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Abstract

A powerful mid-infrared frequency comb in the 2-20 µm range plays a very impor-

tant role in the development of optical frequency metrology, spectroscopy and other

�elds of technology. However, there is a big gap in the long wavelength range from

10 to 40 µm mainly because of technical challenges. Di�erence frequency generation

has been shown to be able to generate a frequency comb due to its ability to cancel

the carrier-envelope phase shift from pulse to pulse. In this thesis, the �rst task is to

develop a compact and powerful two-color chirped pulse ampli�cation system consist-

ing of two Yb:�ber ampli�cation stages. Such system is compact, stable and highly

e�cient by utilizing a chirped �ber Bragg grating, a all-normal dispersion photonic

crystal �ber and �ber splicing. The chirped �ber Bragg grating generates a two-color

signal from the supercontinuum produced in the photonic crystal �ber. An average

power of 3.5 W of the two-color signal composed of two peaks at 1025 and 1085

nm is achieved after the main Yb:�ber ampli�er stage. Moreover, the power ratio

between the 1025 and 1085 nm wavelengths can be tunable. Particularly, the best

short:long power ratio obtained is 2:1. The second task is to generate a mid-infrared

wavelength of around 18 µm in a 1 mm GaSe crystal by employing the di�erence

frequency generation technique. The generated mid-infrared power is in the range of

150-180 µW. Finally, the optical cross correlation technique to measure the timing

jitter of the femtosecond Yb:�ber laser at a 65MHz repetition rate is applied for the

purpose of synthesizing a frequency comb at the wavelength of 18 µm. We conclude

that this Yb:�ber laser could not make a frequency comb due to its high timing jitter

at around 450 fs.
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1 Introduction

1.1 Motivation

The inspiration for this thesis came from utilizing optical femtosecond frequency combs

in applications such as frequency metrology and spectroscopy. Steven T. Cundi� and Jun

Ye pointed out in [1] that optical frequency combs have �revolutionized optical frequency

metrology and synthesis� (Cundi� 1).

Optical frequency metrology is the science of accurately measuring frequency [2]. For
the purpose of accuracy, absolute frequencies should be measured directly rather than in-
directly via their corresponding wavelengths. Traditionally, absolute frequencies are mea-
sured via harmonic frequency chains. This method requires an atomic clock to set the lower
end of the chain [3]. This low-end frequency is very stable and produced by a frequency
standard which is included in the clock [4]. Then, higher harmonics of that frequency are
produced in nonlinear crystals or other instruments [3]. However, frequencies set by atomic
clocks are limited in the range of a few GHz or in other words they are available only in
the microwave range [4]. This limitation is solved by using optical clocks which can o�er a
working frequency range of several hundreds of THz. However, signals generated in ranges
of hundreds of THz by optical clocks oscillate too fast compared to signals generated by
available electronic devices [4]. Besides, employing frequency chains, either in atomic or
optical clocks, requires setting up complicated and labor intensive apparatuses. Moreover,
utilizing harmonic frequency chains allows only one optical frequency to be measured at
a time [3, 4]. These all problems that optical frequency metrology encountered have been
resolved after 30 years since the �rst chain was produced thanks to the 'birth' of optical
frequency combs. They not only help simplify the system, with only one single device -
that is mode-locked lasers, while still cover a signi�cant wider spectrum range, hundreds
of THz, but also give reliable measurements [4].

A Frequency comb is a spectrum that is composed of sharp and equally spaced spikes in
the frequency domain of a mode-locked laser. The space between any two adjacent comb
lines is determined by the repetition rate frep or inverse of the round trip time of the pulses
in the cavity, 1

TRT
. However, in reality, it is not true that all of the mode-locked lasers can

generate a frequency comb. In order to have a full explanation of this issue, it is useful to
discuss about electromagnetic �elds generated by a mode-locked laser in the time domain
and frequency domain. As is illustrated by Figure 1.1, in the time domain, the output of a
mode-locked laser, theoretically, is a train of identical pulses. The temporal space between
any arbitrary adjacent pulses in the train is equal to the amount of time that it takes a
pulse to complete a round trip in the cavity at a group velocity of vg. This amount of time
is called period TRT = vg

2L
. The period, and therefore the repetition rate, do depend on

the group velocity and the cavity length L [3]. Accordingly, Fourier series expansion of the
pulse train leads to a frequency comb in the frequency domain where the space between the
comb lines equals frep [5]. In addition, underneath each envelope of a pulse, the electric
�eld E (t) of the carrier or central frequency oscillates at a frequency of ω0. The o�set
between the peak of the envelope and that of the carrier is called carrier-envelope phase
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φCE = ∆t · ω0 (shown in Figure 1.2), often abbreviated as CEP. So, E (t) can be written
in the time domain as

E (t) = A (t) cos (ω0t+ φCE) (1)

where A (t) is the envelope function. It is maximized when t=0 [6]. In fact, unfortunately,
pulses in the train are not identical because φCE is not a constant from pulse to pulse.
The slipping in the CEP causes a phase change between the pulses, ∆φCE . The reason
for this phase shift lies in the fact that pulses travel in a dispersive medium where its
refractive index depends on the light's wavelength. In such medium of length L, the carrier
propagates at phase velocity of vph which is di�erent from vg, and so the phase is a function
of frequency, i.e.

φ (ω) = −n (ω)ωL

c
(2)

where c is the speed of light. By taking derivative of equation (2) with respect to ω, we
get [6]

1

vg
=

1

vph
+
dn (ω)

dω

ω

c
(3)

In fact, the CEP shift is dominated by the second term in equation (3) rather than the
negligible di�erence between phase velocity and group velocity [6]

∆φCE =

[
L
ω2

c

dn (ω)

dω

]
mod 2π (4)

Correspondingly, in the frequency domain, the non-zero o�set ∆φCE leads to a non-zero
o�set frequency (Figure 1.3). Hence, the whole frequency comb is shifted by an amount of
[6]

f0 =
∆φCE

2π
frep (5)

In consequence, a frequency comb cannot be formed if either TRT or ∆φCE is not a constant.
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Figure 1.1: Electromagnetic �elds generated by a mode-locked laser in the time and cor-
responding frequency domain

Figure 1.2: A pulse with φCE=
π
2
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Figure 1.3: The shifted frequency comb

If a mode-locked laser is quali�ed for making a frequency comb, its frequency comb can

be used as an optical �ruler� to measure unknown frequencies. Such �ruler� is required not

only to be highly stable but also to have a broad bandwidth [7]. Fortunately, frequency

comb synthesizers in the microwave region have been made commercially available [5] and

those in the visible and near-infrared domains have been employed in frequency metrology

[7]. However, the gap of commercial frequency comb generators in the mid-infrared (MIR)

region, speci�cally in the �ngerprint 2-20 µm, and especially the absence of frequency combs

in the region 18-20 µm, have negatively a�ected or even prevented the development of

many other related potential applications. MIR spectroscopy is a typical popular example

[7, 8]. A spectroscopy in this region is of high interest because it gives a better and deeper

comprehension of structures of molecules because they have unique �ngerprints and have

strong bands of absorption in the 2-20 µm range [7, 9]. Even though the spectroscopy based

on MIR frequency combs provides not only precise measurement but also high sensitivity

and fast detecting [8], its performance is limited by MIR comb generators' availability.

It is because no single laser source can generate such a wide range of comb bandwidth

and in reality, many mode-locked lasers fail to meet simultaneously the two keystone re-

quirements: constant repetition rate and CEP. As a results, so far many di�erent methods

have been employed to make a desired output MIR comb either directly or indirectly from

a commercial or home-built laser. The most popular methods used are femtosecond laser,

di�erence frequency generation (DFG), Optical parametric oscillation (OPO), quantum

cascade laser (QCL) and Kerr comb based on micro-resonators [7, 10].
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Frequency combs were traditionally generated by femtosecond mode-locked lasers. Mode-

locked lasers have become popular optical devices in synthesizing frequency combs with

high output powers. However, their comb is not tunable and cannot cover a wide spectral

region. In addition, the longest generated wavelength is just up to around 2.5 µm as shown

in Fig 3a of [7]. In contrast to mode-locked lasers, a common feature of OPO, DFG and

QCL is that they all can generate frequency combs at di�erent wavelength regions. One

advantage of OPO is that it can generate very high frequency comb power, Watt level.

DFG in comparison with OPO requires a more compact system because it is mandatory

for the OPO cavity to be phase locked to the oscillator [11]. In addition, DFG o�ers an

o�set free CEP naturally as long as the repetition rate is stable [12]. Although in terms of

output power, combs generated by DFG have lower power than those generated by OPO, it

has been shown that DFG is the only method that helps generate a frequency comb in the

long range of the �ngerprint, particularly 18-20 µm [7]. Furthermore, frequency combs can

be made by using QCL but according to authors of [10, 13] a single QCL can not produce a

wide tunable spectral range like DFG and its generated wavelengths are longer than 4µm.

Finally, optical micro-resonators has an advantage from its resonator length which is very

small, hundreds of µm. Its output frequency combs can have a wide spectral range but

still up to around 2.5 µm like mode-locked lasers [7, 10]. Besides, technical challenges are

also drawbacks of this approach [10].

Consequently, my research was motivated by the necessity of �lling up the gap of

combs in the range of 10-40 µm plus the default ability of making a frequency comb of

DFG. Accordingly, the goal of my research is, �rst, to generate MIR at 18.5 µm in Gallium

Selenide (GaSe) crystal by mixing two di�erent frequencies, 1025 and 1085 nm, synthesized

via a chirped pulse ampli�cation (CPA) system, second, to measure timing jitter of the

Yb:laser source by intensity non-collinear cross correlation. If the Yb:laser's repetition rate

is already stable then it is possible for the MIR generated at 18.5 µm via DFG to be proved

to be a frequency comb. Therefore, this goal can be considered as a �rst step in the process

of making a frequency comb at 18.5 µm.

1.2 Literature Review

In this section, we will have a brief review on MIR generation via only one method,

DFG, from di�erent laser sources, Ti:sapphire, Er:�ber and Yb:�ber lasers.

Overall, in spite of the fact that DFG can produce MIR at various wavelengths or

di�erent wide tunable spectral ranges, none of the generated MIR can cover the whole

range of the �ngerprint region. In the lower range of this region, there are more options

in terms of non-linear crystal availability used for DFG. However, in the long range 18-
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20 µm, due to the transmission limitation and e�ciency of the crystals, the number of

available crystals is narrowed down. GaSe crystals have been used popularly [14, 15, 16].

