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ABSTRACT

Femtosecond lasers operating in the near-infrared and mid-infrared regions can be used in
many scientific and technological applications such as pumping of optical parametric
oscillators to reach longer wavelengths, electronic/vibrational spectroscopy, and
biomedical imaging. This thesis work particularly focuses on Cr’*":LiSAF and Tm**:YLF
lasers, which provide broadly tunable coherent emission near 850 nm and 2.3 um. The
broad tuning range of these lasers further makes it possible to generate femtosecond pulses.
In addition, both gain media can be used to construct low-cost lasers by using low-power,
widely available diode pump lasers. In recent years, graphene has attracted a great deal of
attention as a passive mode locker for the generation of femtosecond pulses, due to its fast
and broadband saturable absorption. In the experiments described below, both graphene as
well as Kerr-lens mode locking were employed to produce ultrashort pulses with record

performance from Cr**:LiSAF and Tm**:YLF lasers operating at 850 nm and 2.3 pm.

In the first part of the thesis, we report a femtosecond Cr*":LiSAF laser, mode
locked by using a monolayer graphene saturable absorber (GSA) for the first time. The
tight-focusing resonator architecture made it possible to operate the Cr3":LiSAF laser with
only two 135-mW, 660-nm low-cost single-mode diode lasers. At a pump power of 270
mW, the laser produced nearly transform-limited 68-fs pulses at 850 nm with a pulse
repetition rate of 135 MHz and an average output power of 11.5 mW. By carefully
optimizing the resonator group delay dispersion, we further demonstrated the shortest
pulses directly generated to date from a GSA mode-locked laser. In particular, with a pump
power of 275 mW, the Cr’":LiSAF laser produced as short as 19-fs, nearly transform-
limited pulses with a repetition rate of 107 MHz and average output power of 8.5 mW.
Once mode locking was initiated with the GSA, stable femtosecond pulses could be
obtained. In addition, the femtosecond output of the laser could be tuned from 836 nm to

897 nm with pulse durations in the range of 80-190 fs. We further performed detailed mode



locking initiation tests across the full cavity stability range of the laser to verify that pulse

generation was indeed initiated by the GSA and not by Kerr lens mode locking.

In the next series of experiments, we developed a new source of mid-infrared
femtosecond pulses, based on a Tm**:YLF laser at 2303 nm. Two different techniques were
employed to generate femtosecond pulses with the Tm*":YLF laser. In the first experiment,
an undoped ZnSe substrate was included in the resonator to provide enhanced nonlinear
phase modulation during KLM operation. The Tm**:YLF laser was end-pumped with a
continuous-wave Ti**:sapphire laser at 780 nm. With 880 mW of pump power, the KLM
Tm3*":YLF laser generated 514-fs pulses at a pulse repetition rate of 41.5 MHz with an
average power of 14.4 mW. In the second experiment, we developed, for the first time to
our knowledge, a GSA mode-locked Tm*":YLF laser operating near 2.3 pum. Since
graphene introduces a constant loss of 2.3% per transit, the resonator was extended and
double pumped to obtain sufficient intracavity pulse energy. GSA mode-locked Tm**:YLF
laser produced 1-ps pulses at a repetition rate of 17.2 MHz with 42 mW of average output

power at 2303 nm.

The major contributions of this thesis work may be summarized as follows. We
demonstrated, for the first time to our knowledge, graphene mode-locked operation in a
Cr**:LiSAF laser at 850 nm. We further generated the shortest pulses (19 fs) from a GSA
mode-locked solid-state laser. A systematic method was proposed and demonstrated to
clearly identify the initiation mechanism of mode locking. Finally, Kerr-lens mode locked
and GSA mode locked operations of a mid-infrared Tm**:YLF laser were demonstrated for
the first time. We foresee that the experiments described in this thesis can lead to the

development of novel femtosecond laser sources in the near- and mid-infrared regions.
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OZETCE

Yakin kizilaltt ve orta kizilalt1 bolgelerinde calisan femtosaniye laserler, daha uzun
dalgaboylarina  ulagsmak icin  optik  parametrik  osilatorlerin  pompalanmasi,
elektronik/titresim spektroskopisi ve biyomedikal goriintiileme gibi birgok bilimsel ve
teknolojik uygulamada kullanilabilir. Bu tez calismasi, ozellikle 850 nm ve 2.3 pum
civarinda genis bir aralikta ayarlanabilir es evreli 1s1ma saglayan, Cr3":LiSAF ve Tm*":YLF
laserlerine odaklanmaktadir. Bu laserlerin ¢ikis dalgaboyunun genis bir aralikta
ayarlanabilmesi, bu aralikta femtosaniye darbe iiretimini miimkiin kilar. Ayrica, her iki
kazan¢g ortami da disilk giice sahip ve yaygin bulunabilen diyot Ilaserleri ile
pompalanabilmeleri nedeniyle, diisiik maliyetli laserlerin kurulumunda kullanilabilir. Son
yillarda, genis bir aralikta ve hizli doyabilen sogurma 6zelligi nedeniyle, grafen pasif kip-
kilitleyici olarak biiyiik ilgi gérmiistiir. Asagida tarif edilen deneylerde, sirasiyla 850 nm ve
2300 nm civarinda ¢alisan Cr**:LiSAF ve Tm*":YLF laserlerinden, hem grafen ile kip-
kilitleme hem de Kerr-odakli kip-kilitleme deneylerinden rekor ¢alisma performansi ile

ultra kisa darbeler elde edilmistir.

Tezin ilk boliimiinde, Cr**:LiSAF laserinden ilk defa grafen doyabilen sogurucu ile
kip-kilitli rejimde ¢alistirilmast ve bu laserden femtosaniye darbeler {iretilmesi
anlatilmistir. Kazang ortaminda iyi odaklanma saglayan rezonatdr tasarimi sayesinde,
Cr**:LiSAF laserinin yalnizca iki adet 135 mW ¢ikis giiciine sahip ve 660 nm merkez
dalgaboyunda calisan tek-kipli diyotlarla uyarilabilmesi saglamistir. 270 mW pompa
giiclinde, 11.5 mW ortalama ¢ikis giiciine ve 132 MHz darbe tekrar frekansina sahip
doniisim limitli 68 fs uzunlugunda darbeler, 850 nm merkez dalgaboyunda iiretilmistir.
Rezonatoriin i¢indeki grup gecikme dispersiyonu dikkatli bir sekilde ayarlanarak, grafen
doyabilen sogurucu ile bir katihal laserinden simdiye kadar elde edilmis en kisa darbe
uzunlugu gosterilmistir. Bu deneylerde, iki diyotla elde edilen 275 mW giris giiciinde,

doniigiim limitine yakin, 8.5 mW ortalama giice ve 107 MHz darbe tekrar frekansina sahip,
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19 fs uzunlugunda darbeler iiretilmistir. Grafen doyabilen sogurucu ile kip-kilitli ¢caligma
baslatildiginda istikrarli ve kesintisiz femtosaniye darbe {iretimi saglanabilmistir. Ek olarak,
laser femtosaniye darbe iiretirken, merkez dalgaboyunun 836 nm’den 897 nm’ye bir prizma
yardimiyla siirekli olarak ayarlanabilecegi gosterilmistir. Ayrica, laserin kararlilik araligi
boyunca yapilan bir test ile, kip-kilitleme rejiminin Kerr-odakli kip-kilitleme degil

grafenden kaynaklandig1 deneysel olarak gosterilmistir.

Bir sonraki deneylerde, merkez dalgaboyu 2303 nm olan ve Kerr-odaklamali kip-
kilitli rejimde (KLM) ¢alisan bir Tm**:YLF laseri, yeni bir femtosaniye darbe kaynagi
olarak gosterilmistir. Tm3":YLF laserinden ultrakisa darbe iiretiminde Kerr-odakli kip-
kilitleme ve grafen ile kip-kilitleme olmak iizere iki farkli yontem kullanilmustir. ilk
deneylerde, katkisiz ZnSe alttasi rezonatore eklenmis ve KLM c¢aligsma sirasinda dogrusal
olmayan faz modiilasyonu artirilmistir. Tm**:YLF laseri, 780 nm merkez dalgaboyunda
siirekli dalga rejiminde calisan bir Ti**:safir laseri ile uyarilmistir. 880 mW giris giiciinde,
14.4 mW ortalama ¢ikig giliciine ve 41.5 MHz darbe tekrar frekansina sahip, 514 fs
uzunlugunda darbeler iiretilmistir. Tkinci deneylerde, ilk defa grafen doyabilen sogurucu
kullanilarak kip-kilitli rejimde c¢alistirilan, merkez dalgaboyu 2.3 pm civarinda olan bir
Tm3*":YLF laseri gelistirilmistir. Grafen doyabilen sogurucu bir geciste %2.3 oraninda
kayba neden oldugundan, yeterli rezonator i¢i darbe enerjisine ulagmak igin, rezonator
boyu uzatilmis ve bir geri yansitict ayna yardimu ile kristal iki tarafindan pompalanmustir.
Grafen ile kip-kilitleme rejiminde ¢alistirilan ve 42 mW ortalama giice sahip Tm**:YLF

laseri, 1 pikosaniye uzunlugunda darbeleri 17.2 MHz darbe tekrar frekansinda iiretmistir.

Bu tez ¢alismalarin en Onemli katkilar1 sdyle siralanabilir. 850 nm civarinda
caligan bir Cr*":LiSAF laserinin ilk defa grafen ile kip-kilitli g¢aligtirilabilecegi
gosterilmistir. Ayrica, bir katihal laserinden grafen doyabilen sogurucu kullanilarak
simdiye dek {retilmis en kisa darbeler (19 fs) iiretildi. Kip-kilitli rejimi baglatan

mekanizmanin ne oldugunu gosteren sistematik bir yontem 6nerildi ve deneysel olarak bu
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mekanizmanin agik bir sekilde grafen oldugu gosterildi. Son olarak, ilk defa Kerr-odakli
kip-kilitleme ve grafen ile kip-kilitleme yOntemleri kullanilarak, 2.3 pum merkez
dalgaboyunda ¢alisan Tm**:YLF laserinden ultrakisa darbeler iiretildi. Bu tezde anlatilan
deneylerin, yakin ve orta kizilalti bolgelerinde yeni femtosaniye kaynaklar iiretilmesinde

faydali bilgiler saglayacagini ongdrmekteyiz.
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Chapter 1

1 INTRODUCTION

Chapter 1 presents a general overview of lasers, their potential applications, and provides
specific information about the spectroscopic characteristics of Cr’":LiSAF and Tm**:YLF
gain media. Furthermore, an account of previous studies and a general overview of the
optical properties of graphene is provided. In both lasers studied in this thesis, graphene

was used as a saturable absorber to obtain ultrashort pulses.

1.1 Motivation

Development of lasers has attracted a great deal of interest for more than 50 years because
of their significant applications in science and technology [1-4]. Laser operation can be
achieved from gaseous [5], solid [6], and liquid [7] media. Solid-state lasers, in particular,
have important advantages such as durability and long operational lifetimes. Pulsed
operation of lasers is of interest because it is possible to reach considerably high peak
powers with low average output power levels and to perform time-dependent experiments
[8]. To date, different techniques have been applied to obtain pulsed operation from solid-
state lasers, such as Q-switching [9, 10], active mode locking [11], and passive mode
locking [12, 13]. Microsecond (us), nanosecond (ns), picosecond (ps) and femtosecond (fs)
pulses can be generated by using these techniques. Femtosecond pulses, in particular, have
been used in the measurement of ultrafast process dynamics [8], material processing [14],

biomedical imaging [15-17], metrology [18, 19], military applications [20], and tissue
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cutting and welding [21-23]. The most common passive mode-locking methods to achieve
femtosecond pulse durations from solid-state lasers can be listed as follows: Kerr-lens
mode locking [24], mode locking with semiconductor saturable absorber mirror (SESAMs)

[25], and mode locking with nanostructured carbon-based saturable absorber [26-29].

In this thesis, we first focused on femtosecond pulse generation experiments by
using graphene as a saturable absorber. Graphene has recently emerged as a fast-saturable
absorber. Graphene is a 2-D material with several attractive optical properties: nearly
constant saturable absorption over a broad wavelength range [30, 31]. Optical properties,
production steps, and characterization methods of graphene saturable absorbers are
presented in Part 1.3 in detail. Since it has a relatively easy production procedure compared
to other alternative semiconductor based saturable absorbers [25, 32, 33], in recent years,
graphene has been utilized to generate ultrashort pulses from solid-state lasers [28, 34-38].
Kerr-lens mode locking (KLM) is the second approach, in this thesis work, to generate
femtosecond pulses. To obtain KLM operation from a solid-state laser, critical cavity
alignment is required. A qualitative description of Kerr lensing and Kerr-lens mode locking

will be presented in Chapter 2.

Near-infrared, tunable, and femtosecond laser sources are particularly important in
biomedical imaging applications [15-17]. The most common and known member of this
class is the Ti**:sapphire laser with a tuning range of ~400 nm centered near 800 nm.
Cr**:LiSAF lasers had been developed as an alternative to Ti**:sapphire lasers due to their
wide tuning range (>300 nm) around 850 nm. In addition, Cr*":LiSAF lasers have an easy
pumping architecture. Because of possible applications, this thesis work focuses on
Cr**:LiSAF lasers aiming low-cost femtosecond laser sources. Since the absorption of the
Cr**:LiSAF crystals are near 650 nm, commercially available low-cost laser diodes can be
used as pump sources [39]. The first part of this thesis work involved a highly stable, low-
cost, and femtosecond Cr**:LiSAF laser by using graphene saturable absorbers [34, 40].
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Femtosecond lasers operating near 2.3 um can be used in many applications such as
pumping of ZGP optical parametric oscillators [41], high harmonic generation in the x-ray
region [42], and vibrational spectroscopy [43]. Since one of the absorption bands of the
Tm?* ion is around 800 nm, widely available cw Ti**:sapphire lasers or low-cost 800-nm
diodes can be used as pump sources. Tm**:YLF lasers are of interest due to this relatively
simple pumping scheme, attractive applications in the mid infrared, and wide tuning range
(2.2-2.46 pm) [44]. The availability of this wide tuning range has the potential to generate
pulses as short as 50 fs. This thesis further presents, ultrashort pulse generation experiments
based on two different techniques with a Tm*:YLF laser at 2.3 um. In particular,
femtosecond and picosecond pulses were generated from Kerr-lens mode-locked [45] and

graphene mode-locked Tm*":YLF lasers at 2.3 um, respectively.

