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Abstract

Conventional large-mode-area (LMA); ¥Hon doped fiber with core diameter of 30
um and inner cladding of 250m has been- utilized in development of high power,
high-repetition rate fiber lasers and amplifiergfddent saturable absorber (SA) such
Cr*":YAG crystals and AlGalnAs multi-qguamtum-wells wearsed to form a passively
Q-switch (PQS) fiber lasers. The resultsrevealwith a Cf*:YAG crystal as the SA,
the laser could generate a pulse energy of 0.3atntlde pulse repetition rate of 38
kHz. By employing the AlGalnAs multi-quamtum-wellsIQWSs) as the SA, pulse
energy up to 0.45 mJ at the repetition rate of Bz kan be attained. Besides, a
Nd:YVO,/ C*":YAG laser was used as the seed laser in an mastélator of power
amplifier (MOPA) experiment. The amplifier could grpulses with energy of 0.192
mJ at the repetition rate of 25 kHz and pulse wiattitvn to 1.6 ns.

Furthermore, for energy scaling, we use the photorystal fiber (PCF) with the
core diameter up to 70m as the gain medium in either the PQS operation tine
MOPA scheme. The pulse energy was enhanced 1.8 time the pulse width was 2
times shorter with the €rYAG crystal as the SA compared to the LMA fibem A
intracavity optical parametric oscillator (OPO) wdsmonstrated based on this
scheme, output power of 0.47 W at 1515 nm was o&thiAs for using the AlGalnAs
MQWs as the SA, the pulse energy was enhancedn2es aand the pulse width was 6

times shorter in comparison with the LMA fiber. Artracavity OPO was performed



with this PQS laser as foundation. Output powe0.8f W can be achieved and the
wavelength can be tunable from 1513 nm to 1593 ArRCF MOPA was used to
pump the extracavity nonlinear wasvelength conwessimodule, output powers of
1.7 W of the second harmonic generation at 532 mthlal W of the third harmonic
generation at 355 nm were realized at the fundashpotnp power of 3.3 W.
Microchip Yb:YAG lasers were demonstrated in PQ®Jf-smode-locked,
passively-mode-locked operations. In PQS operaétmYAG laser was Q-switched
with C*":YAG crystal as the SA. Energy and output powetisgatogether with
pulse stability improvement were achieved via emiplp a diamond window as the
heat spreader. In self-mode-locked operation, nggetition rate, self-mode-locked
Yb:YAG laser was attained using the same gain ahip) heat spreader. Various order
of harmonic mode locking was obtained by meansuohihg the cavity length to
match a commensurate ratio of the gain chip lengthithermore, by replaceing a
semiconductor saturable absorber mirror as the ubutpupler, dual-wavelength
mode-locked Yb:YAG laser was.demonstrated. As altre$ the optical beating of the
dual spectral bands, THz modulation frequency veaeated with an ultrashort pulse

duration.
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1.1 Passively Q-switched Yb-doped fiber lasers and amplifiers

High power, pulsed lasers with few-nanosecond-lpntses at a multi-kHz pulse
repetition rate (PRR) attract great interest fguligptions that exhibit one or more of
the following characteristics: high pulse energyg(erange finder and scanner), high
peak power (e.g., nonlinear wavelength conversiod material processing), and
narrow spectral linewidth (e.g., remote sensing).al bulk-crystal laser, heat is
generated within a small volume in the center efdhin medium and dissipated in a
limited surface some distance away from the ceiteis limits power scaling due to
rod fracture by the large temperature gradient feoligh heat load. Compared with
conventional bulk solid-sate lasers, fiber lasergehexcellent thermal properties. The
large surface area positioned just a few tensfewahundreds of micrometers away
from the active region allows efficient thermal sigation and usually requires no
additionally active cooling. Besides, the inhengmat/e-guiding property in fiber tends
to reduce thermal distortion of the beam that comgnshown by bulk solid-state
lasers and achieves superior beam quality.

Furthermore, due to the confinement of both therlasmd pump radiation, the
overlap between them is maintained over the eriber length that provides
ultra-high gain of the fiber since the gain of thser medium is determined by the
product of pump light intensity and interactiondém with the laser radiation in the
gain medium. As the result, the ultra-high gairecéfthe option of master oscillator
power amplifier (MOPA) schemes or a very efficieperation of fiber laser systems
exhibiting low pump threshold values. The advansagentioned above have paved
the way for power scaling in a wide range of filzeers.

Rare-earth-doped fiber lasers were first proposeéarly 1960s by Snitzer and
co-workers [1-3] and operated with neodymium-dofiedrs pumped by flashtubes.
The pumping scheme was revised in the 1970s byeSiad Burrus [4] who use the
laser diode end-pumped scheme to improve the laSmiency. Another major
breakthrough is the fabrication of low-loss optiGllers by means of the modified
chemical vapor deposition (MCVD) technique proposgdPayne and co-workers

[5-6]. Their work on neodymium-doped fibers revealinat the very low laser

2
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threshold as low as 190V of absorbed power from a diode laser could beéeaek

in single mode operation by using the low-loss agitfiber. Consequently, even with
a modest pump power of a few milliwatts provided dheap and readily available
laser diodes, levels of optical gain could be redcthat were highly promising for
applications such as optical telecommunication &mm. This begins the foundation
of erbium doped fiber amplifiers (EDFAS) [7] whosperatingwavelength of 1.55
pum falls in  the third telecommunication window. Thénfluence on
telecommunications of this work has been profourat, only making the long-haul
optical communication inexpensive and reliable &lisb leading to the development
of Internet as we know it today. Furthermore, thecitement about
telecommunication amplifiers arouse considerableer@st in fiber lasers and
inspirited the growth of novel laser diodes andefiltomponents, as they offer a
number of attractive features when compared tordésers.

As well as the telecommunication, silica-based rBbare also with inherent
advantages in high-power lasers owing to: their rogkical damage threshold and
efficient thermal management mechanism. The outputer scaling of conventional
fiber laser was limited by the pump-coupling scheshéhe laser which the pumping
light from the laser diode ‘can only coupled int@ #tore of the fiber. In order to
couple the output of the laser diode into the singbde fiber efficiently, the use of
single-mode laser diode is required. However, tnput power of such pump source
is limited at that time by the damage thresholdhaf semiconductor material to a
fraction of a watt that seriously restricts thepattpower of the fiber laser. Moreover,
the coupling efficiency from the laser diode to twre of the fiber is typically only
60% or less due to the astigmatism of the lasatedlseam and only a fraction of the
coupled pump power is usable.

Hence, Snitzer et al. proposed the double-clad Bbecture in 1988 to separate
the signal guiding core and the pump light guidoted as illustrated in Fig 1.1. The
structure consists of a single-mode core surrounded first cladding of lower
refractive index made by silica which itself sumded by another cladding of even
lower refractive index made by polymer. The firddling (inner cladding), now,
forms another waveguide for the pump light but tégaf guiding highly multi-mode
compared to the single-mode core for signal. Ndy tre area of the first cladding is

approximately 100 times larger than the core bat #ie numerical aperture (N.A.) of
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the first cladding becomes larger that makes itw rable to inject a substantial
fraction of the output power from a multi-mode gararea laser diode with very high
output power into the first cladding. For silicaskd fibers with a second cladding
(outer cladding) made of glass, the N.A. is limitedbe about 0.4. Even higher N.A.
(as high as 0.6) can be attained if the secondiitigds made of low-refractive-index

polymer [9].

Doped core

Pump light

Outer cladding
(polymer )

Fig 1.1 Double-clad fiber structure. The pump light is clegpinto the inner cladding
and confined between the inner and outer claddimi¢evthe signal guides in the core.

However, the price accompanied by the increasedppcoupling efficiency is
the increase of the fiber length. The spatial apbetween the pump and the doped
core is small because the signal and the pump kgétguided in the different
waveguide now. The absorbed pump power per undrflength is reduced in
comparison with the core-pumped fiber and eithetoager fiber length or a
heavily-doped core is required to achieve the sameunt of population inversion.
The length of the fiber is restricted by the absorploss and the nonlinearity and the
heavily-doped fiber will result in quench effectdiipants.

A large amount of research was invested in thegdesf the double-cladding
fiber to optimize the power transfer efficiencyrfrahe pump to the dopants per unit
length [10-14]. Most of the pump is launched asdaéfrays in whisper-gallery modes
which will miss the core if the first cladding haircular cross section as depicted in
Fig. 1.2(a). Therefore the design criterion is an® reduce the symmetry of the first
cladding to eliminate whisper-gallery modes. Figir&(b) shows the off-center core
method demonstrated by Snitzer et al. [15-16],ghmp absorption efficiency was
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increased from 5% of the center-core fiber to 28%he off-center core fiber. The
second solution is to alter the shape of the @lstiding [8, 13, 17-18] as illustrated
from Fig. 1.2(c) of hexagon-shaped, Fig. 1.2(d) bShaped, to Fig. 1.2(e) of
rectangular-shaped. Helical pump rays are coupleéde meridional rays and most of
the pump rays are passed through the doped-comebys of breaking the symmetry
of the first cladding. Furthermore, via bending filber [13-14, 19-20], helical pump

rays have also been reduced by mode mixing.

(a) : (b) : (c) : (d) : (e) :
Fig 1.2Various cladding design of the double-clad fibéas.center-core, (b)

off-center core, (c) hexagon-shaped clad, (d) Destalad, (e) rectangular-shaped
clad.

In rare-earth-doped optical fibers, both the Nd afddopants emit light near
1060 nm when the fibers doped with them are. pungieithe suitable wavelength.
However, YB* attracted comparatively little attention than>Néh the early years.
The first Yb-doped silica fiber laser was studigditzel et al. [21] in 1962. The laser
action at 1015nm in Yb-doped silicate glass wasraipd at 77K because the
Yb-doped laser is a quasi-three-level system withstantial population of the lower
laser level at room temperature which demands hitfimeshold than a four-level
system. Even though Nddoped optical fiber lasers were the first to heligd due to
the four-level nature of N transitions, YB' ions have recently become the dopant
of choice for high-power fiber lasers. The firsasen for this is the Yfion's simple
system with low quantum defect. The simple enesygll structures in silica fibers
shown in Fig. 1.3 consists of only two-manifoldse tground manifolds’k-,) and a
well separated excited manifoldd=,), which include four and three Stark shifted
levels. The simple energy level structure revelads the pump wavelengths are close
to the laser radiations which lead to low quantwefedt. Low quantum defect equals

less heat generation, which is a huge benefitifgir-power lasers.
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Fig 1.3Yb*" energy level diagram in silica fibers.

The simple system of ytterbium .is,also benefidmcause there is no need to
worry too much about excited state absorption, eocafpve up-conversion, and
quench effects, all of which'are channels for poless. Furthermore, a glass host of
the fiber also provides broader absorption and sionisspectra for Y& [22] due to
strong inhomogeneous broadening, leading to lesst@nt on pump wavelength
stability, a wider range of lasing wavelengths, andvide gain bandwidth which
allowing ultrashort pulse operation, ‘and ‘a wide elamgth tunability. The broad
absorption band stretch from 850 nm to approximai®s0 nm as depicted in Fig.
1.2. As a result, the Yb-doped fiber can be pumpitd a variety of sources such as
AlGaAs (~800 nm - 850 nm), InGaAs/AlGaAs (915 niemd InGaAs (976 nm) laser
diodes together with Yb:YAG laser (1030 nm) or NOEYlaser (1047 nm). The
upper-state fluorescence lifetime of a Yb-dopedepsilicate glass lifetimes is
relatively long (about 1.5 ms), which is benefidial Q-switching. Other co-dopants
such as Ge, Al, and K are used to mitigate the exutnation quench that greatly
decrease the pump absorption efficiency while Alaid B are utilized to reduce the
clustering effect under high Yb-dopant concentratichich cause radiative life time
reduction [23].
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Fig 1.4Absorption (solid line) and emission (dotted lice)ss section of YB ion in

silica glass [22].

The first Yb-doped cladding-pumped. silica fiberdasvas demonstrated by
Gapontsev et al. [24] in 1991. Due to the low pumopver of the laser diode at 875
nm, the fiber laser output at 1090 nm was limitedé only 50 mW. Nevertheless, it
was still a milestone that proved efficient opematin Yb-doped fibers (5-mW of
threshold, 69% of slope efficiency). The inventiwindouble-clad fiber and the high
power laser diode leads to the fast progressionigif power Yb-doped fiber lasers
since the mid-1990s. The output powers grow rapiaign 2 W in 1995 [25], to 110
W in 1999 [26] and 1.36 kW in 2004 [27], and eveh KW-level in 2010 with a
diffraction-limited beam quality [28]. High-poweibgtr lasers are penetrating the
industrial and defense laser markets at a raped rat

Among all of the advantages provided by the filzesel technology, in addition
to the high average powers that can be achievetigigliversity of temporal output
properties that can be supported. As the resulhefvery large spectral bandwidths
achievable from Yb-doped silica-fiber, fiber laseas be constructed to operate from
the continuous-wave (CW) regime down to pulse domat of just a few
femtoseconds. Together with the development of &krs, short pulse width
(ns-level) high power Yb-doped double-clad fibesdies have also attracted lots of
attentions due to their high pulse energy and jpeaker outputs. Applications such as
remote sensing, industrial processing, and medasalrs that need such kind of light
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sources promote the evolution comprising Q-switcHdxer lasers and master
oscillator of power amplifiers (MOPAS).

Even though the comparison of fiber lasers wittkkakers is advantageous in
relation to CW operation, the situation is quitédedent for pulsed (e.g., Q-switched)
performance. In this case, the rapid buildup of l#iad spontaneous emission (ASE)
and ultimately the onset of lasing owing to the hhigains achievable within
conventional single-mode fiber that inevitably lirthe energy storage to a few tens of
micro-joules. The maximum energy that can be stgexdunit length of the fiber at

full inversion is given by:

Edaes = NoAg NV, (1.1)
where N is doping concentration limited by the ion-ionerdctions that result in
qguenching effect, Areis the area of the fiber core, andgs s the photon energy of the
laser. As seen in Eq. (1.1), the preferred solutioeanhance the energy storage while
minimizing the ASE problem is to'enlarge the trarse area of the doped core [29].
This inspire the invention of.large-mode-area (LM#ers (core diameter > 1j5m)
to simultaneously enhances the extractable enerdyeduces nonlinear effects such
as stimulated Brillouin scattering (SBS) and stiatel Raman scattering (SRS) that
limit the maximum achievable pulse energy. The Lkthcepts were firstly applied
to Yb-doped fibers in 2000 [30]."By using-a coiléd-doped, double-clad fiber with a
core diameter of 2im and a numerical aperture of ~0.1~A/4) as an amplifier, the
output beam quality was measured to beM09. Furthermore, decreasing the N.A.
to about 0.06 (relative to standard telecommurocatialues of ~0.15) allows the core
size to be increased while maintaining single tvarse mode operation. In addition,
the lower N.A. reduces the fraction of spontaneemnsssion captured by the fiber,
thereby increasing energy storage. High energy {@lsed pulses of 7.7 mJ at the
pulse repetition rate of 500 Hz an pulse width 50 23s was attained using a fiber
with a 60 um core (N.A=0.05) in the laser oscillator [31]. Single mode sadl
operation was later achieved by bend-loss-inducedenfiltering of the gain fiber
with pulse energy of 25aJ, peak power of 300 kW and a pulse duration oh8.t6 a
fiber amplifier [32].

As mentioned above, increasing the effective maéa aithin the core of the

fiber provides the most effective way of enhandimg pulse energy and minimizing
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the nonlinearity—reducing both the peak intensitee®l the fiber length due to
improved pump absorption (for fixed inner-claddolignension). However, there is a
compromise between the mode area and the ordéredfdansverse mode guided by
the fiber governed by the V-number (normalized detry) of the fiber:

2
v =2 Bae (n A) = T (fef i) (1.2)

in which gqre is the radius of the fiber corg,is the free space wavelength, angn
together with gaq is the effective refractive index of the core ahe cladding,
respectively. As can be seen from Fig. 1.5 thaber foecomes single transverse mode
for V < 2.405, thus, one approach for increasing ¢bre diameter while maintain a
certain value of V is to decrease the numericalrtape However, the lowest
refractive index contrast between the core andldding of a doped core that can be
reliably fabricated with conventional fiber preforrmanufacturing techniques
corresponds to a N.A. of about 0.06. The requirdnoénsingle transverse mode
confinement translates this as a maximum core dmmef about 15um for a
conventional step-index fiber:in_theuin wavelength region. A larger core would

normally lead to the propagation of higher-ordanfiverse modes.

1.0

0.8 |-

0.6 |-

0.4 -

Normalized propagation constant (b)

0.0 —_

Normalized frequency (V)

Fig 1.5Normalized propagation constant (b defined byBHSE-Neiac/ Neore- Nelads
wheref3 is the propagation constant and k is the wave vefaovarious LP (linearly

polarized) modes with normalized frequency in @-sielex fiber.
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Photonic crystal fibers (PCFs) as depicted as Eig(a) were first demonstrated
in the late 1990s [33-35]. Its potential for achmey high-power single-mode
operation with large cores was realized by theclaidding structure of the PCF as
shown in Fig. 1.6(b) that consists of a hexagonalyeof air holes [36]. Due to design
freedom in the PCF cladding an additional functitpasuch as polarizing or
polarization maintaining (PM) properties can beetd{87], as shown in Fig. 1.7. The
refractive index of the doped core is averagedheyrtano-structuring and the inner
cladding index is precisely adjusted by adaptirgdh hole size and the hole-to-hole
distance. Therefore, the diameter of the fiber egreo 100um can be obtained with
low N.A. that only guides the fundamental mode [38]

53K 38KU MHD:28MH B
(b e

Fig 1.6 Scanning electron micrograph (SEM) of (a) the fatsotonic crystal fiber
[34], and (b) the first photonic crystal fiber optrd at high power levels [36].

The other advantage of the PCF is the possibififpianing the double-cladding
fiber with an air-cladding [39-41]. The double dimy PCF can be achieved by
surrounding the inner cladding with a web of sillmédges as depicted in Fig. 1.8,
which are substantially narrower than the waveleraft the guided radiation. The
result is a significantly greater index differenoetween the inner and surrounding
region, and therefore a higher numerical apermiabut 0.8, than can be achieved in
conventional double-clad fibers with the low-retrae index polymer cladding.
Furthermore, removal of the polymer from the alsprioves the long-term reliability
of the fiber, especially for high power operatiorBesides, higher numerical aperture

allows for reducing the diameter of the inner ciaddthat permits the shorter fiber

10
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absorption length owing to the increased overla raf the core to the inner
cladding.

Due to the low N.A. of the fiber core, the confiremh of the fundamental mode
is very weak and sensitive to perturbations, esfigcbending losses. Large outer
cladding up to 1.5 mm is primarily introduced teegehe fiber straight and is referred
to as fiber rod or rod-type fiber [42-43], henceeyanting bend-induced losses or
distortions of the weakly guided fundamental modeus, in such a straight structure
the large mode area is accessible over the whwoée length, which is not the case for
conventional bent large mode area fibers. Besithesputer cladding makes the fiber
mechanically robust on its own, so that no coatmeagerial is applied allowing for

straightforward high power extraction.

25kl MWD Lémm

Fig 1.7 SEM image of the PM Yb-doped air-clad photonicstayfiber with six

index-matched stress applying parts [37].

11
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Fig 1.8 SEM image of the cross-section of the large-maée;adouble cladding

PCF with a zoom in the embedded micro-structurets pal].

The combination of sub-mJ to multi-mJ of pulse gresx, multi-nanosecond of pulse
width, tens of kW to hundreds of kW of peak powand a compact cavity
arrangement without the need of.active.cooling maker lasers and amplifiers
attractive alternatives to comparable solid. stageis for pulsed laser applications,
such as micro-machining,~nonlinear wavelength cmsiee, range finding, and
remote sensing. There aretwo methods of generdtendesired light sources, one by
the Q-switched fiber laser oscillator and the otberthe master oscillator of power
amplifier. Both of these solutions-utilize the teittue of Q-switching in either the
fiber laser oscillator or the seed laser cavitygenerate nanosecond pulses. This
requires the incorporation of some element witlia taser cavity to switches the
optical loss of the cavity from high to low durirgy suitably short time scale.
Controlling the Q-value of the cavity could alloletoscillator to store ultra-high gain
than CW regime and can emit higher energy withshart duration. Both actively
Q-switching (AQS) and passively Q-switching (PQ&h ke employed to modulate
the cavity Q-value to produce pulses with high gneBelow are the researches in
this thesis.

(A). Passively Q-switched fiber lasers

In comparison with AQS, for PQS lasers, the loggesautomatically modulated
with a saturable absorber (SA). The advantageh®fPQS include simplicity and

cost-effectiveness due to the lack of high powevinly devices, and suitability for

12



Ch1 Introduction: backgrounds and motivations

very high pulse repetition rates. Various approactiePQS fiber lasers have been
demonstrated in the literature based on a numbaelifftfrent material approaches
which include the use of crystals such a$'@mS [44], C6":ZnSe [45], Ct":YAG
[46], semiconductor saturable absorbers [47], arapblene [58]. However, the
performance of the developed system mentioned alere restricted within low
average output power (less than 10 W) and low petezgy (lower than 0.1 mJ) by
not only the fiber core size but also the mechangtability such as thermal
management and damage threshold of SAs.

In this section, | utilize a ¢t YAG crystal with the initial transmission of 28%
as the SA to Q-switch a conventional Yb-doped LNt#ef (fiber core diameter of 30
um). Moreover, | also demonstrate the PQS fiberrlasth the same LMA fiber by
using the semiconductor saturable absorber (SESAha Q-switch element. The
AlGalnAs quaternary alloy with a larger conductioand offset can provide a better
electron confinement covering the 0.84-1.G8h spectral region [49-50] and
lattice-matching to their substrate of InP-in congzn with the traditional InGaAsP
materials. Here, | use the«AlGalnAs/InP periodic ltmguantum-wells (MQWS)
saturable absorber with the same initial transmissis in the Ci:YAG experiment
for comparison. Besides, by means of using the Rifi-the core diameter up to 70
um, | also perform the energy scaling with eithesx @"":YAG or the AlGalnAs/InP
MQWs as the SAs.

(B). Master oscillator of fiber amplifiers

Although the PQS fiber laser offers the benefits@mhpactness and simplicity, it
does not provide the feasibility of controlling thetput temporal pulse shape limited
by the cavity length (generally the fiber lengtm the order of sub-meters to
multi-meters. In master oscillator of power amplif(MOPA) sources, a low-power
laser acts as the seeder for a single or multistag@ifier. As such, MOPAs enable
function separation and independent optimizatiothefspectral and temporal aspects
of the pulse formation and the generation of higlwegr. The great majority of
nanosecond pulsed fiber-based MOPAs have featu@eswitched bulk solid-state
laser as the master oscillator [38, 51-53]. Suclk PSS sources exhibit an
extremely compact form factor that is very amendbléntegration in a fiber-based

system, as well as a short cavity that naturalBidg pulses of ~1 ns or shorter at

13
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multikilohertz repetition rates, with pulse energi€lOud, while providing support for
single longitudinal mode operation.

Here, | use both the AQS and the PQS diode-pumplati state lasers (DPSSL)
as the seed laser for amplification. Nd:GdVAQS laser by a Raman-Nath type of
acoustic-optics modulator is employed as the seeaiplify the conventional LMA
fiber. Besides, | also apply the PQS Nd:YMO*":YAG laser as the master oscillator
to demonstrate the high-pulse-energy amplificatuith either the conventional LMA
fiber or the PCF. Furthermore, due to the high peak pafe¢he amplified pulses
from the MOPA, | utilize the PCF MOPA as the fundantal light source to perform
an extracavity second and third harmonic generddiG and THG).

14
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1.2 Passively Q-switched Yb-doped crystal lasers

High power, pulsed lasers with high pulse energyn¢lieds of microjoule) at a
multi-kHz pulse repetition rate (PRR) attract lai§ attention owing to widely
applications such as material processing (e.glirdyjl cutting, laser marking),
nonlinear optics, supercontinuum generation, tiessived fluorescence
measurements, and laser range finding. Continualisije-pumped Q-switched solid
state lasers produce such light source with compastand high efficiency. There are
two methods of generating energetic pulses: agtiv@tswitching (AQS) and
passively Q-switching (PQS). Compared with the AQ®Beme that requires high
voltage, fast elecro-optic driver, or RF generateQS offers the advantage of
remarkable simple design which leads to-compabtjst and low cost systems.

The rare earth (RE) ions are-promising candidadeiinish as active ions in
solid state laser gain media because they posseea#th of sharp fluorescent
transitions within nearly every region.-of the visiland near-infrared (NIR) portions
of the electromagnetic spectrum. Generally-knoviicieht RE ions of diode-pumped
solid state lasers in the NIR region have beenzediwith Nd* (wavelength~0.9,
1.06, and 1.3um), Yb** (A\~1 um), EF* (\~1.5, 3um), Ho®* (\~2 pm), and Tri"
(A~2 um). Among these RE ions, the most intensively stidilass of solid state
lasers is based on the Ndloped laser materials. The Xdon offers different groups
of laser lines in the NIR spectral range that fribra “Fs, upper laser level into the
132 A~1.32um), *l11/2 A~1.06pm), and*le; (A~0.95um) manifolds. The strongest
and most commonly used laser transition for thé"Nah is betweerfFs, and*l11
which corresponds to the wavelength at around 1 @mthe other hand, the most
promising active ion that can be used in a nonaéei in the same range of emission
wavelength X~1 mm) is YB*. Both of the Nd&" and YB* laser materials can be
efficiently pumped, respectively, at 808nm with B&&P/GaAs or AlGaAs/GaAs
laser diodes for N, and between 900 and 980 with InGaAs/GaAs diodes/b**
(as depicted in Fig. 1.9).

At the beginning of the high power solid state tagevelopment, the Néion
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doped materials were preferred to the*Yion doped ones mainly due to the four

level property and their many absorption lines sast808 nm*g/>>*Fs/), 880 nm
(Yoo “Far), 914 nm o> *Fs), and 938 nm *(o—> *F31), which are more

convenient as far as flash lamp pumping is conckrRi@wever, as for efficient and
high average power laser diode pumping>*¥ibn doped materials are more suited
because of their very simple electronic level dtriee which consists on two
manifolds as shown in in Fig. 1.9. The ground st&t@ and the excited staf&s
manifolds, which are separated by an energy of ab@d00 crit (as depicted in Fig.
1.10). This simple energy level structure allowsiding most of the parasitic effects
such as cross relaxation, up-conversion, and ekstie-absorption (ESA) which are
present in N&-ion doped materials because of the existence gifelni excited-state
energy levels*Ggy,; manifolds for laser emission atpin). Besides, due to the small
Stokes shift between pump and laser transitiongtadelated small quantum defects
(typically 500 cn'). In fact, when pumped.at 980 nm the quantum dédecyb**-ion

is around 5% compared to 30% forRlibn (in YAG host). The heat generation in the
laser radiation process of ¥hion-is small and males it suitable for high averag
power lasers.

