A generic ultrashort-pulse laser

» A generic ultrafast laser has a broadband gain medium, a pulse-
shortening device, and two or more mirrors:
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I | Gain medium | | Pulse-shortening device | I —

Partially
_ reflecting
' Continuous laser output mirror

pump source

Many pulse-shortening devices have been proposed and used.



Active and Passive Mode Locking

B The acoustic-optical or electro-
optical modulator => periodic
sinusoidal loss modulation =>
equal the cavity round trip time

B A saturable absorber => to obtain
a self-amplitude modulation of
the light inside the laser cavity.

B Loss modulation => Relatively
large for low intensities but
significantly smaller for a short
pulse with high intensity.

B The high intensity @ the peak
of pulse => saturates the absorber
more strongly than its low
intensity wings => pulse shaping
effect
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Active mode-locking

»Any amplitude modulator can preferentially induce losses for times
other than that of the intended pulse peak. This produces short pulses.

» It can be used to start a Ti:Sapphire laser mode-locking.

gain modulator
Schematic of actively mode-
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Schematic of actively mode-locked laser, the spectrum in
the time domain and the time dependence of net gain.

» An optical Fabry—Pérot resonator
formed of two mirrors has axial
modes separated in frequency by

AQ=21/Tg
Where Tg, Is the roundtrip time.

Active mode-locking does not lead
to ultrashort pulses

unsaturated gain
modelocked gain
free running gain

net
gain
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Passive mode-locking: the saturable absorber

»Like a sponge, an absorbing medium can only absorb so much.
» High-intensity spikes burn through; low-intensity light is
absorbed.
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Passive mode-locking: the saturable absorber
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The effect of a saturable absorber

First, iImagine raster-scanning the pulse vs. time like this:
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Notice that the weak pulses are suppressed, and the
strong pulse shortens and is amplified.

After many round trips, even a slightly saturable absorber can yield a very
short pulse.



Saturable absorber

This Is the most common situation, unless the pulse is many ps long.
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Summary of the different mode locking

technigues:
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(a) Passive mode-locking with a slow saturable absorber and
dynamic gain saturation

(b) Passive mode-locking with a fast saturable absorber

(c) Passive mode-locking with a slow saturable absorber without
dynamic gain saturation in the picosecond regime and in the
femtosecond regime (referred to as soliton mode-locking)



Saturable gain and loss

Initial saturable loss, q(t)

Lasers lase when
net gain > 0

the gain exceeds
the loss. - V%

Initial saturable gain, g(t)

The combination of pulse peak
saturable absorption  amplified
and saturable gain Mode - locked

yields short pulses i e i
even when the .l

absorber is slower / \<

than the pulse. ——




Pump Beam

The Passively
Mode-locked
Dye Laser

5 .
<
|
LY
L3 ] .
3 S

\F
A
El

Passively mode-locked
dye lasers yield pulses
as short as a few
hundred fs.




Mode locking by the saturable absorber

> https://www.youtube.com/watch?v=CVVDnx EhhU

Improving the Pulse Stability of Mode-Locked Diode Lasers



https://www.youtube.com/watch?v=CVVDnx_EhhU

Some common dyes and their corresponding

safu raB I € aBso FBG I'S

Saturable Wayvelength

Gain dye absorber in nm

Rh6G DODCI, DDI 575620
Kiton Red DQOCI 600-655
DCM DODCI, DTDCI 620660
Pyridine 1 DTDCI, DDI 670-740
LD 700 DTDCI, DDI, IR 140 700-800
Pyridine 2 IR 140, HITC 690-770

Styryl 9M DDI, IR 140 780-860



Passive mode locked fiber lasers in use of
saturable absorber

Saturable absorber (SA) Disadvantage

Semiconductor saturable 1.Complicated fabrication and packaging technique
absorber mirror (SESAM) 2.Limited operation bandwidth

[1]

Bottom reflector Top reflector

GaAs
substrate

» SAs demand less stringent fabrication method, fast recovery time,
low saturation intensity and low cost.