1.2 Cr*:LiSAF Lasers

Trivalent chromium ion (Cr’*) has been employed in many laser host crystals, such as
emerald (BesAlx(SiO3)s) [46], LICAF (LiCaAlFe) [47], LiSAF (LiSrAlFs) [48], LiSGaF
(LiSrGaFe) [49], and Alexandrite (BeAl2O4) [50] to investigate laser operation. Cr** ion
mostly resulted in promising lasing characteristics mainly because non-radiative decay
processes do not occur in the lowest excited state of the trivalent Cr** ion. The detailed

electronic transitions between energy levels of the trivalent Cr** ion are shown in Fig. 1-1.

At room temperature, transitions from *A,—*T>, *A>—*Tia, and *A,—>*Tib
correspond to the photon energies near 1.90 eV, 2.75 eV, and 4.15 eV, respectively.
Typically, Cr** ions are excited to the *T, level by optical pumping (red or blue region of
the visible spectrum) and laser transition occurs down to the upper vibrational state of the
ground level (*Az). The photon energy of this laser transition is near 1.46 e¢V. The 4-level
transitions described in the operation of the laser occur as follows: excitation (*A>—*T>),

relaxation from top of the *T, to bottom via 2E, laser transition (*T>—>vibrational level), and
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non-radiative transition (vibrational level—>*A>). This is schematically shown in Fig. 1-1.

Because the bottom of the *T state is lower than the 2E state, these crystals are known as

“low-field” hosts for Cr’* [48].

“T,b

4T,a

Rapid

ESA .
relaxation

4'|'2
\ ZE

Laser

Vibrational
level

_______________ —
é 4A

2

Figure 1-1: The Energy level diagram of a low-field Cr** ion including optical transitions of the pump, laser,
and excited-state absorption [adopted from [51]].

Figure 1-2 shows the measured absorption and emission spectra of a Cr’*:LiSAF
medium. The absorption peaks of 650, 450, and 300 nm correspond to the transitions of
4A,—%T>, *A,—*T1a, and *A,—*Tb. The features which appear near 650 nm are caused by
the ’E and °T; levels which overlap with the *T» level [48]. Since Cr’**:LiSAF has no
absorption around 520 nm, the crystal looks greenish in color, as shown in Fig. 1-3. The
emission spectra shown in Fig. 1-2 correspond to the laser transition from the *T> to the *A»
which is centered near 850 nm [48]. Because of the anisotropy of the crystal structure,
absorption and emission spectra are measured slightly different for different polarizations

of the electric field as shown in Fig. 1-2.
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Figure 1-2: Absorption and emission spectra of a Cr**:LiSAF crystal for the cases of E//c and E_Lc [copied
from [48]].

Figure 1-3: The photograph of the Cr**:LiSAF crystal that we used in our experiments.

Ti**:sapphire and Cr’**:Colquiriite lasers have long been studied [34, 52-59].
Ti**:sapphire lasers cover a broad wavelength range from 660 nm to 1100 nm [60]. Cr**-
doped Colquiriite gain media had emerged in late 1980s as an alternative to the

Ti**:sapphire lasers due to their similar operation wavelength [48]. Since Ti**:sapphire
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lasers are widely used to obtain coherent emission around 800 nm, general characteristics
of Ti*":sapphire medium will be discussed. Ti**:sapphire lasers were further used to
generate tunable higher harmonics covering UV [61, 62] and x-ray [63, 64] region with
ultrashort pulse widths. Before the invention of green diodes, one major drawback in using
Ti**:sapphire was the pumping scheme, which included the use of frequency-doubled Nd**-
based lasers. These lasers are advantageous due to their beam quality and power however,
these systems are bulky and costly. After the development of green diodes, diode-pumped
Ti**:sapphire lasers have attracted a great deal of interest to become compact, stable, and
portable cw and pulsed laser sources especially for the biomedical applications [65, 66].
Due to lower value of the product of emission cross-section and lifetime (g,7 =131 ps
cm?), Ti**:sapphire lasers have higher laser thresholds pump powers. This is because, in a
4-level laser system, the threshold pump power for lasing varies inversely as the cross-
section lifetime product according to [67]
ﬂhU(Wi +wf,)(L+T)

P, = : (1.2.1)
4n,o,7,

Above h is the Planck’s constant, w; and wp are laser and pump beam spotsize, L and T
are the loss and transmission of the output coupler of the laser resonator, and 77, is the

small-signal absorption of the gain medium. High operation thresholds limit the output

power of the diode pumped Ti**:sapphire lasers.

Furthermore, to obtain stable laser operation at high pumping levels, one important
factor is the thermal stability, which is related to the thermal conductivity and the thermos-
optic properties(dn/dt) of the medium. In the case of Ti**:sapphire, thermal conductivity is
quite high (28W/K.m), which makes it possible to obtain high-power operation from
Ti**:sapphire lasers [68, 69].
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In this thesis, we mainly focus on femtosecond pulse generation experiments from
the Cr**:LiSAF lasers operating near 850 nm. A comparison between Cr**:LiSAF gain
medium and other Colquiriite gain media and Ti*":sapphire is given in Table 1-1. As can be

seen from Table 1-1, Cr**:LiSAF has many favorable characteristics. As mentioned before,

the operation wavelength and tuning bandwidth of the Cr’**:LiSAF lasers (A,=850 nm,

780-1110 nm [70]) nearly overlap with Ti**:sapphire lasers (4,=808 nm, 660-1180 nm

[71]). The tuning range of the Cr’**:LiSAF laser is possibly limited by the absorption at the
shorter edge and excited state absorption at long wavelengths [72]. As an alternative to
Ti**:sapphire lasers, Cr*":LiSAF lasers have attracted a great deal of interest because their
absorption band overlaps with the low-cost, low-power red diodes (used in DVD drivers)
are widely available [70, 73]. Since the threshold for laser operation for Cr’":LiSAF is
lower than that for Ti**:sapphire, due to the higher emission cross section and lifetime
product (Table 1-1) [70]. Compared to other Colquiriites (Cr’":LiCAF and Cr*":LiSGaF),

Cr’*:LiSAF has the highest value of o,,,7,. Hence, even with low pumping powers,

Cr**:LiSAF can provide sufficient output power. Additionally, the quantum efficiency of
the Cr**:LiSAF gain medium (" ? / A, =78%) is higher than that for the Ti**:sapphire (67%),

resulting in higher power slope efficiencies. In particular of a 4-level laser is given by the
formula
A, T

n:naZT+L °

(1.2.2)

Above, 77 is the slope efficiency, 77, is the absorption at the pump wavelength, 4, and A

a

are the pump and laser wavelengths, 7" is the transmission of the output coupler, and L is

the loss of the resonator.
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One disadvantage of the Cr**:LiSAF gain medium is the fact that, it is more

challenging to obtain Kerr-lens mode-locked operation due to its low nonlinear refractive

index (Table 1-1).

Table 1-1: A detailed comparison of Cr**:LiSAF, Cr*":LiCAF, Cr**:LiSGaF and Ti*":sapphire.

Gain medium

Cr :LiSAF

Cr ' LiCAF

Cr3+:LiSGaF

Ti3+:sapphire

Tuning range (nm)

Demonstrated
shortest pulse
width (7))

Nonlinear
refractive index
-16
(n,) [X10
2
cm /W]
Peak emission-
cross section (G,y,)
-20 2
[X10" cm]
Room-temperature

fluorescence
lifetime (77) [us]

OemTs [SX 107
2
cm |
Thermal

conductivity
[W/K.m]

Intrinsic slope
efficiecncy [%]

782-1042 [74]

10 [53]

0.8 [78]

4.8 [79]

67 [79]

322 [79]

3.1 [68]

54 [74]

754-871 [74]

9 [76]

0.4 [78]

1.3 [79]

175 [79]

228 [79]

5.1 [68]

69 [74]

777-977 [74]

14 [77]

1.2 [78]

3.3 [80]

88 [80]

290 [79]

3.6 [78]

60 [74]

660-1180 [75]

~5[71]

3.2[78]

41[79]

3.2 [79]

131 [79]

28 [68]

64 [81]
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To obtain efficient and stable laser operation from a Cr’":LiSAF laser, thermal and
mechanical properties of the gain medium must be considered [82-86]. In Cr’**:LiSAF
lasers, as in all colquiriites, four processes could be responsible for thermal loading in the
crystal: 1) quantum defect, 2) thermal quenching of the upper laser level, 3) excited state
absorption, and 4) Auger upconversion. The quantum defect has a contribution in thermal
loading due to nonradiative transitions inside crystals. Since the quantum efficiency of

Cr**:LiSAF lasers is high (4,/2,=0.78) the quantum defect is not the main mechanism

behind thermal loading in the Cr’":LiSAF lasers. The other mechanism is thermal

quenching of the upper laser level [82]. Beyond a critical temperature (7},,), at which the

upper state lifetime decreases to its half-value of the radiative lifetime, thermal quenching
starts to decrease the upper-state population via non-radiative decay processes. As a result,

when the temperature of the crystal increases, the gain of the crystal decreases. Since the

critical temperature of LiSAF (7;,,=69°C) is the lowest among colquiriites, it creates a

barrier to power scaling of the Cr’*":LiSAF laser. The third process is excited state
absorption (ESA), where an electron in the excited state is transferred to an upper level by
pump absorption. This process is nearly negligible in Colquiriites [87]. The relaxation is
generally non-radiative which generates heat in the crystal. The last thermal loading
mechanism is Auger upconversion [87, 88]. In Auger upconversion, excited ions at the
state of 4T, interact with each other leading to nonradiative energy transitions and

generation of additional heat in the lattice.

To date, Cr3":LiSAF lasers have long been studied due to their lower scattering
losses, higher emission cross-section and lifetime product, and broader tunability compared
to other members of Colquiriites. The first laser operation was demonstrated by Payne et al.
in 1989 [48]. After three years, Scheps et al. showed that efficient laser operation could be
obtained by using a diode pump source [39]. Mode-locked operation of Cr**:LiSAF lasers



Chapter 1: Introduction 10

was demonstrated in 1992 by Miller et al. [89], generating 150-fs pulses using the Kerr-
lens mode-locking technique. To obtain Kerr-lens mode locking from a Cr*":LiSAF laser,
Miller et al. used an acousto-optic mode locker to initiate and sustain pulsed operation [89].
First ultrashort pulse demonstration without acousto optic initiation based on Kerr-lens
mode-locking was obtained by Evans et al. in 1993 [90], producing 50-fs pulses. Again in
1993, multi-mode diodes were used as pump sources and picosecond pulses were generated
by Balembois and French et al. [90-92]. By using a 15-W diode array, Kopf et al.
demonstrated 1.42 W cw and 500 mW of mode locked output power from a Cr**:LiSAF
laser [54]. In 1997, low-cost, low-power, and narrow-stripe diodes were used as pump
sources by Valentine et al. [93], leading to the development of compact, battery-powered,
and efficient Cr’*:LiSAF lasers [74, 94-99]. Later, again using multi-mode diode pumping
scheme, as-short-as 10-fs (12-fs) pulses were generated from a Cr*":LiSAF laser in 2000
(in 1999) [53, 100]. In 2001, pulses at GHz repetition frequencies were demonstrated by
Kempf et al. for the first time [101]. After the development of single-mode, low-power, and
battery-powered diodes which are generally used in DVD writing technology, ultrabroad
femtosecond tuning range of 105 nm was demonstrated by using a semiconductor saturable
absorber mirror (SESAM) [102]. Later, >100 nJ of energy could be extracted from a diode-
pumped Cr’**:LiSAF laser cavity by using cavity dumping technique [103, 104]. In 2014
and 2015, to investigate Kerr-lens mode-locking characteristics with a gain matched output
coupler (GMOC) technology in Cr3*:LiSAF lasers, which matches the gain and loss profile
inside the resonator so as to produce ultrabroad bandwidths, a GMOC was used to initiate
and sustain Kerr-lens mode locking operation with 13-fs and 14.5-fs pulses by our group

[105, 106].

In this thesis work, we employed a monolayer graphene as a saturable absorber to
generate ultrashort pulses from a diode-pumped Cr**:LiSAF laser. Low-cost and low-

power red-diodes were used as pump sources in the mode locking experiments. We first set

10
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up a compact and low-threshold laser resonator including a graphene saturable absorber.
We generated 68-fs pulses with 11.5 mW of output power at 850 nm [34]. We then
included a pair of prisms to fine tune the group delay dispersion inside the resonator. This
led to the generation to obtain pulses that ever generated by using graphene as a saturable
absorber. With the graphene saturable absorber, we generated 19-fs pulses from the diode-
pumped Cr**:LiSAF laser with an average output power of 8.5 mW. We further performed
femtosecond tuning experiments by inserting an adjustable slit. Finally, we performed a
detailed mode locking initiation test across the full stability range of the laser to verify that
mode locking was indeed started by the graphene saturable absorber and not by Kerr lens

mode locking [40].

1.3 Tm?* Lasers
Radiative laser transitions of trivalent thulium ion (Tm?") doped gain crystals (Y3AlsO12
[107, 108], YAIOs [108, 109], YLiF4 [110, 111], LuLiF4 [112], YSGG [107], Y203 [113],
Sc203 [113], BaY20s [114]) are centered near 2 pm and 2.3 pm. In addition, laser
operation near 2 um can be obtained from Tm*" doped ceramic [115] and glass [116] hosts.
Another laser operation wavelength of the Tm3" ion was recently demonstrated from a
cryogenically cooled Tm*":YLF laser around 800 nm [117].

One important favorable characteristic of the Tm**-doped gain media is that it is
possible to obtain femtosecond pulses [118-120]. The electronic configuration of a Tm**

ion is given as
Tm?*: [Xe] 412
Here [Xe] shows the electronic configuration of the inert xenon atom:

[Xe]: 1s? 282 2p® 3s? 3p% 3d'0 42 4p® 4d'° 552 5p°.