In addition, all of the three laser sources, Ti:Sapphire, Er:�ber and Yb:�ber lasers, can

generate MIR at di�erent wavelengths in the �ngerprint region. Therefore, it is di�cult

to conclude which one can give more output power because the output power requires a

good combination of many factors such as input power, input pulse-width and conversion

e�ciency of non-linear crystals, etc.

MIR wavelengths achieved via DFG from femtosecond Ti:Sapphire lasers is a tunable

range from 7.5-12.5 µm. The pump and signal come from two Ti:Sapphire lasers which

are synchronized to reduce timing jitter of two pulse trains down to approximately 1%. In

terms of output power, [17] achieved the highest power in this spectral range for Ti:sapphire

lasers, around 15 µW . The nonlinear crystal used for down frequency conversion is GaSe

[17]. Under the same approach, DFG, but di�erent laser source, mode-locked Er:�ber

laser, C.Erny et al. obtained a range of 3.2-4.8 µm. The average output power after

mixing the pump and signal from two branches of the same oscillator in a nonlinear crystal,

MgO:LiNbO3, is 1.1 mW at 3.6 µm [18]. Nevertheless, at almost the same wavelength, 3.2

µm, Tyler W. Neely et al. got 128 mW. Such results were accomplished by mixing the

pump and signal from an Yb:�ber oscillator in MgO:PPLN crystal [19]. The distinct point

here in comparison with [17, 18] is that the signal is a Raman shifted soliton which is

generated in a zero-dispersion wavelength photonic crystal �ber (PCF) while the pump is

a chirped ampli�ed pulse. One year after [19] published their results, a tunable frequency

comb ranging from 3 to 10 µm from Yb:�ber laser was achieved in a GaSe crystal with

an average power of 1.5 mW [11]. Similar to the idea of [19], in [11], the signal is also a

Raman shifted soliton but it was formed in a suspended-core �ber. In almost the same

spectral range, 5 to 12 µm , Alessio Gambetta et al. gained approximately 100 µW in a 1

mm GaSe from a two-branch Er:�ber laser producing 65 fs centered at 1.55 µm with a 100

MHz stabilized repetition rate [20].

In the longer range of the �ngerprint, R. A. Kaindl generated a wide range of MIR,

9-18 µm, in a 1mm GaSe from a 20 fs broadband Ti:Sapphire laser at a repetition rate

of 88 MHz centered at 830 nm. The average power measured is around 1µW and the

MIR pulse width is nearly 140 fs [14]. A very wide tunable range of MIR, 4 to 17 µm, was

achieved by mixing pulses coming from a 100 fs Er:�ber laser centered at 1.55 µm and their

supercontinuum (SC) in the 1.7-2.3 µm region in a 1 mm GaSe crystal. The output power

obtained was 1 mW [15]. Long wavelengths of the �ngerprint region were also achieved

when using Yb:�ber lasers. In particular, 20 µW of a MIR at 18 µm was generated by

mixing 300 mW of two-color signals into a GaSe crystal. The Yb:�ber oscillator generates
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200 fs pulses at a repetition rate of 50 MHz [21]. The longest MIR wavelength, up to 20

µm, was achieved by [16, 22]. The pump and signal were synthesized in an Yb:�ber CPA

system. 30 µW of average power at 18 µm was obtained by mixing around 1.4 W of the

pump and signal in a 1 mm GaSe crystal.

1.3 Outline of The Thesis

This thesis is composed of 5 sections: introduction, background, experimental setup,

experimental results and discussion and conclusion.

Section 2 focuses on theoretical background of this thesis. The theory of chirped pulse

ampli�cation technique will be discussed. Particularly, group velocity dispersion, pulse

stretcher and compressor will be investigated. The mechanism of ampli�cation occurring

in Yb:�ber ampli�ers will be addressed. Next, we will discuss about timing jitter of Yb:�ber

lasers. Interferometric and non-collinear intensity cross correlation will be covered in this

section. Finally, the method and non-linear crystal used to generate MIR, DFG and GaSe,

will be studied. Finally, we will brie�y mention about a SC generation tool and chirped

�ber Bragg gratings.

In section 3, the whole experimental setup will be described and explained in details.

The whole setup is separated into smaller parts: CPA, MIR generation and timing jitter

measurement.

Section 4 will present the experimental results achieved including SC generation, two-

color signal generation, CPA, MIR generation and jitter measurement. Then, we will

discuss about the results we obtained.

Finally, section 5 is about conclusion.
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2 Background

2.1 Chirped Pulse Ampli�cation

2.1.1 Introduction

Chirped pulse ampli�cation technique, usually called CPA for short, was invented in

1985 by D Strickland and G Mourou [23]. The purpose of this greatly useful technique is

to prevent intensity of ampli�ed pulses from reaching damage threshold of ampli�cation

media. Such ampli�ed pulses with high peak power may cause damage to the ampli�ers

due to optical Kerr lensing e�ect. This e�ect is based on dependence of refractive index n

of the ampli�cation materials on the pulse's intensity I (t)

n = n0 + n2I (t) (6)

where n2 is nonlinear index of refraction, it depends on the materials but mostly it is often

positive [24]. Kerr lensing e�ect can occur in most of optical materials. When an intense

beam propagates in an optical medium with n2 > 0, its higher intensity in the center

results in a steep rise in the refractive index in the beam center. This turns out that the

medium works like a positive nonlinear lens to change the beam radius as is illustrated

by Figure 2.1 [25]. This induced e�ect is called self-focusing e�ect. Finally, the resultant

self-focused beam can de�nitely damage the optical medium [24]. This can be avoided by

employing CPA technique.

Figure 2.1: Self-focusing beam in optical Kerr medium [25]

The CPA employs the idea of temporal dispersion. This concept will be explained in

section 2.1.2. A brief explanation is that initially unchirped pulses are made temporally

chirped before being ampli�ed without changing the corresponding spectrum. Generally,
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the electric �eld of ultrashort pulses have time-dependent amplitude and phase. So the

equation (1) should be written in its general form as

E (t) = A (t) eıφ(t) (7)

The angular frequency is de�ned as

ω (t) ≡ dφ

dt
(8)

For an unchirped pulse, the phase φ (t) is a linear function of time φ (t) = φ0 + ω0t, hence

equation (7) has the form of equation (1), and the frequency is ω0 which is a constant

along the pulse. Figure 2.2 shows an unchirped Gaussian pulse with a constant frequency

along the pulse. However, when the pulse is made linearly chirped, its temporal phase no

longer depends on time linearly but quadratically. Let us assume that it has the form of

φ (t) = φ0 +ω0t+ bt2 where b is some coe�cient. In that case, the angular frequency is not

a constant with respect to time, but is linearly dependent on time ω (t) = ω0 + bt. If this

instantaneous frequency increases, the pulse is positively chirped. Otherwise, the pulse is

negatively chirped.

Figure 2.2: An unchirped Gaussian pulse

The CPA technique is illustrated brie�y by Figure 2.3. A CPA system contains three

main parts: stretchers, ampli�ers and compressors. Each part will be described in details in

the following sections. According to this technique, �rst of all, pulses have to be stretched

in a dispersive system to decrease their peak power. Next, they can be safely ampli�ed.
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Finally, the ampli�ed and stretched pulses are compressed back to their initial pulse-width,

ideally, by passing through another dispersive system of which the dispersion sign has to

be opposite to that of the stretchers [24].

Figure 2.3: Sketch of CPA technique

2.1.2 Group Velocity Dispersion

When a pulse propagates through a dispersive medium of length L, it experiences a

spectral phase φ (ω). Assuming that the input pulse's spectrum is Ein (ω) then the output

pulse in the time domain can be written as

Eout (t) =
1

2π

ˆ
dωEin (ω) eı[ωt+φ(ω)] (9)

where the phase

φ (ω) = −β (ω)L (10)

depends on the propagation constant of the medium de�ned as

β (ω) =
ωn (ω)

c
(11)

The phase can be Taylor series expanded at the central frequency ω0 as

φ (ω) = φ0 + (ω − ω0)φ1 +
1

2
(ω − ω0)

2 φ2 +
1

6
(ω − ω0)

3 φ3 + · · · (12)

where φn =
(
∂nφ
∂ωn

)
ω0 , speci�cally φ0 is absolute phase while φ1, φ2, φ3 are known as group

delay, second-order dispersion (SOD) or group delay dispersion denoted as GDD, third-

order dispersion (TOD), respectively. Non-zero φ2 is equivalent to a linearly chirped pulse

while non-zero φ3 is corresponding to a quadratically chirped pulse. To have a better and

clearer understanding about the concept of 'chirp', let us discuss how a dispersive medium

10



impacts a pulse. First of all, equation (12) can be rewritten in terms of β (ω) as

β (ω) = β (ω0) +
∂β

∂ω
|ω0 (ω − ω0) +

1

2

∂2β

∂ω2
|ω0 (ω − ω0)

2 +
1

6

∂3β

∂ω3
|ω0 (ω − ω0)

3 + · · ·

= β0 + β1 (ω − ω0) +
β2
2

(ω − ω0)
2 +

β3
6

(ω − ω0)
3 + · · · (13)

where βn =
(
∂nβ
∂ωn

)
ω0 .

Next, we insert equation (13) into equation (9) and rearrange it in such a way that the

pulse's electric �eld can be composed of two separate parts: carrier term which is indepen-

dent on ω, eı(ω0t−β0L) , and envelope function aout (t), speci�cally

Eout (t) = Re
{
eı(ω0t−β0L)aout (t)

}
(14)

aout (t) =
1

2π

ˆ
dω̃A (ω̃) eı[ω̃t−{β1ω̃+

β2
2
ω̃2+···}L] (15)

and

ω̃ = ω − ω0 (16)

This expression shows that the variation of β with respect to ω does not in�uence the

carrier term, and that the carrier term propagates at the phase velocity vph = ω0

β0
, and that

this variation only a�ects the envelope. In particular, if the pulse propagates in such a

medium that β (ω) depends on frequency linearly:

β (ω) = β0 + β1ω̃ (17)

then the envelope of the output pulse becomes

aout (t) = ain (t− β1L) (18)

Therefore, it is obvious that the output pulse is exactly a copy of the input pulse and

travels at the group velocity, vg = β−11 . In other words, the dispersive medium determines

the group velocity and, hence, the time duration that a pulse needs to pass through that

medium. The time duration or group delay is given by the second term of equation (18).