[1] O. Okhotnikov, et al. New journal of physics 6(1) (2004), 177.



Semiconductor Saturable Mirror (SESAM)

AlAs/AlGaAs Bragg Mirror
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Semiconductor saturable absorber mirror

Bottom reflector Top reflector

SOC -saturable output coupler

GaAs
substrate

dielectric coating  partial reflector AR coating

-«

laser cavity

autput

Refractive index

saturable absorber GaAs substrate




Single layer Anti-reflection Coating

> ALnormal mmﬂence, the amphfuﬂe retiectance of the interface interface

between dielectric materials of refractive index n, and n,,

1 — >
=

ny 4+ no €)=
> The intensity reflectance is E € "';F

R:(Hl—h‘j)g o

ny+—H2

» For an air/glass interface with n; = 1.0 and n, = 1.5, we get R 4%, which is a
very significant loss.

> If we illuminate the surface with a normal incident beam of amplitude E,and

wavelength A, Then we will get reflections from both the air/n, and the n,/n,
Interface of e, and e,

e1 = FEgr1 and eg = Eprpexp(—igr)

i



> Where ] — 11 1 — Hg 2m
'y = and 'o = and o = 2 — 11 M
1 +m 1n1 -+ Mo - A
» To get anti-reflection condition, we want e, and e, to cancel,
SO €1 T+ €y = 0

» We want e, and e, be of opposite sign, so g, = z, giving that
/ A

A
nyf = 1 sothat 1 = P
i i }Iil]_

A

4n,

» The coating must have a optical path-length of quarter of a
wavelength, and also we must have that

g, =0@2m+1)n==>t =2m+1)

1l —ny  ny—ng
ry =1 to that —
l+ny  ny+ng

> |t has the solution

ny = +/Np

|
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Photonic Technology Lab.



Double layer Anti-reflection Coating

o
. |
=
. : e
The solution is to use two layers coating. ! ——
R
E - n
lgnoring multiple reflections, we then want er+e;+e =0 0

S

where @ =Eqr, and e =Egr expligs) and ey =Eyrgexp(i(gr+g1))

Simplest case quarter wave, g1 = g» = T, SO, A A

For an anti-reflection coating we require that

where we have that . 1 —m ny —m n1 — Ho

F2

1+ o + iy ny+ng

so for any glass, we get a range of possible combinations to give an anti-reflection coating.

For np =1.51 then MgF,, n» = 1.38 and Al, O3 n; = 1.63 almost work!



Keller - First Prize 2004

https://www.youtube.com/watch?v=0QbagNoxPNc

Ursula Keller - First Prize 2004 - English o »
5T [Esc| Mag R EREst P EReeR NS

> »l o) 1:44/317



https://www.youtube.com/watch?v=QbaqNoxPNcQ

Mode-locked diode with 20 GHz

> https://www.youtube.com/watch?v=aOTLhk6GuB4

Modelocked laser diode with 1.6 picosecond pulses at 20 GHz.mp4
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https://www.youtube.com/watch?v=aOTLhk6GuB4

Self-mode-locked quantum-dot vertical-external-cavity

surface-emitting laser
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Passive mode locked fiber lasers in use of
saturable absorber

Saturable absorber (SA) Disadvantage
Carbon nanotubes 1.Working wavelengths related to the diameter of
[1] the nanotubes

2.Relatively expensive

Graphene or Graphene oxide  1.Small absorption
[2-3] 2.Low modulation depth

Molecular structure

Carbon nanotubes

Graphene Graphene oxide
[G0438, G0441, G0442] [G0443, G0444]

[1] F. Wang, et al. Nature nanotechnology 3(12) (2008), 738-742.
[2] G. Sobon, et al. Laser Physics Letters 9(8) (2012), 581.
[3] J. Lee, et al. Laser Physics Letters 10(3) (2013), 035103.
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Carbon nanotubes (CNTSs)

Carbon nanotubes (CNTs) are allotrope of
carbon with cylindrical nanostructure.