For high-pulse-energy-Q-switched -lasers, the enestgyage capability of a
material is of principal interest. Obviously, higidiative lifetime of the upper laser
level allows a material to store ‘more ‘energy fogigen pump rate, which is
unambiguously helpful for Q-switched operation. Tbheg radiative lifetime of the
%k, excited manifold of Yb:YAG crystal was found to &leout 1 ms which is almost
4 times longer than the 0.23 ms lifetime of fife, upper manifold of Nd:YAG.
Besides, the small emission cross sectiondf Yb:YAG (2.1x10%° cmi®) supports
larger pulse energies compared to Nd:YAGZ8x10%° cm?) in the same wavelength
regime, as the pulse energy of a PQS laser is pgropal to the saturation energy of
the gain medium which is inversely proportionalthe emission cross section. For
large emission cross section, amplified spontaneouission (ASE) can prematurely
depopulate the upper laser level, clamping the indide inversion density and
limiting the output pulse energy.
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Fig 1.9Energy level scheme of Nd and Yb ion.

PQS laser of various Yb-doped laser crystals (Yl&Yexystal [54-55], Yb:¥Os
ceramics [56], Yb:NLM [57], Yb:LYSO [58], Yb:LUAG §9], Yb:NaGdw [60],
Yb:GAB [61], Yb:YAG ceramics [62], Yb:YSAG [63], YIYB [64], and so on) with
different saturable absorber (SA) such as InGaA&fGaguantum wells [54],
Cr":YAG [55, 57, 59-63], GaAs [56], and V:YAG [64] havbeen demonstrated.
Some output characteristics of Yb-doped PQS l|asts different SAs in various
experimental setups are listed in in Table 1.1ri¥tt aluminum garnet, YAls0;,
(YAG) is stable, hard, optically isotropic, and bkagood thermal conductivities,
which permits laser operation at high average pdexals and can be fabricated in a
manner that yields rods of high optical quality. the present time, it is the best
commercially available and most widely investigatedstalline laser host for
Yb%**-ion. Comparing with Nd:YAG crystals, Yb:YAG crys$a have longer
fluorescence lifetimes [65], smaller emission cresstions [66], low quantum defects,
and broad absorption bandwidths [66]. Therefore,Xh:YAG microchips have been

employed to construct high pulse- energy light sesrrwith stability, compactness,
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and reliability

: Repeti
Gain Pulse .
Ref. ) SA Pn Pout Energy ) -tion
medium width
rate
Yb:YAG INGaAs/ 12
54 0.48W 0.01W 1.1uJ 0.53 ns
crystal GaAs kHz
Yb:YAG " 9.2
55 Cr-YAG 1.2wW 0.12W 13ud 0.48 ns
crystal kHz
Yb:Y,05 52.6
56 . GaAs 17.7W 0.51W 7.7ud 50 ns
ceramics kHz
" 25
57 Yb:NLM Cr-YAG 0.18W 0.07W 2.8uJ 60 ns H
yA
. 27
58  YbiLYSO  Cf:YAG 3W 0.17W 6.4pJ  5.6us i
z
s 12.8
59 Yb:LUAG CrYAG 0.77W. 0.24W -19uJ 0.61 ns H
yA
" 13.3
60 Yb:NaGdW Cr:YAG ' 7./W - 2.05W 154uJ 33 ns H
yA
A+ 45
61 Yb:GAB CrYAG 19W '"0.74W 165uJ 30 ns H
z
Yb:YAG " 3.8
62 . Cr-YAG 2.55W 0.48W 125uJ 1.2 ns
ceramics kHz
. 12.7
63 Yb:YSAG Cf“YAG 3.78W 0.39W 31ud 2.5ns H
yA
11
64 Yh:CYB V:YAG 6.6W 0.15W 14pJ 46 ns KH
z

Table 1.1 Some output characteristics of Yb-doped PQS $gseblished in

literatures.

In 2001, Spuhler et al. [54] reported the first PRSYAG laser using a 20-at
%-doped Yb:YAG plate with 20Qm of thickness and a semiconductor saturable
absorber mirrors (SESAMs). Because of its extrensfgrt cavity length, this
microchip laser was able to emit 530-ps-long pulgitis 1.1 uJ of pulse energy at 12
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kHz pulse repetition rate. Also in 2001, Dong et [&7] were the first to use
Cr*":YAG to passively Q-switch a Yb:YAG laser. They dsa Ti:sapphire-pumped
Yb:YAG PQS laser with Cf:YAG crystal as the SA to generat pulses with pulse
duration of 350 ns and 3;2] of pulse energy at 17 kHz of repetition rate.eLan
2006, Ostby and co-workers [68] operated their ombip laser using Yb:YAG
ceramic as the gain medium and claimed that tlegamic material was competitive
with crystalline Yb:YAG in terms of output performee. In order to attain operation
with single linear polarization, they employed aafinBrewster window inside the
laser cavity. The ceramic Yb:YAG laser operated nmlti-longitudinal mode
producing pulses with pulse duration of 1.9 ns @8@J of pulse energy at 11.4 kHz
of repetition rate. Dong et al. [69] built an a#ramic microchip laser with
9.8-at%-doped ceramic Yb:YAG gain section with kimess of 1 mm and 0.2
mm-thick ceramic Cl:YAG which produced 380-ps-long pulses with abodiji3 of
pulse energy. The laser operated in single longiaddnode at pulse repetition rate up
to 4 kHz. Later in 2007, the.same group demonstratecomposite Yb:YAG/
Cr*":YAG ceramics laser [70] that-emitted pulses wigal power of 0.72 MW. The
pulse energy was 1742 at the repetition rate of 3.5 kHz. The laserltzded at stable
single- and multi- longitudinal-modes due to thembined etalon effects in the
Yb:YAG and Cf*":YAG parts of its binary structure.

However, as a disadvantage connected with the Stalles shift between pump
and laser transitions, Yb-doped lasers operatejimasi-three-level scheme. The room
temperature absorption and emission spectra of X®:¥rystal is shown in Fig. 1.10.
The main emission transition at 1030 nm is betwtberlowest Stark level of tH&s,
manifold at 10327 cthand the Stark level of the groufi;,, manifold at 612 cm
(as depicted in Fig. 1.11). The thermal energyaamr temperature is 200 €m
therefore the terminal laser level is thermally glaped that makes Yb:YAG a
guasi-three-level system. At room temperaturehieemal population of the terminal
laser level is about 5.5%. Thus, at least 5.5%lloflaions must be pumped into the
initial laser Stark level to achieve gain materiednsparency. This implies two
deleterious effects when temperature increases:a(tgduction of the the laser
inversion population which strongly relates to tlaser optical efficiency, (2) an
increase of the reabsorption at the laser wavdiengherefore, a special care
concerning the thermal load and thermal managemdhtbe then necessary to

develop efficient lasers based on Yb-doped material
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Fig. 1.11Energy level scheme of Yb ion.

A proper geometry of the gain medium can improeettrermal management for
solid state laser gain materials with a specificmpuand laser wavelength
constellation. A large ratio between the cooledasi# and the pumped volume as well
as a short distance between them is essentialgood heat removal. The rod type of

solid state laser gain medium in geometry is madely used nowadays. However,
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the beam quality is limited as the heat flow via #dgeways area of the rod which
give rise to a radial heat gradient as shown in Eig2(a). This radial heat gradient
results in strong thermal lensing and, further,résilting tensions between the colder

surface areas and the hot pump volume can easieaaacking of the rod.

(a) (b)
Heat VN pump
pump£>rﬂi [y
Heat
Rod Disk
Fig. 1.12Schematic of the geometries for solid state lasaerials for (a) rod and (b)
disk.

Heat deposition

g
]

Heat sink

Fig. 1.13Deformation of a face-pumped disk with backsideliog.

As depicted in Fig. 1.12(b), the active medium déwa hundred micrometers to
nearly one millimeter thick has a shape of a didke back side of the disk is coated
with highly reflection for the pump and the laseawslengths and attached onto a
water-cooled heat sink so that an efficient heatoneal through the whole backside of
the disk is realized. Since the heat is extractedhfthe backside of the disk, the
thermal geadients approach a longitudinal cooliegngetry that is along the pump
direction. Thus, the thermal distortions are miziedi and the beam quality is
improved than in the rod geometry. Neverthelessethis still some beam distortion
arising from the bending and bulging of the disksaswn in Fig. 1.13. The bend

comes from a larger thermal expansion on the punsps of the disk compared to

21



Ch1 Introduction: backgrounds and motivations

the cooling side bounded onto the heat sink. THgitow is the result of the finite
pump beam diameter causing a concentration of deadsition at the center of the
crystal. These effects inevitably increase thetesdag loss and reduce the heat
removal efficiency owing to the limited contact feuwe between the disk and the heat
sink. Therefore, more suitable and efficienct thrermanagement method is deriable
for Yb:YAG microchip laser that use a disk formgain chip.

Recently, the exceptional optical and mechanicapgrties together with high
thermal conductivity of the synthetic diamond hatracted increasing interest for
thermal management in optically pumped solid-skasers-in in semiconductor disk
lasers [72] and Nd-doped vanadate lasers [73-75¢dUnith doped crystal lasers,
diamond can help to ameliorate thermal lensing stness; with semiconductors, it
helps to reduce the temperature rises that linsitailtput power. As list in Table 1.2,
the diamond has higher thermal conductivity thgppbae that used to minimized the
physical distortion mentioned above by clamping dale gain disk between the
sapphire window and the copper heat sink. Furthezmihe diamond windows are
transparent at the pump wavelength and can behedlito optical quality so that they

can be brought in close contact with the lasing.dis

1900-2200 (at 300K)

plamond 1500-1600 (at 425K)
Sapphire 18.7-20.2 (at 310K)
Copper 401 (at 300K)
Nd:YAG 10.5-14 (at 293-373K)
Nd:YVO4 5.1-5.2 (at 300K)
Yb:YAG 14 (at 293K)

Table 1.2 Thermal conductivities with different materials.

In this section, | utilize the diamond as the hgatader that directly attach onto
the pump side of the pump side of the Yb:YAG gampcto eliminate the beam
distortion arising from the bending and bulgingtioé disk. A Ct*:YAG crystal with
the initial transmission of 84% as the SA to forfA@S Yb:YAG microchip laser.
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1.3 Mode-locked Yb doped crystal lasers

Pulsed lasers with repetition rates of multi-gig&hattract noticeable interest due to
its wide applications. Mode-locked laser pulseshwatilse duration that ranges from
picosecond to femtosecond at such repetition rates required for various
applications such as wireless communication [#g&communications [77], quantum
communication [78], optical clocking [79], high-guk optical sampling [80], high
signal-to-noise ratio measurements [81], nonlinbar-photonic application [82],
photonic switching [83], and large-mode-spacingesapntinuum generation [84].
Various schemes are intensively being investigadedenerate mode-locked pulses
for achieving such high repetition rate. Activelyda passively, harmonically
mode-locked fiber lasers are -oneof the generakoagps to reach such high
repetition rate [85-86]. Pulse repetition rate ai200 GHz can be attained but at the
cost of a high complexity due to harmonic mode iogkand relatively low output
powers of at most a few tens of milliwatts. Quantweil Fabry—Perot lasers [87] and
guantum-dash-based Fabry-=Perot- mode-locked |a8¢raf@ also candidates. Pulse
duration of 10 ps and 0.9 ps at the repetition citd00 GHz and 134 GHz was
obtained with the Quantum-well laser and the quantiash-based laser, respectively.
However, the average output powers were limitedatdew tens of milliwatts.
Optically pumped mode-locked vertical-external tavi surface-emitting
semiconductor lasers (VECSELs) that are passivelpdarocked with a
semiconductor saturable absorber (SESAM) [89-9@)radamental repetition rate can
generate in sub-picosecond pulses of good qualily gher average power up to
220 mW. By harmonically mode-locking, the VECSELsncalso generate
mode-locked pulses with repetition rate up to 92zdB1-92]. Nevertheless, the
average output powers were still relatively small.

Rare earth ion-doped solid-state lasers are progisor their potential to
generate mode-locked pulse trains with high aveameers in diffraction-limited
beams [93-95]. They feature efficient, robust, caotp and reliable operation.
Repetition rate up to 160 GHz can be achieved witNd:YVQO, laser [93] with

average output power of 50 mW and pulse duratioR.dfps. However, the laser
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should use Ti-sapphire lasers with high brightnassthe pump source. With
diode-pumped scheme, the pulse repetition rate lwated to be 40 GHz for the
Nd:YVO, laser [94] and 100 GHz for the Er:Yb:glass la$#] [at the spectral range
of 1.06 um and at 1.5um, respectively. These lasers were all operatethat
fundamental repetition rate that corresponds irahgr the cavity round trip times.
Nevertheless, due to their relatively low laserssrgections, they exhibit a strong
tendency toward Q-switched modelocking (QML) whieeyt are operated with short
cavities to achieve high repetition rate operatibhe mode-locked pulse train is
further modulated in amplitude with a long Q-swédrenvelope [96]. For this reason,
the repetition rates of passively mode-locked iopatl solid-state lasers were limited.
Therefore, there were only a few demonstrationdiofie-pumped solid state lasers
that comnines gigahertz pulse repetition rates fantosecond pulse durations. An
overview of fundamentally mode-locked diode-pumpgetid state lasers with pulse

repetition rate higher than 1GHz is given in Tahl@.

. . Pulse Repetition
Ref.  Gain medium Wavelength o

width rate

97 Ti-sapphire 788 nm 1.06 W42 fs 10 GHz
98 Cr:LiISAF 865 nm 011W55fs 1GHz
99 Yb:KGW 1042 nm 22W 290fsl1l GHz
100  Yb:KGW 1043 nm 19W 396 fs4.8 GHz
101 Yb:KYW 1045 nm 0.68W 162 fs 2.8 GHz
102 Yb:KYW 1047 nm 0.05W 168fs 1.2 GHz
94 Nd:YVO, 1064 nm 0.29W 6.5ps 40 GHz
95 Er:Yb:glass 1550 nm 0.04WL.1ps 100 GHz

Table 1.3 Overview of fundamentally mode-locked diode-punhpelid state lasers

with pulse repetition rate higher than 1GHz.

Harmonic modelocking (with multiple pulses circutatin the laser cavity) give
another solution for generating high repetitioreraf a solid-state laser [103]. An
advantage of this approach is that the QML tendewtych depends on the cavity
length, is then weaker compared to the case ofod $imdamentally mode-locked
laser with the same repetition rate. Spomtaneobpisosecond pulses with pulse

repetition rate of 80 GHz at the tenth-order harimonode-locked operation. Pulse
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duration of 616 fs was attained under the averagpeub power of 0.45 W which, for
the first time, demonstrated the mode-locked opmrawith subpicosecond pulses at
pulse repetition rate higher than 10 GHz in therLspectral regime. The etalon effect
formed by the separation between the laser crystdl the input mirror plays an
important role in modulating the optical spectruithe mode-locked laser [104]. The
intracavity etalon results in the coupled cavityeef within the original cavity.
Coupled cavity effect was used to obtain highers@ulepetition rate in passively
mode-locked lasers [105-108].

Consider a linear cavity with optical length |. Tpelse repetition rate R is equal
to c/2l, where c is the speed of light. When codmavity is introduced, the original
cavity was devided into two subcavities which namein cavity with cavity length
of |, and external cavity with cavity length @f Where L+ I.=I. When |/ |=N/M is a
ration number (N and M are positive integers withaommon denominators), for
each split of pulse at the interface of the twocswities, the reflected pulse lages
either M/[(M+N)R] or N/[(M+N)R] in-time behined th&ansmitted pulse. With this
effect, the time interval between any split intaatapulse and the initial pulse can be
expressed as K/[(M+N)R], where K is an integer exhfom 0 to M+N-1. When the
system is mode-locked, there will be N pulses tattog in the main cavity and M
pulses circulating in the external cavity. The fimamber of intracavity pulses is
therefore M+N, and the pulse repetition rate istipligd to (M+N)R. This means that,
for a given laser cavity length, one can multiglg pulse repetition rate by choosing
an appropriate ratio of the subcavity lengths.

Yb:YAG laser medium has low quantum defects andh lgjgantum efficiencies.
Moreover, the host YAG has a high thermal conditgtiand high tensile strengths.
Thus, Yb:YAG lasers are considered as a candidate efficient high-power
femtosecond-pulse laser sources. Efficient, fencws@-pulse mode-locked
operations have been demonstrated in passively #nclled scheme [109-111] and
Kerr-lens mode-locked (KLM) scheme [112-114]. Faostih SESAM based and
Kerr-lens modelocking experiments, although pulseshort as 35 fs were generated
from the Kerr-lens mode-locked operation [114], saulrepetition rate from the
Yb:YAG laser oscillators remained below 1GHz.

In this section, | demonstrate a high-power higbetiion-rate self-mode-locked

lasers with a Yb:YAG microchip in a linear Fabryr&ecavity. The front surface of
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the gain medium is coated to form a cavity mirnod & bonded with a diamond heat
spreader to reduce the thermal effects. The refacgiof the Yb:YAG plate is coated
not only to lead to a second pass of the pump lghtalso to play an etalon for
achieving harmonic mode locking. Furthermore, aisenductor saturable absorber
mirror (SESAM) is incorporated into the cavity fdual wavelength operation. With
thespecially fabricated SESAM, | successfully deped high-power dual-wavelength
harmonically mode-locked Yb:YAG laser.
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The way for achieving PQS operation is to insesaairable absorber (SA) into
the laser cavity. The SAs can absorb light of tlogtical transition wavelength and
has a transmission characteristic as depictedgnZil. The material becomes more
transparent as the incident fluence increases,aardgher incident energy fluence
levels the material saturates or bleaches, leatting high transmission. The PQS
operation is achieved by the behavior of the alismrpof the SA which initially
provides a high loss in the resonator to prevesérlascillation and to store the
population inversion in the gain medium. As the iISA/oumped continuously by the
fluence of the gain medium and finally the gain eeds the round-trip losses, the
intracavity power density increases dramaticallysiag the SA to bleach and a
Q-switched pulse builds up.

One type among Q-switched: SAs-is to. add additiologled fibers doped with
Cr** [1], Sm [2-3], Bi [4], and Tr-Yb** co-doped [5] in the 1.0-1,im regime. The
cavity scheme with the fiber saturable absorbéected in Fig. 2.2 and is usually in
the all-fiber form. The advantages of all-fiberdasystems like compact set-up, low
adjustment requirements and low sensitivity to ritadr effects and mechanical
perturbations which can not fully be exploited asér systems with free-space cavity
part. With 273 mW of pump power, the fiber laseeganted in Ref. [1] can emit
pulses at the repetition rate of 84 kHz with pwlsdth of 3us and pulse energy of 15
nJ. But the stability of the output pulse train wasy poor and the laser efficiency
was rather low because cavity parameters were ptinized. Operated with the
Sm-doped fiber as described in Ref. [2-3], at thenp power of 6 W, the output
pulses generation occurs in stable manner withrépetition rate of 130 kHz, pulse
width of 650 ns, and pulse energy of 2D The pulse energy can be increased by
optimizing the length of the Sm-doped fiber.
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Fig. 2.1Nonlinear transmission of a saturable absorbesugeincident fluence,E

normalized to the saturation fluencedt the absorber.

In contrast to Cf and Sm-doped fibers; Bi active centers have thdifietime to
be about 1 ms which has the advantage for highlsemnergy. The pulse energy of
0.1 mJ can be achieved at the.emission wavelerfgtlo@ nm. Maximum average
power of 3.5 W was attained under the pump poweB & at this wavelength.
Minimum pulse width was of fis while the pulse repetition rate ranges from 1@ kH
to 100 kHz.

pump

HR BG BG
1]
Il

5¢ 5 ”l output

|

I FSA Active fiber

Fig. 2. 2General scheme of the fiber laser with the filz@usable absorber (FSA).
BG: Bragg grating, HR BG: high reflective Bragg ting.

The laser system with THYb®*" co-doped fiber as the self-Q-switched element
showed up to 2.4 W output power at the pump powet0o8 W, up to 140 kHz
repetition rate, a maximum pulse energy of 1dZand a minimum pulse duration of

1.5 us. Besides, using a grating pair in Littrow-Littmaanfiguration the emission
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wavelength was tunable between 1055 nm and 1090Newertheless, the pulse
energy was limited to below 0.1 mJ for all PQS filb@sers using various fiber
saturable absorbers because of the restricted mtamiuldepth that forms the obstacle
to deliver high-pulse-energy laser.

In terms of the bulk-type SAs, especially dopedstals, Ct*:YAG crystals are
the most widely used SA at the spectral range ®futh to 1.2um owing to its good
chemical and photochemical stability, high thermahductivity, and high damage
threshold. Besides, as the result of its large h®m cross section, low saturation
intensity, and long excited-state lifetime requirfed optical absorption, ¢ YAG
crystal has been the most recognized SA with YbeddpQS fiber lasers have been
intensively studied in varied experimental setupesees and output characteristics
[6-10].

The optical energy diagram of the*€¥AG crystal is depicted in Fig. 2.3. The
energy levels of the ¢tYAG passive Q-switch can be modeled as a fourlleve
system. The solid line and the dash line indicatkative and non-radiative transitions,
respectively. The Eto E transition is the targeted saturable transitionthe
absorption band of 1.0~14m ‘with the ground state absorption cross-sectign
When a photon at the laserwavelength is absorpeldebground state, energy level 3
immediately relaxes to the fluorescing state l&erhis level has a long lifetime (4.1
us), allowing the 1-3 transition to become saturaiedhe population of level 1 is
depleted. The transition from level 2 to level 4responds to the excited-state
absorption (ESA). The ESA not only results in adeal loss in the resonator when
the ground state absorption has been saturatealdmuteads to a degradation of final
transmission of the SA. The transition from levekd level 4 does not saturate
because of the fast relaxation of the level 4 (v3)6

The criterion for a useful SA in Q-switching is thas > 024, Whereoy, is the
absorption cross-section for ESA. The values ofalb®orption cross-section for both
the ground-state and the excited-state still canbeodetermined exactly so far and
can vary greatly in magnitude because the meastn@sb-section depends on the
property of the probe light source such as theeptdpetition rate together with the
pulse width, the doping concentration and homodensfi Cf**:YAG crystals, and
diverse fitting procedures to determine the val@&ssveral published values [11-15]

for absorption cross-section for ground-stafigs)(and the excited-statevd) have
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been shown in Table 2.1.
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Fig. 2.3The energy-level diagram of €rYAG with ESA. The solid lines indicate
radiative optical transitions and the dashed lindgate non-radiative transitions.

Reference 0gs Oes OedOgs
11 (7.0£0.8)x13%cnf  (2.0+0.3)x10%cn?  0.29
12 (1.940.5)x13% et (5.041.0)x10° cn?  0.26
13 (5.7£0.2)x13%cn?  (8.0+2.0)x10®cn?  0.14
14 (8.7£0.8)x13%cn?  (2.2+0.2)x10®cn?  0.25
15 (3.320.2)x13%cn?  (6.3+0.5)x10cn?  0.19

Table 2.1 CP":YAG cross sections at 1.n published in literatures

The final transmission of the €rYAG crystal could not approach to 100% because it
is the SA with ESA effects that the final transnussis governed by the following
equation:
T, =T* (2.1)
where Ftogether with Tis the final and initial transmission of the SAJ$ is
the ratio of the absorption cross-section of theites-state and the ground-state, i.e.
B=0.J0gys as calculated in the last column in Table 2.1. Tdt®s ofcedays are less

duplicitous than the absolute valuesogf or oesand were reported to range from 0.14
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to 0.29 [16]. Hence the lossy phenomenon was atathmainly to the ESA.
Some output characteristics of PQS fiber laser$ wie Cf*:YAG crystal in
various experimental setups are listed in in Tkke

Ref. Core diameter/ length iP Pout Energy  Pulse width
7um/ 2 m 1.7W 0.3W 28J 2.7ns
6um/ 3 m 9.8W 4.7 W 18.pJ 143 ns
10pum/ 2.8 m 13.8W 7.8W 6pJ 116 ns
25um/ 3 m 17.5W 6.2W 130 6.5ns

10 25um/ 1 m 41W 0.637 W 24fn] 0.49 ns

Table 2.2 Some output characteristics of PQS fiber lasaldighed in literatures

From Table 2.2, we can see that the output pulseggrwere all below 100J
for fiber lasers with small core diameter (corenuiéder <10 um ). By using the LMA
fiber, the PQS fiber laser demonstrated in-Refa® emit pulse energy up to 130 at
the pulse repetition rate of 47.7 kHz with thé ©fAG of initial transmission of 40%.
The pulse width could be reduced to approximatel#90ns in Ref. 10 by
incorporating the pulse formation’ procedure with-#timulated Brillouin scattering
(SBS) effect. However, the output power was limited.637 W because not only the
spectral but also the temporal stability of the Pi®r became severely unstable
when the pump power increased to beyond 4.1 W.tifinag jitter of the pulse train
was deteriorated to 24% in root mean square aptse repetition rate of about 22
kHz.

In addition to transition-metal-doped crystals suels Cf:YAG SAs,
semiconductor saturable absorbers [17], and grap[] have also been applied as
SAs in Yb-doped fiber lasers. InGaAs/GaAs quanturallsy (QWSs) with 70%
modulation depth were employed as SA with core-peohp5-cm Yb-doped fiber in
Ref. 17. Pulse width as short as 8 ns was obtam#ds scheme. However, the output
pulse energy with InGaAs QWs in passively Q-switthasers is limited to 0.1J by
the lattice mismatch with the substrate GaAs fergspectral region of above lutn.
As for the grapheme based SA described in RefthiE8average output power of 12
mW with the pulse energy of 45 nJ and pulse widtfilons at the repetition rate of
257 kHz was attained under the pump power of 360 W¥\the result of the lower
damage threshold of the grapheme membrane, the porgy was much lower than
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other bulk-type SAs mentioned above.
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2.1 Passively Q-switched fiber laser with AlGalnAs MQWs

Fiber lasers have been confirmed to possess thésndr high efficiency,
excellent beam quality, and good heat dissipatldigh-pulse-energy Q-switched
fiber lasers are practically useful in numerousliappons, such as range finding,
remote sensing, industrial processing, and cohdidaat systems [19-22]. Passively
Q-switched lasers with saturable absorbers havectdt! significant attention because
of their compactness and simplicity in operatioevé&al saturable absorbers have
been developed to replace the dyes used in salid-$asers, such as “Gdoped
crystals [23-27] and semiconductor saturable alesonbirrors (SESAMSs) [28-29].
Currently, Cf*:YAG crystals are the most recognized saturableordess in the
spectral region of 0.9-1.@m. Passively Q-switched fiber lasers with*TYAG
saturable absorbers have been-recently demonstfétéd 9], among which the
maximum pulse energy achieved with a large-moda-#kedoped fiber was 120J.

Alternatively, InGaAs/GaAs quantum wells (QWs) haween used to develop
the SESAMs for Nd-doped or.Yb-doped lasers. Thaiobble absorption change
between low and high intensities; however, is hiaddy the lattice mismatch for the
spectral region of above 1in. As a consequence, the output pulse energiethand
conversion efficiencies with InGaAs SESAMs in pasbi Q-switched lasers are
significantly lower than those with €rYAG crystals. Recently, an AlGalnAs with a
periodic QW/barrier structure has been exploitetldan efficient saturable absorber
for a passively Q-switched Nd:YVQaser [30]. Compared with InGaAsP materials,
the AlGalnAs quaternary alloy with a larger conduetband offset is confirmed to
offer a superior electron confinement in the 0.8851um spectral region [31-33].
Nevertheless, AlGalnAs/InP QWs have not been ensggloy passively Q switch
Yb-doped fiber lasers.

| demonstrate a high-pulse-energy passively Q-twidcYb-doped fiber laser
with an AlGalnAs/InP QWs saturable absorber. Withirecident pump power of 7.6
W, an average output power of 3.8 W with a Q-svéttipulse width of 30 ns at a
pulse repetition rate of 12.5 kHz was obtained;seguently, the maximum pulse

energy was up to 30@J. More importantly, the overall Q-switching eféaicy could
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exceed 90% because of a low nonsaturable loss.