That is

τ = β1L =
L

vg
(19)

However, if β (ω) does not depend on frequency linearly, then the output pulse is no longer

identical to the input pulse. The variation in group delay with respect to frequency is given
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by

∆τ (ω) = τ (ω)− τ (ω0) = (ω − ω0)
∂τ

∂ω
= (ω − ω0) β2L (20)

This equation can also be generalized to determine the chirp amount of a pulse with a

spectrum bandwidth of ∆ω as [24]

∆τ (ω) = β2L ·∆ω (21)

or by substituting equation (11) into (21), the chirp amount is equivalent to

∆τ (ω) =
λ3L

2πc2
d2n

dλ2
∆ω (22)

If the GDD, β2L , is positive then the dispersion is positive otherwise it is negative.

The concept of GDD is very important in a CPA system. It is considered to be a

guideline to set up the system practically because it is very important for SOD and TOD

in stretchers, all materials and compressors to be compensated simultaneously [26], i.e.

φstretcher2 + φmaterial2 + φcompressor2 = 0 (23)

φstretcher3 + φmaterial3 + φcompressor3 = 0 (24)

In practice, there are several ways to make a pulse temporally chirped. That can be

using material dispersion where n = n (λ). Optical �bers are popularly used due to this

reason. In addition, using angular or geometrical dispersion, such as prisms and gratings,

is another option.

2.1.3 Ultrashort Pulse Stretcher

Generally, a pulse can be stretched in a positive GDD medium such as grating stretchers

and �bers. In �ber optics, it is popular that the SOD and TOD can be written in terms

of wavelength λ as given by equations [24]

∆τ (λ) = −2πcβ2∆λL

λ2
(25)
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This can be rewritten in terms of dispersion parameter D(ps nm-1 km-1) de�ned as

D = −λ
c

d2n

dλ2
(26)

∆τ (λ) = DL∆λ (27)

Accordingly, SOD and TOD become [24]

φ2 = − λ
3L

2πc2
d2n

dλ2
(28)

φ3 =
λ4L

4π2c3

[
3
d2n

dλ2
+ λ

d3n

dλ3

]
(29)

In this thesis, silica �ber was used for pulse stretching because of the fact that index of

refraction of this �ber depends on wavelength as shown in equation (30) [27]. Obviously,

all equations above, (25 - 29) can be applied.

n (λ) = 1.4508554−0.0031268λ2−0.0000381λ4+
0.0030270

λ2 − 0.035
− 0.0000779

(λ2 − 0.035)2
+

0.0000018

(λ2 − 0.035)3

(30)

2.1.4 Ytterbium Doped Fiber Ampli�ers

Rare earth ions are doped in a �ber's core which has higher refractive index than its

cladding so that ampli�ed signals can propagate in the core due to total internal re�ection.

There are a few advantages that Yb:�ber ampli�ers have over other rare earth doped

�bers. The �rst advantage is that they can give very high output power. In addition, their

ampli�cation bandwidth is broad, in particular from 975 to 1200 nm. Finally, they accept

a broad pumping bandwidth as well, between 860 and 1064 nm, which brings more options

of pumping schemes to �ber users [28].

The mechanism of the ampli�cation in �bers is similar to that happening in an regular

laser. This means that stimulated emission is the key point. In other words, when a �ber

is pumped, its dopant ions initially at ground states are excited to higher energy levels

or excited states. These ions can decay spontaneously and release photons of which the

energy is equal to energy di�erence of the two levels. Moreover, the emitted photons from

di�erent atoms have no phase relation with each other and travel in any directions. This

process is called spontaneous emission (left diagram of Figure 2.4). Ampli�ed spontaneous

emission (ASE) is generated in pumped �bers via this mechanism. It exists in the �bers
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Figure 2.4: Left: Spontaneous emission - Right: Stimulated emission

regardless of the fact that the pumped �bers are seeded or not. Generally, it is an unwanted

and unavoidable e�ect or noise in �ber ampli�ers. However, it de�nitely can be decreased

signi�cantly or even precluded relying on many other factors such as �ber length, �ber type

(i.e. single clad or double clad), pump and seed power. Nevertheless, if the �ber is seeded

by a signal with some known frequency, photons are still emitted but they, all, together

with the signal are in phase. Furthermore, all of the photons travel in the same direction.

This is called stimulated emission (right diagram of Figure 2.4). As a result, the signal is

ampli�ed through this phenomenon [29].

Figure 2.5: Energy level structure of Yb3+ [30]

In order that the signal can be highly ampli�ed in Yb:�bers, a proper combination of

pumping and signal wavelengths should be carefully investigated. As a result, it is helpful

to discuss about the energy level structure as well as the absorption and emission cross

section of Yb3+. There are two manifolds in the Yb3+ energy level structure: ground

manifold 2F7/2 and excited manifold 2F5/2 . Each manifold consists of several sub-levels.

Figure 2.5 shows that the ground manifold contains sub-levels a, b, c, d while the excited
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manifold has three sub-levels e, f and g. The absorption and emission cross section of Yb3+

is shown in Figure 1b of [30].

As is shown by Figure 2.5, if the ions are pumped at 975, 909 and 860 nm, they

will be excited and transit from sub-level a in the ground manifold to sub-level e, f, g,

respectively. As the excited ions at sub-levels f, g are not stable, they start to decay to

sub-level e and then transit to the ground manifold at di�erent wavelengths shown in green

lines. Depending on the wavelengths of the seed signals, pump wavelengths can be chosen

properly. That is why the absorption and emission cross sections described in Figure 1b of

[30] are useful. In accordance with that graph, there are two peaks of absorption, at 910 and

975 nm, and two peaks of emission at 975 and 1030 nm. For high ampli�cation e�ciency,

the wavelength of the pump should be as close as possible to the peaks of absorption while

the signal wavelength that needs to be ampli�ed should be close to or at the emission

peaks. Therefore, there are two best options for the pump wavelength. Firstly, if the �ber

is pumped at around 910 nm, the gain obtained at 975 nm will be higher than the gain

at 1035, 1087 and 1140 nm because the emission cross section at 975 nm is the highest

according to Figure 1b of [30]. Thus, this is consistent with the energy level structure in

Figure 2.5. If the pump wavelength is 975 nm, the gain at the long wavelength range, 1000

to 1150 nm, in the Figure 1b will be achieved because their emission cross sections are

much higher than their absorption cross sections. Besides, one remarkable point is that

the absorption bandwidth at 975 nm is very narrow. Thus, the pump bandwidth should

be narrow as well. In this thesis, the two ampli�ed signal wavelengths are 1025 and 1085

nm. Consequently, a diode-laser pump at 975 nm was used instead of at 910 nm to avoid

strong ASE which is the gain at around 975 nm.

Figure 2.6: A double-clad �ber
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In this thesis, double-clad �bers, as is illustrated by Figure 2.6, were used in all of the

ampli�cation stages because they can support the multi-mode pumps. In terms of pumping

schemes, there are two schemes basically. They are core and cladding pumping. In the

former, both of the pump and the �ber are single-mode and the pump does the pumping

in the core of the �ber. In the latter, the pump is multi-mode while remaining the output

signal to be single-mode if the input is single-mode. In addition, the pump light is coupled

into the �ber's inner cladding which has higher refractive index than the outer cladding.

Hence, the pump light can travel along the �ber via total internal re�ection. When the

pump beam crosses the core, it ampli�es the signal traveling in the core. In this thesis,

cladding pumping was preferable due to high output power and high pumping power.

2.1.5 Ultrashort Pulse Compressor

The compressor used in this thesis is Treacy's grating setup. It consists of two typical

transmission gratings. They should be aligned to be parallel to each other. According to

this setup, the SOD or GDD can cancel the positive GDD produced in the grating stretcher

and materials if the incident angle θi of the pulses, grating period d and the distance

between the two gratings, namely compressor length L, are properly chosen. Particularly,

GDD is given by [29] [31]

φ2 =
−λ30L

πc2d2
[
1−

(
λ0
d
− sin θi

)2]3/2 (31)

where λ0 is the wavelength of the light.

The minus sign in front of equation (31) indicates that the grating compressor always give

negative GDD on the pulses. Consequently, this can be considered as its main advantage.

Besides, in systems that di�erent wavelengths need to be spatially separated then the

grating compressor is a good choice. However, one disadvantage of the grating compressor is

that it cannot cancel TOD generated in materials including �ber stretchers, �ber ampli�ers

because both of its TOD and the materials' TOD are positive [26]. Note that the space

between the two gratings do not contribute to the GDD of the pulses.

2.2 Timing Jitter of Yb:�ber Laser

2.2.1 Introduction

Since the femtosecond pulses were generated for the �rst time in optical �ber lasers

in 1990, ultrafast �ber lasers have been developed signi�cantly and contributing to the

development of frequency metrology. Therefore, many researches have been focusing on
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stabilizing the lasers including reducing the noises. Fiber lasers have the smallest timing

jitter in comparison with bulk and semiconductor lasers [32]. Moreover, such systems can

provide not only short pulses but also high output power so they de�nitely can compete

with other laser systems. Especially, �ber lasers have one advantage over Ti:sapphire lasers,

which is its compact size. Although �ber laser systems based on rare-earth doped �bers

such as Yb3+, Er3+, -Yb3+ and Nd3+ have been grown, the systems based on Yb are most

widely used because they can o�er a wide bandwidth, high e�ciency of conversion and

long time of energy storage [33].

There are many factors that can contribute to the �uctuation of the repetition rate

of a mode-locked �ber laser. In general, they can be any �uctuation in the cavity length

and laser pump, ASE and acoustic interactions in the �ber. Amongst these, the cavity-

length �uctuation and ASE are the candidates causing the jitter the most compared to

the negligible pump �uctuation and acoustic interactions. Technically, the length of the

cavity depends dramatically on temperature. It is because in �ber lasers, the refractive

index n of the �ber relies on temperature T . For instance, in silica, ∂n
∂T

= 1.1 × 10−5, if

the temperature changes by 1oC then the optical path length of 1 m �ber is changed by

11 µm [32].

Recently, many methods have been built and applied to measure the laser's timing

jitter. The two well-known methods are optical cross correlation and radio frequency (RF)

electrical spectrum [34]-[38]. It was shown that the two methods give close results [35]. In

this thesis, the optical cross correlation method was used to measure the time �uctuation

from pulse to pulse. In our experiment, a testing-alignment step had been performed �rst

by employing the interferometric autocorrelation. The goal was to �nd out if the alignment

in the setup was properly set up and if the stability of the optical devices was good. Then,

the jitter was measured in time domain by using the optical cross correlation.

