CHAPTER 2: OPTICAL PULSE GENERATION

21 A Brief History of Laser

The termlase is an acronym formed frohight amplification bystimulatedemission of
radiation. Laser emits light coherently. The spati@herence of a laser allows it to be
focused to a tight spot. Its spatial coherence késsps a laser beam collimated over
long distances. Laser also has high temporal caberthat brings about a very narrow
spectrum. The temporal coherence also allows tasemit pulses of light that only last
a femtosecondTl here are many different kinds of lasers; thelaire a crucial element:
each contains material capable of amplifying raoiatThis material is called the gain
medium, simply because radiation gains energy pgsgirough it. Other elements
include energy pump and cavity or resonator. Irerlgshysics, the terms cavity and

resonator are used interchangeably.

The physical principle responsible for laser imsiiated emission, and was proposed by
Einstein in 1916 [1]. In fact, most theoretical malations of the laser were presented by
Einstein. The coefficients for absorption, spontargeemission and stimulated emission
of electromagnetic radiation, which tells the prioibty of each process, were derived as
well. The first laser was constructed by T.H. Mamia 1960 [2], with the gain medium
being a 2 cm long ruby cylinder with 1 cm diamef#ne ruby laser was pumped by a
xenon flashlight that surrounded the ruby cylindeying an output at a wavelength of
694.3 nm. Townes, Basov and Prokhorov received\ibide prize in physics for their
fundamental work in the field of quantum electreniwhich has led to the construction

of oscillators and amplifiers based on the masserlarinciple.

Lasers are commonly divided into different categ®raccording to their gain media:
solid, liquid or gas. In solid state lasers, thengaedium consists of the host and dopant.

The host media can be glass or crystal, which apedl with rare-earth or transitional
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metal ion. Fibre lasers are considered as one hrahcolid state lasers. The host
medium is optical fibre, which is doped with ratd ions. Common dopants are
ytterbium, erbium and neodymium. Bismuth, praseadym dysprosium, thulium and
holmium have been used widely as well as gain fidopants to explore new
wavelength regions. Fibre lasers have several #pgeadvantages: it is flexible and
can be coiled into small spaces. The light is cwediwell in the fibore and hence the
output can be flexibly delivered to desired elemmeanrttargets. Most fibre lasers have a
broad gain bandwidth, making it possible to tureedbtput wavelength and open up the
way for ultrashort pulse generation. The absorpband of doped fibres is broad too.
This makes the exact pump wavelength a non-critgsale. The beam quality of fibre
lasers is high and usually diffraction-limited. Rararth doped fibres have very high
gain efficiency, which enables the lasers to beatpd with relatively low pump power.
High gain efficiency also means that high powerrapen can be realized. More
importantly, fibre lasers remove the strict requiest of heat management which is
normally very critical in solid state lasers. Optidibre has a high surface-to-volume
ratio, so heat can be dissipated very efficiertlptigh air-cooling. Ever since the first
diode laser developed by Hall al. [3] in 1962, direct diode pumping for fibre lases

at ease for fibre laser. Moreover, fibre lasersaignment free as the gain medium —
the fibre itself is a cylindrical waveguide thatnéoes the light well in the medium.
This causes a high overlapping factor for bothghmp light and the laser light within

the medium.

The first fibre laser, a neodymium-doped glassefitaser pumped by a flashlight,
operating in pulsed mode, was constructed and dpedlby Snitzer in 1961 [4]. The
fibres were tested in different sizes (diameterse cladding had a refractive index of

1.52. Stoneet al. [5] published a neodymium fibre laser pumped RE® in 1976. It
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was the first laser to be operated in continuougevwat room temperature with a single

LED pump. It was also the first Nd glass laser apeg without a heat sink.

2.2  Q-Switching of Laser

Laser with the output power being constant overretisi known as continuous wave
(CW). Many types of lasers can be made to operateW mode to satisfy such an
application. Rather than CW emission, many appbaost require the emission be
modulated or pulsed. These lasers are commonlyreeféo as pulsed lasers. Pulsed
operation of laser is where the optical power appaapulses of some duration at some
repetition rate. In its simplest definition, opligaulses are flashes of light, which can be
generated with lasers and delivered in the fornasér beams. Due to the very high
frequencies, optical pulses can be extremely sfuttashort) when their optical
bandwidth spans a significant fraction of the méaguency. Pulsed operation of a
laser can be realized by many different physicachmeisms depending on pulse
duration, energy and repetition rate. Some of thrarmon methods are gain switching,
cavity dumping,Q-switching and mode-locking. The two latter are thest common
techniques for pulsing laser®-switching typically produces energetic pulses he t
nanosecond range and repetition rates of a few herkilohertz. On the other hand,
mode-locking technique produces shorter pulses witich higher repetition rates,
typically with femtosecond to picosecond duratiod éens of megahertz repetition rate.
Mode-locked lasers are best suited to applicatiwhere extremely accurate material
cutting or removal is required, for instance cotrseeigery, photonic sampling, material
deposition to form nanostructures and terahertzengeneration. Despite the fact that
mode-locking is the most frequently used methodgiemerating ultrashort pulses, the
Q-switching approach remains a technique of gregomance in many different laser

systemsQ-switched lasers are useful in many applicatiorth s material processing,
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range finding, remote sensing, holography rangdirity remote sensing, holography,

nonlinear frequency conversion, nonlinear opticsligts and many others.