11
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The electronic configuration of the Tm*" ion ends with 4f shell, which is shielded by 5s and
5p shells. Due to this shielding effect, the operation wavelength of a Tm?"-doped gain
medium is nearly independent of the host crystal. The last shell (4f) of the Tm*" ion which
includes 12 electrons is not fully filled. The 4f shell corresponds to F (L=3) orbitals with

orbital angular quantum numbers of 1=0,1,2,3. For the F orbitals, the corresponding
magnetic quantum numbers will be between —3<m, <3. At each principal quantum
number (7n), the corresponding orbital angular quantum numbers are in the range of
0</<n-1. The corresponding magnetic quantum numbers (—/<m, <[/) result in

degenerate angular momentum states with the same energy. Additionally, the spin
projection quantum number (—s <m  <s,m = iE for electron spin) has two possibilities.

As a result of this degeneracy in the angular momentum, the Tm3**-doped gain media have
the tuning capability due to transitions between different angular momentum states. Hence,
femtosecond pulse generation can be achieved with broad spectral bandwidths.

The energy level diagram of the Tm?" ion is shown in Fig. 1-4. The Tm?" ions can
be pumped near 800 nm, 1200 nm, or 1600 nm (in-band pumping) to obtain 2 pm
oscillation (Fig. 1-4). The most common operation wavelength of the Tm*" ion is 2 pm. In

the case of in-band pumping [Fig. 1-4 (a)], the quantum efficiency (4,/4,) is nearly
~90%. Another efficient pumping wavelength is 1200 nm (A4, / 4, =~60%) to obtain 2 um

lasing [Fig. 1-4 (b)]. Near the pumping wavelength of 800 nm, ions are excited to the 3Ha
state. At this pumping wavelength, it is possible to obtain either 2 pm (*Fs—Hs) or 2.3 um
laser oscillation [Fig. 1-4 (¢)]. In the case of 2 um transition, since the energy difference of
the *Hs—>F4 transition nearly matches the energy of the *Fs—3Hs transition, an energy
transfer occurs between the excited and ground state electrons of two neighbor ions at high

Tm?* ion concentrations. This process is known as cross-relaxation (CR) which increases

12
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the quantum efficiency (~40%) by up to a factor of 2. Lasers operating near 2 pum, in
particular, can be used in the following applications: tissue cutting [121] and welding [122,
123], remote sensing [124], and laser radar (LIDAR) [125]. Both ESA and UC can be
observed in Tm?* ions at high pump intensities as shown in Fig. 1-4. These processes do

not depend on the doping concentration.
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Figure 1-4: The energy level diagram of a trivalent thulium ion, including cross-relaxation (CR), excited state absorption
(ESA), and energy transfer upconversion processes (ETU) [Adopted from [126]].

The following parts of this thesis focus on the 2.3 um transition of the Tm?>* ion. To
obtain 2.3 pum transition (*Hs—3Hs), ions need to be excited up to *Hs state. As shown in
Fig. 1-4, this is possible by optical pumping near 800 nm. The laser transition (*Hs—>>Hs)
occurs from the first excited state. The following transitions (*Hs—>>Fa, *F4—>Hs) have no

contribution to the laser output. As is mentioned before, the high value of the cross-section-

13
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lifetime product needs to have a low value to otain low threshold lasing. To obtain
population inversion at the excited state, it is important to have longer upper-state lifetime.
In YLF host crystals and similar fluoride hosts, due to lower multi-phonon relaxation rates,
upper-state lifetimes (*Hs) are longer than that from oxide hosts (930 us in YLF and 340 ps
in YAG) [111]. Another important reason of shortening the upper-state lifetime is the
doping concentration level. In the literature, the optimum doping level of Tm?** ions for 2.3
pum lasing was determined to be near 1.5 at.%, to eliminate concentration quenching effects

[108].

Since 1972, 2.3 pm transition of the Tm?®" ion has been studied with different
resonator schemes and in different operating regimes. The first laser operation at 2.35 um
was obtained from a Tm?*" and Cr’** codoped gain medium by Hobrock and DeShazer
[127]. This was the first demonstration of a 4-level laser transition from a gain medium
codoped with Tm?" and Cr** ions, where Cr*" ion is responsible for pump absorption.
Pulsed output was obtained from the Tm** and Cr’*" codoped gain medium by using a
flaslamp pump source. In 1975, Caird et al. [128] demonstrated laser operation at 2.3 pm
from Tm*":Cr’*:YAG and Tm*":Cr**:YAIOs gain media. In addition to solid-state lasers,
2.3 um operation was demonstrated from a flash-lamp pumped Tm** doped-fluorozirconate
fiber in 1988 [129]. After a while, in 1994, a wide tuning range was demonstrated by Pinto
et al. from a cw Tm3":YLF laser operating near 2.3 um [44]. Later, diode pumped and cw
operation of Yb** and Tm** codoped YLF laser was demonstrated by Diening et al. [130]
and De Matos et al. [131]. As can be seen from the list of previous studies to date, either
gain-switched or cw operation of the Tm** doped gain media was demonstrated. Our group
later demonstrated the first passively-Q-switched operation of a Tm**:YLF laser at 2.3 pm
[132]. The first mode-locked operation of a Tm*":YLF laser operating near 2.3 um was
demonstrated with picosecond pulse durations in 2017 [133]. Our group also investigated

the 1 ow-threshold cw operation of a diode-pumped Tm*":YLF laser [134].

14
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In this thesis work, we first focused on femtosecond pulse generation from a Kerr-
lens mode-locked Tm*":YLF laser operating near 2.3 pm. We increased the intracavity
nonlinearities by inserting a pollycrystalline ZnSe substrate. A YAG substrate was also
included to balance the nonlinearities with negative dispersion. After a critical alignment
procedure, ultrashort pulses with 500-fs pulse width were generated from the Kerr-lens
mode locked Tm**:YLF laser. We later employed a graphene saturable absorber to generate
stable and uninterrupted ultrashort pulses from the Tm**:YLF laser operating near 2.3 pm.
Since the inclusion of graphene decreased the output power of the laser mainly due to
unsaturable losses of the sample, we extended the laser resonator with a mirror
arrangement to increase the intracavity pulse energy with the available pump power. We

achieved 1-ps pulses from the graphene mode-locked Tm*":YLF laser near 2.3 um.

1.4 Graphene as a Saturable Absorber

Graphene is the first stable 2-D material discovered in 2004 [135]. Geim and Novoselov
experimentally isolated graphene with a novel and simple technique from graphite [135]
and won 2010 Nobel Prize in Physics. Graphene has been used in many applications [31,
40, 136-140] due to its superior electrical, optical, thermal, and mechanical properties [30,
135, 141-143]. Typically high-quality samples are need to obtain the best performance of
graphene [135].

Figure 1-5: Hexagonal honey-comb lattice structure of a monolayer graphene. Lattice vectors a; and a, are also shown.

15
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Graphene consists of carbon atoms with a hexagonal honey-comb lattice structure

as shown in Fig. 1-5 [31]. A unit cell of graphene is described by two lattice vectors (671

and g as shown in Fig. 1-5) and contains two atoms. A monolayer graphene behaves as a

semiconductor. Since the band diagram has contact points at each corner of a hexagonal
structure, graphene has gapless band structure. Most of the important properties of a
monolayer graphene such as high electrical conductivity, nearly wavelength independent
absorption, and high thermal conductivity stem from the unusual energy band diagram
which is shown in Fig. 1-6 [30]. The Fermi level of a monolayer graphene at 0 K lies at the
Dirac point where charge carriers behave as massless and obey a linear dispersion relation

of the form

E=hv.k , (1.4.1)

where, % is the Planck’s constant, v, is the Fermi velocity (1.1x10° m/s) and k is the

wavevector.

As was stated above, graphene has various applications. This thesis work mainly
focuses on the applications in the field of ultrafast optics [34, 35, 40, 136, 144-148]. In the
following paragraphs, optical properties, optical characterization techniques, and

production details of a monolayer graphene will be discussed.
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..,m

Conduction
band

Figure 1-6: The gapless band structure of a monolayer graphene. The Fermi level lies on the Dirac point which is the
contact point of valence and conduction bands.

The monolayer graphene has nearly constant absorption of 2.3% as a function of
wavelength due to its zero-bandgap structure, meaning that transition from the valence

band to the conduction band is possible at each wavelength. The single pass absorption (A)

of graphene can be expressed in terms of the fine structure constant (¢ =€’ / fic = 1/137) as

A=1-T ~1a=23% . (1.4.2)

Absorption of graphene is directly related with the number of graphene layers [142,
149]. Since even a monolayer of graphene has an absorption of 2.3%, it is possible to
recognize a monolayer graphene transferred to a substrate by naked eye (Fig. 1-7).

Therefore, one of the important characterization methods is the use of
spectrophotometers. Spectrophotometers measure the absorption or transmission of a
material by measuring the difference between incident and transmitted light. The intensity

of the light source is low and hence, small-signal absorption of a sample can be measured.

17
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Figure 1-8 shows the experimentally measured transmission of the graphene on infrasil

sample that we used in our mode locking experiments conducted with Cr**:LiSAF.

GB61

Figure 1-7: Photograph of the atomic thick graphene layer placed onto an infrasil substrate. This sample was produced by
our collaborators at Korea Advanced Institute of Science and Technology in Korea and used in mode locking experiments
with the Tm**:YLF laser.
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Figure 1-8: The optical transmission of the monolayer graphene on infrasil substrate which was produced by our
collaborators at Bilkent University.

One of the important characterization methods investigates the Raman spectrum of
graphene [150, 151]. The Raman spectrum can be related to the structural properties of

graphene sample in a non-destructive way. Four characteristic Raman bands (designated as

18
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G, G, D, and 2D) of graphene are normally seen in the Raman spectrum. As has been
shown in previous studies [150-152], relative intensities and widths of the Raman bands
give information about the number of layers as well as the quality of the graphene sheet.
The G band centered around 1580 cm™! is one of the dominant features in the Raman
spectrum [151], denoting the symmetry-allowed graphite band. The D band further related
with the defect characteristics of the graphene sheet. In particular, the D band is centered
around 1350 cm™! and the intensity ratio of D and G bands should be in the range of 0.05<
1, /1,<0.3 for a monolayer graphene sheet [153]. Measuring a high-intensity D band
implies the existence of subdomain boundaries. The Bandwidth of the 2D peak is related to

the number of layers. [154]. Linewidth of Av,, =#30-40 cm™ indicates that the graphene

sample is monolayer. Up to 5 layers of graphene, the Raman spectrum is distinguishable

from the spectrum of graphite.
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Figure 1-9: Experimentally measured Raman spectrum of the graphene on infrasil sample which was produced by our
collaborators at Bilkent University (Adapted with permission from [34], The Optical Society).
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Figure 1-9 shows the experimentally measured Raman spectrum of graphene-on-
infrasil sample that was used in our experiments with the Cr’*:LiSAF laser. In the
spectroscopic characterization of the graphene sample, the Raman spectrum was first
measured with a Renishaw inVia Raman microscope. The pump wavelength was 532 nm.
For the graphene-on-infrasil sample, all of the four characteristic bands could be clearly

identified, as can be seen in Fig. 1-9. Moreover, the intensity ratio of the D and G bands (

I, /1) and the full width at half maximum (FWHM, Av) of the 2D band were measured

to be 0.18 cm™! and 40 cm™!, respectively, indicating that the graphene sample used in our

experiments was monolayer and nearly free of structural defects. The measured values of

I, /1.and Av are in good agreement with previously reported values [153].

Since the monolayer graphene sample is used as a saturable absorber in the mode
locking experiments, it is also important to investigate its ultrafast dynamics [155] and the
absorption saturation behavior. A commercial time-resolved pump-probe spectrometer
(HELIOS, Ultrafast systems) was used to perform the experiments. Two-color pump-probe
measurement was performed by using two tunable optical parametric oscillators (TOPAS;
Newport Spectra Physics), each seeded with a commercial Ti**:sapphire chirped-pulse
amplifier (Spitfire ACE, Newport Spectra Physics), to provide the pump (850 nm) and
probe (950 nm) beams. Figure 1-10 shows the variation of the fractional transmission (
AT /T) of the probe as a function of delay. The fast and slow decay times of the GSA
were determined to be 128 fs and 1.630 ps, respectively, in good agreement with previously

reported values in the literature [156].

At the delay that gives the maximum fractional transmission change, the probe
transmission was further measured as a function of the pump fluence [Fig. 1-10 (b)]. From
the analysis of the saturation data, based on a two-level rate equation model similar to what

is described in Ref. [157], the best-fit values of the saturation fluence and modulation depth
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(difference between the small-signal absorption and the saturated transmission) were
determined to be 28 plem? and 0.62%, respectively. The small-signal transmission of the
sample was determined to be 97.5% from absorbance measurements. The reason for the
deviation of the modulation depth from the theoretical value of 2.3% requires further

investigation and may be due to crystal imperfections that form during synthesis.
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Figure 1-10: (a) Measured fast and slow decay times (b) saturation characteristics of the graphene sample that we used in
our experiments (Adapted with permission from [34], The Optical Society).

In the case of graphene synthesis many processes can be used, such as exfoliation
[135, 158-160], chemical vapor deposition [161-165], Langmuir-Blodgett method [166],
carbon-dioxide reduction [167], intercalation [168] and so on. These methods give either
monolayer or multilayer graphene sheets. We used a monolayer graphene-on-infrasil
sample in our femtosecond Cr*":LiSAF experiments which was produced by our
collaborators (the research group of Prof. Coskun Kocabas) at Bilkent University (Ankara)

by using chemical vapor deposition (CVD) method. The other graphene-on-infrasil sample
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that we used in the Tm**:YLF experiments was also produced by CVD technique at Korea
Advanced Institute of Science and Technology by our collaborators.

The graphene sample from Bilkent University was synthesized by CVD on ultra-
smooth copper foils (BI1-SBS, Mitsui mining and smelting company, Ltd.). The copper
foils were heated to 1035°C under hydrogen (Hz) flow to reduce the oxide layer of the
copper foils. During the growth, the partial pressure of methane (CH4) and H, gases were
1.5 and 3 Torr, with corresponding flow rates of 40 and 80 sccm, respectively. After 30
min, the growth was terminated by stopping the flow of methane, and then the samples
were cooled down to room temperature under Hz flow. In order to transfer the graphene
layer onto an Infrasil window, our collaborators at Bilkent University coated the samples
with thick photoresist film (Shipley 1813) and etched the copper in ferric chloride (FeCls)
solution. The photoresist film was then placed on the infrasil window and heated to 120°C
to initiate uniform coating on the surface. Cleaning the photoresist layer with acetone
yielded large-area and high-quality graphene film on the infrasil window. Schematic of the

fabrication process is shown in Fig. 1-11.