2.2.2 Interferometric Autocorrelation

An input beam is split into two by a beam splitter and then each beam propagates along

two di�erent arms as shown in Figure 2.7. This setup employs the Michelson interferometry

technique. One pulse is delayed by τ with respect to the other. The electric �elds of the

pulses from those arms after the interferometer and before the second harmonic generation

(SHG) crystal are E (t) and E (t− τ). The output �eld and intensity as a function of the

time delay τ on a SHG crystal are given by [39]

E (τ) = E (t) + E (t− τ) (32)

and
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I (τ) =

ˆ ∞
−∞

∣∣[E (t) + E (t− τ)]2
∣∣2 dt

=

ˆ ∞
−∞

∣∣E2 (t) + 2E (t)E (t− τ) + E2 (t− τ)
∣∣2 dt (33)

Equation (33) above can be expanded as

I (τ) =

ˆ ∞
−∞

{
I (t)2 + I (t− τ)2

}
dt

+2

ˆ ∞
−∞
{I (t) + I (t− τ)}Re {E (t)E∗ (t− τ)} dt+ c.c

+

ˆ
Re
{
E (t)2E∗ (t− τ)2

}
dt+ c.c

+4

ˆ ∞
−∞

I (t) I (t− τ) dt (34)

The �rst term is simply an addition of the two intensities. It is a constant, so called

background, while the last term is from non-collinear autocorrelation (this will be discussed

in section 2.2.3). Only the two crossing terms and their conjugates in the middle of the

equation contribute to the interferogram. Note that the intensity of the pulse is expressed

as

I (t) = E (t)E∗ (t) (35)

and that the electric �eld of the pulse contains the envelope part (complex amplitude A (t))

and the carrier part

E (t) = A (t) eı(ω0t+φCE). (36)

Substituting (36) into (34), it is obvious that the second term in (34) is a coherence term

which oscillates at a frequency of ω0 while the third term oscillates at 2ω0.
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Figure 2.7: Sketch of interferometric autocorrelation

At zero time delay, each term becomes

Ibackground (τ = 0) = 2

ˆ ∞
−∞

I (t)2 dt (37)

Iω0 (τ = 0) = 8

ˆ ∞
−∞

I (t)2 dt = 4Ibackground (38)

I2ω0 (τ = 0) = 2

ˆ ∞
−∞

I (t)2 dt = Ibackground (39)

Iautocorrelation = 2Ibackground (40)

It means that [39]
I (τ = 0)

Ibackground
= 8 (41)

The ratio shown in equation (41) can be achieved if the alignment is good, stable and phase

matching conditions of the SHG crystal are satis�ed. Moreover, in general, the fringes in

all cases have to be symmetric because I (τ) = I (−τ).

2.2.3 Non-collinear Intensity Autocorrelation

Similarly to the case of interferometric autocorrelation discussed above, the beam is

also split into two as is shown by Figure 2.8. However, in this case, there is no background
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overlapping with the generated second harmonic light. So the only term achieved will be

[39]

Iautocorrelation =

ˆ ∞
−∞

I (t) I (t− τ) dt (42)

The autocorrelation pulse should be symmetric, similar to the interferometric fringes,

because I (τ) = I (−τ).

Figure 2.8: Sketch of the setup of the non-collinear autocorrelation

2.2.4 Timing Jitter Measurement based on Optical Cross Correlation

In the optical cross correlation technique used to measure the timing jitter, the setup is

similar to that of the non-collinear intensity autocorrelation. The timing jitter of Gaussian

pulses is given by [34]

τ 2jitter = τ 2CC − τ 2AC (43)

where τjitter is the timing jitter, τCC is the full width at half maximum (FWHM) of the

cross correlation and τAC is the FWHM of the autocorrelation.

The FWHM of the autocorrelation is achieved when the di�erence in the optical path

length ∆L between the two arms is less than a pulse-width. In the case of the cross

correlation, ∆L can be N.TRT , where N is a positive integer and N ≥ 1. It means that
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the second harmonic is generated between two di�erent pulses. In this thesis, the cross

correlation was performed between two adjacent pulses or N = 1.

2.3 Ultrafast Mid-infrared Generation based on Di�erence Fre-

quency Generation

2.3.1 Di�erence Frequency Generation

Di�erence frequency generation is a down frequency conversion process. This second-

order non-linear process is illustrated by Figure 2.9. Conventionally, in the DFG technique,

the pump denoted as ωp is the highest frequency, the idler ωi is the lowest frequency and

ωs is called the signal [40].

ωi = ωp − ωs (44)

Figure 2.9: Schematic diagram of DFG

The phase mismatch ∆k in a nonlinear crystal is given by

∆k = kp − ks − ki (45)

where kp, ks, ki are the wave vectors of the pump, signal and idler and

k = nω/c (46)

The generalized phase matching condition is given by

∆k = 0 (47)

or

niωi = npωp − nsωs (48)
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The idler intensity is a function of the product of the pump and signal intensity, IpIs

[40]

IDFG =
2ω2

i d
2
effL

2IpIs

c3ε0npnsni
(49)

In this equation, ε0 is the dielectric constant and np, ns, ni are refractive indices of the

pump, signal and idler, c is the vacuum wavelength, L is the interaction length, deff is the

e�ective nonlinear coe�cient.

2.3.2 Gallium Selenide

In this thesis, the GaSe crystal was used for the MIR generation. Its transparency range

is from 0.62 to 20 µm. In addition, this is a negative uniaxial and birefringent crystal. Its

refractive index depends on the polarization direction of the light beams.

In the GaSe crystal, it is suggested that the pump's polarization should be orthogonal

to the polarization of the signal to increase the conversion e�ciency. Speci�cally, in this

thesis, the pump is set to be e-polarized while the signal has o-polarization. When a light

beam's polarization direction is in the same plane with a plane formed by its wave vector
~k and the optic axis ĉ of the crystal, its polarization is called extraordinary polarized

(e-polarized for short) or p-polarized. On the other hand, if the direction of the light's

polarization is perpendicular to that plane then it has ordinary polarization (o-polarized

for short) or s-polarized. Depending on the polarization of the output beam ωi, the phase

matching types in GaSe are classi�ed into two di�erent types. In type I (eoo), the phase

matching is

noiωi = nepωp − nosωs (50)

and type II phase matching (eoe) is given by

neiωi = nepωp − nosωs (51)

Generally, the phase matching condition can be ful�lled by angle tuning, temperature

tuning or wavelength tuning. In the case of GaSe, its phase matching condition is obtained

by angle tuning. It is because of the fact that depending on the beam's incident angle θ

between ~k and ĉ, the beam can experience di�erent refractive index [40], i.e.,

1

ne (θ)2
=

sin2 θ

n̄2
e

+
cos2 θ

n2
o

(52)

In this equation, ne (θ) is the refractive index of the e-beam, n̄e is called principle value

of the extraordinary refractive index and no is ordinary refractive index. If θ = 900 then
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ne = n̄e and if θ = 00 then ne = no. As a result, the phase matching condition is satis�ed

by combining the equation (50), (51) and (52) to �nd the phase matching angle θ.

Once the phase matching angle θ is found, the conversion e�ciency can be dramatically

optimized because it relies on both of the interaction length L of the crystal and deff . The

interaction length is often called the walk-o� distance or aperture length. In other words,

the three beams have di�erent frequencies and di�erent polarizations. So, technically, they

just travel together or spatially overlap in the crystal for a certain distance after which

they start separating from each other. It means that the conversion e�ciency can be

dramatically increased if the walk-o� distance is the same as the crystal length to ensure

that once they still travel in the crystal, they overlap in space. Consequently, it is necessary

to �nd the walk-o� distance L given by [40]

L =

√
π

ρ
wo (53)

where wo is the 1/e power radius of the Gaussian beam of the idler or the signal and ρ is

the walk-o� angle which depends on the phase matching angle θ as below [41]

ρ = − 1

ne
· dne
dθ

(54)

Furthermore, the e�ective second-order coe�cient deff of the GaSe crystal correspond-

ing to a certain phase matching type is given by [42]

deoo = d22 cos θ sin 3φ (55)

and

deoe = d22 cos2 θ cos 3φ (56)

d22 is the second-order nonlinear coe�cient which is equal to 54 pm/V. In order to increase

the conversion e�ciency, not only the angle θ but also the azimuthal angle φ are important.

2.4 Super-continuum Generation

The PCF for generating a SC has a solid core made of glass in the center. The core is

surrounded by a cladding consisting of an array of air holes along the longitudinal central

axis of the �ber. Moreover, for this type of PCF, the fraction of the air-�ll areas is larger

than that of core areas. In addition, the cladding has lower refractive index than the glass

core. So, total internal re�ection is the phenomenon guiding pulses traveling in the core

like standard �bers. In femtosecond regime, SC generation in the PCF is caused by not

only high nonlinear e�ects, such as self phase modulation (SPM), cross phase modulation,
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soliton e�ects, Raman scattering, modulation instability and four-wave mixing, but also

dispersion properties of the PCF with respect to the incident wavelengths. The former is

the key for generating SC for low energy pulses (nanojoules like our case). When the SC

is generated, it means that the narrow bandwidth of the incident pulses is broadened after

propagating through the PCF [43] [44]. A bandwidth can be spanned more than an octave.

Our SC is an example (see Figure 4.2 for the SC and Figure 4.1 for the input).

Generally, a combination between femtosecond pulses and an anomalous group velocity

dispersion (GVD) regime close to the zero-dispersion wavelength of the PCF can generate

a very broad (white light) spectrum. We switched from such PCF to all-normal dispersion

(AND) PCF. Our current PCF's dispersion is normal and �at in the range of 1000-1100 nm.

The zero-dispersion PCF is not stable due to soliton e�ects generating the SC, whereas,

AND PCF generates a SC in such a way that the soliton formation is precluded while the

SPM is dominated. The SPM can ensure that the input pulse coherence can be preserved,

thus the output is more spectrally stable, which is not the case for the zero-dispersion PCF

[45].