2.21 Principleof Q-Switching

The result ofQ-switching is a short, intense pulse of laser famlia— sometimes called
a “giant pulse”.Q refers to the “quality factor” of the laser restmraThe idea ofQ-
switching is a take-off of some well known techrequused in low frequency
electronics for the generation and switching ofhhmpwer. For instance, consider a

simple technique for generating high peak pulseslgnpas seen in Figure 2.1 below.
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Figure 2.1: Schematic illustration of a simple electric citcigr generating high peak

RF power out

pulsed power. (reproduced from ref [6])

Energy is extracted from the primary source, thevgrosupply, at a reasonable rate
limited by the charging resistor to Bgax— the pumping cycle. The energy is stored by
the capacitor, which is prevented from dischardiygthe open circuit of the switch.
Once the switch is opened, the only thing limitthg capacitor discharge current is the
impedance of the load — the power cycle. It shduddclear that the peak power
delivered to the load can be many times the pestamtaneous power extracted from

the source.

These same ideas, utilized in the “giant pulse aiper” of a laser, use the fact that
energy can be stored for future use by creating@pulation inversion. Spontaneous
emission out of the upper state represents a drathe stored energy, much as would a

leakage path on the capacitor.
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Spontaneous emission causes a difficulty because amplified by the population
inversion and will build up to a steady state vallese intensity is limited by the rate
at which energy can be pumped into the system.vbalahis drain on the population
inversion, the laser is prevented from oscillatiygmaking the loss per pass very high
while pumping the system. If amplified spontaneeusssion can be prevented from
saturating the active medium with a single pasa ¢ggth, then considerable energy
can be stored in the population inversion diffeeerihis stored energy can be extracted
by suddenly lowering the loss. Under these circanmsts, the gain greatly exceeds the
loss and the intensity rapidly builds up from spo®ous noise, reaching a level where

further growth is impossible.

In other words,Q-switching involves deliberately introducing a tkdependent loss
into the cavity. With a high loss present, the gdire to the population inversion can
reach quite large values without laser action aoogr The high loss prevents laser
action while energy is being pumped into the excgtate of the medium. When a large
population inversion has been achieved, the cadeg is suddenly reduced. Laser
oscillations can then begin. The threshold gaind& much less than the actual gain
and this ensures a very rapid build-up of laseillatons. All the available energy is
emitted in a single, large pulse. This quickly deyates the upper lasing level to such
an extent that the gain is reduced below threshottllasing action stop&-switching
dramatically increases the peak power obtainalden flasers. The time variation of

some of the laser parameters dui@gwitching is shown schematically in Figure 2.2.
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Figure 2.2: Variation of some laser parameters duriQgswitching process. (a)
Flashlamp output (b) Cavit§® (c) Population inversion (d) Output power as acfiom

of time. (reproduced from ref [7])
Q-switching is actually also changing tievalue of the laser cavity. TH@ value is
inversely proportional to the energy dissipated pgcle. In a high loss situation

thereforeQ is small. When the loss is remov&l;switches’ to higher values.

We may imagineQ-switching to be carried out by placing a closedtsr within the
laser cavity, thereby isolating the cavity from taser medium. After the laser has been

pumped, the shutter is opened, restoringQlod the cavity.
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There are two requirements for effectewitching:
(1) the pumping rate must be faster than the speotzs decay rate of the upper lasing

level to build up a sufficiently large populatianversion.

(2) the Q-switching mechanism must operate rapidly compaoethe build-up of the

laser oscillations.

Q may be defined as

Q= resonant frequency (2.1) [7]

laser linewidth

This equation is not too helpful in calculatiQg Therefore, an alternative definition is

needed, where

2n X energy stored in the resonator at resonance
Q= g e . (2.2) [7]
energy dissipated per cycle.

Consider a Fabry-Perot laser resonator, where buwhgbhotons,N,, are travelling

backwards and forwards between the resonator mjragrillustrated in Figure 2.3.
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Figure 2.3: Photons bouncing back and forth between the nsiiroa laser cavity.
(reproduced from ref [7])

After the photons have completed one round trigirtmumbers will be reduce to
NoR:R>, whereR; andR; are the mirror reflectances and the corresponeieggy loss

is Np (1 —RiR») hv, assuming no absorption losses in the mirrorss Tdss occurs over a
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time of A./c and hence the rate of energy losfNys(1 — RiR)hve/2L. Now the time
taken for one cycle of the electric field of theresponding electromagnetic wave is 1/
or A/lc and in this time the energy lostNp (1 —R:R,) hvA/2L. The total energy in the

cavity isNphv and therefore the expression @can be written as

_ 2nNphv _4mL 1
Nphv (1—R1R2)A/2L A (1—R1R2)

Q

2.2.2 Active Q-Switching
Q-switching can be realized with active or passiveans. ActiveQ-switching is
normally achieved by external modulation. Typicainponents for activ®-switching

are rotating mirrors, electro-optic and acoustaeoptodulators.

