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ABSTRACT

In this thesis work, we describe the three main components of a chirped pulse amplifier
(CPA). It is a technique in which nano-joule pulse energies of femtosecond lasers are
amplified to micro-joule or milli-joule levels. In particular, the seed laser was
experimentally constructed and the numerical design of the stretcher and compressor was
completed. The seed laser is a continuous-wave, Kerr-lens mode-locked femtosecond
Cr’":ZnSe laser pumped by a 1800-nm thulium fiber laser. The astigmatically
compensated, asymmetric x-cavity contained a 2.4-mm-long Cr*":ZnSe sample with a
pump absorption coefficient of 11.6 cm™, and it was terminated with a 1% output coupler.
Dispersion compensation was achieved by using a MgF, prism pair. During Kerr-lens
mode-locked operation, the laser generated 95-fs pulses at a pulse repetition rate of 94.3
MHz and with 40 mW of output power. The center wavelength of the pulses was 2.42 pum.
The pulses had a spectral width of 69 nm and a time-bandwidth product of 0.335, which is
close to the transform limit for hyperbolic secant shaped pulses. In addition, by using the
soliton area theorem, the nonlinear refractive index was estimated as 1.4x10™"* cm?/W for
Cr*":ZnSe. The calculated value agrees well with what has been reported in the literature
and it is almost 100 times larger than the nonlinear refractive index of sapphire. In the case
of the stretcher and compressor design, based on our numerical calculations, the stretcher
allows us to stretch 100fs pulses to 100ps by using a diffraction grating pair with a groove

density of 300 grooves/mm and separation of 76 cm.
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OZET

Bu tezde, bir genisletilmis darbe yiikselticisinin elemanlar1 olan g¢ekirdek laseri ile
genisletici ve sikistirict kirinim agi tasarimi anlatilmistir. Cekirdek laseri siirekli Kerr kip
kilitleme yontemi ile ¢alisan bir Cr*":ZnSe laseridir. Pompa olarak 1800 nm’de calisan bir
tulyum fiber laseri kullanilmistir. Astigmatik olarak diizeltilmis x seklindeki rezonator
icerisindeki 2.4mm uzunlugundaki kristal, Brewster agisinda konumlandirilmistir.
Rezonator %1 gecirgenlige sahip bir ayna ile sonlandirilmistir. Kristalin pompa
dalgaboyundaki sogurma katsayis1 11.6 cm™ olarak belirlenmistir. Rezonatdr igersindeki
fazladan dispersiyonu yoketmek i¢in magnezyum floriirden (MgF,) yapilmis bir ¢ift prizma
kullanilmistir. Laserden 95 fs genisligine sahip, 94.3 MHz tekrar frekansinda darbeler
iiretilmistir ve cikis giicii de 40mW olarak olciilmiistiir. Uretilen darbelerin merkez
dalgaboyu 2.42 pum olarak belirlenmistir ve spektrum genisligi 69nm’ye ulasmistir. Eger
iiretilen darbelerin hiperbolik sekant dagilimi gdsterdigini varsayarsak, bant genislik
carpimi 0.335 olarak hesaplandi. Bu, ideal deger olan 0.315’e, yakin bir dl¢lidiir. Ayrica,
soliton alan teoremi kullanilarak kazang¢ ortaminin dogrusal olmayan kirilma indisi 1.4x10°
'* ¢m*/W olarak hesaplandi. Hesaplanan deger literatiir degerleri ile 6rtiismektedir. Uretilen
darbelerin yiiseltilmesi sirasinda, yiikseltici sisteme zarar vermemesi ic¢in genisletilmesi
gerekmektedir. Bu sebeple 100fs siireli darbeleri 100ps mertebelerine genisletebilen bir
genisletici tasarlanmistir. Bu tasarimda 76 cm aralikli kirmim agi ¢ifti kullanilmasi

Oongorilmiistiir.
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Chapter 1: Introduction 1

Chapter 1: Introduction

1.1 Historical Review of Mid-IR Lasers

The mid-infrared region of the electromagnetic spectrum covers the wavelength domain
roughly from 2 to 5 microns. As a matter of fact, it may depend on the application of
interest. In some fields, sometimes people regard larger or narrower regions as mid-
infrared. In the literature, semiconductor diode lasers, solid-state lasers and gas lasers were
developed in this region. In the case of solid-state lasers, the first mid-infrared laser was
developed in 1960. It was a pulsed uranium doped calcium fluoride laser (U’":CaF,)
operating at 2.6 um [1]. Two years later, the first continuous-wave operation was obtained
with a Dy”":CaF, laser [2]. Both lasers were pumped with a xenon flash lamp source, and
they were cryogenically cooled below the room temperature (Typically below 50-70K).

The early mid-infrared lasers had narrow emission bandwidths because incorporated
active ions belonged to the rare earth family of the periodic table, such as the ones
mentioned above (uranium and dysprosium). After 1963, a new class of mid-IR laser
materials emerged, following the invention of transition metal doped fluorides. The first
flashlamp pumped tunable mid-IR lasers were, Ni* :MgF,, Co>":MgF, and Co®":ZnF, [3,
4]. These mid-infrared lasers had two major difficulties. First, the gain crystals had low

emission cross-sections which required cryogenic cooling. Second, the flashlamp pumping
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allowed non-radiative transitions and caused overheating of the gain crystal. In 1978,
Moulton and co-workers realized that laser pumping would highly reduce the overheating
of the gain medium [5]. As a result, they reported the first laser pumped cw operating
Ni*":MgF, laser by pumping it with a Nd:YAG laser. The laser was able to operate at 200
K which was a significant improvement in the CW operation of tunable lasers in 1978.

In 1980s and 1990s, the most popular mid-infrared tunable laser was cryogenically
cooled Co*":MgF,, which is tunable from 1.5 to 2.3 um. DeLoach and co-workers realized
that tetrahedral ZnSe crystal structure provides higher transition probabilities than the
octahedral fluorides due to the forbidden 3d-3d transition. They did several spectroscopic
experiments on ZnS, ZnSe and ZnTe hosts and doped them with Cr, Co, Ni and Fe
transition metal ions. Based on their results, Cr doped zinc chalcogenides showed the best
spectroscopic results at room temperature operation [6, 7]. In subsequent years cadmium
chalcogenides [8, 9], cadmium telluride [10], and several other combinations were tried as
well. Nevertheless, in the case of room temperature operation, Cr:ZnSe remained as the
most favorable mid-IR laser material [6]. (For more detailed discussion on spectroscopic
properties see Section 1.2.2)

1.2 Review of Earlier Work on Cr:ZnSe Laser

In this section, some of the important milestones in the development of Cr:ZnSe lasers
will be summarized. In first section, earlier mode-locked Cr:ZnSe lasers will be described
and key results will be underlined. In the second section, spectroscopic properties of the
Cr:ZnSe crystal will be introduced. Synthesis methods, energy level diagram, and some
structural properties will be discussed.

As we mentioned above the first Cr:ZnSe laser was demonstrated in 1996 by De Loach
et al. The laser operated in the gain switched regime, and was pumped with a 10 Hz
Co:MgF; laser. They further tuned the output of the laser from 2.15 to 2.8 um [6, 7]. Three

years later, Wagner et al reported the first continuous-wave operation [11]. The laser was
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pumped with a Tm:YALO laser operating at 1.94 um, and it delivered as high as 250 mW
of output power with a 7% output coupler. Also they tuned it with a Brewster cut prism
from 2.14 to 2.76 um. In the following years, pulsed [12] and cw tuning [13] were
demonstrated as well. Demirbas et al reported the broadest tuning in 2006 from 1.88 to 3.1
um when the Cr:ZnSe laser was intracavity pumped with an optical parametric oscillator
(OPO) [12]. The tunability range of some known lasers is summarized in Fig. 1.2.1. As it

can be seen, the broadest wavelength range was obtained with the Cr:ZnSe laser.

- Ti:Sapphire
o
- Cr:Forsterite
Il Viver,
Il e
W crusar
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Wavelength (um)
Figure 1.2.1: Spectral tunability range of some important tunable solid-state lasers.

1.2.1 Mode-locked Operation of Cr:ZnSe Laser
Four years after the first demonstration of lasing in Cr:ZnSe [11], the first mode-locked
operation was reported in 2000 by Carrig et al [14]. They used an acousto-optic modulator
to initiate 4.4-ps pulses with an intracavity power of 2.73-W. In the following year,
Sorokina et al reported shorter pulse duration of 4-ps with the same mode locking
technique [15]. However, they claimed that the theory of active mode locking does not
predict pulses as short as 4-ps. In this case, they proposed that additional pulse shortening

occurred as a result of passive mode locking mechanisms. In 2005, the first passively mode
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locked Cr:ZnSe laser was demonstrated by using a SESAM (Semiconductor saturable
absorber mirror). It delivered 11-ps pulses with output power of 400 mW [16].