Nanotubes have been constructed with length-to-
diameter ratio of up to 132,000,000:1, significantly
larger than for any other material.

These cylindrical carbon molecules have unusual
properties, which are valuable for nanotechnology,
electronics, optics and other fields of materials
science and technology.

In particular, owing to their extraordinary thermal
conductivity and mechanical and electric properties,
carbon nanotubes find applications as additives to
various structural materials.

For instance, nanotubes form a tiny portion of the
material(s) in some (primarily carbon fiber) baseball
bats, golf clubs, car parts or damascus steel.




» The name of nanotubes is derived from their long, hollow

structure with the walls formed by one-atom-thick sheets of
carbon, called graphene.

» These sheets are rolled at specific and discrete (“chiral™) angles,

and the combination of the rolling angle and radius decides the
nanotube properties.

» Nanotubes are categorized as single-walled nanotubes (SWNTS5)
and multi-walled nanotubes (MWNTS5)

Photonic Technology Lab.



Carbon nanotube

> https://www.youtube.com/watch?

Nova. Carb¢n Nanaciukes
BT | Esc| O e amEs
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https://www.youtube.com/watch?v=19nzPt62UPg
https://www.youtube.com/watch?v=19nzPt62UPg

Absorbance

0 . . . . | . . . . | . . . . | . . . .
500 1000 1500 2000 2500
Wavelength [nm]

SWNT synthesized directly onto a quartz substrate: (a) field-emission scanning
electron microscopeimage, (b) absorption.
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Configuration of all polarization-maintaining
(PM) passively mode-locked Er-doped
ultrashort-pulse fiber laser using SWNT-
polyimide film.
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PM-isolator
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Photonic Technology Lab. 232008 Vol. 16, No. 13 OPTICS EXPRESS 9429



Polymer-carbon nanotube films

» https://www.youtube.com/watch?v=ATv8IDcwS2s

Fabrication of polymer-carbon nanotube films for mode-locked Erbium-doped fiber lasers

> »l o) 1:43/247


https://www.youtube.com/watch?v=ATv8lDcwS2s

Study carbon nanotube by tunable laser

> https://www.youtube.com/watch?v=1PbWyP|D788

Single nanotube experiment with tunable Ti:Sapphire laser Tr

» »l o) 510/907


https://www.youtube.com/watch?v=1PbWyPjD788

Graphane from wiki _
graphit

€

» Graphane is an allotrope (F % £ 2548) of carbon in the form of
two dimensional, atomic-scale, honey-comb lattice in which

one atom form each vertex.
> It is the basic structureal element of other allotrope including

e graphite (7 %)

& A A

* charcoal (» %) 1.7
» carbon nanotube ¢ e e e
* fullerenes (% #* ') 7Yy sy
v < .

» It can also be considered as indefinitely large aromatic molecule
(= % *% £ ) » the ultimate case of the family of flat polycylic
aromatic hydrocarbons (RE A >3 %S i F or &> 3

)

https://zh.wikipedia.org/wiki/%E5%A4%9A%E 7%92%B0%ES
%8A%B3%E9%A6%99%E7%83%B4



https://zh.wikipedia.org/wiki/%E5%A4%9A%E7%92%B0%E8%8A%B3%E9%A6%99%E7%83%B4

Graphite and Graphene In Water

» https://lwww.youtube.com/watch?v=V aduFC-Ybk

Graphite and Graphene In Water
T [Esc| MasRE BRES

> » o) 0:58/0:59



https://www.youtube.com/watch?v=V_aduFC-Ybk

Extraordinary properties of Graphene

» It is about 100 times stronger than the strongest steel.

» It conducts heat and electricity efficiently and is nearly
transparent.[3]

» Researchers have identified the bipolar transistor effect (&%
A & 55 ¥8), ballistic transport (s&:ig @,@4) of charges and
large quantum oscillations in the material.