2.5 Chirped Fiber Bragg Gratings

A normal �ber has a uniform refractive index along its length. In �ber Bragg gratings

(FBGs), the refractive index of the �ber core changes periodically or aperiodically along a

short length. Such refractive index perturbation makes the FBGs work like spectral �lters

which can re�ect a narrow wavelength range and transmit other wavelengths. In principle,

a uniform period FBGs employ the Bragg e�ect to re�ect a light:

λBragg = 2neffΛ (57)

where Λ is the period of the grating, neff is the e�ective refractive index for light propagat-

ing in the core and λBragg is the centered wavelength of the narrow re�ected bandwidth,

called Bragg wavelength. In general, if a light beam containing a range of wavelengths

is launched into a FBG, the wavelengths that are in phase with the grating's period will

be re�ected back to the input end while those are not in phase with the period will pass

through the FBG [46]. In a chirped �ber Bragg grating (CFBG), the grating's period

is non-uniform along its length. If the period changes linearly with the grating's length

then the chirp induced in the grating is linear. There are many applications of CFBGs.

They can be used to correct and compensate dispersion, suppress ASE, �atten gain of an

ampli�er. They can also be used in a CPA or as in-�ber band-pass �lters, etc [47]. [47].
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3 Experimental Setup

The long-term goal of this research is to make a frequency comb at a long wavelength

of around 18 µm. Towards this goal, this thesis project had two main experimental tasks.

The �rst task is to generate MIR based on DFG, and the second one is to test whether the

cavity length of the Yb:�ber laser is su�ciently stable so that a frequency comb can be

realized by di�erence frequency mixing. Otherwise, active stabilization will be required,

which is beyond the current thesis project. The sketch of our complete experimental system

is shown in Figure 3.1.

Details of the CPA system developed as a part of this thesis have been published in [48]

and are given in section 3.1. The experimental setup for the MIR generation was the same

as [16]. The timing jitter measurement of the Yb:�ber laser was based on the setup used

in [49]. In this case, the cross correlation technique with background-free was applied.

The CPA setup used in this thesis as well as in [48] largely modi�ed the setup used in [16]

to increase output e�ciency, system stability and apparatus compactness. Commonalities

between the two setups include an ultrashort Yb:�ber laser, a PCF to make a SC, two

ampli�cation stages, a �ber stretcher, and a grating compressor. Modi�cations to the

setup used in [16] include a AND PCF, a CFBG for two-color selection replacing the notch

�lter, removal of grating stretcher and, most importantly, splicing �bers.

In the MIR generation setup, the two color wavelengths were down-frequency mixed in

the same GaSe crystal as in [16]. Lenses with di�erent focal lengths were used to focus the

signals on the GaSe crystal to optimize the output MIR power. In addition, the process

of MIR detection was performed by di�erent setups and measured by two devices. The

�rst device was HgCdTe (Mercury Cadmium Telluride or MCT) as in [16], and the second

device was thermal detector for average power measurement. This will be discussed further

in section 3.2.

Section 3.3, describes details of cross-correlator technique used for measuring timing

jitter. This setup is to measure the autocorrelation width and the cross correlation width

of adjacent pulses.

25



Figure 3.1: Sketch of the entire experimental setup

3.1 Two-color Yb:�ber CPA System

3.1.1 Super-continuum Generation

The laser source used as the front end of our two-color ampli�cation system is a Yb:�ber

femtosecond laser containing an oscillator and a CPA system in a compact commercial

package. The Yb:�ber laser generates pulses with the width of around 200 fs at a repetition

rate of 65 MHz. In this mode-locked laser, a rare-earth doped �ber, Yb, is used as high gain

medium in the oscillator and the ampli�er. For such a high-gain, �ber-based laser, mode-

locking instability or �ber-end damage can be caused by a small µW level noise from the

reverse-direction light. Such is a disadvantage of mode-locked, rare-earth, doped-�ber lasers

compared to mode-locked, solid state lasers [50]. As shown in Figure 3.3, output pulses

passed through a Faraday isolator in order to protect the laser source from the radiation

re�ected by the CFBG. This isolator contains three main components: an input polarizer

or birefringent crystal, a Faraday rotator and an output polarizer. This combination allows
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Figure 3.2: Schematic illustration of a Faraday isolator: the forward light polarization
(black lines) is rotated by 450after the Faraday rotator. The output polarizer is aligned at
450 with respect to the input polarizer to let the light pass through. The backward light (red
lines) passes through the output polarizer and then its polarization is rotated by another
450 after the Faraday rotator so its polarization is di�erent from that of the input light by
900.

light to travel through the isolator only in the forward direction by rotating the incident

light's polarization plane by 450 while maintaining the light to be linearly polarized. This

is illustrated by Figure 3.2. The Faraday isolator used in this setup had 60% transmission.

The pulses, then, propagated through a half wave plate (HWP) before they were coupled

into a AND PCF via a 20× microscope objective lens to generate a SC. That PCF is 2 m

long. The spectrum content of the SC could change by rotating the HWP in front of the

PCF to change the polarization of the incident pulses. This helps with choosing a desired

ratio between the two colors in the input signal of both the pre-ampli�er and the MIR

generation.

3.1.2 Two-color Signal Generation

Previously, a two-color signal had been selected from a SC by using interference or

notch �lters [16, 51]. The required number of interference �lters depends on the expecting

separation between the two colors in the output signal. One advantage of using notch

�lters is its �exibility in selecting the spectral wavelength. However, using them also has

some disadvantages. Firstly, their rejection bandwidth is limited, as short as around 45

nm, so in order to make a 60 nm separation two identical �lters in series should be used.

This, as a result, causes a high power loss.

In our case, an improvement was made by using a CFBG. This CFBG was spliced to

the PCF and the 100 m �ber stretcher, as seen from Figure 3.3. The output spectrum

was a two-color signal spectrum with a sharp and clear spectral ejection with a 60 nm

bandwidth, from 1025 nm to 1085 nm, centered at 1055 nm.
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Figure 3.3: Experimental setup up to the CPA system

3.1.3 Two-color Yb:�ber Pre-ampli�er

Figure 3.3 shows the full setup of this stage. After being stretched by the 100 m �ber,

the peak power of the pulse was dramatically decreased so it could be safely ampli�ed in

the next stages. The 1025 and 1085 nm pulses were stretched by an amount of 16 and

13.5 ps, respectively. The output pulses continued to propagate into an Yb:�ber to be

ampli�ed after passing through a �ber-embedded Faraday isolator. The reason for this

isolator's presence was to avoid the ASE sent back from the Yb:�ber pre-ampli�er to the

previous parts of the experimental system.

In the two-color pre-ampli�cation stage, a single mode and double clad Yb:�ber with a

length of around 1.8 m and a core diameter of 8.6 µm was employed. This Yb:�ber has a

gain peak at approximately 1035 nm. Especially, in this stage, it is worth to mention that

one end of this Yb:�ber and the 100 m �ber stretcher were spliced together through the

�ber-attached Faraday isolator to increase, �rst, the seed-to-�ber coupling e�ciency and

second, the stability of the system. This can be considered as an important improvement

in the ampli�cation process. Therefore, counter-pumping was still applied in the pre-

ampli�er. In fact, experimentally, we found that there was no dramatic di�erence in the

pre-ampli�cation output between co-pump and counter-pump. The pump, a diode-laser
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that is coupled to a multi-mode �ber, can generate a power of 6.5 W for the pre-ampli�er.

In addition, as it has been shown that the emission cross section of an Yb:�ber can be

maximized, at around 1035 nm, by pumping at 975 nm. In addition, the absorption

bandwidth of the Yb:�ber is narrow and the diode-laser pump's output wavelength depends

on the diode's temperature. Thus the diode-laser pump's temperature of this stage was

controlled to have the pump's spectral peak at 975 nm as desired. Besides, the two long-

pass dichroic mirrors were placed right after the diode pump to protect the pump from the

ampli�ed signal that can travel backward because such dichroic mirrors re�ect the pump

beam while transmit the ampli�ed seed. These two mirrors are optimized for 900 re�ection.

One short-pass dichroic mirror was also put at the output of the pre-ampli�er to let only

the ampli�ed signal be re�ected to the next stage. Note that, dichroic mirrors are sensitive

to light polarization and wavelength. Therefore, this short-pass dichroic mirror's angle was

carefully and �nely tuned to optimize the output power.

3.1.4 Two-color Yb:�ber Main Ampli�er

Before being ampli�ed in the main ampli�er, the pre-ampli�ed output signal was sent

to a notch �lter, next, a HWP and then a Faraday isolator (Figure 3.3). The transmission

of this isolator is roughly 50%. Finally, the two-color-without-ASE signal was coupled into

an Yb:�ber which is counter-pumped by a diode laser pump.

First of all, it was necessary for a notch �lter to be placed after the pre-ampli�er because

there was some ASE in the two-color signal after that stage. Secondly, it is obvious that

the Faraday isolator helped block the ASE from the main ampli�er to travel back to the

previous ampli�cation stage. Especially, the �rst di�erence in the setup between the two

stages was that, in this ampli�cation stage, the Yb:�ber did maintain the polarization of the

signal while that of the pre-ampli�er did not. As the two colors were still linearly polarized

but they might have di�erent polarizations. Hence, the HWP played a very important role

in changing the power ratio between the two colors by changing their polarization planes.

This was crucial to MIR optimization. The �ber core has a diameter of 11 µm. The second

di�erence was that the input signal was free-space coupled into the Yb:�ber main ampli�er.

Therefore, the pre-ampli�er was better in terms of stability and coupling e�ciency. Finally,

one more long-pass dichroic mirror was placed right after the Faraday isolator to avoid the

strong ASE from the pump traveling back to the Yb:�ber in the previous stage. Other

than that, the two stages had common characteristics, in particular, the diode laser pumps

peaked at 975 nm were both controlled in temperature for the reason mentioned in the

pre-ampli�er setup. In addition, the pump powers were around 6.5 W and two long-pass

dichroic mirrors were also used to protect the diode laser pump. The short-pass dichroic
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mirror at the output end of the stage was rotated to optimize not only the output power

but also the spectrum. We found that this mirror could signi�cantly block either the short

or long wavelength side of the ampli�ed spectrum. So it is paramount to �nd a proper

angle for the mirror to have an expected output. In our case, the angle was around 450.

3.1.5 Pulse Compression

The goal of the compression, as it is called, was to compress the pulse back to its original

pulse-width, ideally, when it had been already ampli�ed. In our experiment, a Treacy

grating compressor [31] was used. This was a set of three identical gratings. Particularly,

they all were transmission gratings with the same groove density, 1250 lines/mm, and the

same Littrow angle, 41.7 degrees at 1064 nm. In addition, their operating polarization is

TE (s-polarization).