On the other hand, theoretical simulations showed that even shorter pulses can be
generated with an intensity dependent element and precise dispersion compensation [17].
The first dispersion compensated, SESAM (Semiconductor saturable absorber mirror)
mode-locked Cr:ZnSe laser produced pulses below 100-fs [18]. For dispersion
compensation, a 5-mm-long sapphire plate was added to the high reflector arm. After a
year, the same group had demonstrated even shorter pulses of 80-fs duration using by
chirped mirror dispersion compensation. In Section 2.4, a detailed outline of passive mode
locking theory will be presented.

1.2.2 Spectroscopic Properties of Cr:ZnSe

In this thesis work, a divalent chromium doped zinc selenide crystal (Cr*":ZnSe) was
used in order to provide the 4-level gain medium. The crystal has the highest emission
cross-section compared to the counterparts (90x10cm?) [6], and the thermal conductivity
of the ZnSe (18W/m.°C) is almost as good as in sapphire (27W/m.°C) [13]. Another
favorable spectroscopic property is that, Cr:ZnSe has low excited-state absorption (ESA)
cross-section [19]. Hence, very efficient laser operation can be obtained. One drawback is
that the thermal lensing of the medium is high since dn/dT for ZnSe is 70x10/K.

Another key benefit of the Cr:ZnSe is that it can be prepared by a cost efficient method
called diffusion doping [20, 21]. In this method, the dopant ions (CrSe or Cr powder) and
the substrate (ZnSe) are put into an ampoule (See Fig. 1.2.1), and sealed under vacuum.
The prepared ampoule is placed inside a furnace at very high temperatures, so that the
dopant ions diffuse into the substrate. Since lasers are very sensitive to losses coming from
the laser materials, the purity of the final product is very crucial. Therefore, very pure,
commercially available ZnSe substrates were selected. Also, in order to lower the

unwanted metal oxide contamination even further, the substrate and the dopant were
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intentionally put into separate compartments because this allows the diffusion of Cr ions

into the ZnSe occur during gas phase.

Figure 1.2.2: The image of a diffusion doped and pure ZnSe substrate.

For a typical synthesis, it was put into the furnace above 1000 °C for 1 or 2 days depending
on the desired amount of Cr concentration inside the ZnSe. The reader may find more
comprehensive discussion of the experimental procedure and spectroscopic analysis that
had been made by our group in Ref: [22].

After the diffusion process, Cr*" ions with radius of 0.91A replace the Zn>" ions of the
host with radius of 0.88A. Since ZnSe crystallize in wurtzite and sphalerite type of
structures [23], chromium atoms will be tetrahedrally coordinated by the selenium ions.
While fluoride hosts, which are octahedral structures, provide centrosymmetric
environment to the dopant ions, ZnSe provides non-centrosymmetric environment to the Cr
ions. It gives smaller crystal field splitting [24], and allows infrared emission from the
material. The energy levels are predicted by the crystal field theory (See Fig. 1.2.3).

Free ion energy of °D splits into excited state of °E and ground state of *T, due to the
effect of the crystal field. They further split by the Jahn-Teller effect because an unstable
non-linear molecular system will distort itself until reaching the lowest symmetry and the

lowest energy to be able to remove degeneracy from the system [25].
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Figure 1.2.3: The energy level diagram of Cr:ZnSe crystal, they were predicted by the crystal
field theory [26].

The absorption spectrum of pure and doped Cr:ZnSe crystal is seen in Fig. 1.2.4. There
are two significant contributions originating from the existence of Cr ions. One is the
absorption band centered around 1.8 um due to “T,=>E transition. Other contribution is the
shift of short wavelength absorption edge to longer wavelengths due to existence of Cr''
ions inside the crystal. The short wavelength shift provides an indirect measure of the Cr

. 1+ . . . . . .
concentration because Cr ' concentration increases with the addition of more ions into the

5
4 Pure ZnSe

crystal.

«===Cr Doped ZnSe

=)
LA
Y3
c
©
K-}
=
o
8 2
= A=1.76pm

1

"
0
300 700 1100 1500 1900 2300 2700 3100

Wavelength (nm)

Figure 1.2.4:Absorption spectrum of the pure and Cr doped ZnSe crystal.
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The typical emission spectrum of a Cr:ZnSe sample can be seen in Fig. 1.2.5 [27]. The
sample was excited with a Cr:YAG laser source operating at 1.49 pm. The emission
spectrum was measured with a Czerny-Tuner type monochromator, and it was recorded
with a PbS detector. The emission spectrum has a peak around 2 pm with 600nm of width.
12
10
08 1
06 1

0.4 1

Normalized Intensity (au)

0.2 1

0.0
1700 1900 2100 2300 2500 2700 2900

Wavelength (nm)
Figure 1.2.5: Typical emission spectrum of the Cr:ZnSe crystal.
In addition, for the fluorescence lifetime measurement, the sample was pumped with a
1kHz pulsed OPO laser operating at 1.57 um. From the Figure, the lifetime of the ions was

determined as 4.5 ps, by doing a single exponential fit to the experimental data shown in

Fig. 1.2.6 [27].

1.2

0.8

0.6

Normalized Intensity (au)

0.4

0.2

0 5 10 15 20 25
Time (ps)

Figure 1.2.6: Time dependent fluorescence decay of Cr:ZnSe.
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1.3 Applications of Ultrashort Pulses in the Mid-Infrared

One of the recent applications for the development of femtosecond mid-infrared lasers
is high harmonic generation (HHG). In this method, intense pulses are used to obtain
coherent radiation in the deep UV or soft x-ray region. Based on the numerical calculations
done by Gordon and Kaertner [28], when the wavelength of intense driving field increases
beyond 1.5 um, the spectral cutoff energy of generated harmonics increases as well (See
Fig. 1.3.1). Another important requirement to generate high harmonics is that the pulse
energy of the femtosecond laser should be on the order of micro- or mili-joules. However,
typical femtosecond lasers only produce nano-joules of pulse energies which is not
sufficient. As a result, pulse energies need to be amplified with a technique called chirped

pulse amplification (CPA).

107
= AN =T - 3um
wel O\ ~So T T T el -]
N ~
10 AN
= ~
S . S \1.5um
107} N
N Y
N Y
1072 0.8um s
A Y
Y
Y
107 >
0 5

2 3
Spectral cutoff (KeV)

Figure 1.3.1: Spectral cutoff energy and efficiency variation with respect to center wavelength
of the driving field.

The chirped pulse amplifier includes three components. The first one is the stretcher, which
stretches femtosecond pulses to picoseconds. The second one is the amplifier, where
stretched pulses are amplified inside a gain switched laser. Finally, amplified pulses are

compressed with a compressor to initial pulse durations. One group in 1999 employed a
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CPA with a Cr:Forsterite laser and they successfully amplified 43 kW peak power up to
approximately 1.5 GWs [29].

There are numerous other applications that can use femtosecond mid-infrared lasers,
such as metrology [30, 31], spectroscopy [32, 33], and nonlinear optical conversion [34,

35].
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Chapter 2: Theoretical Background

2.1 Gaussian Beams

At long distances away from a point source, electromagnetic waves have nearly planar
wavefronts. On the other hand, when dealing with laser beams which are confined in the
plane that is perpendicular to the direction of propagation, such assumption is no longer
valid. In this case, solutions of Maxwell’s equations show that the fields with Gaussian
transverse distribution can satisfy boundary conditions on spherical surfaces and have
transverse confinement. They are referred to as Gaussian beams.

When the wavelength of the beam is much smaller than the initial spotsize, Gaussian
beams are nearly transverse electromagnetic (TEM) waves. This means that the electric and

magnetic field vectors are perpendicular to the direction of propagation as it can be seen
from Fig. 2.1.1. In the figure, S represents the pointing vector, which is the energy flux of

the electromagnetic field. For linear mediums it is parallel with the direction of

propagation.
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1)

~ S

B

Figure 2.1.1: Orientation of the electric and magnetic fields for a TEM wave.

In the paraxial regime, the amplitude distribution of the electric field in the transverse

plane is

o = exp {—j {P(z) + QZ;H . 2.1.1

Above, P(z) describes the axial phase factors and g(z) is known as the Gaussian g-
parameter. The g-parameter provides information about the radius of curvature R(z) and

spotsize w(z) and it is given in terms of R(z) and w(z) by

11X )15
9(z) " R(z) T mne(z) o

The function R(z) gives the radius of the equiphase surface of the beam as a function of

position and can be calculated from

R(z) = 2 [1+ (%02)} 2.13

The spotsize function w(z) is given by
2\ 2
1+ (—) ] , 2.14
20

which characterizes the transverse confinement of the Gaussian beam. In other words, it

w(z)® = w

gives the radial position where the field decreases to 1/e of its maximum value.
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In the above equations, z is the distance between the location of the beam waist and the
position where the spotsize becomes /2 . This is also referred to as the Rayleigh range

and is given in terms of wavelength (1) and beamwaist (wy) as

-

A

in vacuum. Fig. 2.1.2 shows the spotsize variation of a Gaussian beam and the Rayleigh

zZ0 = 2.1.5

range.