[cvn on Cu foil at 1000 °C ]
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\
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Figure 1-11: Schematic of the fabrication process of graphene sheet on the infrasil substrate.
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The use of these graphene samples for femtosecond pulse generation from Cr**:LiSAF and

Tm*":YLF lasers will be described in Chapters 3-4, and 6.
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Chapter 2

2 BASICS of LASER RESONATOR DESIGN and PULSE MEASUREMENT
METHODS

In Chapter 2, we describe the basic principles of laser resonator design, pulse generation
techniques, mechanisms that cause pulse distortion and pulse width measurement

techniques of femtosecond pulses.

2.1 ABCD Matrix Formalism

The ABCD matrix formalism is used for the design of an optical resonator. The ABCD
matrix anaylsis is a 2-by-2 transfer matrix that is used to investigate how an optical element
(e.g. lenses, reflective surfaces) or an optical system affects the characteristics of a light ray
or a Gaussian beam. It is essential to work in the paraxial regime (sinf ~tanf=86) to
implement the ABCD matrix analysis. In the case of ray optics, the light ray is described by

a vector, which includes the information of the offset (7 ) and offset angle ( &) with respect

P 2.1.1
r—e. (2.1.1)

In general, after a light ray (with 7; and &) encounters an optical system, its height or offset

to an optical axis:

angle are modified [169]. Assume that, the output ray has a different offset (ry) and offset
angle (). The parameters of the output depend on the initial parameters of the ray and can

be determined by using the following relation:
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r 2.1.2
v, = .. ..

As is well known, to obtain light oscillation, optical amplification must be combined with

positive feedback which is provided by the highly reflecting mirrors in a resonator.

P Iy
i P+t
el A B] T~
S~o_l e b -
T AR — ~tmgm =

Figure 2-1: A generalized resonator showing the travelling ray after m and m+1 roundtrips at the same incident plane (P)
[Adopted from [169]] .

Each optical element has its own transfer matrix. Multiplication of these matrices
gives the resulting resonator transfer (ABCD) matrix. By using the ABCD matrix of a
resonator, it is possible to investigate whether or not the optical resonator is stable. The
stability analysis shows whether or not the beam is confined to the resonator after m (m>>1)
round trips. For an optical resonator as shown in Fig. 2-1, the ray parameters after the m"

and (m+1)™ roundtrips can be calculated from

A B|—
Vsl = c D r,. (2.1.3)

In a roundtrip, since the starting and ending point are the same (at a point on the plane of P)

with the same refractive index, we have the condition that AD-BC=1. This leads to the

stability condition [169]

‘A+D

<l1. 2.14
5 ‘ (2.1.4)
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The ABCD matrix method summarized above can also be used in the determination
of the beam parameters of a Gaussian beam supported inside a laser resonator. The
properties of the gaussian beam are summarized by the g-parameter which is given by

1 | . A
q(z) = R(Z) —1 noﬂwz (Z) . (2.1.5)

Here, w(z) and R(z)are the spotsize and the radius of curvature functions of the Gaussian

beam. The spot-size function gives the variation of the electric field in the radial direction.
The radius of curvature function further describes a spherical wavefront of the Gaussian

beam at a z position. Both w(z) and R(z) are functions of the Rayleigh range

2 2
kwy  nyzw,

(z, = -9 %) which gives the distance over which the beam remains nearly
collimated.
P dm
E qm+1
- :_—b————-ﬁ—__~
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e etk

Figure 2-2: A general two-mirror resonator showing the g-parameter of the Gaussian beam after m and m+1 roundtrip
[Adopted from [169]].

The g-parameters after (m+1)" and m™ rountrips are related through

B Aq, +B

=_"m _ 2.1.6
qu Cqm +D ( )
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For the self-consistent Gaussian beam solution of the resonator, the g-parameter remains
the same at each plane after one roundtrip (Fig. 2-2) and obeys the following relation:
Ag+B
1= Cq+D '

(2.1.7)

Solving Eq. (2.1.7), the relation between the q-parameter and ABCD matrix elements can

be found as

(2.1.8)

Comparing Egs. (2.1.5) and (2.1.8), radius of curvature and spotsize functions are

determined to be [169]

i (2.1.9)

and

= 2.1.10
nyrw’ B ( )

in terms of matrix elements of the resonator.

2.2 Mode Locking

Mode locking is one of the important techniques to obtain femtosecond pulses from lasers.
The first mode-locked laser was reported by Hargrove et al. in 1964 [170]. Typically,
mode-locked lasers generate pulses in the range of picoseconds (10-'?) and femtoseconds
(1019). The duration of the generated pulses is typically much shorter than the cavity

round-trip delay time.
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In a general optical resonator, infinitely many longitudinal modes oscillate with
different phases. Assume that, the oscillating modes are at discrete resonant frequencies (

v,) of the resonator. In particular, the frequency difference between two consecutive

modes (v -v, = é , q: integer, c: the speed of light, d: the effective length of the

Fsr = Uga )

resonator) is defined as the free-spectral range of the resonator. Typically, amplification
bandwidth of solid-state gain media is broad enough to support many longitudinal modes in
the resonator. Supposing that the resonator supports M oscillating discrete modes, the

resulting electric field will be
M-1
E(t)=YE, exp(i(m, +qw, )t +i, (t)) (2.2.1)
q=0

with an amplitude (£,) and phase (¢, (¢)) of the q™ mode. Here, @, and @, show the

reference angular frequency and the difference between angular frequency of two
consecutive longitudinal modes [, = ®,,, —®, = 2705, = %]. If ¢ (¢) varies randomly

over time, the total electric field in Eq. (2.2.1) yields a nearly constant output power with
small fluctuations over time. In the case of mode locking, the phase of each oscillating

mode will be the same. At a constant phase factor (¢q (t) =0) and a constant amplitude

value of £, the total electric field can be determined to be

: (Ma)th
Sin
— 2 (2.2.2)

sin @t
2

E(t) = E, exp(iwyt
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At t=0, the electric field has a local maximum A x E,. Another maximum could be

. . o 27 2d . .
obtained after one cavity round-trip time (7, = — =—). The output power, in particular,
c

F

changes as a function of time and is proportional to A ><|E (t)|2 (the larger the number of

locked modes, the larger the peak power of the generated pulses). The generated pulse
width is related with the cavity round trip time, number of locked modes, and amplification
bandwidth of the medium as follows:

S N . I IO 2.2.3)
" M\w,) M Av

Since the number of locked modes is quite large in mode-locked solid-state lasers, the
summation defined in Eq. (2.2.1) can be replaced with an integral. In practice, several
phase distortion mechanisms must be considered in the mode-locking experiments.
Following parts will present the pulse distortion mechanisms qualitatively. When all
unwanted distortions are balanced inside the resonator, the shortest obtainable pulse
duration for a particular spectral bandwidth can be generated. The spectral width and pulse

duration are related through

Avr, =K (2.2.4)

for a transform-limited pulse. Here, K is known as the time-bandwidth product. The value
of K depends on the pulse profile (0.441 for Gaussian, 0.315 for secant-squared (sech?)).
To achieve mode-locked operation from a solid-state laser, active or passive mode locking
schemes can be used. In active mode locking, a periodic loss mechanism is introduced into
the resonator. The modulator is driven externally to obtain a periodic pulse train at the
repetition frequency of the laser resonator. In passive mode locking, a saturable absorber is

placed inside the resonator to modulate the intracavity losses so as to produce a periodic
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train of pulses. In this thesis, we focus on the use of passive mode locking techniques in

solid-state lasers.

2.2.1 Saturable absorber mode locking

Saturable

Gain Absorber

&4 'Y
A L
Figure 2-3: A typical two-mirror laser resonator including a gain medium and a saturable absorber [ Adopted from [169]].

Generation of ultrashort pulses by using an intracavity saturable absorber, whose
transmission increases with increasing intensity, is called passive mode locking. A
generalized passively mode-locked laser resonator is shown in Fig. 2-3. To analyze the
change in saturable absorption as a function of time, we model the loss modulation of the

saturable absorber as

s(f)=—2— (2.2.5)

where s,(<1) is the unsaturated loss, /(¢) is the intensity of the laser beam as a function of

time, and /, is the saturation intensity of the saturable absorber. If the recovery time of

the saturable absorber is much shorter than the cavity round trip time, it is known as a fast-
saturable absorber. In general, solid-state lasers are highly sensitive to intracavity losses,
hence the loss of the saturable absorber is much lower than 1. Under this approximation,

s(t) becomes

29



Chapter 2: Laser Design and Pulse Measurement Methods 30

— =5, —]a()[ - (2.2.6)
sat sat*“eff

Above, A, is the effective beam area on the saturable absorber, |a (t)|2 is the instantaneous

power of the beam, and } is the self-amplitude modulation (SAM) coefficient. The master
equation for the case of passive mode locking can be written as follows:

Lia:(g_l)a+£a_2a+7|a|2a (2.2.7)
T, oT Q: or’

where a is the normalized amplitude, Q, is the modulation bandwidth, g and [ are the

gain and loss mechanisms in the resonator. The master equation describes how a pluse

evolves in a mode-locked laser resonator. Hyperbolic secant function can be found as a

solution
a, (t) = Asech Gj (2.2.8)
where
% - % (2.2.9)
and
I-g= Q‘frz. (2.2.10)

Note that as the pulse width gets shorter, the intensity increases and the modulation depth

also increases, which is typical in passive mode locking.
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2.2.2 Kerr-lens mode locking

Kerr-effect is a third-order nonlinear optical effect, which occurs as a result of the
interaction between high intensity light with matter. In general, the high intensity electric
field induces higher order polarization components inside a medium. Sufficiently high
intensity electric fields can induce an intensity dependent refractive index contribution to
the ordinary refractive index of a medium. The refractive index of the medium becomes

n=n,+nl . (2.2.11)

Here, n, is the ordinary refractive index, 7, is the nonlinear refractive index, and / is the

intensity of the light beam. The Kerr-effect leads to a variation in both temporal and spatial
profile of a high intensity beam. In the spatial domain, for a positive nonlinear refractive
index, the propagating laser beam undergoes a self focusing inside the gain medium which
is called Kerr-lensing.

A typical laser beam has a Gaussian intensity distribution, which has higher
intensity at the center. Since higher intensity experiences higher change in refractive index,
the Gaussian beam distribution undergoes a higher change in refractive index at the center.
This resembles a converging lens and causes self-focusing as shown in Fig. 2-4. In general,
this self-focusing mechanism occurs inside the laser gain medium and acts as a fast-
saturable absorber. This mechanism is called Kerr-lens mode locking and has been used to

generate ultrashort pulses since 1991 [24].
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Figure 2-4: The Kerr-effect and self-focusing inside a Kerr medium for a Gaussian intensity distribution [ Adopted from

[171]].

In addition to the effect on the spatial profile of the beam, intensity dependent
refractive index change induces a time varying phase across the pulse also. This
phenomenon is known as self-phase modulation. The effect on the phase is similar to

positive group delay dispersion which will be described in the following section.

2.3  Group Delay Dispersion (GDD)
While an ultrashort pulse propagates in a nonlinear dispersive medium, nonlinear effects
can distort the spatio-temporal profile of the electric field. Since the refractive index is
wavelength dependent, different wavelengths will propagate with different velocities,
resulting in a time delay between different wavelength components. Second order
dispersion is defined as

:d2(D:Id2k iy A d’n

D -
do* do* 2xc*t dA?

(2.3.1)

in ultrafast optics. Here, @ is the phase of the electric field of the propagating pulse, k is
the wave vector, nis the refractive index of the medium, ® and A are the angular

frequency and the wavelength. The sign of the dispersion can be negative or positive in

32



Chapter 2: Laser Design and Pulse Measurement Methods 33

relation with the effect on the phase of the propagating pulse. Whether the group delay
dispersion is positive or negative pulse broadening occurs. In the case of negative group
delay dispersion (D<0), the low frequency components travel faster than the high frequency
components, leading to a pulse broadening in the temporal domain. The effect of self-phase
modulation (SPM) and positive dispersion is similar and in both cases, the dynamic
frequency of the leading edge is downshifted [169]. The effect of SPM which is induced by
the Kerr-effect must be balanced with negative group delay dispersion (GDD) in order to

produce solitary optical pulses.

Solitary optical pulses propagate with minimum distortion and maintain their shape.

If the third-order nonlinearities inside a passively-mode-locked laser resonator are

balanced, solitary optical pulses can be generated. Solitary optical pulses obey the soliton

area theorem, which gives the relation between the intracavity energy and pulse width. The
soliton area theorem [171] is given by

7.04x|D|
W=——7—7"—,
ot

p

(2.3.2)

where W', D, and z, are intracavity energy, second order group delay dispersion, and

pulse width. Physically, W corresponds to the intracavity energy at which solitary pulses
propagate with minimum distortion in the medium. & is defined as the Kerr nonlinearity
and given by

5= 4 nlL

w2

rms

(2.3.3)

Here, n, and L is the nonlinear refractive index and length of the medium, w,__ is the

root-mean-squared spot size inside the medium.
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2.4 Characterization of Femtosecond Pulses

State of the art electronic methods are not fast enough to measure femtosecond pulse
durations. To characterize femtosecond pulses, optical interferometric techniques are used.
In particular, Michelson interferometers can be used to measure ultrashort optical pulses by
using second harmonic generation (SHG) or two-photon absorption (TPA) processes. The
first diagnostic of an ultrashort pulse using an autocorrelator was reported in 1966 [172,
173]. The autocorrelation is the special case of a cross-correlation function. For the case of
cross-correlation, one can use n different sources with different delay times to calculate the
SHG signal. The mathematical expression of the cross-correlation function for n different

sources of normalized electric fields is

J-: {E\()+E,(t+7,)+...+E,(t+7,, )}2" dt
JoAED @O+ £ () 4r B (1))t

gy (7,700 T,y ) = (2.4.1)

T, defines the delay of the n'" electric field. In the case of the autocorrelation, there
is only one source of electric field, meaning that a light source is aligned to the entrance of
an interferometer (input beam in Fig. 2-5). As in Fig. 2-5, the input beam is sent into an
interferometer (M1) and split into two arms by using a beam splitter (BS). The separated
beams are reflected back from the corner cubes 1 and 2 (Fig. 2-5) so as to overlap on the
second beam splitter. While one is reflected back from a corner cube mirror the other one is
delayed with a special driving function (e.g. ramp or sine function). Next, the beam is
focused into a second-harmonic crystal (SHG x-tal) by using an off-axis parabolic mirror.
After the pump beam is filtered out by using a short-pass filter, the obtained pattern is

measured with a detector (Fig. 2-5) and an oscilloscope.
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Figure 2-5: The autocorrelation setup that we used to measure the durations of the generated pulses from the Cr3*:LiSAF
laser.