The most direct method is simply to mount one endomof the laser on a rapidly
spinning motor shaft, so that the laser can ontyllate during the brief interval when
the mirror rotates through an aligned orientatiathwespect to the opposite mirror.
This method was the first to be developed. Optiasses will be large except for the
brief interval during each rotation when the misrare nearly very parallel. Just before
this point is reached, a mechanism triggers thepiugn As the mirrors are not quite
parallel, the population inversion can build upheiit laser action starting. When the
mirrors become paralleQ-switching occurs and th@-switched pulse then develops.
The mirror rotation speeds involved may be as higt000 rev's This implies that the

resonator could b®-switched every 18s.

Though cheap and simple, rotating mirror has somsadgantages. Even with the
highest speed motors, this method suffers from ni@icetiming, slow switching speed,
lack of reliability, and vibration and mechanicabise which lead to alignment
difficulties in the direction perpendicular to thptane of rotation. It is also quite
impossible toQ-switched the resonator within microsecond rangsvéen the pulses

because of the excessive heating which would doctlire laser resonator. Nonetheless,
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this method is still useful on very long laser mestors at very long wavelengths, where

mirror alignment is less critical.

In the electro-opticQ-switching method, one of the most useful no-me®n
switching techniques that may be used is basedhenPbckels Effects. This effect
concerns the behaviour of polarized light as itspasthrough certain electro-optic
materials which are subject to electric fields. élactro-optic modulator consists of an
electro-optic crystal which becomes birefringendemthe influence of an applied
electric potential difference, plus one or moresms or other polarizing elements inside
the laser resonator. An applied potential diffeeersufficient to make the Pockels
crystal into a quarter wave plate is initially apgdl Energy circulating once around the
laser resonator has its polarization rotated ya@@ut the resonator axis so that all the
circulating energy is coupled out of the cavitythg polarizing element after just one
round trip. Switching the resonator to low loss a@ition is then achieved by suddenly
turning this potential difference off. As an altatiwe, a fixed quarter wave element can
create the high loss condition with no potentidfedence applied, and the Pockels

crystal can then be switched on to cancel thidrmgence.

Consider light emerging from the lasing mediumwilt pass through the polarizer and
hence become plane polarized. It then traverse®ldwro-optic crystal twice before
returning to the polarizer. If the plane of polatian of the beam has been rotated
through 96, it will be unable to pass through the polarizard the electro-optic crystal
together with the polarizer that act as a shuttdi,be effectively “closed”. With no
potential difference applied, the shutter is “omEneTherefore by switching the
Potential difference and thereby the electric figddzero at the appropriate time, the

laser can b&-switched.

32



Electro-opticQ-switching provides the fastest for @fswitching, with precise timing,
good stability and repeatability, and a large hafidratio. However, this method
requires expensive electro-optic crystal and a vYasy high potential difference pulse
source, typically at least several kilovolts ineavftens of nanoseconds. Nanosecond
rise- time pulses at this potential difference leare difficult to obtain and can produce
electrical interference in nearby electronic equepim In addition, this method needs
several elements inside the laser resonator. Téleseents may be optically lossy (the
Pockels crystal in particular) and subject to @gtdtamage at high intensities inside the

Q-switched laser.

Acousto-optic effect is the change in the refracztindex of a medium caused by the
mechanical strains which accompany a acoustic \@avietravels through the medium.
The strain, and hence the refractive index, wiltyvperiodically with a wavelength

equal to that of the acoustic wave. In effect, #lteustic wave sets up a diffraction
grating which can then be used to deflect a ligkarb. If light in the visible region is

being used, then fused silica is a suitable mediithough an acoustic wave is being
referred in this case, the frequencies used intipeaare ultrasonic and way above the
limit of human hearing. In Fig, when the acoust@ve is present, a significant fraction
of the beam energy in the cavity is diffracted ofitthe cavity, thus introducing an

additional loss mechanism and reducing the caixalue. When the acoustic wave is

turned off, diffraction ceases and Qesalue returns to its former high level.

Acousto-optic Q-switching has the advantages of very low opticaertion loss,
relatively simple acoustic wave drive circuitry amése of use for repetitive-
switching at kHz repetition rates. The disadvandageuld be they have only relatively
slow opening times, as well as low hold-off ratidfiey are primarily employed for

lower gain CW pumped or repetitive@y-switched lasers.
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2.2.3 Passive Q-Switching

PassiveQ-switching uses some form of easily saturable dsgrmedium inside the

laser cavity. The effect comes about when the dlispmaterial is excited from the
ground state to an excited state, reducing thengratate population. A saturable
absorber (SA) is a material that has decreasirtg Bpsorption with increasing light
intensity. SAs that show this effect are needdti@intensities typically found in solid-
state laser cavities, and semiconductor SAs arellydesuited for this. The key

parameters for a SA are

(i) the wavelength range (where it absorbs)

(ii) the dynamic response (how fast it recovers)

(i) the saturation intensity and fluence (at whatiensity or pulse energy density it

saturates)

In SAs, the molecules absorb radiation so strontjgt appreciable number of
molecules can be excited to the upper level. If gheund state and excited state
populations are almost equal, the absorption besoreey small. In such a case, the
material is said to be “saturated”. Laser invera®imuilt up by the pumping process
until the gain inside the cavity exceeds this ghson and laser oscillations begin to

develop inside the cavity.