There are a few main requirements for the compression setup. Firstly, the three gratings

have to be set to be parallel to each other. This can ensure that the pulses are not spatially

chirped. Practically, we sent the compressed beams to the spectrometer and tweaked the

horizontal knob of the mirror in front of the spectrometer to make sure that the beam

spectrum did not shift horizontally. Secondly, the light's incident angle should be at or

close to Littrow angle to minimize the power loss from each grating. The third requirement

is about the signal's polarization. As the grating's operation is optimized for s-polarized

signals, thus, it is important for the incident light to be s-polarized. Finally, the distances

between each color's grating and the �rst grating, namely compressor length is the key

point in the compressor. In practice, for each color, the background-free autocorrelator

was used to compress the pulse.

The pre-step for the compressor in our experiment was to convert the signal's polar-

ization from p-polarization after the main ampli�er to s-polarization by a 900 periscope.

The output signal from the main ampli�er hit the bottom mirror of the periscope and then

was re�ected straight up to the top mirror which caused the re�ected beam's direction to

change by 90o with respect to the incident beam of the periscope, and thus, to change the

polarization of the beam by 900.

The compressor is described in Fig 3.3. First of all, the two-color signal was di�racted

from the �rst grating and each color, then, separately traveled to its own grating. The

back mirrors after each color's grating sent the two colors back to the �rst grating. In this

setup, all the gratings were aligned in such a way that the incident beams were vertically

above the re�ected beams. Furthermore, when the two colors traveled back to the �rst

grating, the 1085 nm color was below the 1025 nm color. Besides, as for the MIR generation

purpose, the two compressed colors later need to be temporally collapsed or synchronized.
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Thus, the 1025 nm back mirror was placed on a translation stage for �ne movement.

3.2 Ultrafast MIR Generation

The nonlinear crystal used to generate MIR at 18.5 µm by DFG is GaSe that is 1 mm

thick. In order to make the DFG happen in GaSe, the two colors need to overlap both

temporally and spatially. The former can be carried out by moving the back mirror on

the translation stage of the compressor. The latter can be performed by using a polarizing

beam splitter (PBS) as shown in Figure 3.4. This optical device is commercially designed

to re�ect the s-polarized beam while transmit the p-polarized one. Therefore, another 900

periscope was placed in front of the PBS to �ip the polarization of the 1085 nm color to

p-polarization. On the other hand, it is noticeable that the 1025 nm color's polarization

was kept to be s-polarized after the grating compressor. However, it is because the DFG

is optimum in the crystal GaSe if the red and blue color are s-polarized and p-polarized,

respectively [52]. As a result, there was another periscope used to one more time rotate or

'swap' the polarization of the two colors simultaneously before they both enter the crystal.

Next, the two beams were focused on a GaSe crystal by di�erent converging lenses with

various focal lengths such as 100 cm, 40 cm, 30 cm and 25 cm. For each lens, two di�erent

setup schemes were used to optimize the MIR detection on the MCT and on the thermal

detector Gentec XLP12. The reason why di�erent lenses vs. di�erent detection schemes

were used to optimize the unexpectedly low MIR power. It is because in a previous work

done by a co-worker [16] [22], the MIR power was stated to be at mili-Watt level due

to the misunderstanding in the detectivity of the MCT detector. We found out that the

actual power was at micro-Watt level by measuring the MIR by a thermal detector for

con�rmation.

The �rst detection-setup scheme was similar to [16], i.e, a spherical converging mirror

of which the focal length is 5 cm was placed after the GaSe crystal and on the propagation

path of the generated MIR. This mirror was placed on a translation stage to optimize the

detected MIR. The re�ected light from the spherical mirror was then focused perpendic-

ularly on the MCT by a �at gold mirror. As spherical mirrors have been said to cause

aberration if the angle between the incident and re�ected light is non-zero. Therefore,

the spherical and �at mirrors should be aligned in such a way that the angle can be as

small as possible. To preclude the aberration, the �at mirror should be placed close to the

spherical mirror as much as possible. In fact, the question �How far away from the GaSe

crystal should the spherical mirror be placed?� should be investigated carefully for two

main reasons. The �rst reason is to collect the generated MIR after the crystal as much as

possible on a spherical mirror of 2.5 cm in diameter. Because at a distance z away from
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Figure 3.4: Setup for MIR generation
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the crystal, the beam diameter of the 18.5 µm wavelength is 18 times bigger than that of

the IR signal and pump and may exceed the mirror diameter. The radius of the focused

beams on the crystal can be found by using the following equations:

w0 =
2fλ

Dπ
(58)

where f, λ, D are focal length, wavelength and beam diameter at the lens. So, the MIR

beam radius at a distance z away from the crystal is calculated by

w (z) =
w0√

2

√
1 +

z2λ2

π2w4
0

(59)

The second reason is optimize the MIR detected on the detectors. In the case of detecting

the MIR by the MCT, the active window size is small, 1 mm, so the focused spot on the

MCT should not exceed this number. However, when measuring the MIR by the thermal

detector, for the power meter's safety, it could not be put right at the focal point of the

spherical mirror. Instead, it was placed further away where the MIR beam spot started

diverged quickly as the smaller the focused spot was, the faster the spot size diverged after

that focused position. In addition, the active aperture of this device is also �nite, 12 mm,

which could block some incoming MIR. Therefore, both of the lens's focal length and the

spherical mirror position needed to be considered simultaneously in each measurement to

optimize, �rst, the MIR generation in the crystal, and second, MIR detection. In this

scheme, for the goal of making a magni�cation of 1 for the MIR beam on the MCT, the

spherical mirror was at 10 cm away from the crystal and distance from the spherical mirror

to the MCT was also 10 cm, then the MIR was optimized on the MCT. The setup is shown

by Figure 3.5.

In the second setup scheme for MIR detection, an o�-axis parabolic mirror with a focal

length of 5 cm was used to replace the spherical mirror. In contrast to spherical mirrors,

o�-axis parabolic mirrors could do a better job than the spherical ones in terms of avoiding

the spherical aberration. The experimental sketch is shown in Figure 3.6. A �at gold mirror

was placed very close to the crystal to collect as much of the MIR as possible. Then, the

light was re�ected to the o�-axis parabolic mirror which was placed on a translation stage.

Finally, the MIR was focused on the MCT. The distance from the crystal to the o�-axis

parabolic mirror was approximately 7 cm. Again, this was found by practically optimizing

the MIR on the MCT.
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Figure 3.5: Illustration of the �rst scheme setup

Figure 3.6: Illustration of the second scheme setup

34



In both schemes of detection, the MCT was always used �rst in order to optimize the

alignment because this sensitive and fast-response photoconductive detector is able to spot

a relatively weak MIR signal.The MCT was cooled by liquid nitrogen since, theoretically,

the longer the wavelength was the lower temperature the detecting material should have.

The full set of the detection composed of a mechanical light chopper, a lock-in ampli�er and

the MCT detector. The lock-in ampli�er can be considered as a phase sensitive detector.

It means that it measures the AC signal that has the same frequency and phase as the

reference signal. The AC signal and the reference signal mentioned above were created by

the chopper rotation. The chopper wheel was set to rotate at a constant frequency, nearly

1 KHz in our case, to chop the red color. This not only interrupts the signal path to make

the signal from the detector become AC but provided the reference signal for the lock-in

ampli�er as well. As a result, only the AC signal that was coherent with this reference

waveform or the MIR could be measured, while the noises were rejected. Besides, a 1mm-

thick Germanium (Ge) �lter was placed in front of the MCT's detecting window to block

the IR signals that transmitted through GaSe and to allow only MIR passing through. The

transmission of the Ge �lter for our 18.5 µm was around 35%.

Technically, the MIR could be enhanced by �nding the right phase matching angle,

azimuthal angle, proper ratio between the two incident colors, temporal and spatial overlap,

and spatial walk-o� angle between the pump and signal. Practically, the phase matching

and azimuthal angles were found by rotating the nonlinear crystal, GaSe, around its vertical

axis and optical axis, respectively. The phase matching angles theoretically found in our

case were 12.060 for type I and 12.450 for type II by using equations (50)-(52). The HWPs

helped with the ratio between the blue and red color. Finally, their temporal overlaps

could be improved by using the translation stage in the compressor. The walk-o� angles

calculated for the wavelength of 1025 nm were around 3.480 for type I phase matching and

3.60 for type II phase matching. One possible method that was applied to test whether

the two colors were together temporally and spatially by optimizing their resultant sum

frequency generation after a second harmonic generation crystal, speci�cally β-barium

borate (BBO) was used in our case.

3.3 Timing Jitter Measurement

The main idea was comparing the autocorrelation width of the same pulse and adja-

cent pulses. The autocorrelation widths were measured by employing the background-free

intensity autocorrelator (non-collinear autocorrelator). The timing jitter measurement was

performed right at the output end of the laser source. For precision, the light beam was

collimated by a telescope before they enter the same autocorrelator so that the beams from

35



the two autocorrelation arms always had the same size all the way to the SHG crystal.

In addition, in order to ensure of high stability and good alignment, and hence, precise

measurement of the autocorrelator, a Michelson interferometry was used for the case of

the same pulse. This interferometry, in fact is the collinear autocorrelation. It means that

when interference occurs, the ratio between the peak of the interference and background

should be 8:1. This step is a test if the alignment was good.

Figure 3.7 shows full setup of the autocorrelator. The light beam passed a telescope

containing a pair of two convex lenses (f1, f2) of which the distance is equal to f1 + f2.