Depending on the bandwidth limit of the detector, the generated autocorrelation
signal has different forms, giving the same pulse width information. Mathematical
expressions for the generated SHG signal from an intensity and interferometric

autocorrelation will be investigated.

In the case of the autocorrelation, two beams (#z = 2) overlap so as to produce the
SHG signal. While one pulse crossing over the other inside the SHG crystal, the resulting
autocorrelation signal [174] is given by
'[O_O {E(t)+E(t+ r)}zx2 dt

2 (1) = 4 . (2.4.2)
&(7) 2‘[_00E2*2 (t)dt

Hence, the resulting autocorrelation signal [g3(7)] becomes
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[ B )+ E*(tvo)jdr+ 4] B () E(t+)di+4] E(e)E (t+7)de+6[ E*(t)E*(t+7)ar

—0

2" ()t

(2.4.3)

If the data are recorded with a much faster detector than the driving frequency of
the adjustable delay mirror, electric field of the autocorrelation signal will be calculated
from Eq. (2.4.3). For the case of fast detection, the autocorrelation is known as

interferometric autocorrelation. At zero delay [ g (r :0)] [1], the maximum overlap
between two pulses gives

16 j " Ede
- = =8, (2.4.4)

g2(7=0)—w—

For large delays [g, (7 =o0)], the minimum overlap between two pulses, gives the
background signal to be

2" Etdr
gy(r=00)=—=——=1, (2.4.5)
2" E*(t)dt
resulting in a contrast ratio of 8:1. An example of an interferometric autocorrelation signal
is given in Fig. 2-6 for the case of 13-fs pulses which were generated from a Kerr-lens

mode locked Cr**:LiSAF laser at the center wavelength of 850 nm.

36



Chapter 2: Laser Design and Pulse Measurement Methods 37

8
6
|
2 —
E 4 1,=13 fs
£
2 Il l l }
'A"Avnvn'.l'nvA"AvA'Av A" WAMWM\"N MAAMAA
0

-100 -50 0 50 100
Time Delay (fs)

Figure 2-6: An example of an interferometric autocorrelation trace. Data were recorded from a Kerr-lens mode locked
Cr3":LiSAF laser generating 13-fs pulses (Adapted with permission from [106], The Optical Society).

In the case of slow detection, the form of the autocorrelation signal is called
intensity autocorrelation. Depending on the alignment of the autocorrelator, the background
of the SHG signal could be eliminated. In this thesis study, intensity autocorrelation was
not used in the measurements. Hence, I will only give a brief introduction of the electric
field for the intensity autocorrelation with background and show an example of it. If the
detection is slow, then the resulting electric field will be the optical time averaged electric

field (G2(7)) and hence can be calculated from

o0

62 (1)1 2 L OV (o)t

J':E“ (¢)dt

Again, to find the contrast ratio, G;(z=0) and G; (r =) will be calculated as follows

(2.4.6)
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E*(t)dt
Gy(r=0)=1+22—=3, (2.4.7)
_E(t)dt
and
G;(r=oo)=1+2#=l. (2.4.8)
[ E(t)ar

This results in a contrast ratio of 3:1. An example of an intensity autocorrelation signal is

given in Fig. 2-7.
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Figure 2-7: An example of an intensity autocorrelation.

As can be seen from Eq. (2.4.3) and Eq. (2.4.6), some information is lost in the
intensity autocorrelation. These additional parts in the electric field of the interferometric
autocorrelation function give phase chirp information of the generated pulses. To measure
the pulse width with an interferometric autocorrelator, the period of the center wavelength

of the pulses needs to be calculated from
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r=2.
c

(2.4.9)

Once the period is found for a wavelength, number of measured cycles (above FWHM of
the SHG signal) needs to be counted. The multiplication of the number of cycles and period

gives the pulse width (7 =1.557, for sech? pulse shape). The contrast ratio of each case

shows that the optical alignment of the autocorrelator is good enough to measure a pulse

width. The ratio further gives an idea about the quality of mode-locked operation.
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Chapter 3

3 GRAPHENE MODE-LOCKED Cr*":LiSAF LASER at 850 nm

In this chapter, a mode-locked femtosecond Cr**:LiSAF laser initiated with a high-quality
monolayer graphene saturable absorber will be presented. To the best of our knowledge,
this was the first graphene-based mode-locked operation of the Cr’":LiSAF laser. In the
first part of Chapter 3, experimental setup of the continuous wave Cr**:LiSAF laser will be
introduced. This will be followed by the mode locking results that is obtained from
graphene included Cr’*:LiSAF laser. In the last part of Chapter 3, soliton area theorem

analysis and a brief discussion will be presented.

3.1 Experimental Setup and Continuous-wave Results

To investigate fast saturable action in graphene, we used a diode-pumped, compact, and
low-cost Cr’":LiSAF laser operating near 850 nm. Before mode-locking experiments, we
first start with an astigmatically compensated x-cavity Cr*":LiSAF laser as shown in Fig. 3-
I(a). Two single-mode diodes (SMD-1 and SMD-2), which can be powered by two AA-
type batteries, were used to excite the Cr’**:LiSAF gain medium. The output beam of each
diode was collimated with an aspheric lens (L1 and L2, f=4.5 cm). The output polarizations
of SMD-1 and SMD-2 were adjusted to be orthogonal so that the two pump beams could be
polarization coupled with a polarizing beam splitter (PBS). The combined pump beam was
focused by using a convex lens (L3, =60 mm) inside the Brewster-cut, 7-mm-long, and

1.5% Cr**-doped LiSAF gain medium which absorbs 98% of the pump at 660 nm. The x-
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cavity Cr**:LiSAF laser resonator contained two curved high reflectors (M1 and M2,
ROC=75 mm), a flat high reflector (M3), and a partially reflective output coupler (OC).
Based on ABCD matrix formalism, laser waist inside the gain medium was estimated to be
16 um. Before mode-locking experiments, as shown in Fig. 3-1(b) M3 was replaced with
additional curved mirrors (M4-M5), each with 75 mm of radius of curvature (M4 and M5),
were added to obtain an additional waist on the graphene saturable absorber. Additionally,

the cavity was completed by using a high reftector mirror(M6).

(@) SMD-2
660 nm

M2

Cr3+:LiSAF

Figure 3-1: (a) Experimental arrangement of the cw Cr’*:LiSAF laser operating near 850 nm. (b) The Cr’*:LiSAF
experimental setup after the addition of curved mirrors and an high reflector.

To investigate passive losses of the resonator, we measured the threshold pump
power with different output couplers for the experimental setup shown in Fig. 3-1(b).
Figure 3-2 shows the measured threshold pump power variation of the cw Cr**:LiSAF laser
as a function of output coupling. Based on Findlay-Clay analysis [175], the small-signal
loss of the crystal was estimated to be 0.55%. This loss included all the cavity and crystal

losses, showing that mirrors and the crystal have low parasitic losses.
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Figure 3-2: Measured threshold pump power levels as a function of output coupling (Adapted with permission from [34],
The Optical Society).

Figure 3-4 further shows the variation of the cw output power as a function of the
pump power for different output coupling levels. With a total pump power of 270 mW,
output power of 101 mW was obtained by using the 1% transmitting output coupler. With
1% output coupler, as high as 40% of slope efficiency could be obtained. In the case of 1%
output coupling, optical-to-optical conversion efficiency was 37%, which was quite higher
than that for diode-pumped Ti*":sapphire lasers [176]. Measuring output power variation of
the cw Cr*":LiSAF laser as a function of output coupling, the optimum output coupler of
the resonator could be diagnosed. As shown in Fig. 3-3, 0.5%, 0.75%, and 1% have higher
output powers at the pump power of 270 mW. Since the inclusion of the GSA provides
additional losses of about 2.3% per transit, mode-locking experiments were conducted by
using the 0.5% transmitting output coupler to provide higher intracavity pulse energy.

Additionally, slope efficiencies of each output coupler were measured by changing the
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input power. As

can be seen from Fig. 3-4, slope efficiency increases with increasing

output coupling level.

120
—_ ) ®
% 90 r
- )
s
3 60
o
5
3 ®
5 30
o

0

0 0.25 0.5 0.75 1 1.25

Output coupling (%)

Figure 3-3: Output power variation as a function of output coupling at the pump power of 270 mW.
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Figure 3-4: Output power variation of the Cr’*:LiSAF laser using different output couplings as a function of incident

power (Adapted with permission from [34], The Optical Society).
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Furthermore, the GSA was positioned at Brewster incidence in between two
additional concave high reflectors [M3 and M4, radius of curvature 75 mm, in Fig. 3-1(b)].
Photograph of the experimental setup including the GSA is shown in Fig. 3-5. The high
reflector and output coupler arm lengths were 62 and 41 cm, respectively, giving an
estimated beam waist of 30 um on the GSA sample. The total cavity length was 1.12 m,

corresponding to a repetition rate of 132 MHz.

o .
- L]
. .
L] .
. L]
L .
. .
L] .

Figure 3-5: A photograph of the GSA mode-locked experimental setup
3.2 Mode Locking Results

Once the GSA was inserted into the cavity, cw mode-locked operation could be readily

obtained by translating the output coupler. Inclusion of the GSA reduced the maximum cw

output power of the laser from 86 to 10 mW, as shown in Fig. 3-6.
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Figure 3-6: Measured output power variation of GSA included cavity for the cases of cw and cw-mode locked (Adapted
with permission from [34], The Optical Society).
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By comparing the threshold pump powers (Pi-cw and Pi-graphene) Of the laser with and
without the GSA as in Eq. (3.2.1), the round-trip insertion loss of the GSA was estimated to
be 4.9%, in good agreement with twice the measured small-signal absorption of 5%. In Eq.
(3.2.1), T is the transmission of the output coupler (0.5%), Lcgyiry is the loss of the
resonator without the GSA (0.55%), and Lg,gpnene is the loss of the GSA. Once mode
locking was initiated, the output power of the Cr3":LiSAF laser including GSA slightly
increased as shown in Fig. 3-6. Since the saturated absorption of the GSA at higher
intracavity peak powers leads to lower overall resonator loss during mode-locked
operation, somewhat higher output powers were obtained during mode-locked operation in
comparison with the cw case. The corresponding maximum fluence on the GSA was

determined to be 606 pulem?, suggesting that based on our saturation measurements, the

45



Chapter 3: Graphene mode-locked Cr’*:LiSAF Laser at 850 nm 46

GSA was fully saturated. Pure and stable mode-locking operation could be initiated at any
pump power level above 130 mW (corresponding output power 4 mW). As the input power
was decreased, initiation of mode locking became more difficult. Below 130 mW of pump
power, pulsed operation could not be initiated. In this regime, although a Q-switching
tendency was observed by translating the output coupler mirror, stable Q-switching

operation could not be obtained.
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Figure 3-7: Measured optical spectrum of the generated pulses from the GSA mode-locked Cr**:LiSAF laser (Adapted
with permission from [34], The Optical Society).

Figure 3-7 shows the measured optical spectrum of the femtosecond pulses
generated with the GSA mode-locked Cr**:LiSAF laser [34]. The optical spectrum was
centered at 850 nm with a spectral width of 12 nm. The bandwidth suggests 63-fs pulse
width, assuming sech? pulse shape. Figure 3-8(a) shows interferometric autocorrelation

trace of the femtosecond pulses generated from the Cr’":LiSAF laser. The measured pulse
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width was 68 femtoseconds. At the center wavelength of 850 nm, the pulse duration and
spectral bandwidth measurements yielded 68 fs (assuming a sech? intensity profile) and 12
nm, respectively, with a corresponding time—bandwidth product of 0.338, indicating that
the pulses were nearly transform limited. Furthermore, in the RF spectrum measurements
shown in Fig. 3-8(b), the sideband noise level was determined to be 70 dB below the
fundamental tone at 132 MHz (resolution bandwidth 1 kHz). The mode-locking data shown
in Figs. 3-7, 3-8(a), and 3-8(b) were taken at an input power of 270 mW with a 0.5% output

coupler. The maximum mode-locked output power was 11.5 mW.
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Figure 3-8: The measured interferometric autocorrelation and radio frequency spectrum of the generated pulses from the
graphene-mode locked Cr*":LiSAF laser (Adapted with permission from [34], The Optical Society).

3.3 Soliton Area Theorem Analysis

To obtain solitary pulses, dispersion management was employed by using commercial and
custom-made dispersion-control optics [M1 and M2, each with —80+10 fs? of group delay
dispersion (GDD) per bounce; M5, with —40+10 fs?> of GDD per bounce]. The material
dispersion contributions of the gain crystal and infrasil substrate were estimated based on

their Sellmeier equations given as follows:
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0.00235

——————-0.010572° (3.3.1)
A*—0.10936

Ny = \/1 98448 +

0.4765230704° 0.6277863684° 0.8722744041°
nlnﬂasil = + /12 (3 3 2)

—0.00284888095 A2 —0.0118369052 A>—956856012

The dispersion contribution of Cr3*:LiSAF and infrasil media were 24 and 40 fs> per mm,
respectively. Because the net GDD of the cavity was close to zero, it was not possible to
determine the overall dispersion from the nominal GDD values given above, since the
actual GDD values of the mirror coatings are uncertain due to the dependence on the angle
of incidence. Instead, based on the soliton area theorem [Eq.(2.3.2)], operation parameters
of the Cr’*:LiSAF laser, and the nonlinear refractive index of Cr**:LiSAF (0.8 x 102
m%W) [177], the net round-trip cavity GDD was estimated to be —75 fs2.

