photonsto
be transmitted and opague for low fluence of photons, which is
the main criterion that must be taken into account for a material
to become SA, as mentioned in [47].

I1l. ERBIUM-DOPED FIBER LASER WITH T105-SI05-SA
A. Experimental Layout

Fig. 7 depicts the experimental layout of ML-EDFL incor-
porating TiOy-SiO5-SA. The ML-EDFL was ignited by a 980
nm laser diode (LD) with 208 mW maximum pump power. For
the active gain medium, 5 m length of erbium-doped fiber (EDF,
L ucent HP980) was utilized. The EDF featuresdi spersion coeffi-
cient of —18 ps/(nm.km) at 1550 nm and absorption coefficients
intherangeof 3.5-5.5dB/mwithin 1530-1560 nm wavel engths.
The pump light was directed into the EDF through a 980/1550
nm wavelength division multiplexing fused coupler (WDM). In
order to prevent unwanted back reflections and ensure unidirec-
tional operation, a polarization-independent isolator (1SO) was
included right after the EDF. Then, thefabricated TiO5-SiO5-SA
wasinserted after the 1 SO asamode-locker device in the cavity.
A three-paddle all-fiber polarization controller (PC) was spliced
with the TiO5-SiO,-SA to control the cavity birefringence and
optimize its polarization state. An OC with splitting ratio of
80/20 was employed to split theintra-cavity lasing light into two
paths; the more significant portion was channelled back into the
laser cavity while the smaller portion was tapped out for pulse
measurement.

The spectral dynamics of the ML-EDFL were recorded by
the optical spectrum analyzer (Yokogawa, AQ6370B) with 0.02
nm resol ution bandwidth. The pulse profilewasmeasured with a
100 MHz digital phosphor oscilloscope (Tektronix, TDS3012C)
via5 GHz bandwidth photodetector (Thorlabs InGaAs detector,
DETO08CFC). Theradio frequency (RF) spectrum was obtained
by an electrical spectrum analyzer (GW Instek GSP) with radio
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TABLE |
CALCULATION OF GVD IN THE RING CAVITY ML-EDFL
Fiber type L (m) B2 (ps*/km) Total GVD (ps?)

Hi-1060 1.6 -7 -0.0112
HP-980 EDF 5.0 23 0.1150
SMF-28 13.3 -22 -0.2929

Net GVD -0.1891

and video resolution bandwidth (RBW and VBW) of 3kHz and
1 kHz, respectively. The average output power was measured
using OPM (Thorlabs, PM100D) with S302C thermal sensor
from 20% of the OC output port. The autocorrelation trace
of the ML-EDFL was captured using autocorrelator (A.PE.
PulseCheck). The operating regime of the ML-EDFL was deter-
mined by calculating the total group velocity dispersion (GVD)
of each fiber used in the laser cavity. The product of each fiber
length (L) anditsdispersion coefficient (52) in Tablel confirmed
the anomalous dispersion regime of the proposed laser system
with the net GVD of —0.1891 ps?.

B. Pulse Performance and Sability Evaluation

Fig. 8(a)—(d) depict the spectral evolution of ML-EDFL with
respect to pump powers. In the experiment, a continuous wave
(CW) laser was initiated when the pump power reached 10.3
mW. By launching the pump power over 72.4 mW, the mode-
locking pulsesweregenerated asaresult of constructiveinterfer-
ence of longitudinal modes after multiple cavity roundtrips. As
aresult, the typical feature of a soliton pulse with the existence
of Kelly sidebands was a so observed as shownin Fig. 8(a), (b),
arose from the resonance effect between soliton and dispersive
wave components after periodic soliton perturbations. These
sidebands on the spectral envelopesare an indicator that the pro-
posed ML-EDFL operates in the net negative dispersion which
matched with the calculation in Table I. Fig. 8(b) portrays the
output spectrum at the threshold and maximum pump powers.
For 208 mW pump power, the central wavelength (1) and its
3-dB spectral bandwidth (Ax) of the ML-EDFL were 1560.13
nm and 4.17 nm, respectively. From these results, there are no
significant difference between these optical spectra. However,
further analysis can be made to determine the quality of gener-
ated pulse from the laser cavity.