Consider placing such an absorber inside the ca¥ity laser system. Initially, at low
light levels, the absorber is “opaque”, therebyvpreging laser action and allowing a
large build-up of population inversion. As the lightensity builds up within the cavity,
more and more of the absorber’s excited statesnbeqoopulated. This leads to an
increase in intensity. In a very short time, theiltstion at some relatively low level
then rapidly saturates the absorber and thus openshe cavity, leading to the

development of a rapid and intense giant pulse.
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In general, the advantages of acti@eswitching over passive are the controllable
repetition rate and low timing jitter. Fundamentatiming jitter in aQ-switched laser is
inevitable because the first photon of the osddlatmodes comes from spontaneous
emission of the gain medium. Usually, in activ€yswitched lasers, the pulse width
decreases and pulse energy increases with incgepgmp power. The pulse width in
actively Q-switched lasers has the following dependence ergtin and cavity round

trip gain coefficient:

Tp = 8 . 1 Xtrt/grt ..... (2 .4)

wheret; is the cavity round trip time ang = In G is the round trip gain coefficient
when the pulse begins to form. From the expressinga,can easily see that shortening
the cavity length shortens the pulses and heavemppg also reduces the pulse width.
In activeQ-switching, the pulse energy can be increasedrtaindimit by reducing the
repetition rate. This divides the gain to fewersesl so individual pulses receive higher
gain. When the pulse cycle time exceeds the gaitemah upper state lifetime, the

amplified spontaneous emission starts to limitghkse energy.

PassiveQ-switching is generally simple, convenient, morstaffective, more compact,
and requires minimum of optical elements inside deer and no external driving
circulatory and hence less control of cavity paramse Usually the pulse width and
pulse energy are quite independent of the pump pole repetition rate is linearly
proportional to the pump power. One setback of ipals Q-switched lasers is the
timing jitter — fluctuation in the timing of the [®es in the pulse train. In addition, the
saturable absorber (SA) used may need carefudli@tjustment and may be subject to

chemical and photochemical degradation in use.
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2.3  Theoretical Model of Q-Switching
Theoretical models describirg@-switching of lasers are broadly covered in varitaxg
books [8, 9]. In this section, the pulse energys@width and repetition rate of a pulsed

laserQ-switched by SA is reviewed briefly.

2.3.1 PulseEnergy

The expression for pulse energy can be written as

E, =E.Ag —*—<E.g...(2.5)

lo
lout+ lp """

WhereE_ is the saturation energy of the laser gain medingh= g — g; is the gain
reduction byQ-switched pulseg; andg: are the intensity gain coefficients just before
and after the pulsde is the output coupling coefficient arglis the parasitic loss

coefficient, dominated by the non-saturable losthefSA.

The pulse cycle can be divided into four phasesgas in Figure 2.4. In the beginning,
the SA is in its non-saturated state. The pulstssta evolve when the gain has reached

the level of the unsaturated value of the losses
g=I1+qo..... (2.6)

wherel = lo + I, andq, is the non-saturated loss coefficient (the SAtsninitial state)
Jo IS proportional to the modulation depfAR of the SA. The modulation depth is
defined as the difference of the high and low isign state reflectivities. The
intracavity powelP starts to grow until the intensity is sufficientdaturate the absorber.
The saturation energy of the SA is typically chosee at least 1 order of magnitude
less than the pulse energy, so the absorber isasaduwell beforeP reaches its
maximum. Moreover-, the absorber recovery tiae> z,, so the absorber has only a

minor influence on pulse development at latter phas
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Figure 2.4: Evolution of power, loss and gain on the time sadlthe pulse width. The

peak of theQ-switched pulse is reached when the gain equalthklosses.

In phase 2, the SA is fully saturated. The net gaig = g —| — g = qo, Since the
saturable loss coefficiemt= 0 when the absorption is completely saturatde: pulse
maximum is reached when the net gain is zgra=(). In phase 3, the net gain is
negative and the intracavity power decreases. &s@H, the SA has already recovered
from the saturation and the pumping of the gaithtothreshold level takes place. The
SA recovery time is much shorter than the gain veng so the absorber is fully

recovered when phase 1 starts a new cycle.

The gain reductiong depends o, andl. In most practical cases, the laser is operated
in the regime wherg, = |, at which point the pulse energy is optimized #rel pulse
shape is nearly symmetrical. [l& q,, the assumptiong = 2qo is valid. InsertingAg

into Equation (), we obtain the expression for pudaergy to be

Ep= EL 20, —2— =2 pog, tout . (2.7)

lout + lp 207, lout + lp

whereq, < I.
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In the latter expression, the saturation endfgys expanded. In the latter forhw_ is
the photon energyy is the emission cross section of the laser matearal A is the
mode area. We can increase the pulse energy Baisiog the non-saturated lagsand
| up to the limit set by the available gain=1 + g,. Moreover, we have to take into
account the parasitic lodg. When realizing pulsing with SESAMs, increasing th
modulation depth usually increases the non-saterasls AR = g, andans = Ip). It has
been shown in () that when there is some parakifis preset, the pulse energy is

optimized when the combined lolsis close to the unsaturated value of Igsshat isl

~ qO-

2.3.2 PulseWidth

The expression for pulse width can be formulatedoisws: we can assume that the
saturation energy of the absorber is small comptréde pulse energy, and thus phase
1 in Fig has only little influence on the full widtat half maximum (FWHM) of the
pulse. We can further assume that in the beginoirghase 2, the gain is depletet]