The tight-focusing resonator architecture made it possible to operate the Cr’**:LiSAF
laser with only two 135 mW, 660 nm low-cost single-mode diode lasers. At the pump
power of 270 mW, the Cr’**:LiSAF laser produced nearly transform-limited 68 fs pulses
with an average power of 11.5 mW at 850 nm. The repetition rate was around 132 MHz,
corresponding to a pulse energy and peak power of 86 pJ and 1.26 kW, respectively. Once
mode locking was initiated with the GSA, stable, uninterrupted femtosecond pulse

generation could be sustained for hours.
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Chapter 4

4 GENERATION of SUB-20-FS PULSES FROM A GRAPHENE MODE-
LOCKED LASER

In Chapter 3, the shortest pulse generation experiments in a graphene mode-locked solid-
state laser will be presented. We demonstrate, what is to our knowledge, the shortest pulses
directly generated from a graphene mode-locked laser. In the first part of Chapter 3,
experimental setup of the mode-locked laser was shortly described. Next, mode locking
results were introduced. These will be followed by femtosecond tuning experiments. In the

final part of Chapter 3, a detailed mode locking initiation test is described.

4.1 Experimental Setup

The ultrabroad saturable absorption of graphene saturable absorbers (GSAs) in principle
impose no bandwidth limitation during mode locking, leading to pulse durations only
limited by the amplification bandwidth of the gain medium and dispersion of the cavity.
Before our study, the shortest pulses obtained from a GSA mode-locked laser had a
duration of 30-fs (Yb*":CaYAIlOs laser) [144]. To reach the limits of graphene, we used a
Cr’*:LiSAF laser, whose dispersion and gain characteristics were well-defined in the
literature. GSA mode locked Cr’":LiSAF laser was set up similar to the one defined in
Chapter 1. We added a pair of prisms to fine tune the dispersion in the resonator.
Additionally, the gain medium was replaced with a 6-mm, 1.5%, Brewster cut Cr**:LiSAF

crystal. Total absorption of the crystal was near 98% at the pump wavelength of 660 nm. A
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schematic of the sub-20-fs, GSA mode-locked Cr**:LiSAF laser is shown in Fig. 4-1. The
laser resonator consisted of two concave focusing mirrors, each with a radius of curvature
(ROC) of 75 mm (M1 and M2), a pair of fused silica prisms (FSP1 and FSP2), a highly
reflecting end mirror (M5), and an output coupler with 0.5% transmission (OC). A second
intracavity beam waist was formed by using two additional curved high reflectors (M3 and
M4, ROC=75 mm). The monolayer GSA was placed between M3 and M4 mirrors to
increase the beam fulence on the saturable absorber. The GSA used in our experiments was
prepared by our collaborators at Bilkent University as described in Chapter 1. To reduce
reflection losses, the GSA was further placed at Brewster incidence. The prism pair (FSP1
and FSP2) with a tip-to-tip separation of 29 cm was placed in the high reflector (HR) arm
for dispersion control. HR and OC arm lengths were 88 cm and 41 cm, respectively,

whereas the total cavity length was 138 cm (pulse repetition rate=107 MHz).
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Figure 4-1: A schematic of the GSA mode-locked Cr’*:LiSAF laser (Adapted with permission from [40], The Optical
Society).
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Figure 4-2 (a) shows the power efficiency curves for the continuous-wave (cw)
Cr**:LiSAF laser (containing the prism pair and an infrasil substrate) with different output
couplers. We used the 0.5% output coupler in the mode locking experiments, in order to
maintain a high intracavity power and to remain near the optimum output coupling of the
resonator. By using the 0.5% output coupler, as high as 75 mW of output power was
obtained near 850 nm with 275 mW of incident pump power [Figure 4-2(a)]. After the
insertion of the GSA, the output power of the laser decreased to 6.2 mW (0.5% output
coupler). At each output coupling level, power performance of the Cr3":LiSAF laser was
further measured with graphene as shown in Fig. 4-3. By using the power efficiency data
[Figure 4-2(a)] as well as the pump threshold data [Figure 4-2(b)], we estimated the round-
trip loss of the free-running laser and GSA to be 0.4% and 4.1%, respectively.
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Figure 4-2: (a) Power efficiency and (b) measured threshold pump powers as a function of output coupling of the
Cr’":LiSAF laser (containing the prism pair and an infrasil substrate) (Adapted with permission from [40], The Optical
Society).
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Figure 4-3: Measured output power variation of the graphene added Cr3*:LiSAF laser as a function of incident power
with different output couplers.

4.2 Mode Locking Results
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Figure 4-4: Optical spectrum of the GSA mode locked Cr**:LiSAF laser and the corresponding estimated group delay
dispersion (GDD) variation as a function of wavelength (Adapted with permission from [40], The Optical Society).
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After the insertion of the GSA into the resonator, femtosecond pulse generation
could be readily initiated by translating the output coupler. Pulse characterization was also
performed at the maximum pump power of 275 mW by using the 0.5% output coupler.
Figure 4-4 shows the optical spectrum of the shortest pulses we generated and the
corresponding estimated group delay dispersion (GDD) variation as a function of
wavelength. Once mode locking was initiated, the output power increased from 6.2 mW to
8.5 mW due to the saturation of the GSA. Based on the measured optical spectrum, we
estimated the shortest transform-limited pulse duration and the corresponding time-

bandwidth product to be 17 fs and 0.41, respectively.
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Figure 4-5: Measured (a) interferometric autocorrelation and (b) radio frequency spectrum of the generated pulses from
the GSA mode-locked Cr3*:LiSAF laser (Adapted with permission from [40], The Optical Society).

The experimentally measured interferometric autocorrelation trace [Figure 4-5(a)]
yielded a pulse duration of 19 fs with a measured time-bandwidth product of 0.46,
suggesting that the generated pulses were nearly transform limited. In the pulse
measurements, dispersion compensation optics were placed in the optical path before

autocorrelation setup to avoid pulse broadening effects while propagating and to
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compensate broadening due to material of the output coupler mirror. Furthermore, in the
RF spectrum measurements, the sidebands were at least 55 dB below the fundamental tone
at the repetition rate of 107 MHz as can be seen from Fig. 4-5(b). In mode locking
experiments, to balance the Kerr nonlinearities and to generate solitary pulses, dispersion
management was employed by using dispersion control mirrors (DCM, M1 and M2, each
with -80 + 10 fs? of GDD per bounce and M5 with —40 + 10 fs?> of GDD per bounce) and a
pair of fused silica prisms (round trip GDD~ -500 fs?). The material GDD contributions of
the gain crystal, fused silica prism material, and the infrasil substrate were +24, +40, and
+40 fs?, respectively. The net average round-trip GDD over the bandwidth was hence
estimated as -50 fs>. We further estimated the net round-trip GDD from the soliton area
theorem [Eq. (2.3.2)], by using the pulse duration, intracavity pulse energy and the
previously reported nonlinear refractive index of the Cr’":LiSAF gain medium (0.8x107'¢
cm?/W [177]). This gave a round-trip GDD of -20 fs?>. The discrepancy may be due to the
fact that the actual GDD of the DCMs varies somewhat depending on the angle of

incidence.

4.3 Femtosecond Tuning Results

Broad tunability of the mode-locked laser could be very useful in many applications such
as multi-photon microscopy or pump-probe spectroscopy. In the experiments, we
introduced an adjustable slit into the GSA-mode-locked laser between the second prism P2
and the end high reflector (M5) [Figure 4-6] to narrow the spectral bandwidth of the pulses
and to investigate the tuning capability. The central wavelength of the mode-locked
spectrum was adjusted by changing the position of the adjustable slit. As can be seen from
the spectra displayed in Fig. 4-7, continuous femtosecond tuning could be achieved at
wavelengths from 836 nm to 897 nm. Measured pulse width, spectral width, and
corresponding time-bandwidth products were listed in Table 4-1. At a fixed slit width that

was adjusted to give about 75-fs pulses near 875 nm, the pulse duration remained in the 75-
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190 fs range between 836 and 892 nm with time-bandwidth products between 0.53 and
0.77. The pulses became broader near the long wavelength edge due to the steep GDD of
the cavity optics [see Fig. 4-4]. The tuning data of Fig. 4-7 were recorded with 275 mW of

input pump power.
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Figure 4-6: Schematic of the graphene mode-locked Cr’*:LiSAF laser with an additional adjustable slit after the second
prism. Femtosecond tuning experiments were performed by changing the position of the slit.
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Figure 4-7: Femtosecond tuning data of the GSA mode-locked Cr’":LiSAF laser (Adapted with permission from [40],

The Optical Society).

Table 4-1: Femtosecond tuning data were listed, including measured pulse width, spectral witdh, and the corresponding
time-bandwdith products of the GSA mode locked Cr**:LiSAF laser

A (nm)
Al(nm)
Tp(fs)

AN.Tp

836 845
7 10
186 152
0.56  0.64

851 859 866 875 892 896 897
9 13 18 26 14 8 5
141 111 80 76 116 224 338
0.53 0.59 058 077 0.61 0.67 0.63

4.4 Pulsed Operation Initiation Test

To verify that mode locking was indeed initiated by the fast-saturable absorber action in

graphene, we checked the initiation mechanism of mode locking across the full cavity

stability range. In particular, we varied the position of the curved mirror M2 at 10-pm
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intervals across the full stability range and at each point, we checked whether or not mode
locking could be initiated by translating the output coupler. In the control experiment, the
infrasil substrate was placed in between the focusing mirrors and the mode locking test was
performed. Next, infrasil substrate with GSA was replaced with a bare infrasil substrate and

the same test was repeated.

Figures 4-8(a) and (b) show the measured output power as a function of the M2
position for bare infrasil substrate and infrasil substrate with GSA. Figures 4-8(c) and (d)
show at which points within the stability range mode locking could be initiated. The values
of 1, 0.5 and 0 indicate M2 positions with stable mode locking, only flashing of mode-
locked operation, and no mode locking, respectively. Note that with the bare infrasil
substrate, mode locking could be initiated at far fewer points [see Fig. 4-8(c)]. In this case,
the initiation mechanism was Kerr-lens mode locking (KLM) that requires critical cavity
alignment. With the GSA on infrasil [Figure 4-8(d)], we were able to obtain stable mode-
locked operation over the full stability range except at the edges, indicating that the
initiation mechanism had no sensitivity to critical cavity alignment, and clearly verifying

that mode locking was initiated by the fast saturable absorber action in the GSA.
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Figure 4-8: Measured output power of the Cr3*:LiSAF laser as a function of the M2 position with (a) a bare infrasil
substrate (b) an infrasil substrate with graphene. Mode locking initiation maps of the resonator with (¢) a bare infrasil
substrate and (d) an infrasil substrate with graphene (Adapted with permission from [40], The Optical Society).

Also note that, the shortest pulse data displayed in Figs. 4-4, 4-5(a), and 4-5(b) were
recorded at the M2 location (12.48 mm) where only the GSA took part in the initiation of
femtosecond pulse train without any KLLM effect. Also note that as the output power data

of Fig. 4-8(b) were measured, transients caused by the moving output coupler led to
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damage on the GSA at several M2 positions. The position of the GSA was then slightly
changed, leading to the power fluctuation seen in Fig. 4-8(b). However, at the M2 position
where the shortest pulse data were recorded, no damage was observed on the GSA up to the
maximum fluence level of 1264 pJ/cm?, estimated by assuming a mode-locked output

power of 8.5 mW and by using the other relevant parameters of the resonator.

In conclusion, we demonstrated, what is to our knowledge, the shortest pulses that
ever generated, directly from a graphene mode-locked solid-state laser. The graphene
mode-locked Cr’":LiSAF gain medium employed in the experiments, was operated in a
low-threshold resonator configuration. Stable and uninterrupted 19-fs pulses were directly
generated at 850 nm with only 275 mW of pump power. The repetition rate was around 107
MHz, corresponding to a pulse energy and peak power of 79 pJ and 4.2 kW, respectively.
Once mode locking was initiated with the GSA, femtosecond pulses could be obtained for
hours without any Q-switching instabilities. In addition, the femtosecond output of the laser
could be tuned from 836 nm to 897 nm. Finally, we used a definitive experimental test to
clearly identify the initiation mechanism for mode locking and experimentally
demonstrated that the femtosecond pulse train was initiated solely by the fast saturable

absorber action in graphene.
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Chapter 5

5 KERR-LENS MODE-LOCKED 2.3 pm Tm*":YLF LASER AS A NEW
SOURCE OF FEMTOSECOND PULSES

In this Chapter, Kerr-lens mode locking results that we obtained from a Tm**:YLF laser
operating near 2.3 um will be presented. Femtosecond pulses were generated from the
Tm*":YLF laser for the first time to our knowledge. A brief introduction of cw
Ti**:sapphire laser was presented in the first part of Chapter 4. In the second part cw
Tm*":YLF laser was introduced. After the description of mode-locked Tm*":YLF laser
setup in the next part, mode locking results are presented. In the final part, a detailed

soliton area theorem analysis will be described.

5.1 Ti**:sapphire Laser
Ti3*:sapphire

Green

pump
laser

>

SF10 prisms

Figure 5-1: Schematic of the cw Ti**:sapphire laser that is used as a pump source. Two SF10 prisms were included to
obtain tunability with narrow linewidth.
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To obtain efficient excitation for Tm**:YLF, we first set up a tunable Ti**:sapphire laser,
pumping with a commercial 5-W laser (OPUS, MPC6000, Laser Quantum) which operates
at 532 nm. A standard x-fold laser was built with three high reflector and one output
coupler mirror (OC 15%) as shown in Fig. 5-1. The Brewster-cut 10-mm-long
Ti**:sapphire gain medium used in the experiments absorbed 92% of the pump beam at the
pumping wavelength of 532 nm. A pair of SF10 prisms was placed in cascaded
arrangement to adjust operation wavelength of the laser. Inclusion of the prism pair

provided narrow spectral linewidth as well.
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Figure 5-2: Power performance of the Ti**:sapphire laser by using 15% output coupler at 780 nm.
Continuous wave Ti**:sapphire laser was optimized to be a suitable pump source
for the Tm3":YLF laser. Continuous wave power performance of the Ti**:sapphire laser is

shown in Fig. 5-2. As high as 1050 mW of output power could be obtained from the
Ti**:sapphire laser at 5.2 W of input power.
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Figure 5-3: (a) Tuning data and (b) measured linewidth of the cw Ti*":sapphire laser.

After the addition of the prism pair, operation wavelength of the Ti**:sapphire laser
can be tuned from near 690 nm to 850 nm as shown in Fig. 5-3(a). At the maximum
absorption wavelength of the Tm*":YLF gain medium of 780 nm, the Ti**:sapphire laser
produced as high as 912 mW of output power. The linewidth was measured to be 0.09 nm
(Measured with Anritsu Spectrum Analyzer, Resolution=0.07 nm, Video Bandwidth=100
Hz, Span=2 nm). Over the tuning range the linewidth remains nearly constant [Figure
5-3(b)].