The structure of the semiconductor saturable alesarfas essentially similar to
that reported in [30]. The previous saturable adisoconsisted of 30 groups of two
QWs, spaced at half-wavelength intervals by InAl¥srier layers with a bandgap
wavelength around 805 nm. Here we fabricated aaatelabsorber with 50 groups of
three QWs to increase the modulation strength. liimenescence wavelength of the
saturable absorber was designed to be near 1066AnmnP window layer was
deposited on the QW/barrier structure to avoidaigfrecombination and oxidation.
The backside of the substrate was mechanicallysipedi after growth. Each side of
the semiconductor saturable absorber was antitigfteccoated to reduce back
reflections and the couplecavity effects. Figure ghows the measured result for the
low-intensity transmittance spectrum of the QW saile absorber. The initial
transmission of the absorber at the wavelength @61nm was found to be
approximately 26%. The operation bandwidth of theoaber is approximately 8 nm.
With the z-scan method, the absorption change letie@v and high intensities was
observed to be approximately 70%-in a single pasg,the total nonsaturable losses
were lower than 5%. Furthermore, the saturatioarfte of the saturable absorber was
estimated to be in the range of 1 mJcand-its relaxation time was on the order of
100 ns.

Figure 2.5 depicts the schematic of the experinhesgtup for the passively
Q-switched fiber laser, which is composed of arfh. ¥b-doped fiber and an external
feedback cavity. The external cavity comprisesimaging lens, a saturable absorber,
a highly reflective mirror at 1.0pm for feedback, and a Fabry—Perot thin film filter
(FP filter) for controlling the lasing wavelengthhe peak of the FP filter is at 1100
nm with a FWHM bandwidth of 5 nm at normal inciden@he end facets of the fiber
were cut to be normal incident. The fiber has &madding absorption coefficient of
10.8 dB/m at 976 nm and a double-clad structurk aidiameter of 350m octagonal
outer cladding, a diameter of 2p@h octagonal inner cladding with an N.A. of 0.46,
and a 25um circular core with an N.A. of 0.07. Note that ttebust single-mode

output was achieved with a unique low N.A. featoiréhe core.
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Fig. 2.4 Transmittance.spectrum at room temperature foAReoated
AlGalnAs/InP saturable absorber. Inset, schemagigrdm of a periodic AlGalnAs
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The pump source was a 10 W 976 nm fiber-coupleer ldsode with a core
diameter of 40@um and an N.A. of 0.22. A focusing lens with 25 noudl length and
90% coupling efficiency was used to re-image thepiloeam into the fiber through a
dichroic mirror with high transmission (> 90%j 976 nm and high reflectivity (>
98.8%) at 1066 nm. Theump spot radius was approximately 20&. With
launching into an undoped fiber, the pump coupkfiiciency was measured to be
approximately 80%. The pulse temporal behavior wesorded with a digital
oscilloscope (LeCroy Wavepro 7100; 10G samples/§Hz bandwidth) and a fast
InGaAs photodiode. The laser spectrum was meashyedn optical spectrum
analyzer with 0.1 nm resolution (Advantest Q8381A).

Figure 2.6 shows the average output powers withesto the incident pump
power in cw and passive Q-switching operations. Gleperation was performed to
make an evaluation for the passively Q-switchedtieficy. Without the saturable
absorber in the cavity, the laser had an outputepost 4 W at an incident pump
power of 7.6 W in a cw operation, and the carresipunslope efficiency was 66%. In
the passive Q-switching operation;-an average oytpwer of 3.8 W was obtained at
an incident pump power of 7.6 W. The Q-switchinficefncy, which is defined as
ratio of the Q-switched output power.to the cw pgve¢ the same pump power, can
be found to exceed 90%. This Q-switching efficiemcyonsiderably better than the
results obtained with the €rYAG saturable absorber [9]. The superior Q-switchi
efficiency confirms that the AlGalnAs QW materialncbe exploited to be an efficient
absorber with a large modulation change and a tpuenonsaturable loss. The lasing
linewidth was narrower than 1.0 nm with the helpaddlielectric bandpass filter, as
shown in the inset of Fig. 2.6. The?Nactor was also measured to be less than 1.5
over the complete output power range, owing toltlveN.A. feature of the fiber.
Furthermore, | also detuned the resonant wavelefigghtilting the FP filter) to
investigate the bandwidth of comparable Q-switchpagormance. It is found that the
output pulse energy of > 280 with the identical Q-switching efficiency coul@ b
obtained within 10664 nm.

Figure 2.7 shows the pulse repetition rate and ghise energy versus the
incident pump power. It can be seen that the puksggetition rate increases
monotonically with the pump power up to 12.5 kHzl ahat the pulse energy is
approximately 30@J for all pump power range. The pulse duratiorshtasvn in Fig.

2.8(a), was found to be almost constant at 30 msafb pump powers. As a
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consequence, the maximum peak power reaches apm@t@ty 10 kW. A typical
oscilloscope trace of a train of output pulses hswn in Fig. 2.8(b). Under the
optimum alignment condition, the pulse-to-pulse biuge fluctuation was found to
be within 10%. In passively Q-switched Yb-dopedefibasers, on the whole, the
performances with AlGalnAs QWSs saturable absorla@es superior to the results
obtained with Ct":YAG crystals [6-7, 9].
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Fig. 2.6 Average output powers at 1066 nm with respediéaricident pump power
in cw and passively Q-switching operations.

In summary, a high-pulse-energy passively Q-swilcYie-doped fiber laser was
developed with an AlGalnAs/InP QW saturable absor®&ble Q-switched pulses of
30 ns duration with an average output power of\8.&nd a repetition rate of 12.5
kHz were obtained at an incident pump power of W.6The overall Q-switching
efficiency was found to exceed 90%. Excellent isscbnfirm that the AlGalnAs QW
material can be exploited to be an efficient absorith a large modulation change

and a quite-low nonsaturable loss.
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2.2 Comparative studies for Cr*":YAG crystal and AlGalnAs
MQWsin PQSfiber lasers

The rapid development of double-clad rare-earthedofibers and high-power laser
diodes spirits the generation of high-power andhiigghtness light sources [34-36].
Pulsed fiber lasers have attracted a great deatteftions in applications owing to
their higher peak power than in CW operation. Rasgp-switching (PQS) is a
sophisticated and an efficient technique to credtigh-pulse-energy and
high-peak-power pulses. Besides, PQS lasers are ocmonpact and lower cost than
the active Q-switching cause of that they utiliaéusable absorbers (SAs) in replace
of acoustic-optic or electro-optic modulators as @rswitch.

Fiber-type SA [1-2, 37]-offers the in-line configdion, nevertheless they are
restricted by modulation depth to deliver high-pusnergy laser. Crystal-based and
semiconductor-based SAs- are other choices -of pmas&wswitch. Their high
mechanical robustness and well-developed fabricapoocess make them more
common in Q-switched fiber lasers.[6, 17,°38-40]the spectral region of 1.0~1.1
um, CA*:YAG crystals [6] and InGaAs/GaAs quantum wells (§\W17] have been
adopted to Q-switch fiber lasers. However, the ouflse energies with InGaAs
SESAMs in passively Q-switched lasers are limitgdhe lattice mismatch with the
substrate GaAs for the spectral region of abovepun0 Alternatively, AlGalnAs
material has the advantages of lattice match wighsubstrate InP and better electron
confinement in the 0.84-1.68n spectral region than AlGalnP materials [31-32¢ W
have recently utilized AlGalnAs periodic QWs to ®@#eh a Nd:YVQ, laser [41] and
an Yb fiber laser [42], they could emit pulse eyaug to 40 and 300J, respectively.
Furthermore both of them delivered pulse peak powEd kW. Consequently,
AlGalnAs semiconductor QWs is comparable with*OfAG crystal in the region of
1.0~1.1um.

Here, | demonstrate comparative studies fot":€¥AG crystal and AlGalnAs
semiconductor used as a SA in Q-switched Yb-dop fasers. The two SAs were

designed to be possessed of nearly identical sipdkl transmission of ~28%.
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Experimental results reveal that the maximum trassions are 85% and 96% for the
Cr*":YAG crystal and the AlGalnAs QWs, respectively.déna pump power of 24 W,
the average output powers were up to 14.4 W arRi\W3obtained with the AlGalnAs
QWs and with the Ci:YAG crystal, respectively. The maximum pulse efesg
obtained with the AlGalnAs QWs and with the*CYAG crystal were found to be
0.45 mJ and 0.35 mJ, respectively.

(A) Characteristics of saturable absorbers

The CFf*:YAG crystal has thickness of 3 mm and was highdpetl with a small
signal transmission of 28%. Both sides of thé"GAG crystal were coated for
antireflection at 1030 ~1080 nm (R<0.2%). The AlG¥ absorber was designed
with 50 groups of three QWs as described in Ref].[4oth sides of the
semiconductor SA were coated for anti-reflectingdduce back reflections and the
couple-cavity effects. Figure 2.9 shows the saimaransmission of the SAs, where
the pump source was a nanosecond Nd:YAG Q-swittdsst. The saturation energy
density of AlGalnAs QWs and€rYAG crystal are estimated to about 1 m¥and
300 mJ/cr, respectively. The deduced absorption crossseaifothe Cf*:YAG
crystal is in the order of 1§°cn and agrees approximately with Ref. [26, 43-44].
Besides, the cross-section for the AlGalnAs QWs alatsined in the order of 18
cn?. The 95% final transmission of AlGalnAs revealg flow nonsaturable loss
induced by the facet reflection and absorptionHgydubstrate. On the other hand, the
final transmission of the ¢tYAG was only 85%, the lossy phenomenon was
attributed mainly to the excited-state absorptiBSA) [11]. The final transmission
influenced by the ESA effect could be express agprately as 7= T, where T and
T; are the final and the initial transmission, respety and the parametdy is the
ratio of the absorption cross-section of the exkeitate and the ground-state, {e.
=ced0gs The values of derived from Ref [26, 43-44] ranges from 0.1~0z2fl is
0.128 in our experiment. The modulation depth cobé&l found to be 68% for
AlGalnAs QWs and 57% for the €rYAG crystal. Furthermore, the relaxation time
of the AIGalnAs QWs the ¢FYAG crystal were estimated to be on the order@d 1

ns and 3us respectively.
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Fig. 2.9 Saturation transmission of the AlGalnAs QWs arel@if*:YAG crystal.
(B) Experimental setup

The cavity consists of a 3-m Yb=doped fiber anc=iernal feedback cavity with
a SA. Figures 2.10 (a) and (b) show the setupsPfQ6 fiber lasers by use of a
Cr*":YAG crystal and a AlGalnAs semiconductor, respedii. The fiber has an
absorption coefficient of 10.8 dB/m at 976 nm ardbable-clad structure with a 350
um octagonal outer cladding, a 2nfn inner cladding with a numerical aperture
(N.A.) of 0.46, and 30m circular core with a N.A. of 0.07. The use of the
large-mode-area fiber with low N.A. is beneficial ttoring higher pulse energies and
sustaining excellent beam quality simultaneoushe €xternal cavity in Fig. 2.10 (a)
consists of a focusing lens of 25-mm focal lengtfdcus the fiber output into the
Cr":YAG crystal, a re-imaging lens to re-image therbean a highly reflective
mirror for feedback, and a thin film filter for ctvolling the resonant wavelength. The
SA was wrapped with indium foil and mounted in gmer block without active
cooling. Here | used a tight focusing configurattonenhance the energy inside the
Cr*":YAG crystal. The beam waist was about;#8 and a translation stage was used
to adjust the longitudinal position of the*CYAG saturable absorber for minimizing
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the beam volume inside the crystal and achievimgldwvest Q-switching threshold.
On the other hand, the low saturation energy demdithe AlGalnAs QWs could
allow a simple external cavity, as shown in Figl®2(b), where the beam spot
diameter was approximately 3@dn. And the peak optical intensity allowed on the
AlGalnAs QWs is estimated to be 300 MW/cmithout damage. The SA was tilted
slightly to avoid facet reflection back to the géiver, which usually incurs parasitic
fluctuation in pulse stability in high gain fibexders.

The pump source was a 35-W 976-nm fiber-coupledrla$éode with a core
diameter of 40um and a N.A. of 0.22. Focusing lens with 25 mm Fdeagth and
92% coupling efficiency was used to re-image thepiream into the fiber through a
dichroic mirror with high transmission (>90%) at@®%m and high reflectivity (>
99.8%) within 1030~1100 nm. The pump spot radius &pproximately 20Qum.
With launching into an undoped fiber, the pump dimgpefficiency was measured to

be approximately 80%.

(a) Yb doped double-cladding fiber
300um/30um , 3m length

" Laser Diode

Cr+YAG filter

M &7

Dichroic mirror Focusing lens  High-reflection mirror
HR@1030~1100nm f=25mm HR@1030~1100nm
HT@976nm
(b) Yb doped double-cladding fiber
300pm/30um , 3m length
" Laser Diode AlGalnAs

filter QWs

Focusing lens
Dichroic mirror f=25mm High-reflection mirror
HR@1030~1100nm HR@1030~1100nm
HT@976nm

Fig. 2.10Schematic of diode-pumped PQS Yb-doped fiber faga) with C+:YAG
crystal (b) with AlGalnAs QWs. HR: high reflectioHT: high transmission.
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(C) Results and discussions

Figure 2.11 shows the average output powers wépeae to the launched pump
power in cw and PQS operations. The cw operatios peaformed with an external
cavity only comprising a re-imagining lens and #exive mirror. In the cw regime,
the laser had a slope efficiency of 74% and theuwupower reached 15.8 W at a
launched pump power of 24 W. In the PQS regime,ntlaimum average output
powers at a launched pump power of 24 W were up4téd W and 13.8 W with the
AlGalnAs QWs and with the EtYAG crystal, respectively. The Q-switching
efficiencies were 91% and 87% for the lasers wiith the AlGalnAs QWs and with
the Cf*:YAG crystal, respectively.

The pulse temporal behavior was recorded by a Leligytal oscilloscope
(Wavepro 7100; 10G samples/sec; 4 GHz bandwidttl) svifast InGaAs photodiode.
Figure 3.9 shows the pulse characteristics inclydime pulse repetition rate and the
pulse energy. Figure 2.12 (a) shows the pulseitepetate versus the launched pump
power. The repetition rates-of both lasers incr@asenotonically with the pump
power. At a launched pump power of 24 \V, the reéipetirates were 38 kHz and 30
kHz for using the C¥:YAG crystal and the AlGalnAs QWSs, respectivelygiiie 2.12
(b) shows the pulse energy versus the launched mower. The pulse energy with
the C#":YAG crystal was almost constant at 0.3 mJ forghenp power less than 20
W and slightly increased up to 0.35 mJ at a pumpepaf 24 W. On the other hand,
the pulse energy with the AlGalnAs QWs increaseslgally, from 0.25 mJ at the
threshold to 0.45 mJ at a pump power of 24 W.

Another interesting characteristic of saturable odbsrs is the
wavelength-dependent absorption. In this investigathe thin film filter was tilted
for controlling the lasing wavelength from 1055 non1083 nm. Figure 2.13 shows
the pulse energy versus the lasing wavelengthpatnap power of 24 W. Since the
absorption bandwidth of the AlGalnAs QWs was rathamrower, the variation of the
pulse energy with the AlGalnAs QWs was more sigaift than that with the
Cr":YAG crystal. Therefore, the &tYAG crystal is more suitable than the
AlGalnAs QWs for using in tunable operation.
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Fig. 2.11Dependence of the average output power on thetaahpump power for

the cw and passive Q-switching operations.

The temporal shapes of the Q-switched pulses ferntaximum pulse energy
were depicted in Fig. 2.14. The top of Fig. 2.1dw$ the single Q-switched envelops.
The pulse durations were 70 ns and 60 ns for ugiagCf":YAG crystal and the
AlGalnAs QWs, respectively. The bottom of Fig. 2dlbw the typical oscilloscope
traces of Q-switched pulse train with the optimuhgrament. The pulse-to-pulse
stability was found to be noticeably better witle tAlIGalnAs QWs than with the
Cr*":YAG crystal under 30 °C because of the properingadbility by the copper sink.
Without any cooling mechanism, the pulse-to-pultbity and the laser output

energy will be reduced.
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(D) Conclusion

In conclusion, | have demonstrated comparativeissuidr the Ct:YAG crystal
and the AlGalnAs QWs used as a SA in efficient ipglse-energy PQS Yb-doped
fiber lasers. The two SAs were designed to exhigarly identical small-signal
transmission of ~28%. Under a pump power of 24N&,dverage output powers were
up to 14.4 W and 13.8 W obtained with the AlGalr@/s and with the Cf:YAG
crystal, respectively. The maximum pulse energlgsined with the AlGalnAs QWs
and with the CY:YAG crystal were 0.45 mJ and 0.35 mJ, respectivalye
pulse-to-pulse stability was found to be noticeabdjter with the AlGalnAs QWs
than with the C¥:YAG crystal. Nevertheless, the ¥YAG crystal has a broader
absorption band that is beneficial to the tunalperation. It is believed that the
efficient Q-switched fiber lasers should be uselight sources for technical
applications because of its high average poweregdsas high pulse energy.
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2.3 Hybrid Q-switched Yb-doped fiber laser

Double-clad ytterbium (Yb) doped large-mode-aréffilasers have been confirmed
to possess the advantages of good heat dissipdtigim,efficiency, and high gain.
Compared to CW fiber lasers, high-power and higlsgaenergy Q-switched fiber
lasers have proved to be practically useful in augsiapplications such as range
finding, remote-sensing, and coherent lidar syst¢h®20, 22]. The Q-switched
pulse energy is mainly determined by the mode feekh, the lifetime of active ions,
and the modulation depth of Q-switch. To achiexghipulse-energy Yb-doped LMA
Q-switched fiber lasers, a Q-switch with large matan loss is requested.
Acousto-optic modulators (AOMs) with high diffracti loss [19-20, 22] and
saturable absorbers with high modulation depth48phave been recently employed
as Q-switchers to obtain high-power and high-peisergy Yb-doped fiber lasers,
respectively. The advantages of active Q-switcl{fi@S) are tunable repetition rate
and stable pulse generation. However AOMs, or aoemstic (AO) Q-switches
demand high driving RF-power to realize high motdafa losses for high power
lasers. Hence the RF-power drivers-and the codysgems would be complicated.
On the other hand, passive Q-switching (PQS) byrable absorbers can operate
without external driving electronics. The timinger, however, of PQS fiber lasers is
inevitable and it would limit the availability fapplications. Timing jitter is mainly
attributed to the fact that lasers originate frohotons of the spontaneous emission
which would be affected by fluctuations of temperat in gain medium and
wavelength of pump sources [47,48]. There are maks done to reduce the timing
jitter for PQS lasers such as composite pump schidmgeand optical triggering
saturable absorbers by electrically controlled tliglources [49-51]. The former
method is limited to operate only near the lasingeghold while the latter would
decrease the pulse energy owing to the pre-blegc¢bisaturable absorbers.
Compared to AQS and PQS, an alternative method as use a

large-modulation-depth saturable absorber and aRBwower driven AO Q-switch
simultaneously. In the hybrid Q-switched (HQS) @pien, the saturable absorber is

used for generating high modulation loss while Al@ Q-switch is used for reducing
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the timing jitter. The HQS method has been emplaye@0O, laser [52], solid-state
microchip laser [53,54], and high average poweidssthte laser [55]. Nevertheless,
to our best knowledge hybrid Q-switched fiber laseave not yet been investigated
so far.

In this section | investigate the performance oH@S fiber laser that is
constructed with a low RF-power driven AO Q-swit@dnd an AlGalnAs
semiconductor saturable absorber. Compared to afl@Slaser, the ratio of timing
jitter to pulse period can be significantly redudezm 2% to 0.3% in the regime of
far above threshold. On the other hand, the prajasifect in a pure AO Q-switched
fiber laser can be considerably improved. More irtgouly, the maximum pulse
energy of the HQS fiber laser can be increasedoappately 25% in comparison
with the result of the PQS fiber laser. At a puntpvpr of 24 W, the highest pulse
energy is up to 0.56 mJ with the pulse duratioBhs at a repetition rate of 23 kHz.

(A) Experimental setup

Figure 2.15 presents the schematic diagram ofxperamental setup of the HQS
Yb-doped fiber laser that consisted of a 3-m Ybeatbfiber (nLIGHT Corporation)
and an external feedback cavity. The fiber hasbaormtion coefficient of 10.8 dB/m
at 976 nm and a double-clad structure with a @¥0octagonal outer cladding, a
2504um inner cladding with a numerical aperture (N.A.Dal6, and a 3@an circular
core with a N.A. of 0.07. The fiber end facet ndhe external cavity was
angle-cleaved to prevent Fresnel reflection andgte lasing and the other end facet
was normal-cleaved as an output coupler with raflég of 4%. The external
feedback cavity comprised an aspheric lens with fdwal length of 25 mm, the
saturable absorber, a highly reflective mirrorI080nm~1100nm, a Fabry-Pérot thin
film filter (FP filter), and an AO Q-switch. The ale of the FP filter is at 1100 nm
with a full-width-at-half-maximum bandwidth of 5 nat normal incidence. The FP
filter was used here for shortening and selectirgresonant wavelength, which was
chosen as 1066 nm to match the resonant wavelehgtie absorber. The AlGalnAs
absorber was designed with 50 groups of three goamtells (QWSs) as described in
Ref [30, 45]. Both sides of the semiconductor absowere coated for anti-reflecting
to reduce back reflections and the couple-cavigoes. The saturation energy density,

the initial transmission, and the final transmissif AlGalnAs QWs are 1 mJ/én
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27%, and 95%, respectively [45]. The cross-sediwrthe AlGalnAs QWs is in the
order of 10" cnt. The saturable absorber was wrapped with inditiafml mounted
in a copper block without active cooling. The ACs@ich (NEOS Technologies) is
30-mm long with AR coating at 1.6n on both faces and was driven at 27.12-MHz
center frequency by 15-W RF power. The AO Q-swites also mounted in a copper
block. The rise time is 115 ns/mm beam diameter.

The pump source was a 30-W 976-nm fiber-coupledrlasode with a core
diameter of 40um and a N.A. of 0.22. A focusing lens with 25 mmedblength and
90% coupling efficiency was used to re-image thepiream into the fiber through a
dichroic mirror with high transmission (>90%) at@®7Tm and high reflectivity
(>99.8%) at 1066 nm. The pump spot radius was appedely 200 um. With
launching into an undoped fiber, the pump coupkfitciency was measured to be
approximately 80%. The pulse temporal behavior wesorded with a digital
oscilloscope (LeCroy Wavepro 7100; 10G samples/sg8Hz bandwidth) and a fast
InGaAs photodiode. The laser’ spectrum was meashyedn optical spectrum
analyzer (OSA) with 0.1-nm resolution (Advantest3Q8A).

Fiber-coupled LD @976 nm

Yb DCF; 30/250; 3m

HT@976 nm
HR@1030~1100 nm 4 S
\

‘; FP dlelectrlc filter SA
R~4% '-::-.:.:.:.;.;.;.; ' \ |:| |
AO Q-switch X
Laser output HR @ 1030~1100 nm

Fig. 2.15Schematic diagram of the diode-pumped hybrid QGedweid Yb-doped
double-clad fiber laser. HR, high reflection; Higlntransmission; SA, saturable

absorber.

(B) Results and discussions

Firstly the residual pump power were measured Igipgss) to be around

1.5%~2% of the launched pump power, meaning therpben coefficient was nearly
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6 dB/m. The value of absorption coefficient was dovthan the specification and
might be due to different spectral profile and begunality of the pump source. The
performances of the PQS fiber laser are showngn ZEiL6. Figure 2.16 (a) describes
the dependence of average power on the pump p@weohtinuous-wave (CW) and
PQS operations. The threshold pump powers wereredly 2 W for CW and PQS
operation and the maximum average powers were EhilVl4 W, respectively. The
corresponding optical slope efficiencies were 74% @&7% for CW and PQS regimes,
respectively. The roll-over at the highest pump eowas attributed to the spectral
shifting and broadening of the pump source. TheM@ehing efficiency (the ratio of
the maximum PQS power to the maximum CW power) assut 88%. The shortest
pulse width was 60 ns obtained at a pump poweddf2 Figure 2.16 (b) shows the
dependences of pulse period and the ratio of tinjitbgr to pulse period on the
launched pump power. As | increased launched puowepfrom 3 W to 24 W, the
pulse period decreased from 512 to 31us and the ratio of timing jitter to pulse
period was also found diminished from-12% to 2%e Biscilloscope traces of trains
of the PQS laser at various pump-power are showingin2.16 (c).

In order to improve the jitter, the AO Q-switch wiaserted inside the external
cavity. The diffraction efficiency of the /AO Q-swit was measured to be about 30%
by using the aforementioned CW fiber laser. The/ dytle of loss modulation of the
AO Q-switch was set 90%, i.e. the ON-time of theRiver was 90% of the pulse
period. In the HQS operation, the pulse repetitiae of the HQS laseryds) could
be operated stably between approximately 0.7 a8difbes the pulse repetition rate
of the PQS laser g§9 for all pump powers. In a conventional PQS ladise, pulse
repetition rate is proportional to the cavity géonloss ratio. Since AO Q-switch
introduced additional losses in the cavity, thélstaange of thebs was less than the
value of bos Figure 2.17 shows the oscilloscope traces ofh@PQS pulses (period
= 512 pus) and (b) the HQS pulses (period = &) at the pump power of 3W,
respectively.

When the operational frequency in HQS configurati@s out or range of stable
region, the output pulse was found to be irreguidgure 2.18 (a) shows the
oscilloscope traces of trains of the HQS laser wiagnwas higher than 0.8 ds
where the output pulse train was extremely unstadethe repetition rate of the AO
Q-switch (ko) was decreased to lower than 0.7¢sfa prelasing effect occurred, as

shown in Fig. 2.18 (b). The prelasing was attridutethe lasing by residual feedback
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within the low-Q time interval rather than ampldiespontaneous emission (ASE).
Furthermore, | measured the lasing optical spectindh confirmed no obvious ASE

effect in HQS configuration.
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Fig. 2.16(a) Dependence of average output power on thetathpump power for
the CW and passive Q-switching operations; (b) deépece of pulse period and
timing jitter on the launched pump power; (c) tiseiboscope traces of trains of the
PQS pulses at various pump powers.