L,y

2&)0 2\/5&)()

—— |
k

v

v

Figure 2.1.2: Sketch of a Gaussian beam, showing the Rayleigh range and the beam waist.

The above discussion is valid for a diffraction limited Gaussian beam. However, in
reality, most of the laser beams deviate from the ideal case. For a non-ideal Gaussian beam,
a parameter known as the M-square (M?) factor is used to show the deviation of a Gaussian
beam from ideal diffraction limited propagation. For a non-ideal Gaussian beam, the

Rayleigh range becomes

Twa

- M2

Therefore, as can be seen from Eq. 2.1.6 when M” equals 1, the beam is diffraction

2.1.6

20

limited. When M*>1, Rayleigh range is smaller than the ideal case, meaning that the beam

expands with a larger divergence angle.
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2.2 ABCD Analysis of the Resonator
2.2.1 Ray Optics
The behavior of light can be predicted after passing through a thin lens, or a material
interface by using well-established relations. However, in the case of an optical system,
which includes many optical elements (See Fig. 2.2.1), a systematic method called ray
transfer matrix is used to simplify the calculations. In this method, light is assumed to be a

paraxial ray (i.e. sin6~0) and a 2x1 matrix describes it as

= r
7= 1]
where 7 is the ray height and @ is the angle of inclination.

Optical System
p AV

h Ja
s

Input Output
Plane (z) Plane (z,)

e
I
S5,

Figure 2.2.1: An example optical system for ABCD analysis.

In order to be clear on how to adapt ray tracing method to an optical system, consider
the one that is illustrated in Fig. 2.2.1. In this optical system, two lenses and three free-
space displacements exist. The free space regions with separations of d;, d,> and d; are
indicated with dark color shade, where light color shaded ones indicate the thin lenses with
focal lengths of f; and f>. As a result, the equivalent ray transfer matrix of this optical

system is
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Tt = TagTe2Ta2Te1 Tar- 222
It is the matrix multiplication of corresponding transfer matrices beginning from the output
plane, z; and continues until reaching the input plane, z;.. Each optical component has a
unique transfer matrix. For common optical elements such as thin lens, material interface
and a curved mirror, the ray transfer matrices are well known and listed in Table 2.2.1. For

the specific example illustrated in the Figure 2.2.1, the thin lens and the free space matrices

are multiplied in Eq. 2.2.2.

Component Ray transfer matrix
1 d
Free space T = 0 11
1 0
Thin lens T'=| 1 1]
L f
10
Concave mirror 1 = 9 1
-7 1
Material T — 1 0
Interface 0

Table 2.2.1: Summary of some common ray transfer matrices.

The height and the angle of inclination at output plane with respect to input plane is

’I“f . T
[Qf} =T [‘91] . 2.2.3

It is linked with the equivalent ray transfer matrix (T¢) of the optical system in Fig. 2.2.1

Cf1ods) 1 0]t ][l Ol d
S | R i | A i

which is



Chapter 2: Theoretical Background 15

2.2.2 Gaussian Beams
ABCD law can be used to predict the behavior of Gaussian beams as well. For Gaussian

beams, the complex beam parameters at the input and output plane are related by

1 C+D(1/q;
A
Above, g; and gy are complex beam parameters of input and output plane, respectively.
Here the ABCD parameters belong to the equivalent transfer matrix of the optical system.
As an example, the beamwaist of a frequently used laser resonator will be determined.
During our experiments, an x-fold resonator design was used as seen in Fig. 2.2.2. Since

the laser beam travels back and forth in the resonator, it enables us to use the same plane,

say M4, as the input and the output plane of the optical system.

M2

d3
Msi dy N o

Figure 2.2.2: Typical x-fold resonator design used during our experiments.

ABCD equivalent of the resonator is seen in Fig. 2.2.3. Here, curved mirrors are regarded

as thin lenses.

M1 M2 M3 M4

——d——P¢d, P d, P d, Pe——d; —>

T

q,=1Z4

Figure 2.2.3: ABCD equivalent of an x-cavity resonator shown in Fig. 2.2.2.
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By following the direction of the arrow in Fig. 2.2.3, the equivalent ray transfer matrix

of this resonator can be calculated from
T_'1 dq 1 0l [1 do| 1 071 ds][1 O][1 dy
o _0 1| -1/f 1{|0 1||0 1/n| |0 1||0 n||0 1
! o] [1 ds] [1 ds 1 0] [1 dyl 1 O] [1 ds )26
_—l/f 1o 1{|0 1}{|-1/f 1/{0 1]1]0 n/|0 1 -

o oo 5] [ Vb )= 5]

Here n is the refractive index of the gain medium and f'is the focal length of the curved

mirrors (f=R/2). Since the same input and output plane on the mirror M4 is used, Eq. 2.2.5

will become a quadratic equation in the form of

—_— = . 227
a1 A+B(1/q)

To be able to comment on the solution of the above equation, one thing should be kept
in mind. The M4 mirror creates a flat boundary condition, so the real part of q parameter
(q1) is zero and it becomes a purely imaginary number. Since the imaginary part of the q
parameter is defined as the Rayleigh range (See Eq. 2.1.2), we end up with the result
1B]

§
1- (44)

Im(q) = 21 = 22.8

Now the Rayleigh range (z;) as well as the complex parameter (q;) of the spot on M4
mirror are known. Hence, the input q parameter at the edge of the crystal (qs3) can be

calculated (See Fig. 2.2.4-a). Required transfer matrix is

, 1 d 1 0|1 d A B
T :{0 14} [—1/f 1] [0 15}:{0' D’]' 2.29
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M3 M4

oo — &
+ + +

95=1/R+iz, 9,71z, 95=1/R3+iz,
(a) (b)

Figure 2.2.4: (a) Part of the equivalent resonator which enables the determination of q;. (b) Part
of the equivalent resonator which enables the determination of q, and beamwaist location inside the
crystal.

When the beam propagates inside the crystal (See Fig. 2.2.4-b), the distance of the
beamwaist (d), and the corresponding values of the Rayleigh range (z,) and the beamwaist

(gp) are derived as

n(B'D' + A'C'22)

d=— DEG o 2.2.10
nzy
Z2 = m» 2.2.11
and
29\
woe = 1/ 22, 2.2.12
nm
respectively.

Finally, when the beamwaist was calculated based on input parameters listed in Table

2.2.2, it was 32.8 um at the center of the stability region.

d; (cm) d; (cm) d3 (cm) d4 (cm) ds (cm) f (cm) n

65.5 5.62 2.6 5.62 83 5 2.44

Table 2.2.2: Experimental parameters that were used in our experiments.
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Moreover, calculated variation of the beamwaist and the distance can be seen in Fig.
2.2.5 and 2.2.6, respectively. Throughout the calculations, spotsize and the distance are
assumed to be zero when the cavity is not stable i.e. when we cannot find a self-consistent

solution of Eq. 2.2.7.

40
35
30
25

20

Spotsize (um)

15

10

0.041 0.043 0.045 0.047 0.049 0.051

d, (meters)

Figure 2.2.5: Calculated variation of the beamwaist inside the gain crystal as a function of the
distance between the edge of the crystal and the first mirror.
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Figure 2.2.6: Variation of the beam waist position inside the crystal with respect to the distance
between the edge of the crystal and the first mirror.
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2.3 Laser Fundamentals

In this section, some of the important laser concepts will be summarized. In the first
section, four level gain mechanism and the emission types are described. In the second
section, optical gain from the laser materials is modeled and threshold power, gain, and loss
are calculated from the rate equations. In the last section, power efficiency curves and loss
analysis are described.

2.3.1 Gain Mechanism

The gain medium in which optical amplification takes place, is the most crucial element
of a laser. In the case of solid-state laser materials, they contain optically active ions which
are incorporated in transparent host materials. These active ions (usually rare earth (RE) or
transition metal (TM) ions) are responsible for the emission characteristics of the solid-
state laser materials. In our experiments, transition metal chromium ions were incorporated
into the zinc selenide (ZnSe) polycrystalline host. It has a maximum absorption band
centered around 1.8 um and a broad emission between 1.9-3.0 um.