Based onthecollected datain Fig. 8(a), theanal yses of optical
spectra in relation to pump powers are plotted in Fig. 8(c).
Numerical simulation in [48] stated that the laser cavity with
small net anomalous dispersion (GVD > —1 ps?) permits small
coefficient of energy transfer from soliton to Kelly sidebands,
thus the appearance of weak sidebands in the optical spectrum
is commonly observed as shown in Fig. 8(b). The enhancement
of peak power intensity for both soliton central wavelength
and sidebands were also observed at increasing supplied pump
powers, as depicted in Fig. 8(b).

The plots in Fig. 8(c) revea the evolvement of power dif-
ference between soliton’s central wavelength and highest Kelly
sideband (AP), and power difference between sidebands (AP..1)
from 5.31 to 6.09 dB and 2.17 to 2.87 dB, respectively. The
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Fig. 8. (@) Spectral evolution, (b) optical spectrum of ML-EDFL using TiO-

SiO2-SA at 72.4 mW and 208 mW pump power, (c) analyses of first Kelly
sideband, and (d) power and pulse energy development.

maximum difference for both AP and AP.; were less than
1 dB, which are considerably small, suggesting the pulse en-
ergy concentrated in the soliton pulse rather than Kelly side-
bands [48]. This kind of soliton pulse might not be suitable
for specific applications like terahertz signal generation where
strong sidebands are preferred, yet employing highly nonlinear
fiber can significantly enhance those sidebands [48]. However,
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the presence of normal dispersion fiber (EDF, in this case) in
the laser cavity weakens the Kelly sidebands. This observa-
tion is contradicted to the one reported in [49] whereby the
Kelly sidebands are dominant in a laser cavity made by all
anomal ousdispersionfibers. Such resonant i nteractionsbetween
soliton pulses and dispersive waves might restrict the soliton
amplification efficiency and induce pulse timing jitter, which
degrade pulse’s stability and create substantial bit errors over
long-distance propagation [49]. To tackle these issues, severa
strategies have been practiced, such as designing laser resonator
withlength that islonger than the soliton period, or incorporating
optical filter with appropriate bandwidth, namely Lyot filter [49],
non-adiabatic tapered fiber [50], and chirped fiber Bragg grating
[51]. The purpose of these methods is to reduce the strength of
Kelly sidebands. Besides that, assuming fixed cavity dispersion,
the spacing between first Kelly sideband (AiL;) has inverse
relation to the pulse width [52]. Nearly consistent pulse width
against pump powers were observed, which is in-line with the
minimal decrement of Ai.; from 16.81 to 16.06 nm (0.75 nm
maximum difference only).

Fig. 8(d) shows the power and pulse energy development
against pump powers. The linear increase in the average output
power from 5.61 to 16.57 mW was observed with increasing
the pump power to its maximum. Based on the findings, the
calculated laser efficiency was 7.96%. This corresponded to the
pulse energy incremental from 0.54 to 1.59 nJ. By considering
the measured output power, the loss of the optical components
and SA device in Fig. 7, the maximum intensity injected into
TiO,-Si0,-SA was estimated to be 24.82 GW/cm?, which was
determined by back-cal culation method. Neither physical dam-
age nor deterioration of pulse performance were observed for
the entire experiments, thus the damage threshold of this SA
was believed to be larger than this value.

Fig. 9(a) captures the ML-EDFL pulse train at 208 mW
pump power. The time interval between subsequent pulses was
96.27 nsthat reflected to 10.39 MHz repetition rate, which isin
line with 19.9 m cavity length. The RF spectrum in Fig. 9(b)
shows the frequency of the ML-EDFL over 500 MHz span,
with 65.6 dB signal-to-noise ratio at fundamental fregquency.
At the highest pump power, no CW component breakthrough
or multiple pulsing was observed, highlighting that the optical
pulses was in stable condition.