(@)

(b) 1 ms/div

1 ms/div

Fig. 2.17The oscilloscope traces of trains of (a) the PQISgs (period = 51i5) and
(b) the HQS pulses (period = Gi&X) at the pump power of 3W.
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(a) 1 ms/div (b) 100 £ s/div

e |

Fig. 2.18The oscilloscope traces of trains of the HQS flaser when o was (a)
higher than 0.8 xphs(b) lower than 0.7 xphs

To investigate the performances of the HQS lasgrura AQS laser with the
identical AO Q-switch was also demonstrated for parison. Figure 2.19 (a) and (b)
presents the comparison of the pulse repetitiom aat the pulse energy of the PQS
laser, the HQS laser, and the AQS laser, respégctiVee green and the blue regions
represent the operational repetition rate and theepenergy of the AQS laser and the
HQS laser, respectively. As shown in Fig.-2.:19.&h)the pump power of 24 W the
highest and the lowest pulse repetition rate ofpime AQS laser were 200 kHz and
54 kHz, respectively. Figure 2.19 (c) shows théllescope of traces of trains of the
pure AQS laser at various repetition rates undgarmp power of 24W.

The upper and the lower pulse repetition ratet®fpure AQS laser were limited
by low intracavity circulating photon density arne tprelasing effect, respectively. On
the other hand the pulse repetition rate of the H&38r at the pump power of 24 W
could be operated from 23.6 kHz to 28.6 kHz. In. &d.9 (b), the maximum pulse
energy of the HQS laser was 0.56 mJ, which wasaligt twice higher than the pulse
energy of the AQS laser and 25% higher than th&te@P QS laser. The shortest pulse
widths in the three regimes were 150 ns, 60 ns,58nds for the AQS, the PQS, and
the HQS lasers at the pump power of 24 W, respagtiiote that although the gain
fiber could guide 15 modes (V number ~6), thé Bhéam-quality factors of the three
regimes were measured to be <1.5 by coiling ther fiith a diameter of 10 cm.

For studying the jitter reduction, | measured thés@ period and the jitter of
both the PQS and the HQS lasers at a pump pow8r \W0f where the PQS laser
experienced the largest jitter. Figure 2.20 showsh lthe pulse period and the
corresponding histogram for about 1000 pulses ef BQS and the HQS lasers,
respectively. The average periods of the HQS ardPQS operations were 620 *
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0.074us and 512 £ 31is, respectively. The jitter is expressed in termthe standard
deviation of the pulse period. The jitter was restlisignificantly from 62is to 140 ns
which is almost the same as the jitter (~120 n&iobd in the AQS fiber laser at the

same pump power.
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Fig. 2.19(a) The pulse repetition:rate of the pure PQSptire AQS, and the HQS
lasers at the various launched pump powers; (bpukse energy of the three lasers at
the various launched pump powers. The green anbltieeregions represent the
operational repetition rate of the AQS laser amdHIQS laser, respectively; (c) the
oscilloscope traces of trains of pure AQS lasemabus repetition rates under a

pump power of 24 W.

This result could be also observed in the previexgeriments [53,54]. In Ref
[53], the minimal jitter ~400 ns is slightly largdran the jitter of 200 ns obtained in
their AQS laser. The larger jitter was attributedtie fact that the ¢k YAG crystal
absorber was not bleached fast enough when the A@it@h was opened (RF-power
OFF). In contrast, the semiconductor absorber regw shorter bleaching time due to
the smaller saturation fluence of semiconductopdi®s compared to the TiYAG
crystal [45].
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Fig. 2.20(a) The pulse period and (b) the correspondinggram of the pulse period
of the PQS and the HQS lasers at the pump powgWafThe timing jitter is

expressed in terms of standard deviation of theeppériod.

Moreover, to study the dependence of the jittertio@ duty cycle of loss
modulation, | varied the duty cycle from 0% (i.eQ® operation) to 90% for three
different pump powers of 3 W,.15'W, and 24 W. The fwere set 62@s for R of
3W, 55.56ps for B, of 15W,.and 38.3is for R, of 24 W, respectively. Figure 2.21
depicts the dependence of-the ratio of jitter ts@yeriod of the HQS laser on the
duty cycle of loss modulation for:the three pummers. At the duty cycle = 0%, the
jitters for the three pump powers were82(pump power, P= 3 W; period = 512is),
1.4ps (R, = 15 W, period = 54is),'and 0.qus (R, = 24 W; period = 3&s). The ratios
were reduced substantially at the duty cycle = 48%ithe pump power of 3W, the
ratio was reduced greatly from 12% (jitter =82 to 0.05% (jitter = 0.3s). Besides,
the ratios for the higher two pump powers decredsed 3.4% (jitter = 1.431S) to
0.35% (jitter = 0.2us) for B, = 15 W and 1.9% (jitter = 0.61s) to 0.3% (jitter = 0.1
us) for B, = 24 W. Increasing continuously the duty cycl®@86, the ratios decreased
to 0.02% (140 ns) for = 3W, 0.19% (100 ns) for,P 15 W, and 0.2% (80 ns) fop P
= 24 W. The minimal jitters were nearly the samsuls obtained in the AQS laser,
implying that the restriction is mainly due to tliger of the pump scheme and the
driving electronics of the AO Q-switch. The expegimal result reveals that a further
jitter-reduction would be achieved by using a mstable pump source and driving

electronics.

66



Ch2 Pulsed large mode area fiber lasers and aeplifi

c 10m— g

3 o —m P =3W

© b

@ ) —e—P =15W
a ‘e p

® h P=24W
® N ‘ .

S 1 . \

o i . \

E n A

— ".III" ° —

E II". e ¢ b

= -4
e

E 0.1 — II"-.I

= .

(=] —

o " T .

® T
o I A R T T S S T S
— 0 10 20 30 40 50 &0 70 80 90 100

Duty cycle of loss modulation (%)

Fig. 2.21The dependence of the ratio of jitter to pulseqakof the HQS laser on the
duty cycle of loss modulation for-the pump poweBW®, 15W, and 24W. Thed™
were set 62@s for R, of 3W, 55.56us for B, of 15W, and 38.3is for R, of 24 W,

respectively.

(C) Conclusion

In conclusion, | have investigated the performapica HQS fiber laser that was
constructed with a low RF-power driven AO Q-switdnd an AlGalnAs
semiconductor saturable absorber. The HQS methotbioes the advantages of the
passive Q-switching and the active Q-switching. @arad to a pure PQS fiber laser,
the ratio of timing jitter to pulse period can hegrsficantly reduced from 2% to 0.3%
in the regime of far above threshold. On the otteerd, the prelasing effect in a pure
actively Q-switched fiber laser can be considerablproved. The maximum pulse
energy of the HQS fiber laser can be increasedoappately 100% and 25% in
comparison with the results of the AQS and the P& laser, respectively. At a
pump power of 24 W, the highest pulse energy istau®.56 mJ with the pulse
duration of 50 ns at a repetition rate of 23 kHz.
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24 Fiber amplifier seeded by a passively Q-switched
Nd: YVO,/Cr*: YAG laser

High-peak-power, linearly-polarized lasers with qaulrepetition rates up to several
tens of kHz have a wide variety of applicationsange finding, nonlinear wavelength
conversion, and material processing [56-58]. Tharttally induced distortion is the
main hindrance for power scale-up in solid-state/stal lasers [59]. The
master-oscillator fiber power-amplifier (MOFA) thebllects the advantages of good
beam quality, high efficiency, compactness, andesap heat dissipations has been
identified as a promising light source [60-64]. dchieve the high-peak-power pulses
with single-stage amplification, diode-pumped aslpvQ-switched (AQS) [65,66] or
passively Q-switched (PQS) Nd-doped lasers [67a88]often used as the seed lasers
of the Yb-doped MOFAs.

Compared to the active Q-switching, the PQS lasén & saturable absorber
offers the advantages of compactnéss, robustnessjoav cost. Since ChYAG
crystals possess the advantages of high absorptmss section near the infrared
region, high damage threshold, and‘low temperatansitive properties [70-76], they
have been proved to be reliable saturable absorbmrsNd**-doped lasers.
Nevertheless, the ErYAG crystal is usually not convenient for the Ndped
vanadate crystal lasers due to the mismatch betweestimulated emission cross
section of the gain medium and the absorption csession of the absorber. Several
methods, including the three-element resonator thighintra-cavity focusing [70, 75,
77] or the employment of a-cut crystal as the gain medium [78-80], have been
proposed to overcome this mismatch. The three-elenegonators, however, not only
increase the complexity of the cavities but alsalléo relatively long pulse durations
owing to the long cavity lengths. On the other hahd employment of e-cut crystal
inevitably raises the pumping threshold and loses ctharacteristic of linear
polarization. Therefore, it is highly useful forettseed laser of MOFA to develop
high-peak-power PQS lasers watcut vanadate crystals in a simple compact cavity.

In this work, | systematically consider the secdhdeshold criterion and the
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thermal lensing effect to develop compact and fgigak-power Nd:YVQCr**:YAG
PQS lasers with nearly hemispherical cavities. rthier exploit several ¢fYAG
crystals with different initial transmissionsgfTto realize the designed PQS laser.
Experimental results reveal that at a pump powes.4fW the output pulse energy
increases from 24J to 36uJ and the pulse repetition rate decreases fromHaOtd
25 kHz for the initial transmission of the {GiYAG crystal decreasing form 70% to
40%. Injecting the seed laser obtained wifF70% into a polarization maintained
Yb-doped fiber, the pulse energy and peak powes aump power of 16 W are
enhanced up to 178 and 37 kW, respectively. Excellent amplificatmonfirms the
PQS performance. Employing the seed laser obtawitdd To=40%, | find that the
surface damage of the fiber limits the maximum @waergy and peak power to be
192 uJ and 120 kW, respectively. The polarization extorcratio is approximately
100:1 for both MOFAs in the whole pump power. Te best of our knowledge, this is
the first time to realize high-peak-power, singlage, linearly-polarized MOFAs with
the compact Nd:YV@Cr*":YAG PQS lasers as'seed oscillators.

(A) Analysis and optimization of the PQS laser

To achieve good passive Q-switching, absorptiomiratibn in the absorber must
occur before gain saturation in the laser-cry€a].[From the analysis of the coupled
rate equation, the good passively Q-switching gatewhich is also called second

threshold condition is given by:

nWT)  Im A ¥ (2.1)

INW/T?)+N@R)+L o A 1-8

where R is the reflectivity of the output coupler,is the stimulated emission

cross-section of the gain mediumy.is the ground-state absorption cross-section of
the saturable absorber with the initial transmissiy, L is the nonsaturable
intracavity round-trip dissipative optical loss,AAls the ratio of the effective area in
the gain medium to that in the saturable absosperthe inversion reduction factor
with a value between 0 and 2 [81], gBds the ratio of the excited-state absorption
cross-section to that of the ground-state absorpitiothe saturable absorber. The
challenge of obtaining a compact and stable Nd:Y¢8":YAG PQS laser results
from which the emission cross-section of Nd:YM®ystals (~2.5x18°cnr) [70] is
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comparable with the ground-state absorption crestien of Cf*:YAG crystals (~(2

+ 0.5)x10%cn) [12]. It was found that unstable pulse trainshwsatellite pulses
would occur when the good Q-switching criteriomat achieved [82, 83]. To fulfill

the good passive Q-switching criterion in Nd:Y¥Or**:YAG PQS lasers, the ratio
A/A s generally needs to be greater than 10 [83].

Even though the three-element resonator can betasachieve the requirement
of the ratio A/A > 10, the long cavity usually leads to a wide pwseation. Here |
utilize the nearly hemispherical resonator to depetompact high-peak-power
Nd:YVO./Cr*":YAG PQS lasers to be seed oscillators. In terms ofjtharameters,
the beam radiw; andwy, on the rear and front mirrors are given by [84]:

L

g =1-—, (2.2)
[)i
AL 9; . o
= [— |————;i,]=L2i#], (2.3)
“ \/77 9,(1-9.9,)

where L is the cavity lengtlj, is the wavelength of laser mode, gndandp, are the
radii of curvature of the-rear and front. mirrorgspectively. For a simple

plano-concave resonator, as depicted in Fig. 2)28(=a1-(L/p1) and g=1.

(@)

A
\ 4

CrYAG

dl ) d2

Fig. 2.22(a) Schematic diagram of the plano-concave cafb)yEquivalent cavity
diagram of the Nd:YV@Cr*":YAG PQS laser.
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Given that the gain medium and the saturable absante as close as possible to
the rear mirror and the flat output coupler, thigoraf the effective area in the gain

medium to that in the saturable absorber£&dan be found to be

A . A (2.4)

Equation (2.4) reveals that the ratio Af#an be up to 10 under the circumstance
of a nearly hemispherical cavity with L=0p@. A smaller p; consequently
corresponds to a shorter cavity length that is figaé for the generation of
Q-switched pulses with narrower pulse duration. étheless, the geometrical sizes
of the gain medium, the saturable absorber, anchéa sinks limit the minimum
cavity length. Thereforep;=25 mm is chosen for further optimizing the compact
high-peak-power Nd:YV@Cr*":YAG PQS laser.

The next design parameter is the pump size thatsnebe optimized to reach
the good mode matching for the fundamental trasgevenode. Since the thermal
lensing effect in the gain medium always affects ¢avity mode size, it is practically
important to consider the thermal-lensing effectdetermining the optimum pump

size. For an end-pumped-crystal laser, the thelenalis given by [85]:

1 _ & ('ee™ 101ldn, oo @(2)
K J.o 1-e a)é(z){z gy T=dan }dz (2.5)
where
A M2z-2,) |
w,(2) = w,, \/1+|:W} (2.6)

Zo is the focal plane of the pump beam in the lasgstal, Mp2 Is the pump beam
quality factor, wyo is the pump beam radius, n is the refractive indexlong the
c-axis of the laser crystah, is the wavelength of the pump laser dio§ds the
fractional thermal loading, Kis the thermal conductivity,Pis the incident pump
power, a is the absorption coefficient of the gain medidnis the crystal length,
dn/dT is the thermal-optic coefficient of n, amglis the thermal expansion coefficient
along the a-axis.

Figure 2.22(b) depicts the configuration of a neagmispherical resonator for a
Nd:YVOJ/Cr*":YAG PQS laser. Considering the thermal lens eféend taking $as
the reference plane, the ray transfer matrix fromioSS of the cavity configuration
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can be presented as [86]:

g L

Mo =l gig,-1 . (.7

e

. d d

g =9 _f_J(l__l) (.8
th £

g=1-57% i1 0k, (2.9)
pi

L =d, +d,- %% 19)

th
Here d and d are the optical path length between the cavityarsrand the
principal planes of the laser crystal, apdd the effective focal length of the thermal
lens. With the following parameter&=0.24, K:=5.23 W/K-m, d=2 mm, ¢=0.9p;-d,,
p2=o0, N=2.165, I=12 mm, dn/dT=3.0x2K™*, M,’=80,a=6 mni*, ar=4.43x10° K™,
andA,=808 nm, the effective focal length of the thermeals effect and g*-parameters
of the resonator can be calculated as functionlseincident pump power. In terms of
the g*-parameters for the thermal lensing effdw, heam radito, andw, on the rear

and front mirrors can be expressed as [86]:

AL / 9; ¢/ -
W = L EL25 £ (2.11)
\/ﬂ 9 (1-9.9,)

Figure 2.23 shows the mode-to-pump size raiiow,, of different pumping spot

radii as a function of the pump power with the waddf curvature of the rear mirror of

25 mm, where the averaged pump size along thengaghum is given by [87]:
W, = j; w,(2)e "“dz / Ll) e ““dz (2.12)

According to the optimal mode matching conditior7][8the ratio ofw/ wpa
should be in the range of 0.8 to 1.2 fg&<RO W. In our design, the maximum pump
power is approximately 5.5 W. As can be seen frioenRig. 2.23, the optimum pump
radius is in the region of 1Qdm.

With =100 pm and p;=25 mm, | consider the thermal lensing effect to
calculate the effective mode area ratio of Ads a function of the pump power.
Figure 2.24 shows the calculated result for theeddpnce of the effective mode area
ratio of A/As on the pump power. It can be seen that the efiectiode area ratio of
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A/A; is generally greater than 10 for the pump powss khan 5.5 W. To be brief, |
choose a nearly hemispherical cavity with the radiicurvature of the rear mirror of
25 mm and the pumping spot radius of 100 to simultaneously satisfy the optimal
mode matching condition and the good Q-switchinigigon.

pa

Mode size ratio 0601 tow

0 1 2 3 4 5 6
Launched pump power (W)

Fig. 2.23Dependence of the mode-to-pump size raiow,, on the pump power for

different pumping spot radii.
(B) Experimental results for the PQS laser

| followed the theoretical analysis to construatearly hemispherical cavity for
realizing the compact high-peak-power Nd:YYOr**:YAG PQS laser, as shown in
Fig. 2.25 for the experimental setup. The rear oniwas a concave mirror with a
radius-of-curvature of 25 mm with high-transmissemating at 808 nm (T~95%) and
high-reflection at 1064 nm (R>99.8%). The outputimler was a flat mirror with
partially reflection at 1064 nm (R=60%). The pungpisource was a 7-W 808-nm
fiber-coupled laser diode with a core diameter @ gm and a numerical aperture of
0.22. The focusing lens with 25 mm focal length &6 coupling efficiency was

used to re-image the pump beam into the laseratryte gain medium was aacut

73



Ch2 Pulsed large mode area fiber lasers and aeplifi

12-mm-long Nd:YVQ crystal with 0.3 at.% Nt concentration. Several €rYAG
absorbers with g of 70 %, 60 %, 50 %, and 40 % were used to ingatdi the
performance. The ¢t YAG crystals were all 2 mm in thickness. Both sids the
Nd:YVO,and the C¥:YAG crystals were coated for antireflection at 40@m. All
the laser crystal were wrapped within indium falsd mounted in the water cooled
heat sinks that keep at 19°C. The Nd:YM®ystal and CY:YAG crystals were placed
as close as possible to the rear mirror and th@ubutoupler respectively. The

effective cavity length was set to be 22.5 mm basgethe design rule of L=0p9.

Mode area ratio oA to A

0 1 2 3 4 5 6
Launched pump power (W)

Fig. 2.24Effective mode area ratio of Al/&s a function of the pump power in the
Nd:YVO./Cr*":YAG PQS laser with L=08,, p1=25 mm,u,=100pm.

The pulse temporal behavior was recorded by Leraytall oscilloscope
(Wavepro 7100; 10G samples/sec; 4 GHz bandwidttl) savifast InGaAs photodiode.
Figure 2.26(a) shows the output pulse energies jpude repetition rates for
Cr*":YAG saturable absorbers with different initial rismissions Fat the pump
power of 5.4 W. It can be seen that for the initrainsmission ¢ decreasing form
70% to 40% the output pulse energy increases frdml2o 36uJ; at the same time,
the pulse repetition rate decreases from 50 kHt&Hz. Figure 2.26(b) depicts the
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pulse widths and peak powers for saturable abserbeth different initial
transmissions gat the pump power of 5.4 W. For the initial transsion T
decreasing form 70% to 40% the pulse width candem $0 decrease from 4.8 ns to
1.6 ns; consequently, the peak power was enhamosd4.5 kW to 22.5 kW. Figure
2.27(a) and 2.27(b) show typical oscilloscope tsader a single pulse at the
maximum output powers of the seeds with=10% and 40%, respectively.
Experimental results reveal that the charactesisticthe output pulse in the present
PQS laser display a simple pulse train withoutdatellite pulses phenomenon. It is
worth mentioning that the satellite pulses phenansmch as two pulses oscillate
simultaneously or one giant pulse followed by akvpalse are often observed when
the laser cavity does not properly comply with seeond threshold criterion in Eq.
(2.1). The spectral spectrum was measured by acab@pectrum analyzer with
0.1-nm resolution (Advantest Q8381A). The spedir@widths for all the present
PQS lasers were nearly the same to be 0.5 nmelndhkt section, | will employ these

high-peak-power PQS lasers to-realize a singleestaggar-polarized fiber amplifier.

Fiber-coupled LD

——T

. Nd:YVO, Cr+YAG w

Focusing lens Output coupler

Rear mirror
— 0,
HR@ 1064 nm, HT@808 nm R=60% @1064 nm

Fig. 2.25Schematic diagram of a diode-pumped Nd:Y,\\&er PQS with a
Cr*":YAG as a saturable absorber. HR: high reflecti$ifi. high transmission.
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Fig. 2.26(a) Dependence of the pulse repetition rate aagtilse energy on the
initial transmission of C#:YAG at the pump power of 5.4 W. (b) Dependencthef
pulse width and the peak power on the initial traission of Ct":YAG at the pump

power of 5.4 W.
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(b)

| P\ 10%\/

Fig. 2.270scilloscope traces of a single pulse of (a) P&8rwith Ct":YAG of
To=70%, (b) PQS laser with ETYAG of To=40%.

(C) Experimental results for the MOFA system

The experimental architecture for the MOFA systanshown in Fig. 2.28(a).
The gain fiber was a 3-m-long.Yb-doped Panda-d¥¥e double clad fiber (Nufern)
with a core diameter of 30m (N.A.=0.06) and an inner clad diameter of 260
(N.A.=0.46) with pump absorption of 6.6 dB/m at 97®. The Panda-style stress
applying parts around the “core .generate a biredting of 1.5x10. A microscope
image of the fiber cross-section is‘depicted in-Eig8(b). Both ends of the fiber were
polished at an angle of 8° to eliminate the enétfaeflection. The pump source was a
20-W 976-nm fiber-coupled laser diode with a corantkter of 200um and a
numerical aperture of 0.2. A focusing lens with @B focal length was used to
re-image the pump beam into the fiber through ahrdic mirror with high
transmission (HT, T>90%) at 976 nm and high reflétyt (HR, R>99.8%) within
1030~1100 nm. The pump spot radius was approxigndi@d um, and the pump
coupling efficiency was estimated to be nearly 80Plhe seed laser was coupled
through a focusing lens into the core of the fiberhalf-wave plate was used to
control the polarization direction of the seed tagematch the fast-axis of the PM
fiber.

Figure 2.29(a) shows the average output powereoM®FA injected by the seed
laser with T=70% as a function of launched pump power at atitegre rate of 50
kHz. Under the launched pump power of 16 W, th@uiupower of the amplifier was

8.9 W, corresponding to the pulse energy of 1id8 The slope efficiency was

77



Ch2 Pulsed large mode area fiber lasers and aeplifi

approximately 54 %. Figure 2.29(b) shows the tylposzilloscope trace for a single
pulse at the maximum output power of amplifier. huse duration was 4.8 ns and
the corresponding peak power was 37 kW. The osciipe trace of a train of output
pulses of the amplifier is shown in Fig. 2.29(c)heT pulse-to-pulse amplitude

fluctuation was generally less than 1.5% in rooamsgquare (rms).

(@) Fiber-coupled LD @976 nm (b)

3m, PM, Yb doped double-clad fiber

HT@976 nm
HR@1030~1100 nm

/7 1—_

Coupling lens seed laser

Coupling lens

Fig. 2.28(a) Scheme of the MOFA setup. HT: high transmis$i&®: high reflection.
(b) Cross section of the PM Yb-doped fiber.

Figure 2.30(a) shows the average output powereoM®FA injected by the seed
laser with 5T=40% as a function of launched pump power at atteperate of 25
kHz. It was found that the end facet damage-ofitiex limited the maximum average
output power to be approximately 4.8 W under thepypower of 10 W. As a result,
the maximum pulse energy was restricted to 192 Figure 2.31 depicts the
microscope image of the damaged end view and the\8ew of the fiber. Figure
2.30(b) shows the typical oscilloscope trace feimgle pulse at the maximum output
powers of amplifier. The pulse duration was 1.@&nd the corresponding peak power
was 120 kW. The calculated optical intensity on ¢inel facet of the fiber was 27.2
Jlent which agrees with the surface damage thresholdsed silica at 1064 nm [88].
The oscilloscope trace of a train of output pulséshe amplifier is shown in Fig.
2.30(c). The pulse-to-pulse amplitude fluctuaticaswgenerally less than 4.0% in rms.
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Fig. 2.29(a) Average output power and peak power of MOFhhe seed of
repetition rate of 50 kHz as a function of the lelued pump power. (b) Oscilloscope
traces of a single pulse of the output pulse ofatnelifier. (c) Oscilloscope traces of a

train of amplified pulses.

79



Ch2 Pulsed large mode area fiber lasers and aeplifi

(a)
6
.......... fiber facet damage threshold . ]
g 4 100
o 4F —m— Averaged power T
% —e— Peak power 180 8
a =
= ©
= {60 &
5 3
T oL =
% 140 =
§ MOPA with the seed
b3 of repetition rate of 25 kHz 420
O " " 1 " 1 N 1 " 1 " 0
0 2 4 6 8 10 12
Launched pump power (W)
(b) 10 ns/div (c) 50 ps/div

Fig. 2.30(a) Average output power and peak power of MOFhhe seed of
repetition rate of 25 kHz as a function of the lelued pump power. (b) Oscilloscope
traces of a single pulse of the output pulse ofatelifier. (c) Oscilloscope traces of a

train of amplified pulses.
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Fig. 2.31End view and side view of the damaged fiber.

The timing jitters for both the amplifiers shown figs. 2.29 and 2.30 were
generally less than 2 % in rms. Thé fdctors were found to be smaller than 1.3 over
the entire output power range. Furthermore, tharmation extinction ratios for both
the amplifiers were measured to be about 100:regy2.32(a) and 2.32(b) show the
optical spectra of the MOFAs at the maximum outpoivers injected by the seed
lasers with §=70% and §=40%, respectively. It can be seen that the peaddeof
the amplified spontaneous emission (ASE) around 1% shown in Figs. 2.32(a)
and 2.32(b) were approximately-30 dB and 40 -dB welwe signal peak intensity,
respectively. The power levels of the whole ASEemsities at the maximum output
powers shown in Figs. 2.32(a) and 2.32(a) were uredsto be less than 2% and

0.5%, respectively.