» Scientists have theorized about graphene for decades.

» It has likely been unknowingly produced in small quantities
for centuries, through the use of pencils and other similar
applications of graphite.

> It was originally observed in electron microscopes in 1962,
but only studied while supported on metal surfaces.



Valence band Valence band Valence band

Double-layer ‘
graphene
Single-layer Double-layer
graphene . graphene : -
S y e ..
S o W e =

Electric field
Conductionband Conduction band Conduction band

Breaking Symmetry: The existence of an energy gap between the
conduction and valence electron bands of a semiconductor is what
makes it possible for the material to act as a semiconductor. In both single-
layer and double-layer graphene [left and middle], the valence and conduction
bands are in effect conical and meet at a point, with no band gap.

The introduction of an electric field perpendicular to the layers [right]
creates an asymmetry, which generates a band gap. Though small, the gap is
tunable, creating possibilities for new devices.

» https://spectrum.ieee.org/semiconductors/materials/graphen
’ e-makes-transistors-tunable

I
— b
Photonic Technology Lab.


https://spectrum.ieee.org/semiconductors/materials/graphene-makes-transistors-tunable

Novbel Prize of Physics
|

» The material was later rediscovered, isolated and
characterized in 2004 by Andre Geim (% 4g 7] - /= ¥*) and
Konstantin Novoselov (& #7137 -3, ¥ /&2 %) at the
University of Manchester (& & & #cdt4 < §).

» Research was informed by existing theoretical descriptions of
Its composition, structure and properties.

» High-quality graphene proved to be surprisingly easy to
Isolate, making more research possible.

» This work resulted in the two winning the Nobel Prize in
Physics in 2010 "for groundbreaking experiments
regarding the two-dimensional material graphene."

graphite



Graphene: The Next Big (But Thin) Thing

» https://www.youtube.com/watch?v=Mcg9 ML2mXY

Graphene: The Next Big (But Thin) Thing
BT [Esc| MalgRe gRat
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https://www.youtube.com/watch?v=Mcg9_ML2mXY

Graphene science

» https://www.youtube.com/watch?v=eh3dA8xnZ4Y

Graphene science | Mikael Fogelstrom | TEDxGoteborg o »

o -q -

p orbital

sp? orbital /sp2 orbital
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https://www.youtube.com/watch?v=eh3dA8xnZ4Y

Graphene and Graphene oxide (SA 25:40)

https://www.youtube.com/watch?v=p5pXzOHhOZE

Graphene
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https://www.youtube.com/watch?v=p5pXzOHhOZE

Production of Carbon Nanotubes and Graphene at the
MpNL

» https://www.youtube.com/watch?v=CuqS8GSpC-4

Production of Carbon Nanotubes and Graphene at the MpNL

P »l o) 55379148



https://www.youtube.com/watch?v=CuqS8GSpC-4

Graphite oxide (from wiki)

» Graphite oxide, formerly called graphitic oxide (# & § it
#) or graphitic acid (% % &), is a compound of carbon,
oxygen, and hydrogen in variable ratios, obtained by
treating graphite with strong oxidizers.

» The maximally oxidized bulk product is a yellow solid
with C:O ratio between 2.1 and 2.9, that retains the layer
structure of graphite but with a much larger and irregular
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https://en.wikipedia.org/wiki/Graphite_oxide#cite_note-1
https://en.wikipedia.org/wiki/Epoxide
https://en.wikipedia.org/wiki/Hydroxyl_group
https://en.wikipedia.org/wiki/Carboxyl_group

|
» The bulk material disperses in basic solutions to yield
monomolecular sheets, known as graphene oxide by analogy
to graphene, the single-layer form of graphite.[3]

» Graphene oxide sheets have been used to prepare strong paper-
like materials, membranes, thin films, and composite
materials.

> Initially graphene oxide attracted substantial interest as a
possible intermediate for the manufacture of graphene.