Fig. 10 portrays the autocorrelation trace of ML-EDFL with
FWHM of 1.23 ps. The data is fitted with secant hyperbolic
(sech?) profile with decorrelation factor of 0.648, giving an
estimated pulse width (7,,5e) Of 797 fs. The time-bandwidth
product (TBP) of the soliton pulseis calculated by using (5) as
follows:

TBP — Tpulse - DA - ¢

(he)?
where c is the speed of light in vacuum. From the experimental
findings, the calculated TBP of the pulse is 0.41, showing that
the pulse was dlightly chirped since the theoretical transform
limit value is 0.315. A stability test was executed at laboratory
environment (>70% relative humidity) for 60 minutes at 208
mW pump power to authenticatethe ML-EDFL robustness. The
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Fig. 10. Autocorrelation trace of ML-EDFL using TiO3-SiO2-SA.

data collection was performed within 2 minutes interval. The
spectrogram of the ML-EDFL optical spectrum and autocor-
relation trace over a 60 minutes monitoring period are shown
in Fig. 11(a) and (b), respectively. Fig. 11(c) and (d) show the
output datain termsof A . and AX, aswell as 7,5 and TBP, in
which the plotted error bars were generated from three different
measurements with timeinterval of 10 days. From the analysis,
the average A., AX, Tpuse and TBP are 1560.07 + 0.03 nm,
4.01 + 0.16 nm, 797 + 7 fs and 0.39 + 0.02, respectively.
This quasi-long-term stability assessment shows the viability
of TiOy-Si05-SA based TMF as areliable nonlinear device for
ultrashort pulse generation in near-infrared wavelength bands.
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TABLEII
REVIEWS ON SA PREPARATION METHODS AND THEIR NONLINEAR PROPERTIES

SA SA preparation Ths MD (%) Lsat Ref.
(%)

TiS2/PVA Spin-coating of 17.00 13.19 17.97 [53]
polymer composite MW/cm?

Tiz:AlC: Drop and dry 50.80 2.00 2.68 [54]
MW/cm?

rGO-TiO2 Drop and dry 73.21 32.54 0.42 [55]
kW/cm?

TiSz Optical deposition - 8.30 1.20 mW [56]

TiO> Fiber drawing 63.10 - - [19]

TiO:- Spin-coating of 35.40 17.10 211.00 This

Si0./PDMS polymer composite MW/cm? work
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TABLEII
CRITICAL REVIEWS ON THE PULSE PERFORMANCE OF TI-BASED SASIN 1.56
M REGION
Material ML Pulse Rep. Pout Pulse Ref.
(mW) width Rate (mW) energy
(s) (MHz) @)
TiS/PVA 276.0 2.36p 343 0.18 0.05n [53]
Ti:AlC2 21.0 221p 1.89 15.30 8.14n [54]
rGO-TiO> 100.8 1.05p 11.18 1.51 0.13n [55]
TiS» - 812.00 f 22.70 0.57 253p [56]
TiOs 106.0 9.74p 0.98 8.42 8.56n [19]
Ti0x-Si0y/ 72.4 797.00 £ 10.39 16.57 1.59n This
PDMS work

*MLu: mode-locked threshold power, Rep. rate: repetition rate, Pou: average
output power

IV. DiscussioN

Tablell presentsthe summary of the SA preparationsand non-
linear propertiesof Ti-based SAs. Sandwich of material/polymer
composite in between fiber ferrule (FF) is often used to fabri-
cate the SA device, as demonstrated in [53]. The spin-coating
method allows controllable thickness of the composite, which
correlates to the controllable nonlinear properties of SA [53].
However, the direct light-matter interaction at the FF's core
area might lead to the damage of the SA device. In other
works, the indirect light coupling method enables a high-power
tolerance as compared to the sandwiched thin film in between
FFs. Previously, SAswerefabricated by depositing Tis AlC, [54]
and rGO-TiO, [55] solutions onto side-polished fibers (SPFs)
via simple drop and dry technique. However, the uncontrolled
surface roughness caused by polishing effect might contribute
to the inhomogeneous surface morphology of the deposited
material and enhanced scattering effect, resulting to the high
transmission loss of the TisAIC,-SA [54] and rGO-TiO,-SA
[55]. On the contrary, the work reported by Zhu et al. [56]
successfully transferred TiS, nanosheets onto SPF through an
optical deposition method, yielding a lower loss compared to
[54], [55]. The optical deposition offers a controllable material
attachment onto the substrate, whereby it is highly dependent
on the wavelength and power of the pump source, solvent used
and deposition time. Other than that, a multimode fiber SA
(FSA) contained anatase TiO, offers a high-power tolerance,
yet apulling tower is required to draw the fiber from a preform
[19]. From Table 1, the modul ation depth of TiO,-SiO,-SA was
characterized to be 17.10%, whichishigher than [53], [54], [56]
and significantly lower than [55].