20

(b)

20}

Intensity (dBm)
Intensity (dBm)

40}

-70 1 1 1 1 1 -60 L L L 1 1
1000 1020 1040 1060 1080 1100 1120 1000 1020 1040 1060 1080 1100 1120
Wavelength (nm) Wavelength (nm)

Fig. 2.320ptical spectra of the MOFAs at the maximum oufmwers injected by
the seed lasers with (a)370% and (b) 3=40%.
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(D) Conclusions

In conclusion, | have developed compact Nd:YX@*":YAG PQS lasers as
seed oscillators for high-peak-power, single-stéigear-polarized MOFAs. Compact
and high-peak-power Nd:YVACr*":YAG PQS lasers were theoretically optimized
by considering the second threshold criterion &edthermal lensing effect in a nearly
hemispherical cavity. Several {5YAG crystals with different initial transmissions
(To) have been used to confirm the performance ofdémgned PQS laser. It was
experimentally found that at a pump power of 5.4h&/ output pulse energy increases
from 22pJ to 36pJ and the pulse repetition rate decreases fronHz0dk 25 kHz for
the initial transmission of the €rYAG crystal decreasing form 70% to 40%.
Injecting the seed laser obtained with=T0% into a polarization maintained
Yb-doped fiber, the pulse energy and peak powex ptimp power of 16 W were
found to be 178J and 37 kW, respectively. Employing the seed labésined with
To=40%, it was found that the surface damage ofithex fimited the maximum pulse
energy and peak power to-be 182 and 120 kW, respectively. The polarization
extinction ratio was approximately 100:1 for botl®©OFAs in the whole pump power.
It is believed that the high peak-power and higkappation-extinction-ratio suggest
further applications such as industrial materiabcpssing and nonlinear optics

researches.
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2.5 Conclusions

In this chapter, | demonstrate efficient, high ppakver fiber amplifier and PQS fiber
lasers with either Cf:YAG crystal or AlGalnAs MQWSs as the SA. For timifiger
reduction, | also utilize the “hybrid Q-switch” teasique by combining AQS and PQS
into a single laser resonator. The pulse energybeafurther enhanced and the pulse
duration was also reduced. For applications thatdnehort durations, | also
demonstrate fiber amplifiers that seeded by Nd:YA8&":YAG PQS lasers with
different pulse repetition rate. However, the pydeak power was limited by the fiber
end facet damage that suggests the enlargemehe diber core size. Nevertheless,
the pulse energies were still superior to thosetlérs due to the use of a LMA fiber
with core diameter of 3Qum and SAs. with large modulation depth and low

non-saturable loss.
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Chapter 3

Pulsed photonic.crystal fiber

lasers and amplifier
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Photonic crystal fibers (PCFs) were first inventandthe late 1990s [1-2]. It is
promising for achieving single-mode operation wieinge cores compared to the
conventional large mode area fibers was realizey garly on [3]. A PCF is drawn
from a hexagonal stack of capillaries, with typigane to seven capillaries replaced
by doped rods in the center. Pressurization oattteles is typically used to keep the
holes from collapsing from surface tension durimgwing. The center doped rods
form the core of the PCFs. The composite claddiatenal composed of glass and air
holes makes it easy to achieve a very low refracdtidex contrast between the core
and the composite cladding, consequently providmgh better control at achieving
fibers with very low NAs [4]. PCFs, however, arawsensitive in bending due to its
weak guiding property, especially at large corevditers. Thus, they need to be kept
straight beyond core diameters of 4 in pratical use. Fibers with these large core
diameters are made into rods with-outer diametanging from 1 to 2 mm and are
referred to as fiber rods [5-6]. Ultra-large-coi@Pwith core diamers as large as 100
um and an effective mode area of about 4p06 -have been demonstrated [7]. The
first Q-switched PCF fiber laser was demonstratéd & PCF rod of core diameter of
35 um by using using an E-O Q-switch composed of a Bsckell and a thin film
polarizer [8]. Pulse trains with pulse durationl6fns and pulse energy of 0.5 mJ was
attained with pulse repetition rate of 100 kHz.

Here, | proposed a scheme that use PQS elemeritasuef':YAG crystal and
AlGalnAs semiconductor multi-quantum-wells to foren compact and efficient
system without high energy consuming AQS elemeRtsthermore, by using a
compact and high peak power Nd:YWOCr":YAG PQS laser as the seed, we
demonstrate a high peak power PCF fiber amplifystesn. Employing this efficient
pulsed system as the fundamental light source,aextity second harmonic
generation and third harmonic generation were dsinated.
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3.1 Passively Q-switched with Cr**: YAG crystals and

intracavity optical parametric oscillator

In recent years, double-cladding rare-earth dojiset 1asers have attracted a lot of
attention due to their good beam confinement, émeceheat dissipation, spatial beam
qguality, and high efficiency [9-15]. Q-switched éas have many applications on
industrial processing, measurements of positiond, medical treatments owing to
their high peak power than in CW operation [16-1}.enlarging the active volume
of the gain medium, corresponding to the doped sz of the fiber, one can achieve
the merit of the high pulse energy [19-20]. Howeuwbe conventional large core
fibers suffer from mode-quality degradation andirtheng lengths usually lead to
long pulse widths and low peak powers.

Recently, a novel technology [5] has been develdpegurovide photonic crystal
fibers (PCFs) with large single mode core and ragkorption efficiency. The PCF
laser was lately employed to perform an-activelgv@tched operation in which the
pulse energy was up to 2 mJ.with a pulse widthtehdinan 10 ns at a repetition rate
of 10 kHz. Compared to the active Q-switching, pas€-switching lasers are more
compact and lower cost because they use saturdiderkeers in replace of
acoustic-optic or electro-optic modulators as thewgch.

Crystal-based [21-24] saturable absorbers have iedindeveloped to replace
the dye-cells used in solid-state lasers!®AG crystals have been exploited as
saturable absorbers in large-mode-area Yb-dopessfif25-28], among which the
maximum pulse energy was 3p0. Nevertheless, the passive Q-switching in a PCF
laser has not been investigated so far.

In this paper, we report, for the first time to dunowledge, on the performance
of a single-polarization passively Q-switched Ylpdd PCF laser and its application
to intracavity optical parametric oscillator (OPQ)ith a CF*:YAG crystal as a
saturable absorber and under a pump power of 14.th&\PCF laser generates an
average output power of 3.4 W at 1030 nm at theetitegn rate of 5.6 kHz,
corresponding to the pulse energy up to f30The pulse width and the peak power
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are 36 ns and 17.4 kW, respectively. Experimergallts revealed that since the
Yb-doped PCF provokes a narrow linewidth and a Ipiglarization extinction ratio,
the pulse-to-pulse amplitude fluctuation and thaperal jitter were well below 5%
for the pump power greater than 8 W. The overallitp of the output pulses is
noticeably superior to that obtained in conventigressively Q-switched fiber lasers.
With the passively Q-switched PCF laser to pumpirdracavity OPO, the output
pulse energy of 14QJ can be generated r the signal wave at 1515 tha a
repetition rate of 3.3 kHz. Owing to the efficieravity-dumping effect, the signal
pulse width is found to be as short as 1.0 ns; equently, the peak power can reach
140 kW.

(A) Performance of passively Q-switched PCF laser

Figure 3.1(a) shows the setup for the passivelyijched PCF laser. The cavity
consists of a 55 cm polarization maintaining . (PM)-doped PCF and an external
feedback cavity with a saturable-absorber.. Thereatecavity incorporates with a
focusing lens of 50-mm focaltlength to focus thieefi output into the CFYAG
crystal and a high reflective mirror behind theusaible absorber for feedback. The
rod-type PCF has a mode field diameter ofy®» and a low numerical aperture of
0.02 to sustain the excellent beam- quality. The puiadding of the PCF has a
diameter of 20Qum and an air-cladding to maintain a high numeraga@rture of 0.6,
as depicted in Fig. 3.1(b) for the image of thessrsection of the PCF. The small ratio
between the inner pump cladding and core diamebersgs about the pump
absorption coefficient to be approximately 30dB/m 9%¥6nm. The PCF was
surrounded with a 1.7-mm thick outer cladding arakvgealed with end-caps for
protection. The boron doped stress-applying partsrewadopted to induce
birefringence that produces diverse spectral lossésrm a linearly polarization state
for the fundamental mode. The’CYAG saturable absorber had a thickness of 3 mm
and was highly doped with a small signal transrorssaf 28%. Both sides of the
saturable absorber were coated for antireflecttahl080 nm (R<0.2%) and the mode
diameter on the saturable absorber was approxiynd@€lum. The pump source was
an 18-W 976-nm fiber-coupled laser diode with aecdrameter of 10@um and a
numerical aperture of 0.2. Focusing lens with 25-fonal length and 90% coupling

efficiency was used to re-image the pump beam timofiber through the dichroic
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mirror with high transmission (HT, T>90%) at 976 rand high reflectivity (HR,
R>99.8%) within 1030~1100 nm. The pump spot radvas approximately 5@m,
and the pump coupling efficiency was estimated & dsound 80%. The pulse
temporal behavior was recorded by Leroy digitaliltuszope (Wavepro 7100; 10G
samples/sec; 4 GHz bandwidth) with a fast InGaAstqdiode.

(@)

Laser Diode @ 976nm

Criv.YAG
Coupling lens 0.55m Yb-doped PCF crystal

Dichroic mirror Output coupler Focusing lens High-reflection mirror
HT@976nm R=8%@1030nm f=50mm HR@980~1100nm

HR@1030~1100nm

(b)

Fig. 3.1(a) Setup for the passively Q-switched PCF Ig#@rmage of the cross
section of PCF.

Figure 3.2(a) shows the average output power wespect to the launched pump
power in the CW and passive Q-switching operatidie external cavity in the CW
operation only included a re-imagining lens ancefkective mirror. At a launched
pump power of 14.2 W, the average output powehéen@W and passive Q-switching
operations were 5.4 W and 3.4 W, respectively. Slupe efficiency seemed to
decrease slightly above 12.5 W of pump power winels due to temperature lifting
induced wavelength shift of the pumping laser dio@lee lasing spectra for both
operations were quite similar with the peaks neé2801lnm and bandwidths to be

96



Ch3 Pulsed photonic crystal fiber lasers and ameplif

approximately 0.4 nm, as shown in the inset of Big(a). The M factor was also
measured to be less than 1.3 over the completeubptpwver range, owing to the
low-NA feature of the fiber. The laser output wasirid to be linearly polarized with
an extinction ratio of approximately 100:1, evidegcthe function of the polarization
maintaining in PCF. The pulse repetition rate dreddulse energy versus the launched
pump power are shown in Fig. 3.2(b). The pulse tiepe rate increased
monotonically with the pump power up to 5.6 kHzagbump power of 14.2 W. The
pulse energy was maintained to be nearly consta®8@uJ for all the pump power
range. Figures 3.3(a) and 3.3(b) show typical msmbpe traces for a single
Q-switched pulse and a Q-switched pulse train,aetbgely. The temporal shape of
the single pulse reveals a self-mode-locking (SMibenomenon that has been
observed in conventional fiber lasers and the ptssnechanisms for its origin have
been discussed in Refs [26,29,30]. During the emrbearch on mode-locking, the
SML phenomenon was observed on different typesasérs including He-Ne [31],
ruby [32], Nd:glass [33], and argon-ion [34] lassistems. Based on the statistical
analysis, it has been shown that the mode-lockedwer will always be observed in
a multimode laser except when a systematic phastufition over & is introduced
[35,36]. Although systematic phase fluctuationusually caused by dispersion
effects, theoretical studies”-on the SML™ mechanisaveh confirmed that the
combination tones of the third ‘order nonlinear po&tion terms can help in
compensating the dispersion-induced phase shift3f87 Consequently, the SML
typically occurs in a multimode laser without empiay an extra nonlinearity except
the gain medium. Recently, fairly stable SML puldes/e been observed in the
experiments of Nd-doped double clad fiber lase8§ &d Nd-doped vanadate crytsal
lasers [40]. On the other hand, Laroche et al. [@6hd that the SML phenomenon
can be eliminated by setting the*CYAG crystal exactly at the focal point of the lens
However, | did not attempt to eliminate the SML pbmenon because this
phenomenon did not deteriorate the pulse stalilithe present PCF laser. Moreover,
putting the Ct":YAG crystal at the focal position may cause damaige to the high
pulse energy and peak power. Experimental resudtgealed that both the
pulse-to-pulse amplitude fluctuation and the terapgtter were well below 5% for
the pump power greater than 8 W because of theowalinewidth and the high
polarization extinction ratio of the PCF. More inn@amtly, the pulse width of the

Q-switched pulse envelope was as short as 36 rghdrt, the overall quality of the
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output pulses is significantly superior to that adbed in conventional passively
Q-switched fiber lasers [41].
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Fig. 3.2Average output power with respect to launched ppower in CW and
passive Q-switching operations, the inset: typiasing spectrum. (b) Pulse repetition

rate and pulse energy versus launched pump power.
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-

| R | i

Fig. 3.3 Typical oscilloscope traces for (a) single Q-shatd pulse and (b)

Q-switched pulse train.
(B) Performance of intracavity OPO

To construct an intracavity OPO, the output coupiethe passively Q-switched
PCF laser was replaced with a high-reflection mimb 1030 nm and inserting a
singly resonant OPO cavity behind the*©YAG crystal. Figure 3.4 shows the
experimental setup for the intracavity OPO pumpedhle passively Q-switched PCF
laser. The OPO cavity is composed of a dichroiatfrairror (HT at 2030 nm and HR
at 1515 nm), a KTP nonlinear crystal, and an outpuipler with partial transmission
(PR) of R = 38% at 1515 nm and high reflectivityl@80 nm. The nonlinear crystal
KTP was x-cut with the dimension of 4 x 4 x 20 fhamd both sides of the KTP
crystal were coated for antireflection at 1030 nmd 4515 nm (R<0.5%). The KTP
crystal was mounted on a water-cooled copper he&t with an indium thermal
contact. The length of the OPO cavity was approiéfye8 cm. The C¥:YAG crystal
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was placed very close (~1.0 mm) to the front miobthe OPO cavity to control the

mode diameter on the €rYAG crystal in the range of 4Qdm.

Laser Diode @ 976nm

-ut

i 1515 nm
Couplﬁle7 G 0.55m Yb-doped PCF Cré+ YAG output
Dichroic m|rror ]I,:Oscaﬁﬂg Ienschhr0|c mirror Output coupler
HT at976 nm _ _ HT at 1030 nm PR at 1515 nm
HR at 1030 nm High-reflection mirror HR at 1515 nm HR at 1030 nm

HR at 1030nm

Fig. 3.4Setup for the intracavity OPO pumped by the pabgi@-switched PCF

laser.

The average output power of the signal-wave at Ifh5Swith respect to the
launched pump power is shown in Fig. -3.5(a). Uredl@ump power of 14.2 W, the
average output power of the signal wave was fooraktapproximately 470 mW. No
idler signal was detected because of the high plisarof the idler radiation in the
KTP crystal and the BK7 substrate of the outputpbens so the OPO is resonant on
the signal frequency only. Note that no saturatibaverage output power was seen at
the highest pump power, which implied that largét@Dsignal output power can be
expected with higher pump power. The OPO pulsetiteperate and the pulse energy
versus the launched pump power are shown in F&{bBThe pulse repetition rate
increased monotonically with the pump power up.®KHz at a pump power of 14.2
W. The pulse energy was nearly 140 for all the pump power range. The signal
output pulse energy obtained with a Q-switched RGEr was 3-6 times higher than
the results obtained with solid-state Nd-dopedtatyasers at the same level of diode
pumped power [42-44]. In other words, the Yb-dogath medium has a superior
energystoring ability than conventional Nd-dopesklacrystals, such as Nd:YAG and
Nd:YVO,.
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Fig. 3.5(a) Average output power of signal wave at 1515with respect to launched
pump power. (b) OPO pulse repetition rate and peiteggy versus launched pump

power.

Figure 3.6 shows general oscilloscope traces fuhdamental and OPO signal
output pulses. The top half of Fig. 3.6 depicts tdmaporal trace of the fundamental
wavelength and the bottom half shows the pulselprof the OPO signal wavelength.
The pulse width of the OPO signal can be seen tasbshort as 1.0 ns due to the

efficient cavity-dumping effect. As a result, theximum peak power of the signal
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wave can be up to 140 kW. The optical to opticalvession efficiency of OPO output
power to laser diode launched pump power was aB@%#, and the pulse energy
conversion efficiency of OPO wavelength to 1030 wavelength was about 22.3%.
The large pre- and post- pedestals in Fig. 3.@ draan the SML effect. Note that the
pulse shapes at 1030 nm were quite different fer davity with and without the
intracavity OPO. The number of the mode-locked gaibst 1030 nm shown in Fig. 3.6
was considerably less than that obtained with passive Q-switching shown in Fig.
3.3(a) because the effective output coupling inithacavity OPO was a nonlinear
cavitydumping process. Since water absorption mtessue and the intraocular fluid
prevents light in the spectral range of 1.441m8 from reaching the retina, there is a
considerable interest in laser sources with waghenin this eye-safe regime [45-47].
A number of efficient eyesafe intracavity OPOs pechpby passively [42-44]
Q-switched Nd-doped crystal lasers have been demaded to produce pulse
energies of tens qiJ with pulse peak powers of 1-50 kW. Here the P&fer was
recently employed to realize an.intracavity OPChvitilse energies greater than 100
uJ with peak powers greater-than-100 kW. Althoughdbnversion efficiency for the
average power is inferior to that obtained with édbed crystal lasers, this situation
might be improved with a-shorter cavity to matcle PO cavity. However, the

challenge is to manufacture a shorter PCF with@efft absorption efficiency.

1030nm

|

Fig. 3.6 General oscilloscope traces for the fundamenatal) @nd OPO signal

(bottom) output pulses.
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(C) Conclusion

In conclusion, | have, for the first time to our dwledge, demonstrated a
high-pulse-energy passively Q-switched Yb-doped R@Er by utilizing C¥:YAG
crystal as saturable absorber. Stable pulses witavarage output power of 3.4 W
and a repetition rate of 5.6 kHz were obtained kauached pump power of 14.2 W.
The maximum pulse energy reached @3Qvhich was superior to the results obtained
in conventional Yb-doped fiber lasers. Furthermdhe, passively Q-switched PCF
laser has been employed to pump an intracavity @P@enerate a pulse energy of
140uJ at a pulse repetition rate of 3.3 kHz with a M/.2liode pump power. Owing
to the efficient cavity-dumping effect, the pulsaration of the signal wave was
approximately 1.0 ns, leading to a peak power ufp40 kW. This high-peakpower

intracavity OPO could be a potential light sourgerhany technical applications.
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3.2 Passively Q-switched with AlGalnAs MQWs

High-power diode-pumped double-clad rare-earth ddjier lasers have been proved
to be efficient and compact with excellent beamligyahigh efficiency, and good
thermal management [13-14, 48]. Q-switched fibeeta are practically useful in a
variety of applications in virtue of their high gel energy, such as remote sensing,
industrial processing, and medical needs [16, 49-%Dompared with active
Q-switching techniques, passive Q-switching methddat employ saturable
absorbers can considerably enhance the compactamesssimplify the operation
[27-28, 51-52]. By enlarging the active volume lod¢ fgain medium, corresponding to
the doped core size of the fiber, one can achiegarterit of the high pulse energy.
However, the conventional large-core fibers sufifem mode-quality degradation and
their long lengths usually lead; tolong pulse wsdtnd low peak powers. For
improving these deficiencies, photonic crystal i@ CFs) have been developed to
provide large single-mode cores and high absorpéfiitiencies. The PCF was
recently employed to demonstrate a passively Qebeit laser with a ¢hYAG
crystal as a saturable absorber in which undernapppower of 14.2 W, an average
output power of 3.4 W with a repetition rate of §z was generated, corresponding
to a pulse energy of 630J [53]. However, the scale-up of the pulse enegyy i
hindered by the nonsatuarble loss of th& ®AG crystal [28].

In recent years, an AlGalnAs semiconductor matemath a periodic
quantum-well (QW) structure grown on a Fe-doped IstiPucture has been
successfully used as a saturable absorber in atioy@bd fiber laser to produce pulse
energy up to 45@J [28]. It was found that the saturation fluencethed AlGalnAs
QW absorber was two orders of magnitude smallen that of Ct*:YAG crystal.
This property enables the AlGalnAs QW devices tajmeropriate saturable absorbers
for high-gain lasers. More importantly, experimémasults also revealed that the
AlGalnAs QW absorber has a lower nonsatuarble thess the Ct:YAG crystal with
the same initial transmission. This result indisateat AlIGalnAs QW absorbers have
a potential to generate much higher pulse ener§iedar, AlGalnAs QWs have not

been employed to passively Q-switch Yb-doped PGé&rta
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Here | demonstrate, for the first time to our knesde, on a millijoule-level
passive Q-switched Yb-doped photonic crystal filkeser with AlGalnAs QWs as a
saturable absorber. We fabricate three types ofaki&s devices with different QW
numbers to investigate the performance of passi@eswitched PCF lasers. With 50
groups of three AlGalnAs QWs as a saturable absau under a pump power of 16
W, the PCF laser generates an average power aV7al the pulse repetition rate of
6.5 kHz, corresponding to a pulse energy of appnately 1.1mJ. The overall
pulse-to-pulse amplitude fluctuation and the terapjiter are found to be well below
10% in root mean square (rms). We also calculdtegpeak power by integrating the

photodiode traces and found its maximum value achel10 kW.

(A) AlGalnAs QWs absorber and experimental setup

Similar to the previous structure [28] the satueaddbsorbers that offered by TrueLight
Corporation were AlGalnAs QW/barrier structuresvgnoon a Fe-doped InP substrate
by metalorganic chemical-vapor deposition. Thersdle absorbers were designed to
consist of many groups of-several QWSs, spaced Hiwaaelength intervals by
InAIAs barrier layers with the band-gap wavelengtiound 806 nm and with the
luminescence wavelength near 1064 nm. The thickoietbe saturable absorbers was
approximately 400um. Compared with other similar QWs devices, AlGanA
material has the advantages of lattice match vg¢hsubstrate InP over InGaAs/GaAs
that output pulse energy of the passive Q-switath @@ conversion efficiency are
limited as a result of the lattice mismatch. AlGsnmaterials is also superior to
InGaAsP material which can be grown on InP sulestoaicause of its better electron
confinement covering the wavelength range in 0.8&in provided by the larger
conduction band offset [54-55]. In this work we riahted three types of AlGalnAs
QWs that posses 50 groups of three QWs (3 x 50 Q¥@syroups of three QWs (3 x
30 QWs), and 30 groups of two QWs (2 x 30 QWs)ufag 3.7(a)-3.7(c) depict the
schematic diagrams of three periodic AlGalnAs QWiscsures. Figure 3.7(d) shows
the measured results for the low-intensity tranemde spectrum of the three QW
saturable absorbers. The initial transmissionhefabsorbers near the wavelength of
1030 nm can be seen to be 18%, 36%, and 48% faletviees of 3 x 50 QWSs, 3 x 30
QWs, and 2 x 30 QWs, respectively. With the z-stethod [28], we found that the
modulation depths between low and high intensittege approximately 77%, 59%,
and 47% for the absorbers of 3 x 50 QWs, 3 x 30 (ANG 2 x 30 QWSs, respectively.
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We also found that the nonsaturable losses foettevices were less than 5%. The
low nonsaturable losses indicate the quality of @& devices to be rather high.
Furthermore, the saturation fluence of the QW dimsrwas measured to be in the
range of 1 mJ/cand the relaxation time to be on the order of h8(56]. The
damage threshold for the AlGalnAs QWs was foundb& approximately 300
MW/cm?. Both sides of the semiconductor absorber hawmpls single layer coating

to reduce back reflections and the couple-cavitgcts.
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Fig. 3.7(a)-(c) Schematic diagrams of three periodic Alt2e QWSs structures. (d)
Low-intensity transmittance spectrum of the thré# €aturable absorbers.
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The scheme of the experimental setup is shown gn Ei8(a). The cavity is
composed of a 0.55 m polarization maintaining Yipetb PCF (NKT photonics) that
is the same one described in Ref. 53 and an extieedback cavity with a saturable
absorber. Figure 3.8(b) depicts the image of thexsection of the PCF pumped by a
532 nm light source. Since the absorption coeffica the PCF was approximately
30 dB/m at 976 nm, the overall absorption efficikenould reach 95%. The rod-type
PCF has a mode field diameter of @% and a low numerical aperture (N.A.) of 0.02
to sustain the excellent beam quality. The pumgditeg of the PCF has a diameter of
200 um and an air-cladding to maintain a high N.A. @.0lhe PCF was surrounded
with a 1.7-mm thick outer cladding and was sealé@tl end-caps for protection. The
boron doped stress-applying parts near the core a@opted to induce birefringence
that produces diverse spectral losses to form ealip polarization state for the

fundamental mode.

@

Laser Diode

. AlGalnAs
Coupling lens 0.55m Yb-doped PCF QWs

Dichroic mirror Output coupler Focusing lens  High-reflection mirror
HT at 976nm R=8% at 1030nm  =50mm HR at 980~1100nm

HR at 1030~1100nm

(b)

Fig. 3.8(a) Setup for the passively Q-switched PCF Ig#@rmage of the cross
section of PCF.
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The external cavity incorporates with a focusingsl®f 50-mm focal length to
focus the fiber output into the AlGalnAs QW absarbad a high reflective mirror
behind the absorber for feedback. The AlGalnAs QWogber was mounted in a
copper block as a heat sink and with water coolifige mode diameter on the
saturable absorber was approximately g60 The pump source was a 20-W 976-nm
fiber-coupled laser diode with a core diameter @ gm and a numerical aperture of
0.2. Focusing lens with 25-mm focal length as ohthe lens pairs depicted in Fig.
3.8(a) and 90% coupling efficiency was used tonmage the pump beam into the
fiber through the dichroic mirror with high transsion (HT, T>90%) at 976 nm and
high reflectivity (HR, R>99.8%) within 1030~1100 nfhe pump spot radius was
approximately 10@um, and the pump coupling efficiency was estimatele around
80%. The laser spectrum was measured by an ogpeatrum analyzer with 0.1 nm
resolution (Advantest Q8381A). The pulse tempordidvior was recorded by Leroy
digital oscilloscope (Wavepro 7100; 10G samples/4eGHz bandwidth) with a fast
InGaAs photodiode.

(B) Experimental results and discussions

Figure 3.9 depicts the average output power vefsisaunched pump power in CW
and passive Q-switching operation.. The externatgavthe CW operation contained

only a re-imagining lens and a reflective mirrotheiut the saturable absorber. At a
launched pump power of 16 W, the CW PCF laser wasd to generate an output
power of 8.7 W, corresponding to a slope efficiermly 78%. In the passive

Q-switching operation, the average output poweeslatinched pump power of 16 W
were 7.1 W, 7.7 W, and 8.0 W for the lasers witn $hturable absorbers of 3 x 50, 3
x 30, and 2 x 30 QWSs, respectively. The signalnsity of the amplified spontaneous
emission (ASE) is 40 dB below the lasing signal®80 nm measured by the optical
spectrum analyzer, so the fraction of the ASE aufmwer can be neglected. As a
result, the Q-switching efficiency (the ratio ofettaverage power of Q-switched
operation to that of CW one) were approximately 83%%6, and 92% for the lasers
with the saturable absorbers of 3 x 50, 3 x 30, 2anrd30 QWSs, respectively. The

overall Q-switching efficiency was significantly grior to the results obtained with

Cr*":YAG crystals as saturable absorbers [53]. Theataspectra for CW and passive

Q-switching operations were quite similar with tipeaks near 1030 nm and

108



Ch3 Pulsed photonic crystal fiber lasers and ameplif

bandwidths to be approximately 0.4 nm. The lasdéputuwas found to be linearly
polarized with an extinction ratio of approximatdl§0:1, evidencing the function of
the polarization maintaining in PCF. Thef Kactor was found to be generally smaller
than 1.3 over the entire output power range, ovinghe low- N.A. feature of the
PCF.
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Fig. 3.9 Average output power with respect to launched ppower in CW and

passive Q-switching operations.

Figure 3.10 shows the pulse repetition rates irptssive Q-switching operation
versus the launched pump power. Experimental eselteal that the pulse repetition
rates for all cases increase monotonically withghmp power. At a launched pump
power of 16 W, the pulse repetition rates were tbtmbe 6.5 kHz, 16 kHz, and 23
kHz for the lasers with the saturable absorber8 gf50, 3 x 30, and 2 x 30 QWSs,
respectively. With the experimental results of #8verage output power and the pulse
repetition rate, we calculated the pulse energersus the launched pump power. It
was found that the pulse energies were nearly emngnt of the pump power and
their average values were 1.1 mJ, 0.49 mJ, and @&35or the lasers with the
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saturable absorbers of 3 x 50, 3 x 30, and 2 x Bs,Qespectively. Fiber laser
systems with energy of millijoule-class had beemadestrated with either actively
Q-switched oscillator [17, 57-58] or the master ilkeor power fiber amplifier
scheme [59-61]. To the best of our knowledge, ftlisthe first time that the
millijoule-level energy output was achieved witle thassive Q-switching scheme in a
PCF laser.
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Fig. 3.10Pulse repetition rates in the passive Q-switclojpgration versus the

launched pump power.