Currently available lasers can be classified into many groups depending on their gain
mechanisms. However, in this thesis work, only four-level gain systems will be
emphasized. In four level systems, the lowest energy level is regarded as the ground state
and the highest one as the excited state. In addition to those levels, two more energy levels

are formed near the excited state and the ground level as seen in Fig. 2.3.1.

3 —2- . w——

1 1
0) il s

Figure 2.3.1: Energy level diagram of a 4-level laser system.
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When an absorbed photon excites the active ion, the ion is promoted from the ground to
excited state. Right after the excitation, excited ion rapidly decays to nearby energy level
(|2>) without emitting a photon. Depending on the spontaneous emission lifetime of the
atom, it stays at level 2 for a while and then relaxes to level 1 by emitting a photon with
photon energy equal to the difference between the energies of the two levels. This type of
emission is known as spontaneous emission and occurs in random directions. Another type
of emission occurs when the decay is stimulated by other photons. This results in the
generation of coherent, directional photons and the process is known as stimulated
emission.

The four level gain system is an efficient system because the population inversion
condition is always met under the presence of a pump source. This means that the ion
density of the upper laser level is always greater than that at the lower laser level which is
nearly empty due to its fast relaxation time to ground state. Positive population inversion is
essential for a laser to operate and it will be covered in the following sections. Population
inversion does not necessarily give net amplification. Net gain is achieved when the gain
exceeds the losses.

2.3.2 Modeling of Optical Gain

Time rate of change of upper state population density (V,) equals

dN2 O'QIP N2 UeIL
— = Ny — — — Ns. 3.
dt hvp ! To hvr, 2 2.3

Here o, and o, are the absorption and emission cross sections, respectively, /p is the pump
intensity, /; is the laser intensity, v, and v, are the frequency of pump and laser photons.

Finally, N, is the population density of level 1 in Fig. 2.3.1.
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I(2) I(z+dz)

_’! I,‘_
dz

Figure 2.3.2: Hypothetical gain medium with thickness of dz and area of A.
Furthermore, fractional single pass power gain can be obtained by assuming a thin medium

of length dz, and cross-sectional area A (See Fig. 2.3.3). The number of photons that

contributes to laser emission will be

(Ip(z +dz) —I(2))A olr,
hl/L (N2) < hUL

) (Adz). 2.3.2
Since intensity is power per unit area, the fractional change in beam power is

. APL . (IL(Z+dZ) —IL(Z))A
I="p, = I.A

where the Lc is the length of the gain medium and Py, is the laser power.

= NyoLc 233

It can be shown that g and P; satisfies the coupled differential equations of

dg g0 1 Py,
dt T - 7_290 - Esatg 234
and
dPL 2g 1
— = 2Py, — —P;.
a2 Tr L p L 2.3.5

Here the roundtrip time (7%), cavity photon lifetime (z¢) and the saturation energy (Ey,) are

given by
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2L

C
o = 2L/ 23.7
2, Lo + %ln R11R2 ’ e
and
h
Bout = 2L 4, 238
0-6
respectively.

At laser threshold, the small-signal gain (gy) is equal to losses. As a result, the threshold

gain at steady state becomes

T
gih = — 23.9
270

When the above definitions of 7 and 7¢ are substituted into Eq. 2.3.9, threshold gain will

be equal to

1 1
= L —1 .
gth = Q[ C+2nR1R2

Threshold gain is proportional to the population inversion AN=N; and as the pump power

2.3.10

Pp increases, the small-signal gain will increase. The corresponding threshold power to

attain laser can be obtained for a Gaussian pump and laser beams from [36]

P Whyp(w%+wl%)(T—|—L) 5311
th AN To0, ' o

In the above equation, w; and wp are laser and pump beam waists, respectively, 7, is the
fractional absorbed pump power by the gain medium, 7 is the total transmission of mirrors,
T, is the spontaneous lifetime, and L is total passive loss. It can be easily seen that the
threshold pump power depends on numerous parameters, some of them can be adjusted and

some of them are fixed for a certain laser system. The minimum spotsizes of laser and
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pump beams, minimum amount of passive loss and high pump absorption enables low-
threshold operation.
2.3.3 Continuous-wave (CW) Operation

The gain crystal, Cr:ZnSe, operates in continuous-wave at room temperature.
Continuous-wave operation means that the output power of a laser is constant as a function
of time.

The passive loss of the resonator can be easily estimated from the power efficiency
data. In Fig. 2.3.3, a typical power efficiency curve is seen. The threshold power and slope

efficiency can be determined from this curve.

Output Power (W)

Input Power (W)

Figure 2.3.3: Typical power efficiency curve, # is the slope efficiency.
After determining the slope efficiency (7) from experimental data, the equation

_Ap T
A T+L

can be used to estimate passive losses of the resonator. Here Ap and A, are wavelength of

n 2.3.12

the pump and the laser beam, respectively. T is the transmission of the output coupler, 7, is
the fraction of absorbed pump power in the gain medium and L is the passive loss of the

resonator.
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If two sets of efficiency curves are taken with different output coupler transmission

values, the loss can be determined from

nri _ 15 +L£
nre  Th+L1Ts

2.3.13

where 7; and T, are the transmission values of the output couplers, L is the passive loss of
the resonator, and #7; and %7, are the slope efficiencies of the efficiency curves taken with
T;and T3, respectively.

2.4 Mode Locking Theory

Femtosecond or picosecond pulses can be generated from a solid-state laser by a
method called mode locking. It requires constant phase relation between the longitudinal
modes oscillating inside the cavity. In Figure 2.4.1, the relative amplitudes and the phase

relations are shown for both types of operations.

Ap = f(t) Agp = constant
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o WAAAWWWAAWVAAVVWWWVY -+,

AR

£
K
103eUOS3J Ul Supe(|19S0
sapow [euipnyiguo]

€ €
< o

Relative Amplitude
€
%

Relative Amplitude
€
i

\
AU RTURRTR T (TR TR (BT RRRTRTYS (RRTY
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Figure 2.4.1: Time evolution of (a) free running laser and (b) mode-locked laser.

Left hand side plot illustrates a typical free-running laser in which resonant modes are
constantly interfering with each other. Hence, they cannot be localized at a particular time

interval. In contrast, right hand side plot shows the time dependent behavior of a mode-
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locked laser in which modes are oscillating with constant phase relation. Notice that, in the
case of mode-locked operation, all the resonant modes have the maximum at the same time.
Consequently, they add up constructively and form a wave packet localized at a particular
time instant. Resulting wave packets are equally spaced by a temporal separation of 2Lg/c,

and corresponding repetition rate is

C
frep - E 2.4.1

When the number of longitudinal modes (/) oscillating inside the resonator increases,
the width of the resulting pulse will be narrower. Since longitudinal modes are limited with
the gain bandwidth of the material, broad gain bandwidth is more favorable in the case of
ultrashort pulse generation.

Assume that the center frequency of the gain bandwidth is wo, and there are +m
additional modes oscillating above and below the center frequency as illustrated in Fig.

24.2.

Intensity

Wy

Frequency

Figure 2.4.2: Representative figure on oscillating resonant modes, where N=7 and m=3.

As a result, the total number of longitudinal modes will be N=2m+1. The electric field of

arbitrary oscillations can be calculated from

“ 2
E(t) = Z E, EXpi |:<w0 + nT_7;> t+ SOn:| 2.4.2
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where E, and ¢, are electric field amplitude and phase of the nth mode. Now assume that
electric field amplitudes (Ey) of the modes are equal to each other and their phase (¢¢) is

equal to zero. Hence, Eq. 2.4.2 becomes

" . 2T
E(t) = Eo Z exp {z (wo + nT—R) t} : 243

n=—m

where Tz is the roundtrip time and equals 2Lg/c. When the summation is done, resulting

electric field has the form

1 —expiN(2n/TR)t
1 —expi(2m/Tgr)t

E(t) = Ep [ ] exp iwot. 2.4.4

When the electric field is converted to intensity, it is proportional to the following relation

for a mode-locked laser:

B o 2sir12(]\77rt/TR)
I(t) = E(t)E*(t) = E2 St Th) 245

Remember that the electric field amplitudes of the modes were assumed to be constant.