= g, but the absorber is fully saturateg(t) = O]. The net gain is thu —| —g~= Qo. In
phase 3, the net gaings—| — g =-Ag + gi—| —q = o, Since the absorber is still fully
saturatedd = 0). This results in the growth rate and the giaede of theQ-switched
pulse both beingy/t, wheret, is the cavity round trip time. This leads to atireated
FWHM pulse width ofr, = 2In2t+/q,. Taking into account the decrease in growth and
decay of the pulse during saturation of the gaithenws the pulse by another factor of ~2,

and results the expression to be the following [11);

It should be noted that this expression gives oheet limit for pulse length achievable
using a passivel@-switched laser. The pulse width of a practicaétasetup might be

somewhat longer due to non-ideal components. Horvéve formula indicates clearly
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that to shorten the pulse we need to shorten thiégyaaund trip time and increase the
non-saturated loss, which in practical terms meaa®asing the modulation depth of

the SA being used.

2.3.3 Repetition Rate
The repetition rate can be calculated by dividimg average output power by the pulse

energy. From [10], the average power is

Pav =75 (Pp - Pp,th) ..... (29)

whereys is the slope efficiency arféb andPp hare the pump power and threshold pump

power respectively. The repetition rate is thus

frep = Bs G~ Pean ar—1..... (2.10)

p

Herer =PP—” is the pump parameter. We can further connecpthep powers to the
pth

small signal gain coefficiert, and the loss the coefficients by expressing them a

hvy A hvp A
= p P -
P Zr— Jos Pth= o7 Ty

(+q) ..... (2.11)

In these expressioniy, is the pump photon energy, is the pumping efficiency ang

is the upper state lifetime of the gain mediumettiag the equation of pulse enerdgy (

= ELAg out —2¥ ) and pump powerRp i, =

lout+ lp

gives

(| + Qo)) INtO frep _w

the expression for repetition rate as follows:

go— (I+ QO) go— I+ qo)
fop = 2200 G (2.12)

The expression can be further simplified when djpegafar above the threshold by

neglecting the terr+ qo:
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Becauseay, >> L + g, when operating well above threshold.

The formulas derived show the basic relations betwthe laser output characteristic

and operation parameters.

2.4  Semiconductor Saturable Absorber Mirrors

SAs used in the past were typically dyes, whichehstvort lifetimes, high toxicity and
complicated handling procedures. Alternative ssligke SAs include crystals such as
Cr:YAG, which typically operate for only a limitechnge of wavelengths, recovery
times and saturation levels. Semiconductor magri@wever, can absorb over a broad
range of wavelengths, from visible to the mid-inééh The absorption recovery time
and saturation fluence can be controlled by algetire growth parameters and device

design.

Semiconductor saturable absorber mirrors (SESAMs)S$As that integrated into a
mirror structure, resulting in a device that reftemore light the more intense the light
iIs. SESAM operates in reflection geometry and tthes reflectivity increases with
higher incoming pulses. SESAM can operate in trasson mode as well. SESAM has
designs that can cover wavelengths from less tb8m& to more than 1600 nm, pulse
widths from femtoseconds to nanoseconds and poswedd from milliwatts to more

than 100 watts.

Saturation absorption is a property of materialemgtthe absorption of light decreases
with increasing light intensity. A semiconductorsatbs light when the photon energy
is sufficient to excite carriers from the valencand to the conduction band. Under
conditions of strong excitation, the absorptiosasurated because possible initial states
of the pump transition are depleted while the fistaltes are partially occupied. Within

60 - 300 fs of excitation, the carriers in eachd#trermalize, and this leads to a partial
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recovery of the absorption. On a longer time sdgfacally between a few picoseconds

and a few nanoseconds, the carrier will be remtyeacombination and trapping.

The absorption process can also be thought ofrmst@f excitation levels: an electron
at the valence band gets excited by the incideatqgols and is lifted to the conduction
band. The amount of absorption can be describetidgbsorption coefficient, which
describes the population at the excited and gréewvals. When the excitation process is
repeated at a sufficiently high pace, i.e. thensitiy of the incident photons is high
enough compared to the relaxation of the excitatios valence band gets depleted, and
the amount of absorption decreases. In other tetrasabsorption becomes bleached or
saturated at high intensities. In a two-level systthe absorption can be described by

the equation

wherea, is the low intensity absorption coefficiehtthe intensity ands the saturation

intensity.

The smaller the emission cross-section, the stiotigetendency for sel®-switching.
This means that the parameters of the SA have toakefully adapted to preve@-
switching instabilities. SAs with the parametenscls as modulation depth, saturation
fluence and non-saturable losses, required fovangiaser cavity and pump power are
obtained using semiconductor mirror devices. Défgr semiconductor materials
provide a wide range of band gaps for operatiomftbe visible to the far-infrared
spectral range. Therefore, band gap engineering pramide broad tunability. In
addition, defect engineering for recovery timesgmag from the nanosecond to the
femtosecond regime is possible. SAs can be adjustdte required absorber parameter
even when the mode size is fixed. Typically, tiEeS8M is operated with an incident

pulse fluence of about three to five times thathef saturation fluence. This saturation
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level of the absorber provides nearly the maximuodufation depth without damaging
the device [12]. Higher saturation also reduces taedency for Q-switching
instabilities because of thermal effects and twotph absorption, which becomes more
significant for femtosecond pulses. The recovanetof the SESAM can be as long as

10 to 30 times relative to the final pulse durafibay.