» The graphene obtained by reduction of graphene oxide still
has many chemical and structural defects which is a problem for
some applications but an advantage for some others.[4]

» Graphite oxide typically preserves the layer structure of the
parent graphite, but the layers are buckled and the interlayer
spacing Is about two times larger (~0.7 nm) than that of

' graphite.

i
_«w-h'll.-llﬁrlq l' Illul',af

Photonic Technology Lab.
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> Graphite oxide was first prepared by Oxford (£ 2 < &)
chemist Benjamin C. Brodie (F#p # %z ) in 1859, by treating
graphite with a mixture of potassium chlorate (# f&49) and
fuming nitric acid.l (e A &)

» He reported synthesis of "paper-like foils" with 0.05 mm thickness.

> In 1957 Hummers (# f A 27) and Offeman (£ % & ) developed a
safer, quicker, and more efficient process called Hummers*
method, using a mixture of sulfuric acid H,SO, CEHilE), sodium
nitrate NaNO, (%" & 4p ), and potassium permanganate KMnO,, (%
4% fi% 47) which is still widely used, often with some
modifications.21151L7]

» Largest monolayer GO with highly intact carbon framework and
minimal residual impurity concentrations can be synthesized in
inert containers using highly pure reactants and solvents.[8!

|
—w«*ib'l"ibliu‘w

Photonic Technology Lab.


https://en.wikipedia.org/wiki/Oxford
https://en.wikipedia.org/wiki/Benjamin_C._Brodie
https://en.wikipedia.org/wiki/Potassium_chlorate
https://en.wikipedia.org/wiki/Nitric_acid
https://en.wikipedia.org/wiki/Graphite_oxide#cite_note-brodie2-5
https://en.wikipedia.org/wiki/Hummers%27_method
https://en.wikipedia.org/wiki/Sulfuric_acid
https://en.wikipedia.org/wiki/Sodium_nitrate
https://en.wikipedia.org/wiki/Potassium_permanganate
https://en.wikipedia.org/wiki/Graphite_oxide#cite_note-humm-2
https://en.wikipedia.org/wiki/Graphite_oxide#cite_note-6
https://en.wikipedia.org/wiki/Graphite_oxide#cite_note-marc-7
https://en.wikipedia.org/wiki/Graphite_oxide#cite_note-8

Synthesis of Graphene Oxide GO via Hummer's
Method

» https://www.youtube.com/watch?v=RFKBP1pQXes

Synthesis of Graphene Oxide GO via Hummer's Method - InstaNANO

= Take a Beaker & setup ice bath

=  Add 25ml Sulphuric Acid

= Add 1g Graphite Powder

=  Add 3g Potassium Permanganate slowly

=  Add 50ml water drop wise
(Very Dangerous)

=  Add 100ml water instantly

= Add 5ml Hydrogen Peroxide

P » o 218/2:53


https://www.youtube.com/watch?v=RFKBP1pQXes

Improved Synthesis of Graphene Oxide

» https://www.youtube.com/watch?v=sTooYDplKD4

Improved Synthesis of Graphene Oxide.mov

Hummers 3KMnO,
H,50, 0.5 NaNO,

ﬁ —
_% ~
9:1 H,50,/H,PO, > Oxidized materials

HGO IGO0 HGO+

tho, |k
ek

Hydrophobic carbon material recovered

Figure 1. Representation of the procedures followed starting with graphite flakes (GF). Under-oxidized hydrophobic carbon
al recovered during the purification of IGO, HGO, and HGO+. mwmdmmws ndicatec

P Pl o) 0:41/3:56

l-lummers 6 KMnO,
ol . H,S0,, 0.5 NaNO,



https://www.youtube.com/watch?v=sTooYDp1KD4

Synthesis of graphene oxide using Modified
Hummers Method

» https://www.youtube.com/watch?v=DdPBihsCSQ0

Synthesis of graphene oxide using Modified Ht

P> »l ¢ 1:2571:32



https://www.youtube.com/watch?v=DdPBihsCSQ0

All-normal-dispersion passively mode-locked

=tRzdoped fiber ringlaserbased on a graphene

oXxlide saturable absorber
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(a) Linear transmission curve of the fabricated GO—PVA absorber.
(b) Measured transmission curve with an increase of the probe
laser power in the 1 um regime.