5.2 Continuous-wave Operation of the Tm3":YLF Laser

HWP Tm3*:YLF
9 mm

Ti3*:sapphire
pump laser

PBS

Figure 5-4: Schematic of the x-cavity Tm>":YLF laser setup pumped by the cw Ti**:sapphire laser operating at 780 nm.
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A schematic representation of the Ti*":sapphire-pumped, cw Tm*":YLF laser is
shown in Fig. 5-4. Before Tm*":YLF laser, a half-wave plate and a polarizing beam splitter
were placed to adjust the input power of the laser, without causing any thermal effects in
Ti**:sapphire laser. The Ti**:sapphire pump beam was focused with a convex lens (L2,
f=75 mm) inside the Brewster-cut, 9-mm-long Tm*":YLF crystal, which had a Tm*" ion
concentration of 1.5 at. %, and which absorbed 78% of the pump beam at 780 nm. The x-
cavity Tm*":YLF laser resonator was constructed with two curved mirrors, one high
reflector and an output coupler (1% OC) as shown in Fig. 5-4. The high reflector and
output coupler arm lengths were 62.5 cm and 67 cm, respectively. The reflectivity edge of
all high reflectors was above 2.1 um to avoid the lasing of the 3F4 — *Hp transition near 2

pm.

Power performance of the Tm*":YLF laser was shown in Fig. 5-5(a). The incident
threshold pump power was measured to be 114 mW. At the full incident pump power of
912 mW, the Tm*":YLF cavity generated as high as 107 mW output power at 2.3 pm with
a slope efficiency of 13% [see Fig. 5-5(a)]. Measured output spectrum was centered near

2.3um and had a spectral width of 1 nm [Figure 5-5(b)].
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Figure 5-5: (a) Continuous wave output power variation of the Tm**:YLF laser as a function of input power. (b) Optical
spectrum of the cw-Tm’": YLF laser.
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Figure 5-6: Schematic of the cw Ti*":sapphire pumped Tm*": YLF laser operating at 2.3 pm. Extended Tm*":YLF laser
generated femtosecond pulses with the inclusion of ZnSe and YAG substrates (Adapted with permission from [45], The
Optical Society).

In order to increase the available intracavity pulse energies during Kerr-lens mode
locking, the cavity length was later extended [Figure 5-6]. In particular, the end high

reflector mirror (M1) was tilted, and the curved mirror M2 (R=1000 mm) was placed at a
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distance of 1 m from M1 so as to transform the waist from the location of M1 to the
location of M3 (which was at a distance of 1 m from M2) in a g-preserving arrangement
[178]. The cavity was completed by retroreflecting the beam from the curved-end high
reflector M4. The total length of the cavity came to 3.61 m, corresponding to a pulse
repetition frequency of 41.5 MHz. A photograph of the cw Ti**:sapphire pumped
Tm3*":YLF laser was shown in Fig. 5-7. An undoped polycrystalline ZnSe substrate with a
length of 2 mm was further located at Brewster’s incidence near the focus between M3 and
M4 in order to provide enhanced nonlinear phase modulation. Based on standard ABCD
analysis of the cavity, the beam waists inside the Tm**:YLF gain medium and on the ZnSe
substrate were estimated to be 41 pm and 76 pm, respectively, during mode-locked
operation. Furthermore, because the dispersion contributions from the YLF and ZnSe
media are of opposite signs, an additional 6-mm-long YAG substrate was inserted in the
output coupler arm to provide negative group delay dispersion (GDD) and to aid in the
formation of solitary pulses. For the extended cavity configuration, the output power
decreased from 107 mW to 35 mW at the pump power of 880 mW [Figure 5-8]. The
corresponding slope efficiency was 5%. By using the threshold pump power data taken at
different output coupling levels, the round-trip cavity loss of the short x-cavity was
estimated to be 0.3%. Furthermore, the incident threshold pump power increased from 114
mW to 178 mW after the cavity extension, giving an estimated loss of 0.7% due to the
additional components (M2, M3, M4, YAG substrate, and ZnSe substrate). The total round-

trip loss of the composite cavity became approximately 1%.
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Ti3*:sapphire laser
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Figure 5-7: A Photograph of the cw Ti**:sapphire pumped Tm**:YLF laser. The Spectrometer and the autocorrelation
setups are also shown.
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Figure 5-8: Measured variation of the output power as a function of input power for the extended cavity Tm*":YLF laser
operating at 2.3 pm.
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5.3 Mode-Locked Operation Results
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Figure 5-9: Measured (a) optical spectrum and (b) interferometric autocorrelation trace of the generated pulses from the
KLM Tm*":YLF laser operating at 2.3 um (Adapted with permission from [45], The Optical Society).
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Once the focusing inside the Tm*":YLF and ZnSe media was carefully optimized,
KLM operation of the Tm*":YLF laser could be achieved at 2303 nm by translating the
output coupler. Figures 5-9(a) and (b) show the optical spectrum and interferometric
autocorrelation trace of the mode-locked output. The measured spectral width of the pulses
was 15.4 nm. Note that, it was possible to lock approximately half of the available tuning
range [134]. We foresee that a wider lasing bandwidth will be available for mode locking if
an output coupler with a lower transmission is used. Figure 5-9(b) shows the
experimentally measured interferometric autocorrelation trace of the mode-locked pulses.
The interferometric autocorrelation was experimentally measured by using two-photon
absorption inside a germanium detector with a rise time of 3.5 ns. By assuming a sech?

intensity profile, the duration (FWHM) of the pulses was measured to be 514 fs. The
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corresponding time-bandwidth product came to 0.44, indicating that the generated pulses

were slightly chirped.
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Figure 5-10: Measured (a) pulse train and (b) RF specturm of the generated pulses from the KLM Tm3*:YLF laser
operating near 2.3 pm (Adapted with permission from [45], The Optical Society).

Figure 5-10(a) further shows the pulse train of the mode-locked Tm**:YLF laser at
the nanosecond scale. The pulse train was measured by using a high-speed InGaAs
photodetector with responsivity up to 2.6 um. In the mode-locking experiments, we did not
observe any Q-switching or relaxation oscillations at longer time scales. This indicates that
pure cw mode-locked operation was obtained in the experiments. As can be seen from the
radio frequency (RF) spectrum displayed in Fig. 5-10(b), the fundamental tone at 41.5
MHz was more than 60 dB above the noise floor. The RF spectrum was recorded at a

resolution bandwidth of 1 kHz.
5.4 Soliton Area Theorem Analysis

Achieving KLM operation in the Tm**:YLF gain medium at 2.3 pm is challenging due to

several factors. First, because the Tm** ion concentration is kept at 1.5 at. % to prevent
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nonradiative quenching, this requires relatively long samples to obtain sufficient pump
absorption at 780 nm. In our case, a 9-mm-long sample was used to obtain 78% absorption.
This leads to an excessive negative GDD (—1377 fs? per round trip at 2.3 pum), which is
difficult to balance due to the relatively weak Kerr nonlinearity of the medium (n,
=1.72x1072* m¥W for YLF [179]). Extension of the cavity and inclusion of the ZnSe
substrate address this issue by providing higher intracavity pulse energies and enhanced
Kerr nonlinearity. To analyze the operating point of our mode-locked Tm**:YLF laser, we

used the soliton area theorem [171, 180], where the pulse duration (z,), intracavity energy

(W), Kerr nonlinearity coefficient (8), and round-trip GDD (D) are related through

4|0|
w=176——1_. (5.4.1)
e Tp

In our case, the Kerr nonlinearity arises from both the ZnSe and Tm*":YLF media. Hence,

we estimated the effective nonlinearity coefficient (5, ) by using

5 =2Z| 2L |2l . (5.4.2)
T2 4 A
eff ZnSe eff Tm:YLF

In Eq. (5.4.2), n,, L, and 4, are the respective nonlinear refractive index, length, and

effective beam cross-sectional area for each medium. In addition, A, is estimated from

A, =7l (5.4.3)

where w_  is the root-mean-squared spot size inside each medium. The nonlinearity of the
YAG substrate was neglected since it was placed in the output arm of the resonator where

the intracavity beam was not focused. Based on the ABCD analysis of the resonator, w,

was estimated to be 52 pm and 76 pm for the Tm*":YLF crystal and ZnSe substrate,

respectively. By using the known nonlinear refractive index of the YLF (n,=1.72 x 1072°
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m%W [179]) and ZnSe (7,=120 x 1072° m%»W [181]) media, the Kerr nonlinearity

coefficients were estimated to be dtmyrr=9.98x107% and 87z1s=7.79%1077. Note that the
nonlinearity contribution coming from the ZnSe substrate is more than 7.5 times larger than
that from the YLF crystal. By using Eq. (5.4.1) and the operating parameters of the mode-
locked laser (W =34.7 nJ, 7,=514 fs), the round-trip net GDD at the soliton operating point

was determined as —2225 fs?>. By using the known GDD values of the intracavity
components (236.5 fs¥mm for ZnSe [182], —76.5 fs>mm for YLF [183], =123 fs¥mm for
YAG [184], and —10.1 fs¥mm for air [185] at 2.3 pm), the total round-trip GDD of the
resonator came to —2135 fs?, in good agreement with the value estimated from the soliton

area theorem [Eq. (2.3.2)].

We report what is to our knowledge a new source of femtosecond pulses in the mid-
infrared, based on a Kerr-lens mode-locked (KLM) Tm*":YLF laser at 2303 nm. An
undoped ZnSe substrate was included in the resonator to provide enhanced nonlinear phase
modulation during KLM operation. The Tm*":YLF laser was end-pumped with a
continuous-wave Ti**:sapphire laser at 780 nm. With 880 mW of pump power, we
generated 514-fs pulses at a pulse repetition rate of 41.5 MHz with an average power of
14.4 mW. The spectral width (full width at half-maximum) was measured as 15.4 nm,
giving a time-bandwidth product of 0.44. We foresee that the wide availability of this gain
medium, as well as the straightforward pumping scheme near 800 nm, will make 2.3-pm,

mode-locked Tm**:YLF lasers versatile sources of ultrashort pulses in the mid-infrared.
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Chapter 6

6 GRAPHENE MODE-LOCKED Tm*":YLF LASERS
OPERATING NEAR 2.3 pm

Chapter 6 presents mode locking experiments in which we employed a monolayer
graphene as a saturable absorber to generate ultrashort pulses from a Tm*":YLF laser
operating near 2.3 pm for the first time to our knowledge. This study shows the mode-
locking performance of graphene saturable absorbers in 2.3 pm Tm*":YLF lasers. In the
first part of this chapter, experimental setup of the Tm*":YLF laser was introduced. This

will be followed by mode locking results and soliton area theorem analysis.

6.1 Experimental setup

L wm
HWPPBS TM3:YLF M2
Ti*:sapphire |_| i (\ [/ 9mm Double
laser = pump
|—| U mirror

ocC
M4

M6
M10V6raphene-SA

Figure 6-1: Schematic of the graphene mode-locked Tm**:YLF laser operating near 2.3 um. The Tm**: YLF laser was
double pumped to overcome unsaturable losses of the graphene saturable absorber.
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A schematic representation of graphene mode-locked Tm**:YLF laser operating near 2.3
pum is shown in Fig. 6-1. A home-built, tunable, and narrow line Ti*":sapphire laser was
used as pump source. A detailed description of the Ti**:sapphire laser was stated in Chapter
5. We first started with an x-cavity Tm**:YLF, as described in the second part of Chapter 5,
consisting of two curved mirrors (M1-M2, R=100mm), a high reflector (M3), and an output
coupler (OC). In the mode-locking experiments, we used 1% output coupler to remain near
the optimum output coupling of the resonator.

After x-cavity characterization experiments, we extended the high reflector arm
with two curved mirrors (M5, M7), having 2 m of radius of curvature (ROC). With the
addition of these curved mirrors, the cavity length was extended up to 8 m by using extra
high reflectors (M6, M8) as shown in Fig. 6-1. The total length of the high reflector arm
became nearly 8 m. The position of the extension mirror positions was optimized by
maximizing the output power of the Tm*":YLF laser. The optimum distance that provided
the maximum output power was near 186 cm for the additional curved mirrors (ROC=2m).
With the addition of these curved mirrors, the beam parameters inside the crystal remained
nearly the same. After the addition of the extension mirrors (M4-MS), to obtain an
additional waist on the graphene sample, two curved mirrors (R=75mm, M9 and M10)
were placed. The distance between M9 and M10 mirrors was 10.5 cm (f-2f arrangement).
The graphene sample was placed near the focus of M9 mirror at Brewster’s incidence to
reduce the reflection losses. The monolayer graphene sample was prepared on an infrasil
substrate by our collaborators in Korea (the research group of Fabian Rotermund). Based
on the ABCD matrix analysis, the beamwaists inside the Tm*":YLF gain medium and on
the graphene sample were estimated to be 44 um and 98 pum, respectively.

An additional double pumping mirror was added after the second curved mirror
(M2) to utilize the unused power. Single and double pumped power performance of the x-

cavity Tm*":YLF laser were investigated [Figures 6-2(a) and (b)]. In the case of single
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pumping, as high as 82 mW of output power could be obtained with 872 mW of pump
power. The pump threshold was measured to be 103 mW. With 872 mW of incident power,
the double pumped Tm**:YLF resonator produced 142 mW of output power. In the case

double pumping, measured threshold incident pump power was 83 mW.
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Figure 6-2: Measured output power variation of the cw Tm**:YLF laser for the cases of (a) single and (b) double
pumping.
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Power performance measurements were made to estimate the loss of the graphene
sample. Note that, graphene was transferred in the shape of a square on to the infrasil
substrate (see Fig. 1-7, note that outside the blue dots there is no graphene). In the double
pumping configuration, as high as 110 mW of output power could be obtained from the
extended cavity with infrasil only. Based on the Findlay-Clay analysis [175], the additional
loss of the extension was estimated to be 0.3%. We then measured the power performance
of the composite cavity (including all extensions and graphene sample) as shown in Fig. 6-
2 (blue markers). As can be seen from Fig. 6-2, the slope efficiency decreased from 14%
(8%) (extended cavity including infrasil) to 6% (3%), in the case of double (single)
pumping. Based on the threshold analysis [175], the insertion loss of graphene and
extension mirrors was estimated to be 4%. The estimated loss of the graphene on infrasil

(Korean sample) was less than expected (>4.6%).