SESAM design depends strongly on the laser paraseted can be optimized for

different operational regimes.

A SA may also produc&-switched mode-locking, where the laser emits bascbf
mode-locked pulses, which may or may not have blest@-switching envelopeQ-
switching instabilities occur when the pulse enasgtemporarily increased because of
noise fluctuations in the laser, which then getsnefurther increased because of the
stronger saturation of the SA. This has to be lw&drby a stronger saturation of the
gain. If the gain is not sufficiently saturatedrihtbe pulse energy will increase further
and self-Q-switching occurs. The physical background@$witching instabilities can
be summarized by a simple guidelii@switching instabilities in ion-doped solid-state
lasers can be preventecEg2> Esas Esat p/AR, @assuming that the SA is fully saturated.
The important parameters are:

(i) the intracavity energyg,

(i) the intracavity average powe®ira,

(iii) the pulse repetition ratéep,

(iv) the saturation energy of the laser medi&gy; |,

(v) the average mode area inside the laser medium,

(vi) the emission cross-section of the laser gagalinnm,cem L,

(vii) the saturation energy of the absorligg;

(viii) the average mode area inside the 8éx,a,

(ix) the saturation fluence of the SPgat A,
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(x) the modulation depth of the SAR.

25  TheChemical Structureof Graphene Oxide

There is no unambiguous model exists for the peeciseemical structure of GO. The

main reasons are the complexity of the material tuéts amorphous, berthollide

character and the lack of precise analytical teqplnes for characterizing such materials.
Many of the earliest structural models of GO praubsegular lattices composed of
discrete repeat units. Figure 2.5 shows Hofmantnigtire consisted of epoxy groups

spread across the basal planes of graphite, wigt molecular formula of £O [13].

Figure 2.5: Hofmann's proposed structure of graphene oxiéprdduced from ref [14])

A variation of this model was proposed by Ruesd 946 [15] which incorporated

hydroxyl groups into the basal plane, accountingttie hydrogen content of GO. This
model also altered the basal plane structure $p’ &ybridized system rather than the
spf hybridized model of Hofmann. Ruess’s model assuanegpeat unit as well, as seen

in Figure 2.6 below.
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Figure 2.6: Ruess's model of GO chemical structure, with hygrgroups in the basal

plane. (reproduced from ref [14])

In 1969, Scholz and Boehm suggested a model thapletely removed the epoxide
and ether groups, substituting regular quinoidalcess in a corrugated backbone [16],

as seen in Figure 2.7 below.

Figure 2.7: Scholz and Boehm's model with quinoidal speciefroduced from ref
[14])
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Another remarkable model by Nakajima and Matsueedebn the assumption of a
lattice framework akin to poly(dicarbonmonofluorjd€C,F)n, which forms a stage 2
graphite intercalation compound (GIC) [17]. Theyéanade a valuable contribution to
understanding the chemical nature of GO by progpsirstepwise mechanism for its
formation via 3 of the more common oxidation praied18]. This is shown in Figure

2.8

Figure 2.8: Nakajima and Matsuo's model of GO, incorporatingtiéce framework
related to poly(dicarbonmonofluoride), forming age 2 graphite intercalation

compound. (reproduced from ref [14])

The model proposed by Lerf and Klinowski [19] i® tmost well-known and widely

cited in most contemporary literatures. This modeshown in Figure 2.9. Initially,

solid state nuclear magnetic resonance (NMR) spsmbpy was used to characterize
the material [20]. Subsequently, Lerf and co-wosk&ere also able to isolate structural
features based on the material’s reactivity [2tljvds shown that all carbons in GO are
quaternary, based on Mermoux’s model [22]. Shont@tt time experiments also
showed that there was significant interplateletrbgen bonding through the alcohols

and epoxide functional groups, contributing sigrafitly to the stacked structure of GO.
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(@)

(b)

Figure 2.9: Lerf and Klinowski proposed structure of GO wi#) the presence (b) the
absence of carboxylic acids on the periphery obtal plane of the graphitic platelets
of GO. (reproduced from ref [14])

Treatment of GO with BD eliminated the water peak in the respectite NMR
spectrum, allowing for resolution of proton signbigied beneath the intense resonance
caused by water bound to the surface of GO. Theakigttributed to the tertiary
alcohols was not significantly affected, indicateglower exchange process, relative to
the water molecules intercalated into the interafe50O. A second peak was observed,

indicative of the presence of at least two maga#ticnequivalent alcohol species. It is
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reasonable to surmise that it is reflective ofsgrydrogen bonding interactions either
to water intercalated between the platelets ortheroplatelets. These results indicate
that the dominant structural features present ersthiface of GO are tertiary alcohols

and ethers and have been the basis for a variegaofivity studies.