» The D peak is due to the defect-induced breathing mode of sp2
rings. It I1s from the structural imperfections created by the
attachment of hydroxyl (& % 43) and epoxide (& § i $=) groups
on the carbon basal plane.

» The G peak corresponds to optical photons E,g at the Brillouin
zone center and iIs due to bond stretching of sp2 carbon pairs in
both rings and chains.

» The 2D band represents the existence of graphene material
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_ Optical spectrum
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Graphene-clad microfibre saturable absorber for
ultrafast fibre lasers

» https://www.youtube.com/watch?v=dloeqQAyrHY

Graphene-clad microfibre saturable absorber for ultrafast fibre lasers

Microfiber with graphene

1
T

Microfiber without graphene

P » o 012/1:04



https://www.youtube.com/watch?v=dIoeqQAyrHY

Topological insulators

» Topological insulators such as Bi,Se,, Bi,Te; and Sb,Te,
have attracted much attention for their promising applications
In fiber lasers .

» Topological insulator is a novel kind of quantum electronic
matter which behaves metallic states in surface but insulator
states in interior, meaning that electrons can only move along
the surface of material.

In the bulk of a non-interacting topological
insulator, the electron band
structure resembles an ordinary band

Conduction band

¥

Energy

\ /Surface states
Fermi level

Valence band

Momentum

insulator, with the Fermi level falling
between the conduction and valence
bands.

On the surface of a topological insulator
there are special states that fall within the
bulk energy gap and allow surface



Introduction of Topological insulator

[1 Linear absorption Ce—— Saturable absorption

Characteristic of Tl ]
Dirac-like electronic band
structure
Widely studied in the condensed-
matter physics
Wavelength independent,
low saturable optical intensity,
high damage threshold,
large modulation depth,

4. The used Tl in PM-FLs _ _
1. Bi,Te, »Bi,Se; has a relatively larger

2. BiySeg bulk band gap (0.3 eV), and it is
considered as a promising
optical material for the room-
temperature applications

Increasing incident light intensity

[1] Zhang et al, Opt. Express, 23, 13380 2015



Preparation of T1:Bi,Se; nanoplates

Bi(NO,),*5H,0 06 g )
Microbalancer

sodium selenite 0.3 g

Polyol method

" A— polyvinyl pyrrolidone

two-neck 1.32 g g
flask \_ ethylene ilycol 60 mL/
[ Heating and stirring h

At 190 °C for3~6 hr
\ - -

f Centrifugation Clearing
6000 RPM 10min | —

J

\_
4 * )
Drying
LPut in Oven 50 °C 4 hrg
a ‘ Y
Powder S

4.
% Three reagent and ethylene glycol (EG) is solvent
Photonic Technologyslaberatory




Preparation of Bi,Se; PVA/film

Ultrasonication agitation
45 hr

T

Adding PVA

(0.02 g/ml)
Heating and stirring
At 90°Cfor3~4hr

{

Drying
3 Days

Photonic Technologyslaberatory




End facet deposition of Bi,Se;,

3 hr

4

IHHlumination ]
—
r

[ Ultrasonication agitationJ
—

975 nm LD |

976 nm, 40 mW for 3 h

‘ Fiber connector e
Dryin Bi2Se3 / distilled water __| o
ying dispersion \0}3
50°C for 3 hr

Photonic Technologyslaberatory




» In order to remove the impurity, the Bi,Se; solution was washed
with isopropyl alcohol (IPA £ 7 p%) and centrifuged several
times.

» Dispersion suspensions of Bi,Se; in deionized water solution
(DI water) were prepared by centrifugation and ultrasonication
agitation for 1 hour, as shown in Fig.1(a).