6.2 Mode locking results

After cw characterization experiments, we first added two additional curved mirrors
(R=100 mm) to the x-cavity Tm*":YLF laser to obtain an additional waist to place the
graphene sample. After the addition of the graphene sample in between the curved mirrors,
mode-locked operation could be readily initiated by translating the output coupler.

Figure 6-3 shows the optical spectrum of the generated pulses with the short x-cavity
Tm3*":YLF laser. However, depending on the position of the graphene sample, Q-switching
instabilities were also observed in the pulse train measurements at longer time scales. To
increase the intracavity pulse energy with the available pump power, we then extended the

laser resonator as mentioned in the previous section.
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Figure 6-3: Measured optical spectrum of the graphene mode-locked short-cavity Tm**: YLF laser.

Once the graphene sample was placed inside the extended cavity, the double
pumped Tm*":YLF laser operating near 2.3 um could be mode locked by translating the
output coupler. Above 665 mW of input power in the case of double pumping, mode
locking could be initiated and sustained without any Q-switching instabilities. With 888
mW of pump power, 42 mW of mode locked output power was obtained. Figures 6-4(a)
and (b) show the measured optical spectrum and interferometric autocorrelation trace of the
graphene mode locked Tm™:YLF laser. The spectral width and pulse duration of the output
pulses were measured to be 6.5 nm and 1 ps, respectively, with a corresponding time-
bandwidth product of 0.389. This indicates that the pulses were nearly transform-limited
with a sech? pulse shape. The optical spectrum was recorded with a scanning mid-infrared
spectrometer (APE). The interferometric autocorrelation was measured by using two-

photon absorption inside a germanium detector with a rise time of 3.5 ns.
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Figure 6-4: Measured (a) optical spectrum and (b) interferometric autocorrelation trace of the generated pulses from the
graphene mode-locked Tm3*: YLF laser at 2305 nm.

Figures 6-5(a) and (b) show the radio frequency (RF) spectrum and pulse train of
the generated pulses from the graphene mode-locked Tm**:YLF laser. The RF spectrum
showed that, the fundamental tone of the resonator at the repetition frequency of 17.2 MHz
was at least 70 dB above the noise floor. The pulse train was measured with a fast InGaAs
detector. At longer timescales, no Q-switching instabilities were observed. Data shown in
Figs. 6-4(a), 6-4(b), 6-5(a) and 6-5(b) were recorded at the pump power of 888 mW. The
corresponding pulse energy and peak power were 2.44 nJ and 2.44 kW, respectively. We
further estimated the incident fluence on the graphene saturable absorber as 809 pJ/cm?,

indicating that the sample was fully saturated [148].
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Figure 6-5: Measured (a) radio frequency and (b) pulse train of the generated pulses.

To estimate the net dispersion inside the resonator, we used both material dispersion
data and the soliton area theorem [Eq. (2.3.2)]. As in the case of KLM Tm?*":YLF laser, we

estimated the effective nonlinearity (& ) [Eq. (5.4.2)] by using nonlinear refractive indices

eff )
of Tm*":YLF (n,=1.72x1072° m?%W [179]) and infrasil substrate (7,=2.74 x 1072 m?%W
[186]) to be &,,=1.02x107 W' Based on the soliton area theorem and using &,

roundtrip group delay dispersion (GDD) was estimated as -3522 fs2. We further estimated
the roundtrip GDD from the material dispersion values (-76.5 fs>/mm for YLF [183], -10.1
fs?/mm for air [185], and -218 fs?’’mm for infrasil at 2.3 um) to be —2085 fs?. This
discrepancy may be due to an additional dispersion contribution coming from the extension
mirrors.

In conclusion, we described a graphene mode-locked Tm**:YLF laser at 2303 nm
for the first time to our knowledge. The Tm*":YLF laser was end-pumped with a
continuous-wave Ti**:sapphire laser at 780 nm. With 888 mW of pump power, we
generated 1-ps pulses at a pulse repetition rate of 17.2 MHz. The resonator was double

pumped with an additional retroreflecting mirror (HR near 800 nm) and average output
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power of 42 mW could be obtained. The spectral width (full width at half-maximum) was
measured as 6.5 nm, giving a time-bandwidth product of 0.389 and indicating that the
measured pulses were nearly transform limited. Once mode locking was initiated with the
graphene sample, it could be sustained for hours. Compared to KLM operation, graphene
mode locking was more stable. We foresee that, since graphene has no bandwidth
limitation during mode-locked operation, it is possible to obtain shorter pulse durations in

the mid-infrared region with a careful dispersion optimization.
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Chapter 7

7 CONCLUSIONS

In this thesis study, graphene was employed as a saturable absorber to generate
femtosecond pulses from two different lasers operating in the near- and mid-infrared
regions. Kerr-lens mode locked (KLM) operation in the Tm?":YLF laser was further
demonstrated for the first time. Due to the gapless band structure of graphene, it in
principle imposes no bandwidth limitation during mode locking. This leads to ultrashort
pulse durations only limited by the amplification bandwidth of the gain medium and
dispersion management inside the resonator. In the experiments conducted with
Cr**:LiSAF laser in the near-infrared region, graphene was first used to initiate and sustain
mode-locked operation. Later, the shortest pulses ever generated from a graphene mode-
locked solid-state laser were demonstrated, showing that graphene has no bandwidth
limitation during mode locking. The KLM Tm?*":YLF laser was further demonstrated as a
new femtosecond laser source operating near 2.3 um. Later, for the first time to our
knowledge, we reported graphene mode-locked Tm**:YLF laser operating near 2.3 pm

with picosecond pulse durations.

In the first and second chapters of this thesis, a brief introduction, resonator design
methods, and pulse measurement techniques were described. In the third chapter, graphene
was introduced as a saturable absorber to generate femtosecond pulses from a diode-
pumped, low-cost, and compact Cr**:LiSAF laser. Chapter 3 described the experimental

results where we generated 68-fs pulses from the graphene mode locked Cr**:LiSAF laser.

79



Chapter 7: Conclusions 80

Continuous-wave operation of the Cr**:LiSAF laser was first investigated by using
different output couplers. After the inclusion of graphene, the power performance of the
Cr**:LiSAF laser was also diagnosed. Since graphene introduces nearly 2.3% of loss per
round trip, the output power of the laser decreased from 100 mW to 10 mW. Due to
saturable absorption characteristics of graphene, output power slightly increased during
mode locking to be 11.5 mW. Cavity length was 1.12 m and the corresponding repetition
rate was 132 MHz. The optical spectrum and interferometric autocorrelation yielded 12 nm
and 68 fs, respectively, and the corresponding time-bandwidth product was estimated to be
0.338, indicating that measured pulses were nearly transform limited. The corresponding
peak power and pulse energy were estimated to be 1.26 kW and 86 pJ, respectively. The
incident fluence on the graphene saturable absorber was further estimated to be 606 pJ/cm?,
We reported the first demonstration of a mode-locked femtosecond Cr*":LiSAF laser,
initiated with a monolayer graphene saturable absorber. In comparison with the single-
walled carbon-nanotube (SWCNT) (another widely used carbon based saturable absorber)
mode-locked Cr**:LiSAF lasers described in Ref. [187], the operation of the graphene
mode-locked Cr3":LiSAF laser described here was more stable, possibly due to the larger
modulation depth of the graphene sample. This study demonstrated a low-cost, stable,

portable femtosecond Cr**:LiSAF laser near 850 nm as a source for applications.

To demonstrate that graphene imposes no bandwidth limitation during mode
locking, we inserted the graphene sample in a dispersion optimized Cr**:LiSAF laser. To
fine tune the group delay dispersion inside the resonator, a pair of prisms were employed.
We have generated, what is to our knowledge, the shortest pulses, directly from a graphene
mode-locked solid-state laser. The graphene mode-locked Cr’**:LiSAF gain medium
employed in the experiments, was operated in a low-threshold resonator configuration and
generated stable, 19-fs pulses near 850 nm with only 275 mW of pump power. Based on

the actual recorded spectrum, we estimated the shortest transform limited pulse duration
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and time bandwidth product to be 17 fs and 0.41, respectively. The time-bandwidth product
of the generated pulses was 0.46, indicating that the measured pulses were slightly chirped.
We further investigated the tuning capability of the femtosecond Cr’*:LiSAF laser in
Chapter 4. The femtosecond output of the laser could be tuned from 836 nm to 897 nm. We
used a definitive experimental test to clearly identify the initiation mechanism for mode
locking and experimentally demonstrated that the femtosecond pulse train was initiated

solely by the saturable absorber action in graphene.

The second part of the thesis focused on pulse generation experiments from a Tm3*
doped YLF laser operating near 2.3 pum. In the initial experiments, we first used a
Cr?*:ZnSe saturable absorber to demonstrate passively-Q-switched operation of a
Tm*":YLF laser at 2.3 um for the first time. After the cw characterization, we placed a
Cr?*:ZnSe saturable absorber to obtain Q-switched operation from the Tm*":YLF laser
[132]. The Cr?*:ZnSe saturable absorber had an absorption of 70% at the center wavelength
of 1.8 um and a residual absorption (~3.6% single pass small-signal absorption) around 2.3
pum. Since 2.3 pm transition of the Tm*":YLF gain medium has lower gain than 2 um
oscillation, it is possible to modulate the intracavity losses even with the residual
absorption of the Cr’>":ZnSe saturable absorber. At all pump power levels above lasing
threshold, passively-Q-switched operation of the Tm3":YLF laser could be obtained at 2309
nm with pulse durations and repetition frequencies in the ranges of 1.2—1.4 pus and 0.3-2.1
kHz, respectively. We further determined the round-trip saturable loss of the Cr?*:ZnSe
saturable absorber as 3.1% from power dependent repetition rate data. In this study, we
introduced a new pulsed source operating near 2.3 pm for the first time. Passively-Q-
switched Tm*":YLF laser near 2.3 um could be used as a pump source for ZGP optical
parametric oscillators to reach longer wavelengths. Since ZGP optical parametric
oscillators have an intrinsic loss below 2.1 um, pulsed 2.3 um Tm*":YLF lasers have the

potential to become more favorable pump sources.
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Chapter 5 presented Kerr-lens mode locked operation of a Tm*":YLF laser
operating at 2.3 pm for the first time to our knowledge. We used a home-built, tunable, and
narrow-line Ti**:sapphire laser as a pump source. With 5-W of green power, the
Ti**:sapphire produced 1W of output power. We first started with the characterization of
the x-cavity cw-Tm*":YLF laser. With nearly 1-W of pump power, we could obtain 100
mW of cw output power at the center wavelength of 2.3 pum. To increase the intracavity
energy, we extended the cavity in a g-preserving arrangement, which does not affect the
beam parameters inside the resonator. It is challenging to obtain Kerr-lens mode-locking in
Tm*":YLF gain media due to following factors. To overcome the challenge of obtaining
KerrLM from tmylf gain medium which has a relatively weak kerr nonlinearity, we
included an undoped Znse substrate to provide additional nonlinearity for solitary pulse
generation. With 880 mW of pump power at 780 nm, we generated 514-fs pulses at a pulse
repetition rate of 41.5 MHz with an average power of 14.4 mW. Based on the measured
tuning bandwidth (FWHM=35 nm) of the Tm**":YLF gain medium in our experiments, it is
possible to generate sub-200-fs pulses. We believe that, because of the wide availability of
this gain medium as well as the straightforward direct pumping scheme near 800 nm, 2.3-
um mode-locked Tm*":YLF lasers have the potential to become versatile sources of

ultrashort pulses in the mid-IR region.

Finally, in Chapter 6, a monolayer graphene was employed to initiate and sustain
mode locked operation in a Tm*":YLF laser operating near 2.3 um. To the best of our
knowledge, this was the first demonstration of a mode-locked 2.3 pm Tm3*":YLF laser by
using graphene as a saturable absorber. Since the inclusion of graphene introduces ~2.3%
loss per transit, the Tm*":YLF gain medium was double pumped by a retroreflecting mirror
to utilize the unused pump power. We first started with mode-locking trials in a short x-
cavity Tm3":YLF laser, where mode-locked operation gave pulses with a spectral

bandwidth of 2 nm. Since the gain medium introduces an excessive amount of group delay

82



Chapter 7: Conclusions 83

dispersion (GDD), it was not possible to obtain wider spectrum with the available pump
power. To further shorten the pulses, we extended the cavity with a g-preserving
configuration up to 8.7 m, leading to an increase in the intracavity energy. At a repetition
rate of 17.2 MHz, 1-ps pulses were generated from the graphene mode-locked Tm**:YLF
laser at 2304 nm. The spectral width was measured to be 6.5 nm, resulting in a time-
bandwidth product of 0.389. This indicates that the generated pulses were nearly transform
limited. The average output power of the generated pulses was 42 mW, giving a pulse
energy and peak power of 2.44 nJ and 2.44 kW. A novel approach to lock the number of
modes oscillating under the available bandwidth with the graphene saturable absorber
would involve the inclusion of a material, providing positive group delay dispersion at 2.3
um. Another approach is the use of a high-power pump source to obtain femtosecond
pulses from the graphene mode-locked Tm*":YLF gain medium. We foresee that it is
possible to obtain shorter pulse widths from the 2.3 pm Tm*":YLF laser with a careful

dispersion management of the resonator.

The primary contributions of this thesis may be listed as follows. We demonstrated
graphene mode-locking of a Cr’":LiSAF laser operating near 850 nm. By using graphene as
a saturable absorber, we further generated the shortest pulse durations width from a solid-
state laser and performed femtosecond tuning experiments. This study demonstrated that,
graphene does not impose any bandwidth limitation during mode locking. We further
proposed and experimentally demonstrated a new method to clearly identify the initiation
mechanism of mode locking. We demonstrated, for the first time to our knowledge,
passively-Q-switched operation from a 2.3 pm Tm’":YLF laser by using a Cr?":ZnSe
crystal as a saturable absorber. Femtosecond pulses were later generated from a 2.3-um
Tm3":YLF laser for the first time based on Kerr-lens mode locking. Finally, we achieved

graphene mode-locked operation of a Tm*":YLF laser operating near 2.3 pum for the first
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time. The pulsed sources demonstrated in this thesis study have the potential to be used in

numerous biomedical sensing and spectroscopy aplications.
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