In the NMR studies, the full-width-half-maximum bkt of the water peak remains
nearly constant across a wide temperature, indigatery strong interactions between
the water and the GO [23]. This is likely a keytéacin maintaining the stacked
structure of GO. It has been confirmed through meuscattering that the water is
strongly bound to the basal plane of GO throughréyein bonding interactions with the
oxygen on the epoxides of the GO [24-26]. By reartisO with arrange of reactive
species, Lerf and co-workers determined that thebl#o bonds were likely either
aromatic or conjugated [21]. The reason being & tbolated double bonds would be
unlikely to persist in the strong oxidizing condiits used. The revised model also
indicates that carboxylic acid groups were presentvery low quantities at the

periphery of the graphitic platelets [16].

Though the Lerf-Klinowski model remains largely aaged, others have made slight
modifications to the proposed structure includihg presence of 5- and 6-membered
lactols on the periphery of tertiary alcohols oa surface, though all accounts maintain
the dominance of epoxides and alcohols on the hdaak [27, 28]. Caet. al. have
demonstrated the ability to isotopically label G@eatly expanding the scope of
potential spectroscopic techniques that may beieppd the study of its structure [27].
One notable exception to this adherence to the Kiembwski model has been proposed
by Dékany (Figure 2.10.) [29]. The Dékany model kviagvised and updated the Ruess
and Scholz-Boehm models, which suggested a reguoanigated quinoidal structure
interrupted bytranslinked cyclohexyl regions, functionalized by tarf alcohols and

1,3-ethers. No carboxylic acids are believed tptaesent in this description of GO.
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Figure 2.10: GO structure as proposed by Dékany and team. @apeal from ref [14])

In summary, variations in the degree of oxidati@used by differences in starting
materials or oxidation protocol can cause substhmariation in the structure and
properties of the material. It is predicted thattiph oxidation is thermodynamically
favoured over complete oxidation [30]. Nonethelgls, exact identity and distribution
of oxide functional groups depends strongly on #éend of coverage. This is
illustrated in the theoretical prediction that tfaio of epoxides to alcohols increases

with increasing oxidation [30].
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26  Saturable Absorption Properties of Graphene Oxide

The optical and saturable absorption propertie@fcan be understood first from that
of graphene’s. The optical conductance of monolgyaphene is defined solely by the
fine structure constant, = e’//ic (wheree is the electron chargé, is Dirac’s constant
andc is the speed of light). The absorbance has beedighed to be independent of
frequency. In principle, the interband optical alpsion in zero-gap graphene could be
saturated readily under strong excitation due taliPa@ocking. The electronic and
optical properties of graphene can be describeténms of massless Dirac fermions
with linear dispersion near the Fermi energy. Tip¢ical interband transitions are
expected to be frequency independent and solegrmated by the optical conductance
in a broad range of photon energies. The largerpbsn of atomic-layer graphene
implies lower saturation intensity or higher ph@wer density compared to traditional
semiconductor materials. It has been calculatedalsangle graphene sheet can absorb
a significant fraction#a = 2.3%) of incident infrared-to-visible light [335]. Therefore,
in principle, graphene can be saturated readilyeuistrong excitation from visible to
near-infrared region due to the universal optidaamption and zero band gap. Figure
2.11a shows excitation processes responsible feorption of light in monolayer
graphene, in which electrons from the valence b@rdnge) are excited into the
conduction band (yellow). Shortly after photo-eatian, these hot electrons thermalize
and cool down to form a hot Fermi-Dirac distributi¢Figure 2.11b) with electronic
temperaturel, [8,9]. These newly created electron-hole pairdadlock some of the
originally possible interband optical transitiomsa range okg Te (kg is the Boltzmann
constant) around the Fermi eneigyand decrease the absorption of photans: kg Te.

In the following ~ 1 picosecond, intraband phonarattering further cools the
thermalized carriers. After that, electron-holearabination will dominate the process

until the equilibrium electron and hole distributits restored, as shown in Figure 2.11b
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[36, 37]. However, these only describe the lingatroal transition under low excitation
intensity. As the excitation is increased to higimeensity, the photogenerated carriers
increase in concentration and cause the statestheaedge of the conduction and
valence bands to fill, blocking further absorpti(ffigure 2.11c) and thus imparting
transparency to light at photon energies just alibeeband edge. Band filling occurs

because no two electrons can fill the same stdites,Tsaturable absorption is achieved

due to this Pauli blocking process [38].

a) b) c)

Figure 2.11: The process of saturable absorption. a) Optidarband transition via
absorption of photon. b) The photogenerated cardgeol down to form a Fermi-Dirac
distribution. Electron-hole equilibrium is achievei@ intraband phonon scattering and
electron-hole recombination. c) At high intensitiise photogenerated carriers cause
the states near the edge of the conduction andicaleands to be filled and saturated,
blocking further absorption. (reproduced from 129])

As for GO, the structure is unique in that the gexpe basal plane is retained. An ideal
graphene consists entirely si hybridized carbon atoms. By contrasts, GO is a two
dimensional network consisting of varialsig andsp® hybridized carbon atoms. GO is
a covalent material with majority of the carbonrasoin the basal plane beirsy’

hybridized througls-bonding with oxygen in the form of epoxy and hydrdogroups.
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Carbon atoms bonded with oxygen groups swe hybridized and disrupt thep’
conjugation of the hexagonal graphene lattice in -G6p° carbon sites act as large
repulsive barriers for carriers [40] and thus d®stthe linear dispersion of the Dirac
electrons and influence the unique optical propsrof graphenéelhis will make GO
unsuitable as a broadband saturable absorber plases generation. Nonetheless, it

has been shown, that GO, similar to graphene,exbibits saturable absorption [41].