However, in reality, the amplitudes vary as a function of frequency. In the case of passively
mode-locked lasers, generated pulse profile follows the hyperbolic secant distribution in

the time domain in the form

I(t) = Ipsech®(t/T). 2.4.6

The reason why it is hyperbolic secant will be the subject of the next section. For a

transform limited sech® type pulse, the time bandwidth product is further given by

7,Av = 0.315. 247

Even though there are lots of different methods available to force a constant phase
relation between longitudinal modes, they can be classified into two main categories

namely active and passive mode locking. In the case of active mode locking, there is a fast
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acousto-optical switch that is used to initiate ultrashort pulses. However, for passive mode
locking, an intensity dependent nonlinearity enables the selection of the high-intensity
spikes instead of low-intensity signals of the circulating beam. As a result, intense
fluctuations see lower loss and higher gain. One more requirement is that, modulation
duration of the active or passive element should be near the duration of the fluctuation
itself. When the generated pulse durations are compared for both methods, the passively
mode-locked lasers are able to produce the shortest possible pulses. This thesis work
mainly focuses on Kerr lens mode locking which is an example of passive mode locking.
2.4.1 Kerr Lens Mode Locking (KLM)

In this technique, a nonlinear material property called Kerr effect is used to produce
ultrashort pulses. At this point, the Kerr effect should be mentioned shortly, which is the
intensity-dependent response of the material to light. At high intensities, the refractive

index of the material becomes a function of intensity as

Here ny is the contribution to refractive index at low intensities and n, is known as the
nonlinear index coefficient. Since the laser beam is assumed to have a Gaussian beam
profile, which means that the center of the beam is more intense compared to the edges

(See Fig. 2.4.3), it will be focused due to the Kerr effect.
Yy

: “

T ‘ —I(W/m?)
|

Figure 2.4.3: Transverse intensity distribution of a laser beam.
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Notice that it scales with the value of the nonlinear refractive index (#2), so that high n,
requires less intense light for self-focusing of the beam. In this respect, Fig. 2.4.4 explains
how Kerr effect is used to initiate ultrashort pulses. The figure shows the gain medium, the
pump beam and the laser beam profiles. When the positions of the curved mirrors are
carefully adjusted, high intensity region of the beam undergoes focusing (in Figure it is
represented with the dashed line) and overlaps better with the pump. In order to obtain
KLM, pump beam must occupy a smaller volume than the laser beam. Therefore, intense
beam experiences higher optical gain and this favors the oscillation of the laser in the

mode-locked regime.

Kerr Medium

e |aser
\

Figure 2.4.4: Schematic of a basic resonator to describe how Kerr lensing is employed to
produce ultrashort pulses.

In Ref: [17] Kerr effect is modeled as a fast saturable absorber. The master equation for

the field amplitude “a” can be written as

1 0 1 : 9? : 2

TnaT" = (g—Da+ (Q—? +JD> 5+ (= Jdlal"a. 2.4.9
Here |a|* corresponds to the instantaneous power. Tk is the cavity roundtrip time, g and / are
the gain and loss, respectively, Qr is the gain bandwidth, y is the self amplitude modulation
(SAM) coefficient, ¢ is the Kerr coefficient, and D is the group velocity dispersion
parameter. Finally, ¢ represents small time scale of the order of pulsewidth, and T
represents large time scales comparable to cavity roundtrip times. In addition Kerr

coefficient (d) is given by
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_ 2mnaLc

6= ———=,
AoAeyr

2.4.10

Here n; is the nonlinear refractive index (m*/W), L is the crystal length, A is the central
wavelength, and 4.y is the effective area of the beam. Steady state (d/dT=0) solution of the
differential equation in Eq. 2.4.9 is [17, 37]

e
a(t) = Agsech! TP (—) . 2.4.11
T

Here £ is the chirp parameter and due to the large gain bandwidth of the laser, it is assumed
to be zero.
For small SAM coefficient (y=0), weak filtering due to broad gain bandwidth, Eq. 2.4.9

simplifies to

1 0?
19, —jD@a—j(ﬂalza. 2.4.12

When dispersion (D) is negative, the pulse distortion due to the nonlinear chirp can be
compensated and this results in the formation of soliton-like pulses where amplitude in the

time domain is given by

t :
a(T,t) = Agsech (—> e~ 301A0l*T/Tr 2.4.13
T
From Eq. 2.4.13, it is obvious that pulse profile of the generated pulses will exhibit
hyperbolic secant distribution. The generated pulse energy is further given by
W = 2|Ag|*T. 2.4.14

In addition, from the solution of the master equation (Eq. 2.4.12), it can be shown that the

solution satisfies the area theorem

2|D
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By squaring both sides and using Eq. 2.4.15, one obtains the relation between pulse energy

(W), pulse duration divided by a factor of 1.76 (7) and group velocity dispersion (D) as

41D[
T8

During pulsed operation initiated by the Kerr effect, the laser operates with a definite pulse

W = 2.4.16

energy, intracavity dispersion, and pulse duration. From the knowledge of all these
parameter, one can use Eq. 2.4.16 to determine the nonlinear refractive index n, of the gain
medium.

2.4.2 Group Velocity Dispersion (GVD)

As it is mentioned above, very precise dispersion management should be done to
generate ultrashort pulses via KLM. An empirical relation called Sellmeier equation
models the change of the refractive index with respect to wavelength. In our experiments,
zinc selenide (ZnSe), and magnesium fluoride (MgF,) materials were used. Their Sellmeier

equations are [38]:

0.24482 7229.931303
AN zuse = 1/9.01536 2.4.17
n(A)zns \/ T2 0200342 T 22 _ 48382
\/ L O.48755>\2 N 0.39875)\2 N 2.312)2
Mvigr = —0.043382 ' A2 —0.094612 ' X2 — 23.7942
\/ L4 0 41344)\2 N 0.50498)\2 N 2.4905)\2
Mntgr = —0.036842 ' A2 —0.090762 ' A2 — 23.7722
2 2 1 2 2.4.18
n(A)MgF2 = gno(A)Mgm + g”e()\)Mng -

respectively. In Fig. 2.4.5, calculated variation of the refractive index with respect to

wavelength between 2.2 to 2.6 pm is shown for ZnSe and MgF,.
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Figure 2.4.5: Wavelength dependence of refractive index for polycrystalline ZnSe and MgF,.

Therefore, when a pulse, which is formed by several spectral components, meets a

material interface, each spectral component refracts with different angles (See Fig. 2.4.6).

Red
Dispersive Element

(Prism)

Blue
Figure 2.4.6:Schematic illustration of white light passing through a prism

Group velocity dispersion (GVD) for a slab of material is formulated as the second

derivative of the phase with respect to frequency as [39]

d*¢  NLgd’n
dw? — 27mc? dX2’
in which ¢ is the phase, w is the angular frequency, Ls is the length of the slab, c is the

2.4.19

speed of light and 7 is the refractive index. The sign of the GVD is governed by the second
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derivative of the refractive index. In Fig. 2.4.7, d’n/d)’ for ZnSe is positive where d’n/d)’

for MgF is negative.
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Figure 2.4.7: Variation of second order GVD as a function of wavelength.

Another way of producing negative GVD is by employing a prism pair configuration
that is illustrated in Fig. 2.4.8. According to Fork et al [39], GVD generated from a prism
pair is

2 3 32
o _ X &2 2.4.20
dw?  2mwc? dA?

where Z is the optical path and the second derivative of optical path with respect to

wavelength is defined as

42z d2n g (dn)\? . dn\?
W_él W—F(Qn—n )(a) Lpsmﬁ—8<a) Lpcosf 24.21

here Lp is the separation between the apices of the prism pair and f is the angular spread in

the beam due to dispersion.
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A

Figure 2.4.8: A typical prism pair configuration to produce negative GVD.

By using these design equations, GVD values of 2.4-mm-long ZnSe gain crystal, Lp=8.5cm
spaced prism pair and the insertion (Ls=9.2mm) of the MgF, prisms were calculated.

Wavelength dependence of calculated total GVD is given in Fig. 2.4.9.
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Figure 2.4.9:Estimated total roundtrip GVD of resonator as a function of wavelength.

As was mentioned in our earlier discussion on KLM, Haus et al [17] predicted that
without negative GVD, a soliton cannot be formed. As a result, in our experiments, a prism

pair (See Fig. 2.4.8) was used as a negative GVD source which always generates negative
GVD.
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Chapter 3: Experimental Results

In this chapter, continuous-wave (CW) and mode-locked regimes of the Cr:ZnSe laser
will be characterized in detail. In the first section, the elements of the laser, which are the
pump source, the gain medium, and the resonator, will be introduced. Continuous-wave
power performances of three samples will be discussed. In the second section, mode-locked
operation of the laser will be described in detail by including the generated pulse profile,
the spectrum of the pulses, as well as the estimation of the nonlinear refractive index for

ZnSe.