Table 111 presents the critical parameters of pulse perfor-
mance; specifically, threshold condition of mode-locked op-
eration, pulse width, repetition rate, output power and pulse
energy. Thework in [54] exhibited low mode-locking threshold
condition of 21.0 mW due to the low saturation intensity of
TizAlIC,-SA. Although rGO-TiO, [55] possessed lower satura-
tion intensity, a higher pump power is required to compensate
the high insertion loss of the SA device, thus mode-locking
operation was observed at 100.8 mW. Despite of the highest
saturation intensity attained in this work as compared to others
[53], [54], [55], [56], it is worth to mention that with the
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optimized laser cavity in this experiment, the mode-locking
operation started at 72.4 mW, which is relatively lower than
[19], [53], [55] and significantly higher than [54]. Besides that,
the pulse width in the works [19], [53], [54], [55] lies within
picosecond duration, while Zhu et al. [56] reported ultrafast
duration of 812 fs via TiS,-SA, which is dightly slower than
this work (797 fs). Despite of large power extraction and short
cavity length, the output power attained by Zhu et a. [56]
was less than 1 mW with picojoules pulse energy. Contrarily,
when the long length of laser cavity is designed, it allows the
accumulation of the intracavity pulse energy yet sacrificing its
pulse width [19], [54]. Therefore, based on the abovementioned
works, thiswork delivered the output power of 16.57 mW, which
is higher output power and fastest pulse duration within TiOs
group and clearly better than other Ti-based SAs[19], [53], [54],
[55], [56].

The reduced diameter of the optical fiber to 10 um allows
light-matter interaction within the evanescent field which con-
sequently creates the intensity dependent saturable absorption
effect. Furthermore, theincorporation of SIO, asacoating layer
helpsto protect the TiO, nanoparticlesfrom any chemical degra-
dation aswell as minimizes their aggregation. Additionally, the
water-insoluble polymer like PDM S acts as a second protective
barrier to ensure oxygen and moisture free environment and
prolong the shelf life of the device. Moreover, the involvement
of low refractive index polymer in this experiment secures the
back-reflection of light following nonlinear interaction at the
thinwaist of TMF. Neither pulseinstabilitiesnor thermal damage
of the SA device was observed for the entire experiment. The
threshold damage of the fabricated TiO2-SiO,-SA was beyond
24.82 GW/cm?, thus opens new possibilities for future advances
in nonlinear photonic devices.

V. CONCLUSION

We experimentally demonstrated the potential of TiO,-SiOs-
PDM S nanocomposite as a new nanomaterial for femtosecond
pulse generation at 1.56 um wavelength. The ML-EDFL was
initiated at 72.4 mW pump power and remained asafundamental
pulseat 10.39 MHz of repetitionrate. Theshortest pul seduration
achieved was 797 fs, which is a significant improvement among
the TiO, families and other Ti-based SAs abeit using waste
as a starting material. Pulse-breaking effect was successfully
suppressed due to the high modulation depth of 17.1%. The
incorporation of SiO, layer preserved the material from chemi-
cal degradation and minimizing the photo-ablation of material.
Thus, the TiO,-SiO,-SA is believed to sustain at large light
intensity of at least 24.82 GW/cm?. This work explored the
potential of TiO,-SiO,-SA as future low cost and broadband
optical nonlinear device covering up to near-infrared wavel ength
operation using simple routes of akali fusion method and spin-
coating technique.

REFERENCES

[1] F Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, “Graphene photonics
and optoelectronics,” Nature Photon., val. 4, no. 9, pp. 611-622, 2010.

(2

(3l

(4

(9]

(6l

(8]

(9

(10]

[11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

(29]

1500610

K. Y. Lau and D. Hou, “Recent research and advances of material-based
saturable absorber in mode-locked fiber laser,” Opt. Laser Technol.,
vol. 137, 2021, Art. no. 106826.

X. Liu, Q. Gao, Y. Zheng, D. Mao, and J. Zhao, “ Recent progress of pulsed
fiber lasers based on transition-metal dichal cogenides and black phospho-
rus saturable absorbers,” Nanophotonics, vol. 9, no. 8, pp. 22152231,
2020.