2.7  Review of Development of Graphene Oxide Based Q-Switched Fibre Lasers
Since the first demonstration of graphene ba3exvitched fibre laser [42], extensive
research has been carried out in the use of iumer — graphene oxide as a passive
SA material forQ-switching. There has been significant work in tenonstration of
GO basedQ-switched fibre lasers. In this section, the depeient of GO base@-

switched lasers is briefly reviewed and the perfomoe is summarized.

Several types of SA device structures have beelizeda Optical deposition of GO

solution onto fibre end ferrule is one of the mostnmon methods [43, 44]. More
recently, SA device structure based on evanesgelat ihteraction between optical

mode and GO solution is also demonstrated [45]. ifeehod enables GO to be
deposited on a tapered fibre with waist diameteb #6 and waist length ~5 mm. It has
a insertion loss of 1.5dB. In another work, GO sumson is sprayed onto the flat face
of a D-shaped fibre [46]. Other than that, GO film basks¥ice structure has been
proposed and successfully demonstrated [47, 48heSauthors have shown that GO
composite film such as chromium, gold and polyviaidohol (PVA) can be used to

generaté)-switched pulses as well [49-51].

On performance, Zhaet al. has used GO foR-switching of an erbium-doped fibre
laser (EDFL), obtaining 2.72s pulses at five wavelengths operation [51]. Ahregél.

also demonstrated a GQ-switched EDFL [44]. The narrowest pulse achieved h
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duration of 6.6us at a repetition rate of 61 kHz. On a special n@f@-switched mode-
locked (QML) fibre laser was demonstrated, havir@switched envelope of ~2.63&
temporal width and ~71.3 kHz repetition rate [4Bje operating regime can be readily
changed between mode-lockin@, switched mode-locked an@-switching by just

simply changing the polarization state of the d&tirig light in the laser resonator.

Other than using erbium-doped fibre (EDF) as tlseda@gain medium, other gain media
have also been used, such as thulium and ytterdReh[43] reported &-switched
thulium-doped fibre laser (TDFL) using GO as the i8Aa ring laser configuration and
obtained maximum repetition rate, average outputgp@and pulse energy of 16.0 kHz,
0.3 mW and 18.8 nJ respectively, all at a pump pawd64 mW. The narrowest pulse
duration is 9.&s. Another TDFL has been demonstrated as well [wBgreby a very
high average output power i.e. 302 mW and very lpglse energy i.e. 6.74] are
obtainable. In the other hand, a ytterbium-dopédefican also be used as the gain
medium to generate dark pulses grdwitched pulses by using a GO-based composite

as SA [47]. These operation regimes are realizethéfirst time in the m band.

In terms of wavelengths operations, a novel desfgp-switched dual-wavelength fibre
laser with narrow channel spacing has been propasddiemonstrated [53]. The fibre
laser is built around a 3 m long erbium doped fiasethe gain medium and a 10 cm
long photonic crystal fibre (PCF) as the elemergdnerate the dual-wavelength output,
and GO as the SA to generate pulses. This GO-b#sedlaser can generate pulses
with a repetition rate and pulse-width of 31.0 kkird 7.Qus, respectively, as well as an
average output power and pulse energy of 0.086 m&/2a8 nJ, respectively at the
maximum pump power of 72 mW. A wavelength spacingable, multiwavelength
Q-switched mode-locked fibre laser in an EDF resmnatith GO deposited on tapered

fibre has been demonstrated, in which the waveltesgacing could be tuned by pump
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power [45]. The highest repetition rate and pulsdthwachieved are 37.3 kHz and 7.0

us respectively when the laser is operating inQkswitching regime.

Table 2.1 presents a selection of demonstrationsewtral types of GO-baseg-

switched fibre lasers, SA device type and perforreasomparison.

Table 2.1: A list of reported GO-based-switched lasers and their respective

performance.
Laser SA device Laser parameters
type structure Wavelength | Pulse | Maximum | Maximum | Maximum | Ref.
width | repetition average pulse
rate output energy
power
TDFL Direct optical 1942 nm 10pus 16.0 kHz 0.3 mw 18.8nJ | [43]
deposition
TDFL Direct optical 2032 nm 3.8us | 45.0 kHz 302 mwW 6.71u1d [52]
deposition on
tapered fibre
EDFL Direct optical 1564 nm 6.6us | 61.0 kHz 3.7 mwW 63.9nJ | [44]
deposition
EDFL Direct optical 1560 nm 7us 37.3 kHz 0.6 mwW - [45]
deposition on
tapered fibre
EDFL Composite film | 1548 — 1552| 2.72 | 72.25kHz | 16.6 mW | 229.74nJ | [51]
nm us
YDFL Composite film 1094 nm 3.5us - - - [49]
YDFL Composite film 2.65 | 58.95kHz | 7.92 mW 2.98uJ [47]
us
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