3.1 Continuous-Wave Characterization

A linearly polarized SW Tm-fiber laser (IPG Photonics, TLR-5-1800-LP) operating at
1800 nm was used as the pump source. It was focused with a 10-cm input lens (L1) inside
the Cr:ZnSe crystal. A standard, astigmatically compensated, asymmetric x cavity was used
in the experiments. In Figs. 3.1.1 and 3.1.2 the schematic and picture of the experimental
setup can be seen. The resonator included two curved dichroic high reflectors (M1 and
M2), each with radius of 100 mm, a flat high reflector (HR) and a flat output coupler (OC).
The curved mirrors M1 and M2 are highly reflecting at the laser wavelength of 2.5 um and
highly transmitting at the pump wavelength of 1.8 um. The crystal was placed at Brewster
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angle to reduce reflection losses, and it was attached with indium foil between copper
plates that were water cooled at 21 °C. In Figs. 3.1.1 and 3.1.2, dark colored trace indicates
the path of the pump beam where light colored trace shows the path of the laser beam

traveling inside the resonator.

M1 Tm:Fiber
1.8 um

L1

Cr:ZnSe
M2 " O Mif Z\ %M“

HR% y ocC

Figure 3.1.1: Schematic of the continuous-wave Cr:ZnSe laser.

Figure 3.1.2: Digital image of the continuous-wave Cr:ZnSe laser.

In cw experiments, three samples were investigated to determine which one delivers the
highest cw power. In Table 3.1.1, some important parameters of the samples are
summarized. One of the samples was a 5-mm-long, diffusion doped sample prepared in our

laboratories. It was kept in the furnace at 1000°C for 2.5 days. According to summarized
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values in Table 3.1.1, poor power performance of the homemade sample is mainly due to
the poor surface quality. In the case of sample 1 and 3, as you see, the absorption
coefficient of the sample 1 is almost 2.5 times greater than that of sample 3, which allows

the highest continuous wave output power.

Sample 1 Sample 2 Sample 3

Commercial sample Homemade sample Commercial sample
(Spectragen, Inc) (T@1000°C, 2.5 days) (Photonics Innovations)
Length: 2.4 mm Length: 5 mm Length: 2.6 mm

Cr’* Concentration: Cr’* Concentration: Cr*" Concentration:
10.1x10"* em™ 52x10" cm” 4.1x10" cm”

@1.8 pym @1.8 ym @1.8 pm

Absorbed Power: 94% of Absorbed Power: 95% of Absorbed Power: 70% of
incident pump power incident pump power incident pump power
Absorption Coefficient: Absorption Coefficient: Absorption Coefficient:
11.6 cm™ 6.0 cm’ 4.7 cm’!
Continuous-Wave Continuous-Wave Continuous-Wave
Output Power: 140 mW Output Power: 13 mW Output Power: 96 mW
Pump Power: 960 mW Pump Power: 960 mW Pump Power: 960 mW

Table 3.1.1: Comparison of some important parameters between investigated samples.

As it can be seen from the Table, sample 1 was 2.4 mm long, and it absorbs 94% of
incident power at 1800 nm with corresponding pump absorption coefficient of 11.6 cm’.
The laser was operated with two different output couplers having 1% and 6% transmission
at 2400 nm.

Power performance of both configurations is shown in Fig. 3.1.3. The highest output power
of 405 mW was obtained by using the 6% output coupler with corresponding intracavity
laser power of 6.75W. The corresponding slope efficiency was 2.4%. With the 1% output
coupler, the highest output power obtained was 150mW which corresponds to 15W with a
slope efficiency of 7.9%. By lowering the output coupling level, the intracavity power

increased dramatically, which is more favorable in the case of mode locking experiments.
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From the slope efficiency data, the total round-trip passive loss of the crystal (Eq. 2.3.13)

and the resonator optics was estimated to be 3.65 %.
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Figure 3.1.3: Continuous-wave efficiency curve taken with 1% and 6% output couplers and
sample 1.

The total cavity length was 159 cm, with asymmetric high reflector and output coupler
arm lengths of 66 cm and 83cm, respectively. By using the ABCD matrix analysis
described in Section 2.2.2, the beam waist inside the crystal was estimated to be 32um,

with a root mean squared value (®)ms of 34 um.

3.2 Mode-Locked Characterization
In Kerr-lens mode locking experiments, dispersion compensation was provided with a
MgF; prism pair. As seen in Fig. 3.2.1, it was placed on the high reflector arm (P1 and P2
in Fig. 3.2.1). The tip-to-tip separation between the prisms was adjusted to be 8.5 cm and
each prism was placed at minimum deviation. The cw power efficiency curve with the
prism pair is shown in Fig. 3.2.2. After the addition of the prism pair to HR arm as seen in

Fig 3.2.1, cavity roundtrip loss increased to 7.3%.
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Figure 3.2.1: Schematic of mode-locked operating Cr:ZnSe laser.

Based on the cw power efficiency curve in Fig. 3.2.2, the highest power delivered from
the laser was reduced to 100mW, and the corresponding intracavity power decreased to
10W. As a result, the slope efficiency became 4%. The loss is mainly due to the imperfect

surface quality of the prisms.
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Figure 3.2.2: The efficiency curve which was taken with the prism pair and 1% OC.



Chapter 3: Experimental Procedure and Results 39

To estimate the net dispersion of the cavity [39] (Also see Section 2.4.2 for details), the
dispersion contribution due to the prism insertion, prism pair, and ZnSe gain medium were

taken into account. Summary of calculated values at 2.42 um can be found in Table 3.2.1.

ZnSe Prism insertion Prism pair TOTAL
GVD(fs?) 1125 -1726 -1099 -1700
Thickness (mm) 2.4 9.2 Lp=8.5cm -
Table 3.2.1: Calculated GVD values for three dispersion sources based on the article of Fork et
al. [39] .

Once the focusing inside the gain medium was optimized by adjusting the positions of the
curved high reflectors M1 and M2, stable, Kerr-lens mode-locked operation could be
initiated by translating the output coupler. In fact, several conditions had to be met in order
to initiate mode-locked operation. First, the intracavity power had to be sufficiently high.
In the experiments, KLM action could be obtained only with the 1% output coupler.
Second, mode-locked pulse train could be more readily initiated by maintaining an
asymmetric arm ratio. In particular, increasing the high reflector arm length beyond 70cm,
we could not initiate mode-locked operation despite the fact that pulse energy became
somewhat larger compared to the 94 MHz cavity.

The generated pulses from the Cr*":ZnSe laser was characterized with a mid-infrared
autocorrelator and a home-made mid-infrared scanning spectrometer (See Appendix A-B
for details of the setups). The collinear autocorrelation signal was registered via two-photon
absorption current induced in a germanium detector. From the autocorrelation
measurement, the pulsewidth (FWHM) was determined to be 95-fs by assuming a sech’

pulse profile as seen in Fig. 3.2.3.
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Figure 3.2.3: Autocorrelation trace of the generated pulses, the pulsewidth was measured to be
95fs by assuming a sech’ shaped pulse profile.

The output spectrum had a width of 69nm, and Kelly sidebands were formed at both
sides of the central wavelength as seen in Fig. 3.2.4. These peaks occur when the soliton
encounters periodical perturbations in the gain, loss, filtering and the self amplitude
modulation (SAM) action. As a result, soliton radiates and drains the pulse energy to these
side bands. Theoretically, they must be symmetric but in our experiments, we observed that
they were not. It is mainly due to the presence of third-order dispersion in the resonator
[40].

125

Normalized Intensity (au)

2200.0 2250.0 2300.0 2350.0 2400.0 2450.0 2500.0 2550.0  2600.0
Wavelength (nm)

Figure 3.2.4: The spectrum of the mode-locked pulses.
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The time-bandwidth product was calculated as 0.335, and it is close to the transform-
limited value of 0.315 (See Eq. 2.4.7). The spectrum and the pulse profile were recorded
simultaneously.

The mode-locked output power and the pump power were 40mW and 2.1W,
respectively. Cavity length was 159 cm, so the repetition rate of the pulse train was 94.3
MHz. The peak power and the pulse energy of the pulses were 4.2kW and 0.42nJ,
respectively.

Based on the soliton area theorem introduced in Section 2.4.1, the nonlinear refractive

index of the Cr:ZnSe crystal is calculated [41]. From Eq. 2.4.16,

W = @ 3.2.1
)

Here 7 is pulsewidth divided by a factor of 1.76. The Kerr nonlinear coefficient was

calculated as

4] — 1700 x 1030
0= 322
(54.1 x 10—15)(42 x 10-9)

giving,

5 =0.33 x 10W. 323

Now, that the Kerr coefficient is known, 7, can be calculated by using Eq. 2.4.10:

_ 2mnaLc

o= ———=,
AoAeyr

324

Above, n; is the nonlinear refractive index, L is the length of the nonlinear medium, 4, is
the central wavelength, and 4.y is the effective area. As a result, the nonlinear refractive

index was calculated from
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(0.33 x 10%)(2.42 x 1079)(3.18 x 107?)
27(2.59 x 10-3) ’

Ny =

3.2.5

resulting in

ny = 1.4 x 10" em? /W. 3.2.6

The calculated value of n, agrees well with the previously reported value of
1.7x10"* cm*W for Cr*":ZnSe [42]. It is almost 100 times larger than the n, of the sapphire
[13]. As a result, in the case of Cr:ZnSe laser, to balance the nonlinear chirp created by the

Kerr effect, more negative GVD is required in comparison with Ti:Sapphire lasers.
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Chapter 4: Stretcher and Compressor Design

We aimed at building a chirped pulse amplifier (CPA), to amplify the peak powers of
the generated seed pulses. It includes three main stages. The first phase is the stretching of
seed pulses. In the second phase, stretched pulses will be injected into a gain-switched
Cr:ZnSe laser for amplification. In the third phase, amplified pulses will be compressed to
the initial pulse duration. In this chapter, the stretcher and the compressor designs will be
described.