Figures 3.11(a)-3.11(c) depict typical oscilloscopmces for the single
Q-switched pulses of the lasers with the saturabs®rbers of 2 x 30, 3 x 30, and 3 x
50 QWs, respectively. It can be seen that the teahgbape of the single Q-switched
pulse obtained with the absorber of 2 x 30 QWs isinaple pulse, whereas the
temporal shape obtained with the absorber of 3 x(&Us reveal conspicuous
modulation whose period is nearly equal to the dotrip time. The self-modulation
phenomenon inside the Q-switched envelope has foeguently observed in pulsed
fiber lasers. This phenomenon is generally consii¢o arise from the stimulated

Brillouin scattering (SBS) which can provide stroiegdback to the cavity together
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with pulse compression. The SBS-related pulses baee demonstrated in different
fiber laser designs, such as self-Q switched [62dztively Q-switched [16, 29], and
passively Q-switched [26,65] fiber lasers. Note ttrenother self-modulation
phenomenon was found in passively Q-switched Ndedoprystal lasers with
Cr*":YAG crystals as saturable absorbers [66-69]; h@rethe origin is attributed to
the excited-state absorption of the absorber aadltittuation mechanism [70-71].
Our results reveal that the pulse energy obtainiégd the absorber of 3 x 30 QWs is
just above the SBS threshold. As seen in Fig. B)11fbe rear end of the pulse
exhibits a fast transient dynamics. On the othedh#he intense SBS effect leads to
the pulse to be strongly modulated, as seen in Figfl(c). With the numerical
integration, we found the maximum peak powers WwedekW, 12.8 kW, and 110 kW
for the lasers with the saturable absorbers of 20x3 x 30, and 3 x 50 QWs,
respectively. The corresponding optical intensity the 3 x 50 QWs was 350
MW/cm? which is quite close to the damage threshold efshturable absorber, but
no optical damage was observed. Figures 3.12(2)&.how typical oscilloscope
traces of a train of output pulses-obtained with $hturable absorbers of 2 x 30, 3 x
30, and 3 x 50 QWs, respectively. It can be seanfithn the laser with the absorber of
2 x 30 QWs the pulse-to-pulse amplitude fluctuaticas generally less than 4% in
rms. Even for the case of 3 X 30 QWSs, just above 8BS threshold, the
pulse-to-pulse amplitude fluctuation was also semndthan 4% in rms. Although the
strong SBS effect might deteriorate the pulse Btabto some extent, the
pulse-to-pulse amplitude fluctuation could still imaintained to be 8.5% in rms for
the laser with the saturable absorber of 3 x 50 Q¥¢sshown in Fig. 3.12(c).
Compared with the previous results, the pulse lgtalias superior to that obtained in
Ref. 28 and slightly diminished with respect to R&8 as a result of the high pulse
energy induced SBS effect. The overall pulse ensogying was 2.4 times as high as
the one in Ref. 28 and 1.8 times as that in Ref. 53
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Fig. 3.11Typical oscilloscope traces for the single Q-shatt pulses of the lasers
with the saturable absorbers of (a) 2 x 30, (b)3®xand (c) 3 x 50 QWs,

respectively.
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Fig. 3.12Typical oscilloscope traces. for.a train of outputses of the lasers with the
saturable absorbers of (a) 2 x30, (b) 3 x-30,(and x 50 QWs, respectively.

(C) Conclusion

In conclusions, | have, for.the first time to ounokvledge, demonstrated a
millijoule-level passively Q-switched Yb-doped pboic crystal fiber laser with
AlGalnAs QWs as a saturable absorber. At a launghedp power of 16 W, the
average output powers were 7.1 W, 7.7 W, and 8foMhe lasers with the saturable
absorbers of 3 x 50, 3 x 30, and 2 x 30 QWSs, reésede The pulse energies were
found to be 1.1 mJ, 0.49 mJ, and 0.35 mJ for theréawith the saturable absorbers of
3 x50, 3 x 30, and 2 x 30 QWSs, respectively. Tlrimum peak power could be up
to 110 kW. The overall pulse-to-pulse amplitudectilation and the temporal jitter
could be maintained to be well below 10% in rms.edéh high-pulse-energy
high-peak-power passively Q-switched PCF lasergpatentially useful light sources

for many technical applications.
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3.3 Widely tunable extracavity optical parametric oscillator

with the PQS PCF laser

High-peak-power tunable laser sources have beelenmand for the applications in
the eye-safe wavelength regime near uBbsuch as free-space communication, gas
sensing, spectroscopy, and medical treatment [J2-78 recent years,
double-cladding rare-earth doped fiber lasers érgreat interest due to their good
beam confinement, excellent heat dissipation, apdaieam quality, and high
efficiency [10-15, 76-79]. Because of the broad dvadth resulted from the
amorphous nature of the glass host,-directly unyzrbium doped fiber (EDF) lasers
or erbiumytterbium-codoped-double-clad fiber laggi¥DFL) possess the potential
of wavelength tunability [80-84]. However, traditimly a wavelength-selective
element such as grating or etalonis desired inctngty and thus increases the
complexity of laser cavity [85-88]. An alternativeethod for flexibility in tuning
wavelength is an optical parametric oscillator (QJRPOmMped by a laser source with
shorter wavelength [89-93]. Based on the phasemmaiecondition, the signal output
wavelength could be controlled by adjusting the gerature of nonlinear crystal,
pump incident direction, or pump wavelength.

For pulsed OPO operation, the passively Q-switchegjithe advantage of
simplification and compactness in experimental seba addition to the mostly used
transition metal-doped crystals, semiconductor madtevith a periodic quantum-well
(QW) structure has been demonstrated as a satuadislerber in the EYDFL to
achieve a 105 passively Q-switched 1.54w laser [94] and in the ytterbium doped
photonic crystal fiber (PCF) laser to achieve drrhJ passively Q-switched 1.Q3a
laser [63]. In 2010, the performance of eye-sagerawith a passively Q-switched
PCF laser in an intracavity OPO was firstly reportg3]. In the published work, the
fundamental wavelength is fixed at the maximum gapeak and a
temperature-insensitive x-cut KTiOPO (KTP) was usedhe OPO, this makes it

inflexible to realize a broadly tunable laser. Bdigally poled lithium niobate (PPLN)
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is a powerful quasi-phase-matching (QPM) nonlirggstal in OPOs for generating
near-infrared (NIR) to midinfrared (MIR) radiatidecuse of its advantages of high
nonlinear coefficient (~15 pm/V) and broad transios spectrum (up to 446m) [93,
95-97]. In addition, the high refractive-index-teengture coefficient makes a signal
wavelength shift up to 0.5 nft/ at a pump source of 1030 nm for a grating peoiod
28- 30um. Therefore, it is well worthy of investigation tilize the QPM nonlinear
crystal in an OPO pumped by a passively Qswitchéetlyium-doped PCF laser to
generate broadly tunable eye-safe wavelength radiat

Here | demonstrate, for the first time to my knadge, on a widely tunable
eye-safe laser based on a PCF. An optical paramesgillator was pumped by a
passively Q-switched PCF laser with AlGalnAs QWsaasaturable absorber. First,
the 1029-nm PCF laser with pulse energy of @3t a pulse repetition rate of 6.5
kHz was established under a pump power of 13.1 9¥&tnm. The PCF laser was
used to pump an OPO to generate eye-safe sign&. Bavtuning the temperature of
PPLN in the OPO cavity from 20to 14D the tuning range of signal wavelength was
over 80 nm from 1513 to 1593 nm. A maximum peak groof 19 kW and pulse
energy of 138.J was obtained under the pump energy of B8R0

(A) Diode pumped PCF laser.with AlGalnAs semiconduor absorber

The schematic of external-cavity OPO pumped byssipaly Q-switched PCF laser
is depicted as Fig. 3.13. The experimental setupgdcbe separated into two major
parts, one is a diode pumped passively Q-switcheéll Rser andthe other one is a
singly resonating OPO. The PCF laser cavity comsaft a 55-cm polarization
maintaining (PM) Yb-doped PCF and an external faellbcavity with a saturable
absorber. The external cavity incorporates witbau$ing lens of 50-mm focal length
to focus the fiber output into the saturable absordnd a high reflective mirror
behind the saturable absorber for feedback. Thaywel PCF has a large mode field
diameter of 55um to push the nonlinear threshold up to higher lletan
conventional single mode fiber. And a low numermmaérture value of 0.02 permits to
sustain the operation in single transverse modeeanéllent beam quality. The pump
cladding of the PCF has a diameter of 200 and an air-cladding to maintain a high
numerical aperture of 0.6. The image of the crestian of the PCF is depicted as Fig.

3.14(a). The small ratio between the inner pumgditag and 7Qtm core diameters
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brings about the pump absorption coefficient t@0&B/m at 976 nm.

Laser diode
976 nm

Focusing
Coupling 0.55m lens
lens Yb-doped f=50 mm 3x50 QWs

— Qutput coupler
R=8% @ 1030 nm

D/IGE ]

Dichroic mirror High-reflection

HT @ 976 nm mirror
HR @ 1030—-1100 nm Op HR @ 980-1100 nm
,o%o

Fig. 3.13Schematic sketch of the external-cavity opticabpeetric oscillator pumped
by the passively Q-switched photonic crystal filzeser.

The PCF was surrounded with a 1.7-mm thick outaeddihg and was sealed
with end-caps for protection. The boron doped stegsplying parts were adopted to
induce birefringence that-produces diverse spedivates to form a linearly
polarization state for the fundamental mode. Tttarabhle absorber is a structure of
AlGalnAs QW/barrier grown on a Fe-doped InP sulbstrdby metalorganic
chemical-vapor deposition, as depicted in Fig. @L4 he structure consists of 50
groups of AlGalnAs QW/barrier. Each group contathsee 8-nmthick QWs and
10-nm-thick barriers. In order to increase the dgen#hreshold, each group of
quantum wells is designed to be located at the srxoflehe pumping mode, or to have
intervals of half-wavelength separated by barrigkswindow layer of InP was
deposited on the gain structure to prevent sunfacembination and oxidation. Both
surfaces of the saturable absorber were coatedv® #nti-reflection coating at 1030
nm (R<0.2%). The initial transmission of the saturableaber was measured to be
19%. The mode diameter on the saturable absorbeestanated to be approximately
400 um. The pump source was a 20-W 976-nm fiber-coulasedr diode with a core
diameter of 20@um and a numerical aperture of 0.2. Focusing lertis #6-mm focal
length and 90% coupling efficiency was used tormage the pump beam into the
fiber through the dichroic mirror with high transsion (HT, »90%) at 976 nm and
high reflectivity (HR, R 99.8%) within 1030-1100 nm. The pump spot radius wa
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approximately 10@um, and the pump coupling efficiency was estimateld around
80%. The pulse temporal behavior was recorded broyLaligital oscilloscope
(Wavepro 7100, 10 G samples/sec, 4 GHz bandwidth)afast InGaAs photodiode.
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Fig. 3.14(a) image of cross section of rod-type PCF andrémsmission spectrum

and structure of AlGalnAs saturable absorber.

The output power, pulse energy and output specamanshown in Fig. 3.15. The
maximum output power was obtained to be 4.9 W utiierl3.1 W of pump power
and it turns out conversion efficiency over 37%eTdentral peak of wavelength is

dependent on the pump power and distributes fro&i 160 1029 nm with increasing
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the pump power. The inset of Fig. 3.15 shows thpuiwspectrum of PCF laser with
the 13.1 W of pump power. The full width at halfxmaum FWHM of bandwidth is
around 0.5 nm and the Mactor was measured to be less than 1.3 overdimplete
output power range, owing to the low-N.A. featufahe fiber. The laser output was

measured to be linearly polarized with an extinctiatio of approximately 100:1.
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Fig. 3.150utput power of the passively Q-switched PCF lasesus the 976-nm
launched pump power. Inset — the lasing spectruimdd with 12.5 W of pump

power.

Fig. 3.16(a) and Fig. 3.16(b) show the traces ¢putupulses under a lower and
higher pump power level, 6.3 and 13.1 W, respelstivéd self-modulation
phenomenon inside the Q-switched envelope was obljimbserved in pulsed fiber
lasers for high pump power. This phenomenon is gdéigeconsidered to arise from
the stimulated Brillouin scattering (SBS) which gamovide strong feedback to the
cavity together with pulse compression [16, 62-G4je SBS related pulses have been
demonstrated in different fiber laser designs, saghkelf-Q switched [62-64], actively
Q-switched [16,98], and passively Q-switched [68] fiber lasers. Although the

strong SBS effect might deteriorate the pulse Btabto some extent, the
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pulse-to-pulse amplitude fluctuation could still tmaintained to be less than 8.0% in
rms at the maximum pump power of 13.1 W. The outppetition rate ranges from

1.51t0 6.5 kHz and is related to pump power. THegauwith maximum peak power of

170 kW and pulse energy up to 74oDwere obtained.

Fig. 3.16Typical oscilloscope traces of output pulses effiassively Q-switched
PCF laser. (a) pulse shape with'6.3 W of pump p@ndr(b) pulse shape with 13.1

W of pump power.

(B) Tunable eye-safe laser with an external-cavit@PO

The 750uJ passively Q-switched PCF laser at a repetitiodm 0& 6.5 kHz was
used as a pump source in the externalcavity OPQlepgted in Fig. 3.17. The
nonlinear crystal in is a 0.76-mm thick and 2-cmmga@ongruent PPLN with a poling
period of 29.6um. The singly-resonant OPO cavity consists of tw plane mirrors,
the front mirror and output coupler. The front rairrs coated with high transmission
at pump wavelength &90%) and high reflectivity from 1500 to 1600 nn>$0%).
The output coupler is coated with high transmissadrpump wavelength €90%)
and partial reflectivity from 20 to 90% correspamgliio the wavelength from 1510 to
1590 nm. A focusing lens with 75-mm focal lengthrswaed to focus the pump source
into the PPLN crystal. The pump spot size insidéNPRas measured to be around
300 um. Between the PCF laser and external-cavity OP@alawave plate and a
polarization cube were bundled together to continel pump incident power. The
maximum average pump incident power was limite@.® W, or the pulse energy

limited to 390uJ for the consideration of photorefractive effentl @amage threshold
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of PPLN. The PPLN was temperature controlled froint@ 140C by an oven to

adjust the phase matching wavelength.

| OPO part :
| I
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| PCF laser 29.6 ym :
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I HT @ 1030 nm HT @ 1030 nm 1
: HR @ 1550 nm PR @ 1550 nm |

Fig. 3.17Schematic sketch of the OPO setup. A half-wavee@ad polarization
beam splitter cube were settled in front of OP©@dwtrol the input pump power.

The performance of output power of-external-ca@®O pumped by passively
Q-switched PCF laser is shown-in Fig. 3.18(a). Témperature of PPLN was
controlled at 10@. Under the pump power of 2.6 W, the output avegwer of 0.9
W at signal wave was obtained 'and corresponds teepenergy of 138J. The
conversion is about 35% and the slope efficienaypigo 37.5%. From the temporal
pulse traces of pump and signal wave-shown in &itB(b), the signal pulse shape
possesses several spikes which were resulted fi88 efect in pump source as
mentioned above. Such an effect can be reducebtbvicar operating power of PCF
laser as depicted in Fig. 3.45(a). The maximum wypeak power of signal wave was
estimated to be 19 kW with an effective pulse wiolti7.3 ns.

The temperature of PPLN was tuned from 20 to @40 an interval of 2. The
output wavelength of signal wave shifts from 15431693 nm and total 80-nm tun
ing range was obtained. Fig. 3.48 shows the wagéteaf output signal in different
operating temperature. The experimental data witpte circles is in good agreement
with theoretical data calculated from Selmier's a&tpns [100-101]. Higher
temperature and larger wavelength is possible. Kewehe reflectivity of output
coupler used is not uniform within the tuning ran@esides, with increasing the
temperature higher than 140 the idler phase-matching wavelength gradually
approaches 2.8m, which locates at the peak absorption of lithniobate [102].
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Inset:the corresponding conversion efficiency weémperature.

As a result, higher loss will be induced in the ibator operating temperature
higher than 14@. On the other hand, for /lower operating tempeeatithe
photorefractive effect of congruent PPLN will gdétosger and limit the output
performance. Therefore, there is an optimum efficyefor a specific temperature, as
depicted in the inset of Fig. 3.48 In this expemtmehe conversion efficiency varies
from 11 to 35% and the optimum temperature is fotmtbe around 10C. At the
optimum point, the phase-matching signal wavelength 1559 nm with a

corresponding output reflectivity of 65%.

(C) Summary

| achieved a widely tunable passively Q-switchedtphic crystal fiber laser by
means of an external-cavity optical parametric lzgdor. With an AlGalnAs
Qs/barrier structure as a saturable absorber it@B6-nm PCF laser, the fundamental
pulse with energy up to 750 was obtained and was incident into the OPO cavity
Under the pump energy of 39@, the maximum output energy and peak power of
signal wave was found to be 138 and 19 kW, respectively. By tuning the

temperature of nonlinear crystal, PPLN, over 80tomng range of the signal output
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wavelength from 1513 to 1593 nm was obtained.
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3.4 Fiber amplifier seeded by a passively Q-switched
Nd: YVO,/Cr*: YAG laser and extracavity third harmonic

generation

High efficiency and short pulse duration pulsedhiigources of ultraviolet (UV)
radiation are attractive for a variety of applioas in industry, scientific, and medical
needs such as micro-precision processing, lasergliaphy, and optical data storage
[103-104]. Shorter pulsduration is advantageous for laser processinghtastiower
material removal thresholds. In company with lowtenal removal thresholdsaser
machining with shorter pulses at low fluences désds to cleaner and narrower
scribes and reduced the potential damage. to tlotrield performance of the device
[105-106]. Linearly polarized, good beam qualitydahigh peak power lasers with
nanosecond-duration and- multi-kilohertz repetitioate pulses are promising
candidates for optical nonlinear wavelength congess Fiber lasers and amplifiers
in the near-infrared (NIR) region, owing to the esplid heat dissipation and the
wave-guiding property, have been extensively praedoe favorable light sources for
the generation of UV radiation [107-111]. Fiberdag actively Q-switched scheme
[109] was employed for third harmonic generatiorH@#F) and the wavelength
conversion efficiency (from IR to THG) of 25% watamed. However, the pulse
duration was relatively long (11 ns) due to thegtéw fiber oscillator configuration.
The THG pumped by single-stage fiber amplifierst tleeded with passively
Q-switched (PQS) Nd:YAG lasers were used to dennatestUV radiation with
shorter pulse width (approximately 1 ns). Neveehsg] the conversion efficiency was
relatively lower with 12% [110] and 18% [56], restieely. With the higher
conversion efficiency of 26%, the two-stage fibepéifier [111] was used to produce
1 ns pulse with the average power of 1.5 W. Howeber multi-stage architecture led
to a complicated and power consuming system. Taexeft is with much practical
significance to design a compact, efficient THGhashort pulse duration pumped by

a single-stage fiber amplifier.
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Large-mode-area (LMA) fibers were used to attaighhpeak powers and
alleviate detrimental nonlinear effects such aswsated Brillouin scattering (SBS),
stimulated Raman scattering (SRS), and self-phasdulation which not only
degrade the monochromaticity but also cause optaainages. Nevertheless,
conventional LMA fibers suffer from mode-quality gtadation with the increasing
core size diameter. Recently, photonic crystalrfil®CF) lasers and amplifiers [61,
112-113] are proved to be reliable light sourceth\wigh peak power and good beam
quality thanks to the ultra-large mode area cdre, High absorption efficiency, and
the air holes assisted wave-guiding property. Cqueetly, a PCF amplifier is much
advantageous for nonlinear wavelength conversiatier than the conventional LMA
fiber amplifier. However, up to now, the extracgvitHG pumped by a single-stage
PCF amplifier has not been reported.

In this work, | use a single-stage rod-like PCF hifep to demonstrate compact
harmonic generations with high efficiency and shmutse width. We obtain pulses
with average power of 3.3 W at:the pulse repetitete (PRR) of 14.9 kHz and pulse
width of 2.2 ns in the IR wavelength:by seedingtitient PQS Nd:YVQ/Cr*":YAG
laser into a LMA rod-like "PCF amplifier. In additip we utilize the extracavity
nonlinear wavelength conversion architecture -toaimttthe second harmonic
generation (SHG) wave at 532 nm and the THG wadbatnm. Average powers for
SHG and THG were 1.7 W and 1.1-W at the IR inpuivgroof 3.3 W which
correspond to the conversion efficiency of 52% &386, respectively. The pulse
width for the UV radiation was 2.1 ns with the mumplitude fluctuation of 7.4% in
standard deviation.

(A) Single-stage rod-like fiber amplifier

The scheme of the extracavity THG pumped by a sistige rod-like PCF amplifier

is depicted in Fig. 3.20 The experimental setuplccde separated into two major
parts, one is a PQS Nd:YM@r*":YAG laser seeded PCF amplifier and the other one
iIs a single-pass harmonic generation. We have dsiraded that the
Nd:YVO4/Cr*":YAG PQS laser was a compact and efficient lasercgwith high
peak power and can be applied to THG generatiod][ahd seed laser [115]. The
nearly hemispherical cavity based Nd:YYOr*":YAG PQS laser was used to

simultaneously satisfy the optimal mode matchingndition and the good
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Q-switching criterion. The seed laser is a homeenambarly hemispherical cavity
Nd:YVO./Cr*":YAG PQS laser that emitted pulses with pulse eneiy38 nJ and
pulse width of 2.2 ns at the PRR of 14.9 kHz. Teedslaser was coupled through a
focusing lens into the core of the fiber. A halfweaplate was used to control the
polarization direction of the seed laser to matied fast-axis of the polarization
maintaining (PM) fiber. The 36-cm in lengfAM Yb-doped rod-type PCF has a signal
core diameter of 7@m and a low numerical aperture (N.A.) of 0.02 tstain the
excellent beam quality. The pump cladding of thé&=P@s a diameter of 2Q0n and
an air-cladding to maintain a high N.A. of 0.6. TREF was surrounded with a
1.7-mm thick outer cladding and was sealed with-eaqus for protection. The boron
doped stress-applying parts near the core weretedidp induce birefringence that
produces diverse spectral losses to form a lineadjarization state for the
fundamental mode. The pump source was a 15-W 97@bencoupled laser diode
with a core diameter of 200m and a numerical aperture of 0.2. Focusing lertb wi
25-mm focal length was used to re-image the pungmbimto the fiber through the
dichroic mirror with high transmission (HT, T>90%) 976 nm and high reflectivity
(HR, R>99.8%) within 1030~1100 nm. The pump spdius was approximately 100
um, and the pump coupling efficiency was estimatedé around 80%. The laser
spectrum was measured by an -optical spectrum arvalygth 0.1 nm resolution
(Advantest Q8381A). The pulse temporal behavior wexorded by Leroy digital
oscilloscope (Wavepro 7100; 10G samples/sec; 1 kdiewidth) with a fast InGaAs
photodiode.

The average output power and pulse energy versutimched pump power of
the fiber amplifier were shown in Fig. 3.21. Unddaunched pump power of 10.5 W,
3.3 W of output power was acquired which corresgddhe pulse energy of 221.
The inset of Fig. 3.50 shows the output spectruth@fP CF amplifier with the output
power of 3.3 W. The signal peak wavelength was0&416 nm and its full width at
half maximum (FWHM) is around 0.6 nm. The®Nactor was measured to be less
than 1.3 over the complete output power range owonipe low-N.A. feature of the
fiber. The output of the amplifier was linear patad and the polarization extinction
ratio was measured to be higher than 100:1 forthel pump power range that
evidences the function of the PM structure in therf
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Fig. 3.20Schematic sketch of the extracavity harmonic garers pumped by a

single-stage rod-like photonic crystal fiber amplf HR: high reflection; HT: high

transmission.
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The oscilloscope trace of a train of output pulsfethe amplifier is shown in Fig.
3.22(a). The pulse-to-pulse amplitude fluctuaticasvgenerally less than 8% in root
mean square (rms). Figure 3.22(b) shows the tymsailloscope trace for a single
pulse at the maximum output power of the amplifidre pulse duration was 2.2 ns

and the corresponding peak power was 100 kW.
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Fig. 3.22(a) Oscilloscope traces of a train of amplifiedsps. (b) Oscilloscope trace
of a single pulse of the output pulse of the argglif

(B) Single-stage rod-like fiber amplifier

The scheme of the extracavity harmonic generatieas depicted in Fig. 3.23.
The IR source from the amplifier was focused bgreslwith a focal length of 75 mm

which was with anti-reflection (AR) coating at 106/h. The SHG was demonstrated
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by delivering the focused IR beam into a 3x3x15 *wmrdimension, type |
phase-matched lithium triborate (LBO) crystal whishs cut a®=90" and ¢=10.4
and operated at 46°%6. Both end facets of the LBO crystal were coatéith VAR
coating at 1064 nm and 532 nm. The residual IR lasd the generated 532 nm beam
were then focused by a lens which had the focgtleaf 19 mm and was coated with
AR coating at 1064 nm and 532 nm. The type I, 2Bxni-in-dimension LBO
crystal cut aB=44’ and@=90° was used for sum-frequency-mixing operated &iCGi8
The entrance together with the exit end facetb®iBO crystal were coated with AR
coating at 1064 nm and 532 nm. The temperaturdi@fSHG and THG nonlinear
crystals were temperature-controlled by thermogtecbolers with the precision of
0.1°C.

Focusing lens Type | Focusing lens Type I
1064 nm AR@1064nm  gy3,15mm  AR@1064&532nm 343410 mm
pump  =ISMM o0, @=10.47y,, =19 MM 0=44',0>=90'

—> LBO

Fig. 3.23Schematic sketch of the setup of the SHG and TAR3 .anti-reflection.

Figure 3.24 shows the average power obtained WghSHG (532nm) and the
THG (355nm), respectively. Under‘a pump power 8f\8. of the IR wavelength, an
average output power of SHG was 1.7 W corresponidinige pulse energy of 114
and the wavelength conversion efficiency (from tRSHG) of 52%. The average
output power of the THG increased monotonicallyhwgump power of the IR
wavelength. At a launched pump power of 3.3 W, shen-frequency-mixing was
found to generate an output power of 1.1 W andepefsergy of 74.J, corresponding
to a slope efficiency of 39% and wavelength conweersfficiency of 33% (from IR to
THG). The spatial intensity distribution of the fégld of 355 nm output was shown
in the inset of Fig. 3.24

Oscilloscope traces of a train of output pulseshef SHG (top) and the THG
(bottom) is shown in Fig. 3.25(a). The pulse-togeuhmplitude fluctuations for SHG
and THG were approximately less than 6% and 8%nm) respectively. Figure 3.25(b)
depicts the oscilloscope trace for a single puisheamaximum output power of THG.

The pulse duration was measured to be about 2Whith correspond to the peak

128



Ch3 Pulsed photonic crystal fiber lasers and ameplif

power of 35 kW.
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Fig. 3.24Dependences of the average output power at 5321355 nm on the
incident pump power at 1064 nm. Inset: the spattehsity distribution of far field of
the THG output.