N. Z. A. Naharuddin et a., “Pulsed-laser-ablated gold-nanoparticles sat-
urable absorber for mode-locked erbium-doped fiber lasers,” Opt. Laser
Technol., vol. 150, 2022, Art. no. 107875.

A. R. Muhammad, M. T. Ahmad, R. Zakaria, P. P. Yupapin, S. W. Harun,
and M. Yasin, “Mode-locked thulium doped fibre laser with copper thin
film saturable absorber,” J. Modern Opt., vol. 66, no. 13, pp. 13811385,
2019.

W. A. Khaleel, S. A. Sadeg, I. A. M. Alani, and M. H. M. Ahmed,
“Magnesium oxide (MgO) thin film as saturable absorber for passively
mode locked erbium-doped fiber laser,” Opt. Laser Technal., vol. 115,
pp. 331-336, 2019.

S.A.Sadeq, S.W.Harun,and A. H. Al-Janabi, “ Ultrashort pulsegeneration
with an erbium-doped fiber laser ring cavity based on a copper oxide
saturable absorber,” Appl. Opt., vol. 57, pp. 5180-5185, 2018.

M. A.W. A. Hadi et a., “Investigation of tungsten trioxide as a saturable
absorber for mode-locked generation,” Opt. Laser Technol., vol. 132, 2020,
Art. no. 106496.

J. S Liu et a., “FesO4 nanoparticles as a saturable absorber for gi-
ant chirped pulse generation,” Beilstein J. Nanotechnol., val. 10, no. 1,
pp. 1065-1072, 2019.

A. Soussi et d., “Electronic and optical properties of TiOy thin films:
Combined experimental and theoretical study,” J. Electron. Mater., vol. 50,
no. 8, pp. 4497-4510, 2021.

L. Cui and W. Wang, “Optical properties of anatase and rutile TiOs
films deposited by using a pulsed laser,” Appl. Opt., vol. 60, no. 27,
pp. 8453-8457, 2021.

G. Li, M. Fu, Y. Zheng, and X. Guan, “TiO2 microring resonators with
high Q and compact footprint fabricated by a bottom-up method,” Opt.
Lett., val. 45, no. 18, pp. 5012-5015, 2020.

A. Mammeri et a., “ Optogeometric study of multimode TiOy waveguide
thin films elaborated by reactive magnetron sputtering,” Physica B: Con-
dens. Matter, vol. 641, 2022, Art. no. 414059.

K. Hammani et al., “ Octave spanning supercontinuum in titanium dioxide
waveguides,” Appl. i, vol. 8, no. 4, 2018, Art. no. 543.

A. Kumar, P. Choudhary, A. Kumar, P. H. C. Camargo, and V. Krishnan,
“Recent advances in plasmonic photocatalysis based on TiO2 and noble
metal nanoparticles for energy conversion, environmental remediation,
and organic synthesis” Small, vol. 18, no. 1, 2022, Art. no. 2101638.

C. Zhou, Z. Xi, D. J. Stacchiola, and M. Liu, “Application of ultrathin
TiO9 layersin solar energy conversion devices,” Energy Sci. Eng., vol. 10,
no. 5, pp. 1614-1629, 2022.

M. H. M. Ahmed et a., “Nanosized titanium dioxide saturable absorber
for soliton mode-locked thulium-doped fiber laser,” Results Phys., vol. 31,
2021, Art. no. 104930.

H. Ahmad et a., “C-band Q-switched fiber laser using titanium dioxide
(TiO3) as saturable absorber,” |IEEE Photon. J., vol. 8, no. 1, 2015,
Art. no. 1500107.

P H. Reddy et a., “Titanium dioxide doped fiber as a new saturable
absorber for generating mode-locked erbium doped fiber laser,” Optik,
vol. 158, pp. 1327-1333, 2018.

M. F. M. Rusdi et a., “Titanium dioxide (TiO2) film as a new saturable
absorber for generating mode-locked thulium-holmium doped all-fiber
laser,” Opt. Laser Technoal., vol. 89, pp. 1620, 2017.

B. Geo et a., “TayC3 MXene as a saturable absorber for femtosec-
ond mode-locked fiber lasers” J. Alloys Compd., vol. 900, 2022,
Art. no. 163529.