To stretch or compress the pulse durations from femtoseconds to picoseconds and back,
large amount of group velocity dispersion (GVD) are required. According to Fork et al
[39], a prism pair or a grating pair can be used to provide GVD. But compared to a prism
pair, grating pair generates more GVD and the sign of the required dispersion can be

adjusted as well. As a result, grating pair is preferred as the dispersion source in our design.

4.1 Stretcher Design
4.1.1 Diffraction Grating
Diffraction grating is an optical device, which separates the incident light into its
spectral components. There is a repeating groove pattern engraved on its surface. In order

to observe the diffraction phenomena, the dimensions of the pattern should be close to the
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wavelength of light. In Fig. 4.1.1, a reflecting diffraction grating is illustrated. White light

falls on it with an angle of incidence equal to o.

Dispersive Element (Diffraction Grating)
Figure 4.1.1: A reflecting diffraction grating, and the illustration of diffraction.
Zeroth order diffraction again occurs at an angle o, but on the other side of the normal.

First order diffraction angle, B, is a function of wavelength. The relation between the

diffraction angle and the wavelength is

sina + sin f = mAgp 4.1.1

and it is called the grating equation. Here a is the angle of incidence, f is the angle of

diffraction, gp is the groove density, m is the order of diffraction, and 4 is the wavelength.

Figure 4.1.2: Wavefronts of diffracted light.
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More detailed representation of diffraction is illustrated in Fig. 4.1.2 by taking into
account the wave property of light. In order to obtain constructive interference from the
consecutive grooves, the path difference should be equal to an integer times the

wavelength. This results in

dsina + dsin 3 = mA. 4.1.2

Here d is the groove spacing. The inverse of the groove spacing equals the groove density
gp=1/d, and m is an integer that describes the order of diffraction. Eq. 4.1.2 is equivalent to
the grating equation in Eq. 4.1.1.
There are two possibilities for the diffraction direction:
1) If the calculated diffraction angle is positive, then the angle of incidence and the
angle of diffraction are on the same side of the normal.
2) If the calculated diffraction angle is negative, then the angle of incidence and
the angle of diffraction are on the opposite side of the normal.
Grating pair adds extra chirp to pulses, so that the pulse durations become larger. In Fig.

4.1.3, the effect of negative and positive group velocity dispersion on a pulse is illustrated.

Figure 4.1.3: Positive and negatively chirped Gaussian pulses.
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In the case of the stretcher design, the initial and final pulse durations are determined by
the seed and gain switched laser, respectively. For a Gaussian pulse profile, the required

amount of dispersion for stretching can be calculated from

4D1In2\?
Tf:TO\/1+( Tzn ) 5 4.1.3
0

where 7y is the final pulsewidth, 7y is the initial pulsewidth and D will be the required

amount of dispersion.

There are two configurations which can be used as stretcher or compressor. However,
practically only one of them can be used as a stretcher. One of the configurations includes a
focusing element to invert the order of spectral components, so that after the compression
stage, high peak powered pulses may damage the gratings. As a result, the following
configuration is preferred as the stretcher (See Fig. 4.1.4).

N

Xe

A

Figure 4.1.4: Intended stretcher design with only one grating [43].

For this configuration, the generated GVD can be calculated by using [43]

gpN’

D=__9p%
2mc2 cos? 3

27, 4.14
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where 4 is the wavelength, gp is the groove density, f is the angle of diffraction, Z is
defined as the optical path relative to the focal length of the concave mirror (M3). In Fig.
4.1.4 when the distances X¢ and X7 are both equal to the focal length of the concave mirror
(M3), the system will have net zero GVD. On the other hand, if the distance X is extended
beyond the focal length of the M3, then negative GVD will be generated. Also, setting X¢
smaller than the focal length of M3 will generate positive GVD. As you can see, desired
sign and amount of dispersion can be selected by simply adjusting the distances X and X7.
Above design equations were applied to a diffraction grating which has a blaze angle of
17.5°, groove density of 300 g/mm and optimized to a wavelength of 2000 nm. First, the
required amount of GVD for stretching was calculated by using Eq. 4.1.2 in the form

4D 1n?2 2
100 x 10712 =100 x 107124 /1 4.1.5
. 8 T\ o x10m)2)

yielding

D = +3.61 x 10°fs2. 4.1.6

Here 7y and 7/ are assumed to be 100ps and 100fs, respectively. In order to reach to the

calculated GVD value (D), diffracted angle was calculated via Eq. 4.1.1 as

sin 28° 4 sin 3 = (2400 x 107?)(300 x 10?) 4.1.7

[ = —41.85°. 4.1.8

Here the angle of incidence is 10 degrees deviated from the blaze angle, in order to avoid
Littrow configuration (i.e, angle of diffraction and incidence happens to be the same). The
required distance, Z, was calculated via Eq. 4.1.3 for Fig. 4.1.4 from

(300 x 103)2(2450 x 10~9)3

+3.61 x 10724 = —
% 27(3 x 108)2 cos?(—41.85°)

27, 4.1.9
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giving

7 = £+76.8cm. 4.1.10

The sign of distance is directly related to the desired sign of GVD. In our design, we
preferred to add positive GVD in stretcher phase. As a result, based on our calculations, Xt
and Xc should be -76.8cm shorter than the focal length of the curved mirror (M3) in Fig.
4.1.4. If a prism pair was used instead of a grating pair, the distance between the prisms
would be 0.3 km whereas with the grating pair only 0.77 m of separation is enough to
generate the same amount of GVD.

4.2 Compressor Design

After the amplification phase, amplified picosecond pulses will be compressed back to
the initial pulse duration of 100fs. In the earlier section, positive GVD was preferred for the
stretching phase. To cancel the effect of positive GVD, pulses should now acquire negative
GVD.

The simplest configuration to apply negative GVD without focusing is illustrated in
Fig. 4.2.1.

M1

Figure 4.2.1: Desired grating pair configuration for pulse compression.
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In this configuration, when positively chirped pulses pass through the grating pair,
previously added positive chirp is removed, and pulses compressed to initial pulse
durations. In ref: [44], the second order GVD expression of the above grating pair is given

as

A2 g%b
D=— D~ 42.1
2mc? cos? 3

Here, A is the wavelength, gp is the groove density, b is the normal distance between the
grating pair and £ is the diffracted angle. In Fig. 4.2.1, 4 represents the center wavelength
of the pulse and the reason why we put the mirror M1 to the output of the grating pair is not
trivial. From the Fig. 4.2.1, it is clear that, after passing the grating pair once, each spectral
component diffracts to different directions. When it reflects back and passes once more
from the grating, the spectral dispersion disappears and only the contribution of negative
GVD stays. In conclusion to provide negative GVD, pulses should pass two times from the
grating pair. There is one more configuration including only one diffraction grating which

is illustrated in Fig. 4.2.2.

M% %MZ %’VB

L

,-f“/\Nfgl

Figure 4.2.2: Equivalent compressor configuration of simple grating pair illustrated in Fig.
4.2.1.
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Note that in Eq. 4.2.1 » was defined as the normal distance between the gratings, but for the
configuration in Fig. 4.2.2 other than the normal distance, optical path becomes important.

The relation between the normal distance (b) and the optical path (L) is

b = L¢ cos 3. 422

Remember that here, f was the diffraction angle. When the above relation is plugged into

Eq. 4.2.1, the following relation is obtained for GVD once more:

)\3 g%LG
D=— . 423
2mc? cos? 3

This result is for the compressor configuration illustrated in Fig. 4.2.2. In the previous

section beginning from Eq. 4.1.7 to Eq. 4.1.10, we already calculated the required optical
path and found that it should be 76.8cm. The same procedure holds for the compressor
calculations as well. If the distances in Fig. 4.2.2 are precisely adjusted to a total of 76.8cm,
then the correct amount of negative chirp will be supplied and the resulting pulse durations

will be shortened to the initial values.