In order to obtain compact, efficient, and shogelse duration of the UV light
source, single-stage fiber amplifiers were the gradfle light sources for extracavity
THG rather than fiber lasers. Besides, for highavelength conversion efficiency,
the selection of the extracavity THG nonlinear tayss also of great importance. The
choice of the THG crystal is the compromise betwéiading a high nonlinear
coefficient and a wide acceptance angle combingld avsmall walk-off angle [116].
The extracavity THGs by using a type | phase-matdtigO as the THG crystal were
demonstrated with single-stage fiber amplifiers 7,1A10]. The relatively large
walk-off angle of the type | phase-matched LBOT6IG (18.3 mrad to type | and 9.3
mrad to type II) [107] will deteriorate the beamedap between the IR and the green

beams that is seriously detrimental to conversifficiency. Besides, in ref. 110,
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polarization instability caused by using a non-Rbff as the amplifier also led to the
lower wavelength conversion efficiency of only 12%urthermore, two type |
phase-matched LBO were utilized for SHG and THGwitPM fiber amplifier as the
fundamental light source [107]. The conversioncedficy was limited to be 18%
because the polarization state between the resiBua¢am and the green light in the
THG crystal was not re-optimized. Here | realize #fficient extracavity UV light
generation by employing the type Il LBO as the Tfgstal owing to its smaller
walk-off angle and relatively large acceptance ari@lLlO] (5.0 mrad cm for type I
and 1.7 mrad cm for type I). Combining the effitiechHG module and the
single-stage PM PCF amplifier, we obtained, toliest of our knowledge, the highest
wavelength conversion efficiency of 33% and the rshpulse duration of

approximately 2 ns in the same time.

(C) Conclusions

In conclusion, | have-used-a Nd:YWGr*":YAG PQS laser to seed a
single-stage rod-like PCF amplifier to acquirerag& polarization, high beam quality,
and efficient IR pulsed light-source with the putseergy of 221.J and pulse width of
2.2 ns at the PRR of 14.9 kHz. We further utilire developed PCF amplifier to
demonstrate the extracavity SHG and THG. Undemaidéent pump power of 3.3 W
at the IR wavelength, the average output powerthefSHG and the THG were
measured to be up to 1.7 W and 1.1 W which amauthé wavelength conversion
efficiencies of 52% and 33%, respectively. Thithis highest conversion efficiency in
the generation of UV light by means of the fiberpdifrer pumped THG. It is believed
that the high efficiency UV light source suggesttar applications such as industrial

material processing and scientific researches.
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Fig. 3.25(a) Oscilloscope traces of a train of output pailse532 nm (top) and 355
nm (bottom). (b) Oscilloscope trace of a singlespudf the output pulse of the THG.
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3.5 Conclusions

In this chapter, | perform efficient, high peak mowiber amplifier and PQS
fiber lasers with either ¢RYAG crystal or AlGalnAs MQWs as the SA by using
ultra-large core photonic crystal fiber of the cdrameter of 7Qum. The pulse energy
was obviously enhanced due to the enlarged coeeasid the pulse width was also
reduced owing to the shorter fiber length which aguo a shorter cavity length.
Table 4.2 summaries the performances obtained thghwith the photonic crystal
fiber.

With the same Cf:YAG crystal of the initial transmission of 28% &s the
conventional LMA fiber laser described before, pludgse energy was 1.8 times higher
and the pulse width was 2 times smaller - which spoads to 3.5 times higher of
pulse peak power compared-with-the results obtam#dthe fiber of core diameter
of 30 um. Besides, | also use three types of AlGalnAs QNs$ posses 50 groups of
three QWs (3 x 50 QWSs), 30 groups-of three QWs @>QWs), and 30 groups of
two QWs (2 x 30 QWSs) as the saturable absorbeh We same AlGalnAs QWSs (3 x
50 QWSs) as in the conventional' LMA fiber laser ddésxd before, the pulse energy
was 2.45 times higher and the pulse width was @gismaller which corresponds to
14.7 times higher of pulse peak power compared thiéhresults obtained with the
fiber of core diameter of 30m.

With the PQS PCF laser, | also demonstrate theadatity optical parametric
oscillator (IOPO) by utilizing the ¢t YAG crystal as the saturable absorber and he
extracavity optical parametric oscillator (EOPO) utitizing the AlGalnAs QWs as
the saturable absorber. Shorter pulse width antdehigeak power can be attained
with the IOPO scheme but higher output power anaversion efficiency can be
achieved with the EOPO scheme. Besides, thanks te thigh
refractive-index-temperature coefficient of the RPused in the EOPO scheme, the
wavelength can be tuned over a broad range.

Furthermore, for generating shorter pulse durat®®®F amplifier was seeded by
the PQS Nd:YVQ@ Cr**:YAG seed laser mentioned in chapter 2. | demotestize

different harmonic generations by means of theaestvity wavelength conversion
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pumped by a PCF amplifier. The results manifestet it is efficient and with
simplicity to use the single stage PCF amplifiettss fundamental wavelength light

source.
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Chapter 4

Passively. Qswitched and

mode-locked Yb:YAG lasers
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Motivated by the compactness and simplicity of matip lasers, many research
efforts are directed toward shorter pulses and drighulse energies either with
Q-switched or in mode-locked operations. The ditien-limited beam quality is
ideal for efficiently seedling into large mode ardaer amplifiers. For high peak
power Q-switched solid state laser which is adwgewas for seed-apmlifier
applications because no pre-amplification stageseqguired, it is possible to reduce
the Q-switched pulse duration to the sub-nanosebgrehortened cavity length. The
promising brightness improvement could be expebtedavity shortening due to high
peak power with a single transverse mode. Howévereneral, solid state lasers have
advantages in pulse generation with a few tens g@dubse widths by Q-switching, and
ultrashort pulse generation by mode locking with@$s pulse widths as depicted in
Fig. 4.1. Thus, it is attractive to generating hagtergy Q-switched laser pulses with
pulse wisth of a few of ps. by microchip lasers. ¢jet demonstrate passively
Q-switched microchip Yb:YAG laser by using ‘C¥AG as the saturable absorber.
Besides, high repetition rate mode-locked ' operatiomere also demonstrated
employing the same gain chip. Self-mode lockingsesllwere generated with pulse
repetition rate up to 240 GHz by etalon effectha# gain chip. Furthermore, using a
semiconductor saturable absorber mirror as the ubutpupler, dual-wavelength

operation was attained with modulation frequencgmbroximately 5 THz by optical

beating.
Microchip Q-SW
Q-SW laser laser
fs pS ns HS

Laser pulse width

Fig. 4.1Pulse width region for different pulsed lasers.
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4.1 Passively Q-switched with Cr*": YAG crystal

High-energy, compact diode-pumped passively Q-fwidc(PQS) solid state lasers
with subnanosecond pulses have a variety of apggitasuch as nonlinear frequency
conversion, industrial processing, and remote sgnsBince CF:YAG crystals
possess high damage thresholds and high opticatheenthal stabilities, they have
been extensively applied as saturable absorberBPQ% laser systems such as
Nd**-doped lasers [1-3] and Ybdoped lasers [4-6]. Comparing with Nd:YAG
crystals, Yb:YAG crystals have longer fluorescetitetimes [7], smaller emission
cross sections [8], low quantum defects, and brabdorption bandwidths [8].
Therefore, the Yb:YAG microchips have been employedconstruct highpulse-
energy light sources with stability, compactness| eeliability [9-11]. The scaling of
power and energy in Yb:YAG lasers are strongly idgze by the thermal effect
because the quasi-three-level property of the Yk&Ykystal causes the population on
the lower level to significantly increase with rigitemperatures. Therefore, efficient
thermal management is highly 'desirable for enhantive output performance of
Yb:YAG PQS lasers. Recently, it has-been demorrstrtitat the synthetic diamond is
a promising heat spreader for thermal managemesgnmconductor disk lasers [12]
and Nd-doped vanadate lasers [13—-15] due to itellext optical and mechanical
properties together with high thermal conductivily. addition, cooling along the
direction of pumping is practically useful for regiug the thermal lensing and stress
in microchip lasers [16, 17]. Even so, the feagibibf cooling Yb:YAG microchip
PQS lasers with diamond heat spreaders has negerelyplored thus far.

In this work, we explore the performance improvemeihdiode-end-pumped
PQS Yb:YAG lasers with diamond windows as surfaeatlspreaders. Comparing
with the results obtained without the diamond Ispaeader, the pulse energy obtained
with the diamond cooling is found to be enhancedlt$/times, where a ErYAG
absorber with the initial transmission of 84% isedis Furthermore, the standard
deviation of the pulse amplitude peakto- peak tlatibn is approximately 3 times
lower than that obtained without the diamond heat¢ader. Under a pump power of
3.9 W, the passively Q-switched Yb:YAG laser canagate a pulse train of 3.3 kHz
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repetition rate with a pulse energy of 28¥ and with a pulse width of 650 ps. More
importantly, the optical-to-optical efficiencieseaimproved up to 58% and 25% for

the continuous-wave (CW) and PQS operations, réspéc

(A) Experimental setup

Figure 4.2 presents the schematic experimentapsdtue gain medium was a
1-mm-long, 4 mm in diameter, and 11 at.% doped Xi&Ycrystal. One of the end
facet of the crystal was coated with highly refigty (HR, R>98%) at 1030 nm and
high-transmission (HT, T>95%) at 970 nm servedhasftont mirror, the other facet
was with high-transmission (HT, T>95%) at 1030 nnd dighly reflectivity (HR,
R>95%) at 970 nm to increase the absorption effeyeof the pump power. The
Cr*":YAG crystal with initial transmission ¢) of 84% and 1.4 mm in length was used
as the saturable absorber. Both end facets of tHeY8G crystal were anti-reflection
coated (AR, R<0.2%) at 1030 nm. The output.coupies a flat mirror with partially
reflection at 1030 nm (R =:30%).-The total caviendth was about 8.4 mm. The
uncoated, single crystal synthetic diamond of 4r& sguare and 0.5 mm thickness
was used as the heat spreader and bounded t@fheriirror side of the gain medium.
The diamond plate was polished to laser qualityridtness of/8 at 632.8 nm and
roughness of Ra smaller than 30 nm. The other gidee diamond was in contact
with a copper heat sink cooled by a thermal-elecioler at the temperature of 16°C.
The side of the Yb:YAG crystal with the coatingtdf at 1030 nm and HR at 970 nm
was attached tightly to a copper plate with a lwbl2-mm diameter, where an indium
foil was used to be the contact interface. The amintiniformity of the bounded
interface between the diamond and the Yb:YAG ctystas further confirmed by
means of inspecting the interference fringe resglfrom the minute gap between the
diamond heat spreader and the gain medium. Thé&ibgence of the single crystal
diamond was smaller than 5xf0The transmittance of the diamond heat spreader
was about 70% at 970 nm owing to the high refractivdex contrasts of the
air/diamond and diamond/Yb:YAG interfaces (The aefive index of the single
crystal diamond is 2.432). The GIYAG crystal was wrapped within indium foil and
mounted in a copper heat sink cooled by wateratdmperature of 16°C. The pump
source was an 8-W 970-nm fiber-coupled laser dimide a core diameter of 2Q@m

and a numerical aperture of 0.20. Focusing lenk @& mm focal length and 87%
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coupling efficiency is used to reimage the pumpb&#o the laser crystal. The pump
diameter is approximately 12(m. Considering the coupling efficiency of the
focusing lens, the transmittance of the diamond, e effective absorption of the
gain medium, the maximum available absorbed pumpepas found to be 3.9 W.

Note that without using the diamond heat spreddemtaximum available absorbed
pump power can be up to 5.6 W. The laser spectra® nveasured by an optical
spectrum analyzer with 0.1 nm resolution (Advant@8881A). The pulse temporal
behavior was recorded by Agilent digital oscilloged(infiniium DS0O81204B; 40G

samples/sec; 12 GHz bandwidth) with a fast InGaAst@diode of 12.5 GHz

bandwidth.

Fiber-coupled LD @ 970 nm

BE_J Yb;YAG

eAx1 mm Cr:YAG

Diamond To=84.0%
heat spreader \ r

Focusing lens
_ / Output coupler
Heatsink g L S, R=30% @ 1064 nm

Fig. 4.2The schematic diagram of the PQS Yb:YAG/CYAG laser experimental
setup. (S1: HT at 970 nm, HR at 1030 nm; S2: HIO&0 nm, HR at 970 nm; HT:

high transmission; HR: high reflection).
(B) Experimental results and discussion

We firstly investigate the performance of the Yb&GAaser with the diamond heat
spreader under CW operation without thé*(YAG crystal in place. Here, we use the
output coupler with reflectivity of 80% at 1030 nim maximize the output power
around the wavelength of 1031 nm under CW operakaure 4.3 shows the average

power with and without the diamond heat spreadén vaspect to the absorbed pump
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power. Without the diamond heat spreader, the aytpwer was 1.3 W under an
absorbed pump power of 3.9 W which correspondbdaptical-to-optical efficiency
of 33% and the slope efficiency of 50%. The outpoMver started to saturate and the
slope efficiency decreased to 17% for an absorbedppoower of 5.6 W. The thermal
effects induced power degradation has been widbksemwed in Yb-doped lasers
[18-21] and has been theoretically confirmed [28¢reasing the pump power, the
detrimental effects in the Yb:YAG crystal becomerensevere including the decrease
of the thermal conductivity [22] and the increaséhe thermal expansion coefficient
[23]. Furthermore, the absorption cross section thedemission cross section of the
transitions between the manifold&s, and °F7, in the Yb:YAG crystal are
significantly decreased with the increased tempegaf24, 25] which lead to the
reduction of the laser efficiency [16]. In contradte maximum output power was
enhanced to 2.25 W under the pump power of 3.9 Wmwd diamond heat spreader
was employed for surface cooling. The optical-ttieg efficiency and the slope

efficiency were up to 58% and 86%, respectively.

3.0

—&— With diamond heat spreader
—#&— Without diamond.heat spreader

= = n n
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Averaged output power (W)
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T

0.0 1 1 | 1 | 1 | 1 | 1
0 1 2 3 4 5 6

Absorbed pump power (W)

Fig. 4.3Dependence of the averaged output power on theladss pump power
under the CW operation.

150



Ch4 Passively Q-switched and mode-locked Yb:YA@Iiss

Under the PQS operation, we change the reflectofitthe output coupler to be
30% at 1030 nm to prevent coating damages of ystaits due to the high intracavity
intensity which have been observed in PQS Yb:YAGIG®AG lasers [11]. Figure
4.4(a) depicts the averaged output power versusrladd pump power under the PQS
operation. Without the diamond heat spreader, tagimum output power was found
to be limited at 0.47 W under the absorb pump powfeb.6 W. Like the CW
operation, the averaged output power without diainoaoling began to saturate
when the absorbed pump power was greater than 4@riwhe contrary, the average
output power with diamond cooling was 0.96 W athsorbed pump power of 3.9 W,
corresponding to the optical efficiency of 25% dinel slope efficiency of 60%. Lower
temperature in the Yb:YAG crystal can achieve lotieeshold pump power [26] and
higher optical efficiency [27] in Yb:YAG lasers. &Hower threshold pump power
(2.3 W for with diamond heat spreader and 2.8 Wifbhout diamond heat spreader)
and higher optical efficiency (25% for with -diamoiheat spreader and 8.3% for
without diamond heat spreader) attained in our lteshow the effective thermal
management of the diamond heat spreader. In cosapewiith the earlier results such
as the self-Q-switched laser that. uses composit¥A®/Cr**:YAG ceramics [9] and
the mechanical contacted Yb:YAGAGIYAG microchip lasers that adopt ceramics [10]
or crystals [11], the diamond cooling scheme isficored to enhance the performance
significantly.
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Fig. 4.4(a) Dependence of the averaged output power oaliberbed pump power
under the PQS operation, the inset: typical laspertrum. (b) Dependence of the
pulse energy on the absorbed pump power.

151



Ch4 Passively Q-switched and mode-locked Yb:YA@Iiss

The lasing spectra for CW and PQS operations \wihdiamond heat spreader were
quite similar with the peaks near 1031.7 nm andliagiths to be approximately 0.2
nm, as shown in the inset of Fig. 4.4(a).

Figure 4.4(b) shows the pulse energies obtaineld amid without the diamond
heat spreader with respect to the absorbed pumpempdivcan be seen that the
maximum pulse energies obtained without and wittamdind cooling are
approximately 190uJ and 287 uJ, respectively. The Yb:YAG crystal, as a
guasi-three-level laser gain medium, certainly essfffrom the increase of the
fractional thermal population on the lower laseveleand the decrease of the
fractional population on the upper laser level whaecrease the maximum stored
energy in the Yb:YAG crystal [28] for increasingetpump power. Furthermore, the
strong thermal lensing in the end-pumped Yb:YAG roubip laser which results
from the thermal gradients within the gain mediub?][usually leads to a smaller
cavity mode size that will reduce the output pudsergy [29]. Millar et al. [15] and
our previous results [30] in semiconductor- diskefaswhich use diamond heat
spreader for thermal management-of the gain medtiave evidence its effectualness
Smaller red-shift in wavelength when the diamondtspreader was in place [15, 30]
confirms that the gain medium heating to. be comallg improved by using the
diamond heat spreader. By using the same diamoatl dppeader and the same
bounding method of the diamond/gain-medium compaasdt in this experiment, our
previous result [30] shows that the gain mediumperature rise per unit pump power
(AT/AP) are 20.5 K/W and 3.3 K/W for without and witletliamond heat spreader.
The temperature rise in the diamond-gain mediumpasite is 6.2 times lower than
in the gain medium without a diamond heat spreaglaphasizing the efficiency of
the diamond heat spreader for thermal managemesgid®&s, Millar et al. [15]
theoretically simulates that using the diamond kspatader can effectively reduce the
maximum temperature rise together with temperagnaients and decrease the
thermal stress and distortion in Yb:YAG lasers. @xgperimental results confirm that
diamond cooling is truly an efficient thermal maaagent for the Yb:YAG microchip
laser to enhance the output performance. To the dfesur knowledge, this is the
highest pulse energy obtained with Yb:YAGICYAG microchip laser. The overall
pulse energy scaling was 1.9 times as high asnbkdroRef [9], 5.7 times as that in
Ref [10], and 22 times as that in Ref [11]. Thewhad heat spreader not only reduces

the maximum temperature rise in the gain mediumnttance the laser efficiency but
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also decreases the thermal-induced bending andnbowi the gain medium to
improve the beam distortion [15, 16]. Furthermobeunding the diamond heat
spreader to the pumped side of the gain medium sntileetemperature distribution
more uniform [16] that reduces the thermal lenghim Yb:YAG crystal and prevents
the cavity mode size from shrinking as the resiuthe thermal lens effect [31, 32].

Figures 4.5(a) and 4.5(b) show the oscilloscopeesabtained with and without
diamond cooling, respectively, for the single putdethe PQS Yb:YAG/CY:YAG
laser at the maximum absorbed pump powers. The putiths can be seen to be 650
ps and 764 ps for the operations with and with@rndnd cooling, respectively. With
the pulse energy shownin Fig. 4.3(b), the peak psvebtained with and without
diamond cooling can be calculated to be 442 kw 261 kW, respectively. In other
words, diamond cooling enhances the peak owerfagtar of 1.7 times.

(a) f ins/div | .| (b) 1ns/div

Fig. 4.50scilloscope traces of a.single pulse of the dytpise of (a) with the
diamond heat spreader, (b) without the diamond $@atader.

Zayhowski et al. demonstrated PQS microchip laseonstructed of
diffusion-bounded Nd:YAG/C{:YAG crystals [33-35]. By optically bounding a
4-mm-long Nd:YAG crystal doped with 1.1 at.% Ndons and a 2.25-mm-thick
Crd+:YAG, laser pulses with pulse energy of 280and pulse width of 380 ps at the
pulse repetition rate of 1 kHz were obtained unti&rW of pump power, the
corresponding peak power of 565 kW was attainedn@ed to our result of
Yb:YAG/Cr4+:YAG | er, although the pulse width aehed by Nd:YAG/Ct":YAG
laser was shorter than ours owing to the shorsarleesonator, the optical-to-optical
efficiency was less than 2% which was much infetomiours of 25%. Besides, the
Nd:YAG/Cr4+.YAG laser can only be pulse pumped wahitmited the pulse
repetition rate to be merely up to 1 kHz as thailtesf the thermal effects. At
higherrepetition rates, the pulse energy of theYN@&/Cr**:YAG laser decreased due
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to the cavity mode shrinking induced by the therteak effect. The output pulses
start to bifurcate with varied pulse amplitudes different longitudinal and
polarization modes when the laser was CW pumpedl [B8r results provide the
solution for improved thermal management by usirdjaanond heat spreader in the
Yb:YAG/Cr**:YAG laser, nevertheless, this method also canxpeated to be useful
in the Nd:YAG/CF":YAG system. Figures 4.6(a) and 4.6(b) depict thpical
oscilloscope traces measured with and without thmand heat spreader, respectively,
for the Q-switched pulse trains at the maximum diest pump powers. The standard
deviations of the pulse amplitude peak-to-peak tflattons are analyzed to be
approximately 3% and 9% for the operations with avithout the diamond heat
spreader, respectively. The pulse amplitude flumoawith the heat spreader is also
superior to the earlier results such as 6% in R¥f pnd 8% in Ref [10],

demonstrating an effective improvement in the PQ@8ilgy.

(@) | 500ps/div | (b) 500us/div

Fig. 4.6 Oscilloscope traces of a train of output pulse&@bpivith the diamond heat
spreader, (b) without the diamond heat spreader.

(C) Conclusions

| have experimentally confirmed that employing doard windows as surface heat
spreaders can remarkably improve the performancaliofe-end-pumped PQS
Yb:YAG lasers. The pulse energy obtained with ttaenebnd cooling was found to be
1.5 times higher than that obtained without themaiad heat spreader, where a
Cr*":YAG absorber with the initial transmission of 848as employed in experiment.
Under a pump power of 3.9 W, a pulse train of 3& kepetition rate could be

efficiently generated from the passively QswitchddYAG laser with a pulse energy
of 287 nJ and with a pulse width of 650 ps. In additione thptical-to-optical

efficiencies were found to be improved up to 58% 5% for the CW and PQS
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operations, respectively. The standard deviatidrite pulse amplitude peak-to-peak
fluctuations were measured to be approximately 8% @6 for the operations with
and without the diamond heat spreader, respectivEhys result indicates that
theamplitude fluctuation obtained with diamond coglwas ap roximately 3 times

lower than that obtained without diamond cooling.
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4.2 Self-mode-locked operation

Pulsed lasers with repetition rates higher tharGHx attract noticeable interest for
applications such as in wireless communication ,[38ecommunication [37],
guantum communication [38], high signal-to-noisgoraneasurements [39], photonic
switching [40], and large-mode-spacing supercomtinugeneration [41]. The
methods for achieving such high-repetition-raténtligources include harmonically
mode-locked fiber lasers [42, 43], quantum-well rfyaPerot lasers [44],
quantum-dash-based Fabry—Perot mode-locked la$éH, [passively harmonically
mode-locked verticalexternal- cavity surface-emgtiasers [46, 47], and passively
mode-locked solid-state lasers [48, 49]. Amongdsstate gain media, diode-pumped
ytterbium (Yb) doped lasers have been-identifiecexasellent systems for compact
efficient femtosecond light sources-because Yb-dapaterials have small quantum
defects and high quantum efficiencies. Recentlyrd¥ans mode-locking experiments
have been demonstrated for the. Yb-doped gain mediading Yb:KY(WQ,), [50],
Yb:YVO, [51], Yb:Y205 [52],"and Yb:YAG [53] crystals. However, so faetpulse
repetition rates never exceed 1/GHz in the Kers-lerode-locked Yb-doped lasers.
More recently, self-mode-locked operation withreelir cavity has also been observed
in numerous end-pumped solid-state and semicondiagers [54-57]. The physical
mechanism is speculated to be associated with thmabioed effects of the
Kerr-lensing and thermal lensing [52-57]. The fbdsy of compact linear cavities
paves the way for the development of mode-locksdrawith ultra-high repetition
rates.

In this part, | demonstrate a high-power subpicosdc harmonically
mode-locked laser with sub-terahertz pulse repestiby means of a specially coated
Yb:YAG microchip in a linear Fabry—Perot cavity. &Htront surface of the gain
medium is coated to form a cavity mirror and is dbech with a diamond heat spreader
to significantly enhance the output performancee fidar surface of the Yb:YAG plate
is coated not only to lead to a second pass gbtinep light but also toact as an etalon
for achieving harmonic mode locking.l also confithat the diamond heat spreader

can enhance the output performance of the Yb:YAG@rachip laser. Experimental
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results reveal that when the optical length of theer cavity is close to a
commensurate ratio of the optical length of the YAS> plate, the laser output
displays a single-pulse harmonic mode locking. phkse repetition rate is found to
be a multiple of the free spectral range causedhbyetalon effect of the Yb:YAG
plate, ranging from 80 to 240 GHz. Under the abedrpump power of 8.3 W, an
average output power of 4.6 W is achieved with &seuuration of 630 fs and

repetition rate of 240 GHz, corresponding to ancapefficiency of 55.4%.

(A) Experimental setup

Figure 4.7 shows the schematic diagram for the raxeatal setup of
harmonically self-mode-locked Yb:YAG lasers formbyg a Fabry—Perot flat—flat
cavity. The gain medium is an 11 at.% Yb:YAG cr{stdh a length of 1.03 mm and
a diameter of 4.0 mm. The Yb:YAG crystal is cutrejdhe [111] direction. The front
surface of the Yb:YAG plate is_coated to-form aiamirror with high transmission
(T > 95%) at the wavelength 970-nm of pump-light avith high reflection (R >
99.8%) for the lasing wavelength of 1030-1060 nime Tear surface of the Yb:YAG
crystal is coated for high reflection (R> 95%)9&0-nm to lead to a second pass of
the pump light and for high transmission~@b%) for the lasing wavelength. The
double-pass absorption of the ‘gain medium is medsto be approximately 83%.
Note that the partial reflection §8%) on the rear surface for the lasing wavelengjth i
employed to act as an etalon for achieving harmorade locking. A 4.5 mm square,
0.5 mm thick piece of uncoated single crystal dinthbeat spreader was bonded to
the front surface of the gain medium to improve hieat removal [12, 58-59]. The
transmittance of the diamond heat spreader is appately 70% at 970 nm. The
front surface of the diamond is in contact withopger heat sink which is cooled by a
thermal-electric cooler (TEC), where the temperatwas maintained at 15°C. The
rear surface of the gain medium is attached tigiatlg copper plate with a hole of 2
mm diameter, where an indium foil is employed totbhe contact interface. The
contact uniformity is further confirmed by inspexcjithe interference fringe coming
from the minute gap between the gain chip and thenand heat spreader. A flat
wedged output coupler with 7% transmission at 10d0is used in the experiment.
The pump source is a 16W 970 nm fiber-coupled ldgste with a core diameter of

200 um and numerical aperture of 0.20. A focusing leite @5 mm focal length and

157



Ch4 Passively Q-switched and mode-locked Yb:YA@Iiss

87% coupling efficiency is used to reimage the purepm into the laser crystal. The
av rage pump diameter is approximately 189 Considering the coupling efficiency
of the focusing lens, the transmittance of the diad) and the effective absorption of
the gain medium, the maximum available absorbedpppower is found to be 8.3 W.
Note that without using the diamond heat spreddemtaximum available absorbed

pump power can be up to 11 W.