B. Guo et al., “Sub-200 fs soliton mode-locked fiber laser based on bis-
muthene saturable absorber,” Opt. Exp., vol. 26, no. 18, pp. 22750-22760,
2018.

D. Na, K. Park, K. Park, and Y. Song, “Passivation of black phosphorus
saturable absorbersfor reliable pulse formation of fiber lasers,” Nanotech-
nol., vol. 28, no. 47, 2017, Art. no. 475207.

A.A.Kashaleet a., “Biomediated green synthesis of TiOy nanoparticles
for lithium ion battery application,” Composites Part B. Eng., vol. 99,
pp. 297-304, 2016.

M. Cargnello, T. R. Gordon, and C. B. Murray, “ Solution-phase synthesis
of titanium dioxide nanoparticles and nanocrystals,” Chem. Rev., vol. 114,
no. 19, pp. 93199345, 2014.



1500610

(26]

[27]

(28]

[29]

(30]

(31]

(32

(33]

(34]

(39]

(36]

(37]

(38]

(39]

[40]

S. Mallakpour and M. Naghdi, “Polymer/SiOy nanocomposites: Produc-
tion and applications,” Prog. Mater. Sci., vol. 97, pp. 409-447, 2018.

M. C. Le et a., “Synthesizing and evaluating the photocatalytic and
antibacteria ability of TiO2/SiOy nanocomposite for silicate coating,”
Fron. Chem,, vol. 9, 2021, Art. no. 738969.

B. Xu et al., “Hydrogen sensor based on polymer-filled hollow core fiber
with Pt-loaded WO3/SiO, coating,” Sensors Actuators B Chem., vol. 245,
pp. 516-523, 2017.

R. Rubab, S. Ali, A. U. Rehman, S. A. Khan, and A. M. Khan, “Tem-
plated synthesisof NiO/SiO5 hanocompositefor dyeremoval applications:
Adsorption kinetics and thermodynamic properties,” Colloids Surf. A:
Physicochem. Eng. Aspects, vol. 615, 2021, Art. no. 126253.

V. V. Tyukavking, E. A. Shchelokova, A. V. Tsyryatyeva, and A. G.
Kasikov, “TiO2—SiO2 nanocomposites from technological wastes for
self-cleaning cement composition,” J. Building Eng., vol. 44, 2021,
Art. no. 102648.

L. Li et a., “Mode-locked Er-doped fiber laser by using M0S,/SiO,
saturable absorber,” Nanoscale Res. Lett., vol. 14, no. 1, pp. 1-7,
2019.

S. Liuet al., “Passively mode-locked fiber laser with WS,/SiO, saturable
absorber fabricated by sol—gel technique,” ACS Appl. Mater. Interfaces,
vol. 12, no. 26, pp. 29625-29630, 2020.

R. Lv et a., “Optica properties and applications of molybdenum
disulfide/SiO, saturable absorber fabricated by sol-gel technique,” Opt.
Exp., vol. 27, no. 5, pp. 6348-6356, 2019.

Z.Chenet d., “Improved optical damage threshold graphene oxide/SiO2
absorber fabricated by sol-gel technique for mode-locked erbium-doped
fiber lasers,” Carbon, vol. 144, pp. 737-744, 2019.

N. S.Rodli, C. A. C. Abdullah, and R. Hazan, “ Synthesis, characterization
and investigation of photocatalytic activity of nano-titania from natural
ilmenite with graphite for cigarette smoke degradation,” Results Phys.,,
vol. 11, pp. 72-78, 2018.

E. M. Mahdi, M. Hamdi, M. S. M. Yusoff, and P. Wilfred, “XRD and
EDXRF analysis of anatase nano-TiOy synthesized from mineral precur-
sors” Adv. Mat. Res., vol. 620, pp. 179-185, 2013.

T. Theivasanthi and M. Alagar, “Titanium dioxide (TiOs) nanoparticles
XRD analyses: Aninsight,” Jul. 2013, arxiv.org/abs/1307.1091.

T. T. H. Tran, H. Kosslick, A. Schulz, and Q. L. Nguyen, “Photocat-
alytic performance of crystalline titania polymorphs in the degradation
of hazardous pharmaceuticals and dyes,” Adv. Natural Sci. : Nanosci.
Nanotechnol., vol. 8, no. 1, 2017, Art. no. 15011.