Chapter 5: Conclusion 51

Chapter 5: Conclusions

In this thesis work, development of a seed laser and a stretcher compressor design were
described, which are the three basic elements of a chirped pulse amplifier (CPA).

In the case of the seed laser, a Kerr lens mode-locked Cr*":ZnSe was constructed. An
astigmatically compensated, asymmetric x-cavity containing a 2.4-mm-long Cr*":ZnSe
sample with a pump absorption coefficient of 11.6 cm™ was used. It operated with a 1%
output coupler. Dispersion compensation was achieved by using a MgF, prism pair,
separated by 8.5 cm distance. During Kerr lens mode locking (KLM), the total group
velocity dispersion (GVD) was calculated to be -1700fs” by taking into account the crystal,
prism insertion and the prism spacing. During Kerr-lens mode-locked operation, 95-fs
pulses at a pulse repetition rate of 94.3 MHz were generated with 40 mW of output power.
The center wavelength of the pulses was 2.42 um with a spectral width of 69 nm.
Corresponding time-bandwidth product was 0.335, which is close to the transform limit for
hyperbolic secant pulses. In addition, by using the soliton area theorem, the estimated value

of the nonlinear refractive index came to
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1.4x10™"* cm®W for Cr*":ZnSe, which agrees well with previously reported results. Note
also that the effective n, for Cr:ZnSe is approximately 100 times larger than that for
Ti:Sapphire. Mid-infrared femtosecond pulses in the 2-3 pm range should find numerous
applications in high harmonic generation, metrology, and spectroscopy.

In the case of stretcher and compressor design, we calculated the required GVD values
to stretch and compress 100 femtosecond pulses to 100 picoseconds. Since the required
GVD values are so large, of the order of 10° fsec?, a grating pair was preferred instead of a
prism pair. For the stretching step, positive chirp will be added by using a focusing element
to invert the order of spectral components. The stretched pulse will overlap better with the
amplifier pulses, and then it will be compressed by the compressor. For the compression
stage, a simple configuration is preferred to avoid possible damages that can be caused by
the high power pulses to gratings. In addition, it will just provide the same amount of
negative GVD to remove initially added chirp to the pulses. In conclusion, the total optical
path between the grating pairs is calculated as 2x76=152 cm. If we had used a prism pair,
then the distance between the prism pair would be 0.3 km which is practically impossible

to build in a lab environment.
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Appendix A: Mid-IR Scanning Spectrometer

During the mode locking experiments, one needs to monitor the pulse train or the
spectrum of the output pulses to confirm that the laser operates in mode-locked regime.
When the laser operates in CW regime, the width of the spectrum is typically less than the
resolution of the spectrometer. However, when femtosecond pulses are generated, the
spectrum of the pulses expands dramatically. For example in our experiments, the spectral
width of the pulses was 69nm. As a result, with a high-resolution spectrometer, it is easy
and reliable to determine the mode-locked regime of the laser. When the output of the laser
is monitored with a slow detector, one may get confused by random oscillations of the laser
and cannot precisely diagnose the mode locked operation. As a result, during the
experiments, it is more practical to use a scanning spectrometer instead of monitoring the
pulse train. Commercially available real time spectrometers typically cover the visible and
near infrared regions of the spectrum. Moreover, beyond 2 um, the linewidth of
commercial scanning spectrometers increases up to 50-60 nm, which makes it impossible

for us to distinguish the cw and mode-locked regimes of the laser.
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Because of all these facts, a high-resolution Mid-IR scanning spectrometer was needed
to diagnose the mode-locked operation. A spectrometer was constructed by Adnan Kurt
from Teknofil Inc. to monitor the 1.8-2.8 um wavelength range with a resolution of less
than 2 nm.

The design includes two phases. The first one was the optical part including the steering
and focusing mirrors which aim the light first to diffraction grating and then to the detector.
In this respect, the well-known Czerny-Turner monochromator configuration was used.
The configuration includes two concave mirrors and one flat diffraction grating. In addition
to that, an adjustable aperture and a flat metallic mirror are used as well. A schematic and

digital image of the spectrometer can be seen in Figs. Al and A2, respectively.

‘ M1
A T )

M2

M3

Figure A1l: Schematic illustration of the scanning mid-IR spectrometer.

In Fig. A1, L1 is the input lens that focuses the incident light through the aperture (entrance
slit), and M1 aims the light to the scanning spectrometer. The concave metallic mirror (M2)
focuses the light onto reflecting diffraction grating (G1). The diffracted light coming from
the grating is focused with the second concave metallic mirror (M3) on to the detector.
Because of small active area of the detector, it is used as the exit slit of the CT

monochromator setting. When the grating was rotating, at each instant of time, a different



Appendix A: Mid-IR Scanning Spectrometer 55

spectral component of the pulse will be focused onto the detector. An InGaAs photo diode

(Bandwidth= 60 MHz) was used to monitor the spectrum which was terminated by 50€2.
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Figure A2: Digital image of the homemade mid-IR scanning spectrometer.

The observable spectrum range is limited by the spectral bandwidth of the detector.
Photosensitivity versus wavelength plot of the detector is seen in Fig. A3. Beginning from
1.9 um and up to 2.4 um, it is flat. However, at 2.6 pum it drops to 20% of the initial value.
As we mentioned earlier, to enable real time monitoring, grating rotates around the
center axis of the disc as shown in Fig. A2. In this respect, a brushless DC motor delivered
a vibration free, uniform rotation to the disc, as well as the grating. The rotation speed was
7200 rpm and the period of the rotation was 41.67us/°. The grating was a reflecting ruled
grating with a groove density of 600g/mm, blaze angle of 28° 41°, and it is optimized for

the wavelength of 1600nm.
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Figure A3: Wavelength response of the extended InGaAs photodiode.

After all the technical arrangements, now the spectrometer has to be calibrated which is
the second phase of the design. The laser was tuned with a prism and the wavelength was
measured with the CVI monochromator. At the same time, the corresponding time delay (¢)

(See Fig. A4) between peaks of zeroth and first order diffraction was recorded.

' Trigger signal
. from the motor

ot order 1t order
diffraction diffraction

Figure A4: A typical oscilloscope screen of the home made spectrometer.
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In Fig. A5, the recorded data are shown, and a 3 order polynomial fit was done to

convert delay values to wavelength. Obtained calibration fit is

A\ = 4.992t3 — 275.74t% + 1917.6t — 491.46 Al

here 7 is the time delay that can be measured either on the oscilloscope by the help of the
cursors or more practically it can be recorded by the computer.
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Figure AS: Calibration data taken with CVI monochromator and the scanning spectrometer.
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Appendix B: Autocorrelator

The commercially available detectors and oscilloscopes are not able to measure the
duration of femtosecond pulses. Therefore, in order to measure the pulse durations of the

generated ultrashort pulses (95 fs), an intensity autocorrelator is established.

Figure B1: Digital image of the autocorrelator that we used to measure the pulse durations.
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A typical intensity autocorrelator includes a Michealson interferometer and a
semiconductor detector attached to the output of the interferometer as seen in Fig. B2. The

digital image can be seen in Fig. B1.

M3

™
/
4

T

Figure B2: Schematic illustration of the intensity autocorrelator.

From Fig. B2, the beam splitter (BS) divides the incident pulse into two pulses. One
travels to corner cube mirror M3, and the other goes to the other corner cube mirror M4,
which is driven by a signal generator. Those divided pulses are recombined on the BS and
focused onto a germanium (Ge) detector (D1) with the ball lens (L1). Since the Ge detector
is not sensitive to 2.5 um, it will only register the two-photon absorption signal. The

generated two-photon absorption intensity profile will be proportional to [45]

Lop(p) ~ (I2(1)) + (I2(t — 7p)) + 4T (1) I(t — D)) B.1

here 7p is the delay time created by the movement of the corner cube mirror M4 in Fig. B2.
Now both sides of Eq. B1 will be divided by (I%(t)). Also (I*(t)) = (I*(t — 7p)). As a

result, the above equation becomes a function of
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Lp(tp) ~ 1+ 2G® (1p) B.2

where G(?) (1) is the second order autocorrelation function as a function of delay time (zp)

and is given by

(L)1t —1p))
(I(t)?)
When the generated pulses are coherent and well-behaved, we have

I,p(0)
Izp(TD > TQ)

G (1p) B.3

=3. B.4

These results lead to an autocorrelation trace with a 3-to-1 ratio as seen in Fig. A3.

Intensity (au)

Time delay (t,)

Figure B3: A typical autocorrelation trace of mode-locked pulses.

Here, 1p is the FWHM of the autocorrelation trace. When it is divided by the factor of

1.55, the real pulsewidth is obtained in the case of sech” pulses.
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