Practically, the telescope (25, 10) cm was used to collimate the beam from the Yb:�ber

laser. Then, the collimated beam was split by a beam splitter which was aligned around

450 with respect to its incident beam. As a result, one beam transmitted through the beam

splitter and one was re�ected by an angle of 900 by the splitter. Next, the beam on each

arm was re�ected straight back after hitting two mirrors perpendicular to each other. The

reason why a pair of 900 mirrors was used instead of a single mirror was to prevent the

backward lights from going back to main ampli�cation �ber. However, the experiment was

required to be background free or non-collinear which means that one arm beam had to

be raised to be vertically higher than the other. When the re�ected beams from two arms

were recombined at the splitter, they were focused on the crystal BBO by a 10 cm focal

length convex lens. This setup was applied in both cases of same pulse and adjacent pulse

non-collinear autocorrelation. Nevertheless, the only di�erence or change was that in the

former case, the optical path length that lights traveled in two arms must be the equal,

whereas, the latter required the di�erence in the optical path length to be

∆L =
1

2
cT (60)

where c=3.108 m/s was used as the speed of light in air, T = 1
frep

(s) is the period of the

laser pulses. The appearance of the coe�cient 1
2
in equation (60) is due to the fact that

the light traveled a round trip on each arms. In our case, ∆L ≈ 2.3 m. In addition, in

order to achieve the width of the autocorrelation pulse, the back mirrors of one arm, we

chose the short arm's mirrors, were placed on a translation stage which was driven by a

motor controller with the resolution up to 0.1 µm.
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Figure 3.7: Cross correlation setup
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4 Experimental Results and Discussion

4.1 Super-continuum and Two-Color Signal Generation

A 200 fs seed pulse was generated by a 65 MHz Yb:�ber laser source. It could produce

an average power of around 0.5 W as well as a spectral FWHM bandwidth of 5 nm. The

peak of the spectral bandwidth was around 1040 nm as shown in Figure 4.1.

Figure 4.1: Spectrum of Yb:�ber laser

The coupling e�ciency into the PCF was estimated to be approximately 35%. The SC

spectrum after the PCF had a �xed peak at around 1035 nm and a range of average power

measured from 90-100 mW depending on the HWP's angle in front of the PCF. Moreover,

the angles could determine the power ratio of the two-color seed for the ampli�cation stages.

Figure 4.2-4.4 shows di�erent cases of the 1025 v.s 1085 nm power ratio under the same

scale with respect to an angle of 700, 1800, 2000 of the HWP. The blue and green circles on

the spectra show the power of the 1025 and 1085 nm, respectively to help visualize how

the HWP impacted the ratio between them.
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Figure 4.2: Super-continuum after the PCF at an angle of 2000 of the HWP

Figure 4.3: Super-continuum after the PCF at an angle of 1800 of the HWP
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Figure 4.4: Super-continuum after the PCF at an angle of 700 of the HWP

Figure 4.5: Input spectrum of pre-ampli�er

After propagating through the CFBG, a bandwidth of 60 nm, starting from 1025 nm to
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1085 nm, was clearly cut o� from the SC. The spectral input of the pre-ampli�er is shown

in Figure 4.5. An average power of 25 mW on average was the pre-ampli�cation input.

4.2 Two-Color Yb:�ber CPA System

The seed of the two-color Yb:�ber CPA system is shown in Figure 4.5. The total

power as well as the power ratio between the two colors could be varied by the HWP

placed in front of the PCF. As the peak gain of the Yb:�bers used in the two ampli�ers

was approximately 1035 nm that was closer to the two wavelengths, 1025 nm and 1085

nm, so these two wavelengths were dominantly ampli�ed more than the two outer-edge

wavelengths of the spectra. Thus, the ampli�ed spectra experienced a gain narrowing

e�ect.

In the pre-ampli�cation stage, the coupling e�ciency was approximated to be almost

40%. As a result, the seed at a power of a few tens of mW level (less than 30 mW),

was ampli�ed to almost 870 mW. The full output spectrum shown in Figure 4.6 reveals

the presence of a small portion of ASE between the two colors. After the ASE had been

removed by an interference �lter, not only the power but also a portion of the spectral

width on the short-color side reduced dramatically as seen in Figure 4.6. It is because of

the sharpness of the edge of the �lter. Speci�cally, the pre-ampli�ed signal power decreased

by almost 50% from 865 mW before the notch �lter to 450 mW after the notch �lter.

Figure 4.6: Output spectrum of the pre-ampli�er before and after the notch �lter
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This power kept decreasing one more time by ∼40% after traveling through another

Faraday isolator before entering the main ampli�cation Yb:�ber. This is equivalent to a

power drop to 150 − 250 mW. The reason why there was a wide range of power after the

isolator was because of the HWP set in front up the isolator. This optical device did play

an important role in rotating the polarization plane of the signal to match that with the

polarization of the isolator and, thus, of the Yb:�ber of the second ampli�cation stage.

Correspondingly, the output power range after the main ampli�er was around 3.4-3.5 W.

It is clearly seen that although the input of the main ampli�er had a wide variation range,

its output power almost stayed around the same value as shown in Figure 4.7 and 4.8. In

fact, the input power did have a signi�cant impact on the ratio between the two colors of

the output but the total power. Particularly, in two cases of the HWP's angle di�ering by

450, at 1240 (Figure 4.7) and 1700 (Figure 4.8), the total input power of the main ampli�er

mostly was determined by the power of the long color. However, the power of the 1085 nm

color in this stage was proportional to its input, in other words, the more power in 1085

nm color the input had, the more power in that color the output could produce. This is

one advantage of our experimental system because it helps with determining the desired

short:long ratio for the MIR generation. Moreover, as is shown by Figure 4.7 and Figure

4.8, after the main ampli�er, the FWHM bandwidth of both colors were greatly reduced

to nearly 4.5 mm and 7 nm for the 1025 and 1085 nm color, respectively.

Once the signal had been ampli�ed, it was compressed to maximize its peak power.

Ideally, the incident angle of the incoming signal to the gratings in the compressor should

be at Littrow angle, 410 to minimize the power loss. Nevertheless, the three gratings were

aligned to be parallel to each other but the signal consists of two wavelengths di�ering by

60 nm. So, �nally, they entered their own gratings at di�erent angles after being di�racted

from the �rst grating. Therefore, the angular orientation here turned out to help one of

the color signals only. Our choice was optimizing the short color so the incident angle to

the compressor was to support the 1025 nm color. Experimentally the compressor length

were found to be approximately 57 mm and 98 mm for the short and the long wavelength,

respectively. After the compressor, the long and short su�ered a loss of approximately

50% and 30%, respectively. This is equivalent to an average power of 0.7 W and 1.4 W

for the case indicated in the bottom graph of Figure 4.7, leaving a total average power of

2.1 W of the two colors. Furthermore, the resultant compressed pulse-widths of the blue

and red color measured by an intensity autocorrelator were 900 and slightly under 600

fs, respectively. Last but not least, the system alignment stability was highly improved

compared to [16, 22], i.e., our system can be stable up to 30 minutes.
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Figure 4.7: The input (top) and corresponding output (bottom) spectra of the main am-
pli�er when the HWP was at 1240
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Figure 4.8: The input (top) and corresponding output (bottom) spectra of the main am-
pli�er when the HWP was at 1700
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4.3 Ultrafast Generated MIR: Results and Discussion

Overall, after using lenses with di�erent focal lengths together with the two setup

schemes for MIR detection described in section 3.2, we found that the 25 cm focal length

lens gave optimum MIR on both MCT and thermal detector. In addition, for each lens,

the detected MIR on the MCT and the thermal detector was always higher when using

the spherical mirror setup compared to the setup that used the o�-axis parabolic mirror.

For the lens of 25 cm focal length, the optimum MIR detected on the MCT was 1.4 V,

shown on the lock-in ampli�er. On the thermal detector, it showed a MIR average power

in the range of 150-180 µW. This already took the 35% transmission of the Ge �lter into

account.

Our results con�rm that with an input of a few-Watt-level average power and sub-

picosecond pulse-width, the DFG method can produce a few-hundred-microWatt-level av-

erage power of MIR at 18.5 µm. MIR at 18.5 µm was already generated in our previous

work [16] in which the MIR is tunable from 16 µm to 20 µm. However, in our current sys-

tem, the total average input power of the pump and signal is 40 % higher in comparison.

Additionally, we achieved better pump:signal power ratio, 2:1, to maximize the intensity

product between them, IpIs as stated in equation (49). According to this equation, the

MIR average power can be rewritten in terms of average power Pp, Ps, pulse width τ and

beam areas A as

PMIR ∼
PPPsL

2

Aτfrep
(61)

where I = P
τfrep

. In this equation, all the beams were assumed to have the same area A

and same pulse width τ which is not true in reality.

Theoretically, the MIR intensity can be optimized if the pulses are compressed well.

However, in this project, the compressed blue-color pulse-width that we currently achieved

is almost 50% longer than that in [16]. Especially, both of the compressed colors' pulse-

width are 3 times, for the long, and nearly 5 times, for the short, longer than the laser's

initial pulse-width. There are three main reasons for the issue of obtaining the initial

transform-limited pulse-width. The �rst reason is gain narrowing e�ect. This e�ect occurs

in both of the ampli�cation Yb:�bers because of their �nite gain bandwidth. It means

that on the two color spectrum, the wavelengths which are closer to the gain peak are

ampli�ed more dramatically than the rest. Figure 4.9 shows the ASE spectrum of the

main Yb:�ber ampli�er when there is no seed. As can be seen from the graph, when an

Yb:�ber is pumped at 975 nm, the gain peak is approximately 1035 nm. This means that

the short encounters more gain narrowing than the long as it is closer to the gain peak

of Yb:�bers. In consequence, the short color always has longer pulse width than the long

45



color and more importantly they cannot be compressed to their initial pulse-width. High-

order-dispersion can be the second reason. In a CPA system, ideally, SOD and TOD in the

stretcher and all the ampli�cation media or materials should be compensated by those in

the compressor. It was shown by the author of [26] that grating compressors can cancel the

SOD and TOD of grating stretchers but other optical media including �bers. This reveals

that in our system the TOD existing in the 100 m �ber stretcher and Yb:�ber ampli�ers

may not be compensated. However, according to our calculation in [48], the TOD itself

produced in our home-built CPA system can not be in charge of this whole issue. Besides,

the pulses coming out of the Yb:�ber laser source itself is not Fourier transform-limited

[48]. It is because the laser is a package of a CPA system where, again, Yb:�bers are used

as a high gain media in both the oscillator and ampli�er. Therefore, gain narrowing, high

order dispersion or other non-linear e�ects that may happen in the laser can be one of

the possible reasons. Finally, strong non-linear e�ects, for example self phase modulation,

in the PCF for SC generation and �ber ampli�ers can limit the compressed pulse-width

as well. In practice, the Yb:�ber laser is not stable from moment to moment when the

compression was performed. Therefore, it is better for the two colors to be compressed at

the same time. This was impossible in reality.