A. Jaroenworaluck, N. Pijarn, N. Kosachan, and R. Stevens, “Nanocom-
posite TiO5-SiO2 gel for UV absorption,” Chem. Eng. J., vol. 181,
pp. 44-55, 2012.

M. B. John, S. W. Mugo, and J. M. Ngaruiya, “ Dependence of optical band
gap on crystallite size of TiO, thin films prepared using sol gel process,”
Eur. J. Mater. Sci, val. 8, no. 1, pp. 1-12, 2021.

[41]

(42

(43]

[44]

[49]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

|EEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

R. I. Woodward and E. J. R. Kelleher, “2D saturable absorbers for fibre
lasers,” Appl. i, vol. 5, no. 4, pp. 14401456, 2015.

S. Ravetset d., “Intermodal energy transfer in atapered optical fiber: Opti-
mizing transmission,” J. Opt. Soc. Amer. A, vol. 30, no. 11, pp. 2361-2371,
2013.

A. Wypych et a., “Dielectric properties and characterisation of tita
nium dioxide obtained by different chemistry methods,” J. Nanomater.,
vol. 2014, 2014, Art. no. 124814.

F. M. Sanchez-Arévalo et a., “Photomechanical response of composites
based on PDM S and carbon soot hanoparticles under IR laser irradiation,”
Opt. Mater. Exp., vol. 5, no. 8, pp. 1792—1805, 2015.

N. M. Yusoff et al., “Molybdenum trioxide decorated on tapered microfiber
for mode-locked erbium-doped fiber laser,” J. Mater. Res. Technol., vol. 14,
pp. 942-953, 2021.

M. E. Fermann, A. Galvanauskas, and G. Sucha, Ultrafast Lasers: Tech-
nology and Applications. BocaRaton, FL, USA: CRC Press, 2002, val. 80.
S. A. Hussain, “Discovery of several new families of saturable absorbers
for ultrashort pulsed laser systems” Sci. Rep., vol. 9, no. 1, pp. 1-9,
2019.

W. Zhao, C. Yang, and M. Shen, “Enhanced Kelly sidebands of mode-
locking fiber lasers for efficient terahertz signal generation,” Opt. Laser
Technol., vol. 137, 2021, Art. no. 106802.

J. Li et a., “Kelly sideband suppression and wavelength tuning of
a conventional soliton in a Tm-doped hybrid mode-locked fiber laser
with an al-fiber Lyot filter,” Photon. Res., vol. 7, no. 2, pp. 103109,
2019.

Y. Wang et a., “Tunable and switchable dual-wavelength mode-locked
Tme+ -doped fiber laser based on afiber taper,” Opt. Exp., vol. 24, no. 14,
pp. 15299-15306, 2016.

X.Liuetal., “Versatile multi-wavel ength ultrafast fiber laser mode-locked
by carbon nanotubes,” Sci. Rep., vol. 3, no. 1, pp. 1-6, 2013.

Y. H. Lin and G. R. Lin, “Kelly sideband variation and self four-wave-
mixing in femtosecond fiber soliton laser mode-locked by multiple ex-
foliated graphite nano-particles,” Laser Phys. Lett., vol. 10, no. 4, 2013,
Art. no. 45109.

X. Shang, L. Guo, H. Zhang, D. Li, and Q. Yue, “ Titanium disulfide based
saturable absorber for generating passively mode-locked and Q-switched
ultra-fast fiber lasers” Nanomater., vol. 10, no. 10, 2020, Art. no. 1922.
A. A. A. Jafry et al., “Soliton mode-locked pulse generation with a bulk
structured M Xene Tiz AlC, deposited onto a D-shaped fiber,” Appl. Opt.,
vol. 59, no. 28, pp. 8759-8767, 2020.

H. Ahmad, S. A. Reduan, N. Yusoff, M. F. Ismail, and S. N. Aidit, “Mode-
locked pulse generation in erbium-doped fiber laser by evanescent field
interaction with reduced graphene oxide-titanium dioxide nanohybrid,”
Opt. Laser Technal., vol. 118, pp. 93-101, 2019.

X. Zhu et al., “TiS;-based saturable absorber for ultrafast fiber lasers,”
Photon. Res., vol. 6, no. 10, pp. C44-C48, 2018.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