Diamond  11% Yb:YAG
heat spreader

970-nm Fiber coupled Output coupler
laser diode Focusing |ek‘ R=93% @1030nm
G ' ‘ Laser output
Heat sink -1
HR at 1030nm (R>98%) HR at 970nm (R>95%)
HT at 970nm (T>95% ) HT at 2030nm (R>95%)

Fig. 4.7 Schematic diagram-for the experimental setup ohbaically
self-mode-locked Yb:YAG lasers formed by a FabryeP#at-flat cavity.

First of all, we investigate the stable region lod bptical cavity length Lcav at the
maximum absorbed pump power of 8.3 W. The outputgpas found to be nearly the
same for ks < 9.0 mm. On the other hand, the output power aisly starts to
decrease with increasing the cavity lengthfgg, & 10.0 mm because of the thermal
lensing effect. Figure 4.8 shows the output poveswrs absorbed pump power for the
laser schemes without and with using the diamorad figreader at a cavity length of
5.0 mm. It can be seen that the diamond heat spregghificantly improves the slope
efficiency to enhance the maximum output power apti6W. Since the diamond
effectively reduces the thermal effect, the ovebslm quality M is found to be
better than 1.3 for all the pump powers.

I exploit the schemes of first- and second-orddo@urelations to analyze the
temporal behavior of the laser output. The firstesr autocorrelation trace is
performed with a Michelson interferometer (Advant€¥8347) that is also capable of
performing optical spectral analysis by Fouriermsfarming the first-order field
autocorrelation. The second-order autocorrelatioacet is performed with a

commercial autocorrelator (APE pulse check, Angalt@nPhysik & Elektronik
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GmbH). For most cavity lengths between 4.0 anchth) we experimentally find that
the laser output displays a state of multiple-pufsme locking with a repetition rate
that is a multiple of ~80 GHz. The frequency of @Blz can be confirmed to come
from the free spectral range of the etalon effactsed by the Yb:YAG crystal with an
optical length of Lcry= 1.87 mm. Figures 4.9(a) and (b) depict the expemiad
traces of first- and second-order autocorrelationshe operation of a multiple-pulse
mode locking obtained at a cavity len h of 6.08.nfintan be seen that the pulse
separation and the temporal structure are almessdme as for the results obtained
with the first- and second-order autocorrelati@céss. The great resemblance between
the first- and second-order autocorrelation tracgdies that the phase of the optical

spectrum is nearly constant [60].

6 | | | | |

® without diamond heat spreader
O with diamond heat spreader -

o1
T

Average output power (W)
w

O | | | |
0 2 4 6 8 10
Absorbed pump power (W)

Fig. 4.80utput power versus absorbed pump power for ther lschemes without and with using the
diamond heat spreader at a cavity lengthgf+ 5.0 mm. Note that the output characteristics are

almost the same forck, < 9.0 mm.

(B) Experimental results
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Fig. 4.9 Experimental traces of (a) first- and (b) secordeo autocorrelations for the

operation of a multiple-pulse mode locking obtaia¢d cavity length of 6.08 mm.

By scanning all the optical cavity lengths, we expentally find that when the
optical cavity length L,, is adjusted to be close to a commensurate ratibbeo€rystal
length Ley, the single-pulse harmonically mode-locked operaitan be achieved.
Figures 4.10(a)-(c) show the experimental resulth® second-order autocorrelation
at the maximum output power of 4.6 W for three sasfesingle-pulse harmonic mode
locking observed at the cavity lengths of 5.47464&nd 6.91 mm, respectively. The
pulse repetition rates can be seen to be approgiym@0, 160, and 240 GHz for the
operations shown in figure 4.10(a)-(c). The freecsral ranges of the laser cavities
are 27.7, 23.1, and 21.9 GHz for the_cavity lengthS.47, 6.54, and 6.91 mm. With
these free spectral ranges, we can deduce thabgletions of harmonic mode
locking in figures 4.10(a)-(c) are third, sevendimd 11th orders, respectively. The
ratios Leny/Lcay for the cases shown in figures 4.10(a)-(c) areaadquite close to the
fractional numbers 1/3, 2/7, and 3/11, respectivieigures 4.10(a")-(c") depict the full
width at half maximum (FWHM) widths of the centiaéaks of the second-order
autocorrelation traces shown in figures 4.10(a)-(@spectively. Assuming the
temporal intensity to be a ségprofile, the pulse durations can be found to He& 2.
0.57, and 0.63 ps for the cases shown in figur@(d.)t(c"). To further validate the
quality of harmonic mode locking, we also emploe ttigital oscilloscope for the
real-time trace and RF power spectrum analyzer with bandwidth limit of the
instrument up to 10 GHz.We also do not observesagy of Q-switched modelocking

in either autocorrelation or the RF spectrum.
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Fig. 4.10(a)-(c) Experimental results of the second-ordgoeorrelation at the

maximum output power of 4.6 W for three cases st pulse harmonic mode
locking observed at the cavity lengths of 5.4746dnd 6.91 mm, respectively. (a')-(c')

FWHM widths of the central peaks of the second-oadgocorrelation shown in

(a)—=(c), respectively.

Figures 4.11(a)-(c) show the measured results effitst-order autocorrelation
corresponding to the cases shown.in figures 4.4@jaBimilar to the result shown in
figure 4.9, the pulse separationand-the temptmadtsire obtained with the first-order
autocorrelation traces are nearly the same as #selts obtained with the
second-order scheme. Figures 4.11(a")-(c") delpecoptical spectra derived from the
experimental first-order autocorrelation traces vamoin figures 4.11(a)-(c),
respectively. It can be seen that the numbers dfcipal lasing modes are
approximately four-five. The values of the modecspa for all cases are consistent
with the pulse repetition rates shown in figureldda)-(c).

(C) Conclusion

In conclusion, we have demonstrated the experirheiiservation of high-power
self-mode-locked operation in a diode-pumped Yb:YA@rochip laser with a pulse
repetition rate of up to 240 GHz. The front surfatg¢he gain medium is coated to
form a cavity mirror and its rear surface is codtetead to a second pass of the pump
light and to act as an etalon for achieving harmanode locking. A diamond heat
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spreader is employed to reduce the thermal effémtspower scale-up. It is

experimentally found that the single-pulse harmalhfcmode-locked operation can

be acquired by adjusting the optical lengths of lder cavity to be close to a

commensurate ratio of the optical length of theYAS3 plate. At an absorbed pump

power of 8.3 W, an average output power of 4.6 \&cisieved with a pulse duration
of 630 fs and a repetition rate of 240 GHz.
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Fig. 4.11(a)-(c) Experimental results of the first-ordetanorrelation traces

corresponding to the results shown-in-figures 4()+espectively. (a')-(c') Optical

spectra corresponding to the first-order autocati@h traces shown in (a)—(c),

respectively.
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4.3 Dual-wavelength mode-locked operation

Ultrashort pulse lasers with terahertz (THz) beatjiency have become more and
more important to wide applications such as meditaging [61], plasma physics
[62], quantum communication [63], optical samplif@y}], and astrophysics [65].
Dual-wavelength synchronously mode-locked laseq8] have been extensively
used to generate the ultrashort optical pulse tveith THz beat frequency. The
demonstrations for dual-wavelength synchronous modking include Ti:sapphire
lasers [68-75], semiconductor lasers [66], and-eamth doped solid state lasers such
as Nd-doped disordered crystal lasers [67, 76-@8]¥d:LYSO laser [80].

Among rare-earth doped crystals, the Yb:YAG crybted been identified to be a
promising material for generating compact efficieffirashort laser pulses [81-86]
owing mainly to the small quantum-defect, broadgitson and fluorescence spectra,
and high quantum efficiency. A dual-wavelength mtmtked Yb:YAG ceramic laser
at 1033.6 nm and 1047.6 nm_.was recently demondtretesingle cavity [85].
However, since the optical. paths of the dual-wawgle modes were spatially
separate in the laser cavity, there was nho observaff ultrashort pulse train with
THz beat frequency. Besides, the low optical-taagbtconversion efficiency leads to
the average output power to be only 8 mW. Therefdrés highly desirable and
practically useful to develop a high-power dual-elength synchronously
mode-locked Yb:YAG laser for generating ultrashmrises with THz beatéquency.

The spontaneous emission spectrum of the Yb:YAGtalyeveals that there are
two main peaks under the optical excitation at 90 [87]: the primary and
secondary peaks are located around 1032 nm andrit@4®@espectively. One of the
key issues for achieving dual-wavelength operaitica Yb:YAG laser is to preciously
control the gain-to-losses ratios at 1032 nm ardbItm [88-89]. On the other hand,
the synchronization of dual-wavelength mode-lockezams is indispensable for
generating an ultrashort pulse train with THz Heauency. It has been shown that
the cross saturation of the saturable absorbeengfirial to the synchronization of
dual-wavelength mode-locked beams [67, 76]. In thisrk, we design a

semiconductor saturable absorber mirror (SESAM)amby to assist the synchronous
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mode locking but also to balance the output cogplor achieving dual-wavelength
operation at 1032 nm and 1049 nm. With the fabedaESAM, we successfully
develop a high-power dual-wavelength harmonicallydetlocked Yb:YAG laser to

generate a pulse train with a pulse duration of p$at a repetition rate of 80.3 GHz.
A diamond heat spreader is employed to enhancadgheremoval efficiency of the

Yb:YAG medium for scaling up the output power [&8]. The maximum average
output power can be up to 1.1 W under the absophedp power of 5.18 W,

corresponding to the optical-to-optical conversigificiency of 21.2% and slope

efficiency of 29.4%. The autocorrelation tracespldig a profound modulation with

the period corresponding to the beat frequency .82 4THz. Since the overall

modulation depth is greater than 80%, the effectiwgse duration within the

mode-locked pulse is as short as 83 fs.

(A)Experimental setup

Figure 4.12 presents the schematic of the expetahestup. The gain medium was
an 11 at.% doped Yb:YAG@rystal cut along the [111] direction with 1.03 mm
length and 4 mm in diameter. One of the end fatéte crystal was coated for high
reflection (HR, R>99.8%) from 1030 nm to 1100 nnddngh transmission (HT,
T>95%) at 940 nm served as the front mirror. Ther facet was coated for high
reflection (HR, R>99%) at 940 nm to increase thgogfition efficiency of the pump
power and with high-transmission (HTz95%) from 1030 nm to 1100 nm. It has
been confirmed [83] that the partial reflectior=BRb0) on the rear facet for the lasing
spectral range can introduce a significant etafteceto achieve the harmonic mode
locking. The uncoated, single crystal synthetigmbad of 4.5 mm square and 0.5 mm
thickness was used as a heat spreader and capidanded to the front mirror side of
the gain medium as described in Ref. [83, 86]. ffArsmittance of the diamond heat
spreader was about 70% at 940 nm. The front facdteodiamond was in contact
with a copper heat sink which is cooled by a théwtectric cooler (TEC) and
maintained at a temperature of 14°C. The rear fatéhe gain medium was tightly
attached to a copper plate with a hole of 2 mmiameter, where an indium foil was
used to improve the thermal contact. The pumpingcgowas a 940-nm fiber-coupled
laser diode with a core diameter of 40fh and a numerical aperture of 0.2. The

focusing lens with 25 mm focal length and 90% couplefficiency was used to
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re-image the pump beam into the laser crystal. Poenp spot radius was

approximately 22@m.
SESAM
L4
Fiber-coupled LD @ 940 nm L3
h-_-_J
Yb:YAG
Diamond PAx1 mm

heat spreader

\ L2
L1
' ' M1
Focusing lens /'
ST

Heat sink

Fig. 4.12The schematic diagram- of the mode-locked Yh:YAs&taexperimental
setup. (& HT at 940 nm, HR at'1030~1100 nm; BT at 1030~1100 nm, HR at 940
nm; HT: high transmission; HR: high reflection).

A V-shaped cavity was used in the experiment whdrel2, and L4 were 275
mm, 244 mm, and 65 mm, respectively. M1 was a ogmcairror with a radius of
curvature (ROC) of 550 mm and coated for high otiben (HR, R>99%) from 1030
nm to 1100 nm. A pair of SF10 prisms with a tiptifpdistance (L3) of 480 mm was
employed to compensate the cavity dispersion. AES/as designed to assist the
synchronous mode locking and to balance the outmupling for achieving
dual-wavelength operation. The modulation depttihef SESAM was found to be
approximately 1.2% at 1040 nm. The SESAM device masolithically grown on an
undoped 35Qum thick GaAs substrate by metalorganic chemicalovageposition
(MOCVD) to comprise single strained oGay 73As/GaAs quantum well (QW)
grown on the Bragg mirror. The QW has a thicknes8 mm. The Bragg mirror

consists of ten-pair AlIAs/GaAs quarter-wavelengtlyers. Figure 4.13 shows the
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transmittance spectrum for the SESAM. It can benrdbat the transmittances are
approximately 5.8% and 3.8% at 1032 nm and 1049Tima.back side of the GaAs
substrate was coated for antireflection at 104qQRr1%).

100

—— SESAM

Transmittance (%)

0 . | . | s | 1 | T | 1 | . | . |

900 930 960 - 990 . 1020 1050. 1080~ 1110 1140 1170 1200
Wavelength (nm)

Fig. 4.13Transmittance spectra of the SESAM.

(B) Experimental results and discussion

Figure 4.14 depicts the average output power vearmiabsorbed pump power in
the dual-wavelength harmonically mode-locked opanatThe maximum average
output power is approximately 1.1 W under the maxmmabsorbed pump power of
5.18 W, corresponding to the optical-to-optical wension efficiency of 21.2% and
slope efficiency of 29.4%. The optical-to-opticahwersion efficiency is considerably
higher than the earlier results of dual-wavelengibde-locked lasers which range
from 0.03% to 10% by utilizing rare-earth doped stays such as Nd-doped
disordered crystals [67, 76-79], Yb: LYSO cryst®80], and Yb:YAG ceramics [85].
With the thermal management of a diamond heat dpreanot only the output

efficiency is remarkably increased but also thenbedistortion is significantly
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improved [15].

1.2

—=— Mode-locked with SESAM
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Fig. 4.14Dependence of the average output power on thelaxspump power in
the dual-wavelength harmonically mode-locked opemnat

The optical spectrum of laser output was measurigd & Fourier-Michelson
optical interferometer (Advantest, Q8347) with aalation of 0.003 nm. Figure 4.15
depicts the experimental result for the lasing spet at the maximum absorbed
pump power of 5.18 W. It can be seen that theredaed lasing bands with central
wavelengths at 1031.67 nm and 1049.42 nm. As dtréka difference between the
central frequencies is 4.92 THz. The values for file width at half maximum
(FWHM) of the spectral bands at 1031.67 nm and 4#8m are 1.08 nm and 0.89
nm, respectively. The spectral intensity ratio bé ttwo bands was numerically
calculated to be 1:0.8. The values of the modeisgagithin each spectral band are
found to be approximately 80.3 GHz. This mode spagirecisely corresponds to the
free spectral range of the etalon effect causethbyrb:YAG crystal with an optical
length of about 1.87 mm. It has been demonstra&8fithat the partial reflection on

the surface of the gain medium could introduce gnicant mode selection for
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effectively generating high-order harmonic modeking.

1.2
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Wavelength (nm)

Fig. 4.150ptical lasing spectrum obtained at the maximusodied pump power of
5.18W.

The temporal behavior of the laser output was aealyby exploiting the
schemes of first- and second-order autocorrelatidhg first-order autocorrelation
trace was measured with a Michelson interferomet€he second-order
autocorrelation trace was performed with a comnaémiitocorrelator (APE GmbH,
PulseCheck). First of all, we measured the autetattion traces in a delay-time span
of 50 ps to display the pulse repetition rate @& &xperimental mode-locked pulse
train. Under this time span, the resolutions of thest- and second-order
autocorrelations are 67 fs and 200 fs, respectivegures 4.16(a) and 4.16(b) show
the measured results at the maximum absorbed puwprplt can be seen that the
laser output exhibits a state of tenth-order haimomode locking (relative to the
fundamental mode locking pulse repetition rate@B8VIHz) with the pulse repetition
rate of 80.3 GHz. The tenth-order harmonic mod&itar originates from the etalon

effect that is caused by the partial reflectiontlom surface of the gain medium. The
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traces of the first- and second-order autocoriatraces reveal the same pulse
period. The sameness indicates that the phaseeobptical spectrum is nearly
constant [60, 83]. Note that the sampling resohgichown in Figs. 4.15(a) and
4.15(b) are not high enough to display the tempdethavior of the THz beat

frequency.
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Fig. 4.16Experimental traces of the temporal behavior pfifat- and (b)
second-order autocorrelations in a delay-time g&® ps. Resolution: 67 fs and 200

fs for the first- and second-order autocorrelatjosaspectively.

To identify the modulation of the - beat frequencye wneasured the
autocorrelation traces with higher resolutions ishetay-time span of 8 ps. Under this
time span, the resolutions of the first- and seemmtr autocorrelations are 8 fs and
20 fs, respectively. Figures 4.17(a) and 4.17(lmwslthe measured results at the
maximum absorbed pump power. It can be seen thhtthe first- and second-order
autocorrelations display interference patterns witidulation depths higher than 80%
in the mode-locked pulse. Assuming the temporatnsity of the second-order
autocorrelation trace to be a seghofile, the duration of the mode-locked pulse can
be deduced to be 1.54 ps, as shown in Fig. 4.1T{®.periodic modulation within
the autocorrelation traces clearly correspond$¢o4t92-THz beat frequency of the
dual-wavelength laser. The deep modulations incautelation traces indicate that
the dual-wavelength mode-locked pulses are synduomo a certain extent. Figure
4.18 shows the second-order autocorrelation trace delay-time span of 180 fs to
evaluate the pulse duration arising from the beatin terms of a cosine-like shape,

the effective pulse duration of the beating exactiyresponds to the FWHM of the
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measured autocorrelation trace. As a consequemeeffective pulse duration of the

dual-wavelength mode-locked laser is approximaialys.

12 12

0.203 ps 0.203 ps
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Fig. 4.17Experimental traces of the temporal behavior dfifat- and (b)
second-order autocorrelations in a delay-time ggahps. Resolution: 8 fs and 20 fs

for the first- and second-order autocorrelatiorspectively.
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Fig. 4.18Experimental trace of the temporal behavior obseeorder autocorrelation

of the single beat pulse.

170



Ch4 Passively Q-switched and mode-locked Yb:YA@Iiss

(C) Conclusions
| have experimentally demonstrated a high-powembaically mode-locked

Yb:YAG laser with a pulse duration of 1.54 ps aepetition rate of 80.3 GHz. The
power scale-up was improved by employing a diamioeat spreader to enhance the
heat removal efficiency of the Yb:YAG crystal. Atet absorbed pump power of 5.18
W, the maximum average output power was up to 1,1cdresponding to the
optical-to-optical conversion efficiency of 21.2%daslope efficiency of 29.4%. An
appropriate SESAM has been developed to balancautipeit coupling and to achieve
the dual-wavelength synchronous mode-locked opmerait 1032 nm and 1049 nm.
The autocorrelation traces revealed that the madualalepth of the mode-locked
pulse in the beat frequency of 4.92 THz could beegally higher than 80% and the

effective pulse duration was as short as 83 fs.
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4.4 Conclusions

In this chapter, | demonstrate efficient, high pgakver PQS Yb:YAG microchip
laser by using CF:YAG crystal as the saturable absorber. Energyaaridut power
scaling together with pulse stability improvemengray achieved via employing a
diamond window as the heat spreader. Besides,rbjggtition rate, self-mode-locked
operation was also attained using the same gamanid heat spreader. Various order
of harmonic mode locking was obtained by meansuohihg the cavity length to
match a commensurate ratio of the gain chip lengthithermore, by replaceing a
semiconductor saturable absorber mirror as the ubutpupler, dual-wavelength
mode-locked Yb:YAG laser was demonstrated. Synatusndual-wavelength mode
locking was speculated to come from the balanadisgfersion compensation and the
cross-saturation of the saturable absorber. /Aswtref the optical beating of the dual
spectral bands, THz modulation frequency was géeeravith an ultrashort pulse

duration.
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5.1 Summary

(A) Q-switched lasers and amplifiers with conventionalarge mode area fiber

_ Repetition | Pulse | Peak
Type Mechanism Energy )
rate width | power
Laser PQS with Cf:YAG 0.35mJ | 38 kHz 70ns| 5 kW
7.5
Laser PQS with AlGalnAs 0.45mJ 30kHz 60 nSkW
HQS with A.O. and 11.2
Laser 0.56 mJ | 23 kHz 50 ns
AlGalnAs KW
-~ Seeded with PQS 0.178 37.1
Amplifier - 50 kHz 4.8 ns
Nd:YVO,Cr ™. YAG lasers | mJ kwW
-~ Seeded with PQS 0.192 120
Amplifier " 25 kHz 1.6 ns
Nd:YVO4Cr " YAG lasers| mJ kwW

Table 5.1 Summary of the perfarmance obtained with the eotienal LMA fiber.

In this section | demonstrate efficient, high peakver fiber amplifier and PQS
fiber lasers with either ¢t YAG crystal or AlGalnAs MQWs as the SA. For timing
jitter reduction, | also utilize the “hybrid Q-swit” technique by combining AQS and
PQS into a single laser resonator. The pulse enmagybe further enhanced and the

pulse duration was also reduced. For applicatiblas meed short durations, | also

demonstrate fiber amplifiers that seeded by Nd:¥YN\0B":YAG PQS lasers with

different pulse repetition rate. However, the pydeak power was limited by the fiber
end facet damage that suggests the enlargemehe diber core size. Nevertheless,
the pulse energies were still superior to thosetlérs due to the use of a LMA fiber
with core diameter of 3Qum and SAs with large modulation depth and low

non-saturable loss. Table 4.1 summaries the pedoces obtained with the

conventional LMA fiber.
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(B) Q-switched lasers and amplifiers with photonicrystal fiber

. Repetition | Pulse | Peak
Type Mechanism Energy )
rate width | power
_ 17.5
Laser PQS with Cf:YAG 0.63mJ | 5.6kHz | 36ns W
PQS with 3x50 AlGalnAs 110
Laser 1.1mJ 6.5 kHz 10 ns
QWs kwW
PQS with 3x30 AlGalnAs 12.8
Laser 0.49mJ | 16 kHz 38 ns
QWs kwW
PQS with 2x30 AlGalnAs 473 |74
Laser 0.35mJ | 23 kHz
QWs ns kwW
-~ Seeded with PQS 0.221 100
Amplifier ” 149kHz | 2.2ns
Nd:YVO4Cr " YAG lasers | mJ kwW

Table 5.2 Summary of the performance obtained with the higtcrystal fiber.

In this part, | perform efficient, high peak powfdyer amplifier and PQS fiber
lasers with either CF:YAG crystal-or AlGalnAs MQWs as the SA by using
ultra-large core photonic crystal fiber of the cdrameter of 7Qum. The pulse energy
was obviously enhanced due to the enlarged coeeasid the pulse width was also
reduced owing to the shorter fiber length which aguo a shorter cavity length.
Table 4.2 summaries the performances obtained thghwith the photonic crystal
fiber.

With the same Cf:YAG crystal of the initial transmission of 28% s the
conventional LMA fiber laser described before, pludse energy was 1.8 times higher
and the pulse width was 2 times smaller which spoeds to 3.5 times higher of
pulse peak power compared with the results obtam#dthe fiber of core diameter
of 30 um. Besides, | also use three types of AlGalnAs QNs$ posses 50 groups of
three QWs (3 x 50 QWSs), 30 groups of three QWs @>QWs), and 30 groups of
two QWs (2 x 30 QWSs) as the saturable absorbeh W& same AlGalnAs QWs (3 x
50 QWSs) as in the conventional LMA fiber laser ddmxd before, the pulse energy
was 2.45 times higher and the pulse width was @gismaller which corresponds to
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14.7 times higher of pulse peak power compared thiéhresults obtained with the
fiber of core diameter of 3om.

With the PQS PCF laser, | also demonstrate theadatity optical parametric
oscillator (IOPO) by utilizing the ¢RYAG crystal as the saturable absorber and he
extracavity optical parametric oscillator (EOPO) utitizing the AlGalnAs QWs as
the saturable absorber. Shorter pulse width anbehigeak power can be attained
with the IOPO scheme but higher output power anaversion efficiency can be
achieved with the EOPO scheme. Besides, thanks te thigh
refractive-index-temperature coefficient of the RPused in the EOPO scheme, the
wavelength can be tuned over a broad range. TaBlsummaries the performances

obtained with the IOPO and the EOPO.

Average | Conversion Repetition | Peak
Scheme . Wavelength | Energy
power | efficiency rate power
IOPO
_ 140
with 047W | 22.3% 1515 nm 0.14mJ 3.3kHz W
KTP
EOPO
) 1513nm
with 09w 35% 0.14mJ | 6.5kHz 19 kW
~1593nm
PPLN

Table 5.3 Performance summary of the OPO obtained wittpti@onic crystal fiber.

Furthermore, | demonstrate the different harmominegations by means of the
extracavity wavelength conversion pumped by a PQhpliier. The results
manifested that it is efficient and with simplicity use the single stage PCF amplifier

as the fundamental wavelength light source.
(C) Passively Q-switched and mode-locked Yb:YAG lass

In this part, | demonstrate efficient, high peakvpo PQS Yb:YAG microchip laser
by using Ct":YAG crystal as the saturable absorber. Energycariput power scaling
together with pulse stability improvement were agbd via employing a diamond
window as the heat spreader. Besides, high repetitite, self-mode-locked operation

was also attained using the same gain chip and $ma&ader. Various order of
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harmonic mode locking was obtained by means ofitgnthe cavity length to match

a commensurate ratio of the gain chip length. Funttore, by replaceing a

semiconductor saturable absorber mirror as the ubutpupler, dual-wavelength

mode-locked Yb:YAG laser was demonstrated. Synatusndual-wavelength mode
locking was speculated to come from the balanadisgfersion compensation and the
cross-saturation of the saturable absorber. Asultref the optical beating of the dual
spectral bands, THz modulation frequency was géeeraith an ultrashort pulse

duration.
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5.2 Future works

It is well known that shorter mode-locked pulseatian is available by using
gain materials with larger gain bandwidth. Theiahithoice of Yb:YAG was due to
its relaxed demands of the pump diodes, high geosscsection compated to other
Yb-doped laser materials, and mass production. [ithéed gain bandwidth of
Yb:YAG crystal does not support pulse durationsrt@rdhan 700 fs in efficient, high
power operation under fundamental pulse repetitade [1]. The Yb-doped double
tungstates such as Yb:KYW and Yb:KGW are promisiagdidates for efficient, high
power sltrashort pulse generation. Besides, thesari cross section (2.8xi%nt)
was larger than Yb:YAG (1.89xT8cn?) which promises efficient, high power
operation. Passively mode-locked diode-pumped laseitlators based on Yb:KGW
were established as versatile ~ and reliable lightrces of sub-200 fs pulses [2-3],
and ideal candidates for Yb-doped fiber amolififiise broad emission bandwidth of
Yb:KGW allows the generation of ultrashort pulseshe 1020-1070 spectral region.
By seeding this light source into the PCF, poweitisg that was hindered by thermal
effect in bulk-crystal lasers can be expected.
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