Figure 4.9: ASE spectrum of the main Yb:�ber ampli�er in the case of no seeding
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In general, mixing di�erent frequencies for down frequency conversion in a nonlinear

crystal, like GaSe in our case, can cause constraints in MIR power. First of all, it is

noticeable that there is a limitation in the number of nonlinear crystals which have a wide

range transparency, i.e., 1-20 µm. It is because, for DFG method, the crystal must be able

to transmit all the input (IR) and output (MIR) wavelengths. Besides, the wavelengths on

the sides of the range, such as 18.5 µm, has lower transparency than the central wavelengths.

Secondly, each crystal itself has di�erent conversion e�ciency. For example, GaSe has

higher e�ciency of conversion than AgGaS2 [53]. Finally, the focused beam area A should

be carefully considered to optimize the e�ciency but at the same time not to pass the

crystal's threshold. This includes intensity threshold for not only two photon absorption

(TPA) but also crystal surface damage. K.L Vodopyanov et al. found that, for GaSe, the

former is 100 MW/cm2 while the latter should not exceed 1 J/cm2 or 7 GW/cm2 for 70

ps pulses [54]. Applying these �ndings into the case of 1025 and 1085 nm, at 65 MHz, the

damage thresholds are 0.54 TW/cm2(for the 1025 nm) and 0.8 TW/cm2 (for the 1085 nm).

It means that the beam radius focused on GaSe should not be smaller than 1.4 µm due

the damage threshold and 104 µm due to TPA limitation for 1025 nm. It is obvious that

focusing the beams by 25 cm focal length lens did not pass either the restriction. However,

the beam size for optimum e�ciency is limited by walk-o� angle and, hence, interaction or

aperture length. The walk-o� angle for the wavelength of 1025 nm is theoretically estimated

to be 3.480 for type I phase matching and 3.60 for type II phase matching according to

equation (54). Accordingly, in order that the interaction length calculated by equation

(53) is not longer than the crystal length, 1 mm, the beam radius should be less than

or equal to 34 µm. Nevertheless, when decreasing the focused beam spot, theoretically,

more MIR might be generated, detecting it is another issue. It is because the MIR beam

diverges quickly. For example, when the beam was focused by the 25 cm focal length lens,

the focused beam diameter was calculated to be around 60 µm for the pump beam and

nearly 66 µm for the signal beam. At a distance 10 cm away from the GaSe crystal, or

at the spherical mirror, the MIR beam diameter is almost 3 cm which 50% bigger than

the mirror diameter. Therefore, not all of the generated MIR was detected at the MCT.

Moreover, as we discussed in the experimental setup section for the MIR generation, the

thermal detector has to be put further away, approximately 5 cm from the position where

the MIR is focused. The beam diameter at the power-meter will be around 1.5cm, while

the thermal detector has an active aperture of 1.2 cm in diameter. So, the MIR experiences

a loss from the spherical mirror and the power-meter.
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4.4 Timing Jitter Measurement: Results and Discussion

For the timing jitter measurement, all the measurements had to be performed as quickly

as possible while the laser performance did not change by itself or due to the lab's tem-

perature and humidity �uctuation. The laser performance can change in terms of its

pulse-width and/or average output power.

Firstly, an interferometric autocorrelation was performed to achieve the ratio 8:1 be-

tween the peak intensity and the background to ensure that alignment was good. Next, the

optical cross correlation was carried out for pulse-to-pulse timing jitter measurement. The

autocorrelation width of the same pulse and cross correlation width of adjacent pulses are

shown in Figure 4.10 and 4.11. The average autocorrelation width and cross correlation

width were found to be 400 and 600 fs, respectively. The individual measurements and

their corresponding mean values (solid lines) were rescaled and drawn in the same graph

to help illustrate the distribution of the measured width with respect to their mean values.

Note that any single autocorrelation width did not reveal any fact about the timing jitter

happening in the laser source. It is the di�erence between that of the autocorrelation and

cross correlation width that matters. For a better visualization, all the measured widths

were put in the same graph with the same scale but, note that in each of the ith mea-

surement, shown in Figure 4.12, the same pulse and adjacent pulse correlation were not

measured simultaneously, instead, all the autocorrelation measurements were completed

�rst, then the a series of cross correlation was measured later. As can be seen from Figure

4.12, the cross correlation is broader than the autocorrelation. The broadening was caused

by the timing jitter which can be found by using equation (43). It was calculated to be

nearly 447 fs. This means that the repetition rate of the Yb:�ber laser was not stable

enough for a frequency comb generation.

In terms of measurement precision, as it can be seen from Figure 4.10 and Figure 4.11,

the autocorrelation widths �uctuate less from their average value but the adjacent-pulse

correlation widths have bigger �uctuation compared to their mean value. Besides, the

calculated standard deviation in the former case is nearly 1.2 % while the deviation of the

latter is almost 32 % by using the following formula:

σ =

√∑N
i=1 |τi − τ̄ |

2

N
(62)

where τi, τ̄ are, respectively, the i
th measured widths and mean width, σ and N are standard

deviation and the number of measurements.
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Figure 4.10: Autocorrelation width of the pulse

Figure 4.11: Cross correlation width of the adjacent pulses.
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Figure 4.12: Autocorrelation width and cross correlation width

This means that the cross correlation is much less precise than the autocorrelation

measurement. At �rst, this may lead to a thought that it might be too early to conclude

that it is impossible for the laser oscillator to make MIR comb because the relative di�erence

between the intensity autocorrelation and cross correlation width is big, 50%. However,

from the data shown in Figure 4.12, if we compare the smallest width of an adjacent-pulse

correlation width measurement to the average same-pulse correlation width, the smallest

relative di�erence is approximately 41 %. This concludes that, �rst, it is the �uctuation

amongst the measurements made in the case of cross correlation that is big, and, second,

the relative di�erence between the two cases cannot smaller than 40 %.

It is necessary to discuss about the causes of this �uctuation. The �rst cause is that the

sum frequency has signi�cantly low power for the oscilloscope to show the accurate values.

The sum frequency's power in the cross correlation is around 3 µW . This low power is a

result of the power loss through many re�ections by mirrors in the long arm in comparison

with the same-pulse measurement. The reason why many mirrors were used in the long
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arm is to reduce the space used for the whole setup so that the setup can be put in a box

to avoid any small mechanical disturbance caused by the air-�ow in the lab. This idea

is to help increase the stability and, thus, decrease the measurement errors. The second

reason can come from the oscillator itself. In fact, the Yb:�ber in the oscillator is sensitive

to any change in temperature, humidity and pumping power. These changes can result

in a change in the Yb:�ber's refractive index, and hence, the optical path length in the

oscillator. Eventually, there is a variation in the laser period, in other words, a �uctuation

in the repetition rate. Moreover, the Yb:�ber laser that is currently being used is not

stable in terms of its mode-locking stability and its pulse-width. In order to keep it to be

mode-locked, the pump power was changed manually via its current. A rise in the pumping

power actually contributes more to the jitter due to its ASE change. Furthermore, from

moment to moment, the mode-locking stability is not the same. In addition, the laser's

pulse-width can increase by itself from 200 fs to 1 ps. In spite of the fact that the rise does

not occur instantaneously, still probably, this might slowly and gradually occur over the

time when the experiment was performed. This is de�nitely out of our control currently.

As the goal of this measurement is to serve for the long-term research goal: making

frequency comb at 18.5 µm. In order to have the comb at this wavelength, the cavity

length �uctuation should be less than λMIR

2
≈ 9µm. This is equivalent to a jitter of less

than 30 fs. In consequence, our Yb:�ber laser cannot work for project of MIR frequency

comb generation. Further work of stabilizing the laser should be done, which is beyond of

this thesis.
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5 Conclusion

In conclusion, in this thesis, a compact CPA system with high average output power as

well as a MIR generation at around 18.5 µm based on DFG were developed. In addition,

the optical cross correlation was used to measure the timing jitter of the Yb:�ber.

Firstly, the CPA system built in this thesis was very compact and highly stable com-

pared to our previous work [16]. This compact size was accomplished by improving our

setup. In particular, a CFBG was used to replace the notch �lter in the two-color gener-

ation process. In addition, most of the �bers were spliced together and grating stretcher

was removed. As a result, this leads to a signi�cant increase in the stability of the whole

system. Due to the sharp and clear cut of the CFBG, a 60 nm separation between the

two colors, 1025 and 1085 nm, was achieved. In the pre-ampli�cation and main ampli�-

cation stages, the two diode pumps peaked at 975 nm were thermally controlled in order

that the pumping and ampli�cation e�ciency could be improved. The pump powers were

approximately 6.5 W. As a result, nearly 900 mW of average power was obtained after

the pre-ampli�er. The input power for the preampli�er was around 25 mW, which was

relatively high because of the high power supplied by the Yb:�ber laser. The input of the

main ampli�er had a range from 150 to 250 mW. Accordingly, the highest average power

obtained in the main ampli�er was around 3.5 W. The input spectrum of the pre-ampli�er

and main ampli�er, or to be more precise, the spectral ratio between the two colors could

be changed due to the HWP in front of the PCF and after the pre-ampli�er, respectively.

This is a bene�t for the main ampli�er and MIR generation. After the main ampli�er, a

ratio short:long of 2:1 was achieved. In terms of the pulse width, the initial pulse width of

the seed coming from the laser was estimated to be 200 fs. After the grating compressor,

the 1025 nm wavelength had a width of 900 fs while the pulse width of the 1085 nm signal

was 600 fs.

Secondly, the MIR was synthesized by mixing the two di�erent frequencies in the non-

linear crystal GaSe. The MIR at 18.5 µm was generated by mixing the pump at 1025 nm

and the signal at 1085 nm. The corresponding input power of the signal and the pump was

0.7 and 1.4 W, respectively. The generated MIR, then, was detected by the MCT. It was

optimized to 1.4 V. The MIR average power of 150-180 µm was measured by a thermal

detector.

Finally, an optical cross correlation was employed to measure the repetition rate �uc-

tuation in the time domain. Theoretically, this timing jitter equals square root of the

di�erence between the squared autocorrelation and squared cross correlation. Therefore,

both autocorrelation and cross correlation widths were experimentally measured. The cross
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correlation was the correlation between the two adjacent pulses. The average autocorrela-

tion width was around 400 fs while the cross correlation width is 50% longer, nearly 600

fs. This such long cross correlation width is a result of the timing �uctuation from pulse to

pulse. The timing jitter is around 450 fs. This means that the current Yb:�ber laser is not

quali�ed or eligible for making a frequency comb yet until some repetition rate stabilization

is done.
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