» The Bi,Se; solution was observed by atomic force microscope
(AFM), as shown in Fig.1(b).

» The thickness of the TI: Bi,Se; NPs was about 10-15 nm.

» The thickness of the single layer Bi,Se; was 0.96 nm, so the TI:
Bi,Se; we obtained were estimated to be 10-16 layers.

|
—w«*ib'l"ibliu‘w

Photonic Technology



The procedures of the preparation of pure

BiZSea-SA SBS-SA! film.

» Firstly, filter paper (FP) (GVWP02500 Millipore) with the
pore size of 0.22 um was immersed in deionized water until it
soaked completely, as shown in Fig. (a).

» Then Bi,Se,; water solution was drop wise added on the filter
paper slowly, as displayed in Fig. (b).
» The pure Bi,Se,; remained on the surface of filter paper due to

the diameter of Bi,Se; morphologies (1.2 um) was larger than
the pore size of the filter paper.

6 October 2014 | Vol. 22, No. 20 OPTICS EXPRESS 24055 (a) (b)



|
» Put the filter paper with Bi,Se; in drying oven until filter paper
dried thoroughly, as displayed in Fig. 1(c).

» Thirdly, shear a small piece from the prepared Bi,Se; filter
paper and put it on the face of a fiber end-facet, as shown in

Fig.(c).
> At last, put the fiber end-facet with the Bi,Se3 filter paper into
acetone solution (p ft) to remove the filter paper (Fig. 2(d)).

» The filter paper needed washing quite a few times.

i
—““wli l' |i'1|'~"r

Photonic Technology Lab.



PML or Q-switched pulse generation in EDFL
by using Bi,Se; as a SA

1 /— B Lo Pump
[ ] [2] EDF : g [
PClgg = 7 wom

RR: 1.21 MHz

)
.g/ « PC2 5
7V PVA-TISA .. e

PI-ISO

ocC
o = Che 7 - . C;g:‘l’er
P The influence of cavity

dispersion on the pulse
Q-switched fiber laser ~ duration

—o EDFL
354 ——— 240mW 2
—360mw| —08 ~o7h ('0.4 p ) —
3.0 = 0. .
3 g 3 1565 nm 5
3 ] 3 = 15 @
& 25 E %’ 1.45ps E
& 20- =04p Z04} B
7] = 2 0 S
= ] [z g 3}
o 156 5 = =
= = [=]
= 0] = s
- 0.0 - 00 g
0.5 " 2 0 2 4 y 20 -10 0 10 20 bt
o Time (ps) Time (ps) =

-100 -80 -60 -40 -20 0O 20 40 60 80 100

Time (us)
1550 1555 1560 1565 1570

Wavelength(nm)

[1] Yu et al, Opt. Express, 22, 11512 2014; [2] Liu et al, Opt. Express, 22, 6868 2014;[3] Zhao et al, Opt. Express, 20, 27888 2012
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PML or Q-switched pulse generation in YDFL

by using BI,Se, as a SA

2]

Pump diode Laser @o
[1] IIIIIH.‘ output 30% g,
T \L__WDM YDF ‘ , :
® 10
- i
2 g 15[ 4,=1067.66 nm | A[#;=1067.92 nm
2 3 £ alk
= 2 X ‘
R =) 1065 1066 1067 1068 1069 1070
Wavelength (nm)
Q-switched

.

PC

| FP TI

TI-SA

Mode-locked fiber laser with PMF

0.35
o Measurement datg
0.30 e Gaussian fit
~0.25 & X
- "4 46 ps
<
= 0.20 2
£ 0.15-
£
= 0.104
0.05
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0
Wavelength(nm) Time(ps)
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-100
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-

(ITT—— s i
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Q-switched fiber
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-40
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3
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2
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[1] Dou et al, Opt. Express, 22, 24055 2014;[2] Luo et al, Opt. Express, 21, 29518 2013



