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1 Introduction

Ultra-short laser pulses allow for groundbreaking studies in the femtosecond timescale such

as spectroscopy [1], triggering and tracing chemical reactions [2] or optical metrology [3]. In

addition, intense ultra-short laser pulses enable phenomena in high �eld physics, such as high

order harmonic generation (HHG) [4], which have attracted great interest in the scienti�c

community in the last years. The outstanding properties of the generated radiation in the

extreme ultra violet (XUV) wavelength range allow for exciting applications such as the study

of molecular motion [5], new high resolution XUV imaging techniques [6] or investigation of

surface processes [7]. Furthermore, by applying extremely short laser pulses containing only

a few optical cycles [8], isolated pulses have been generated in the XUV with pulse durations

as short as 80 as [9]. Such pulses allow for real-time observation of electronic motion in atoms

and molecules, leading to a new �eld of research named attoscience [10].

However, many ultra-fast processes have very small probabilities of occurrence. In addi-

tion, applications of laser generated XUV radiation su�er from the low conversion e�ciency

of HHG, which is typically of the order of 10−6. As a result, the photon �ux is low and

sophisticated detectors and long integration times are required. Consequently, a higher laser

repetition rate and average output power is desired, in order to improve the performance

of current ultra-fast studies. In addition, such laser systems will also pave the way for new

exciting applications. As an example, seeding of free electron lasers, such as FLASH [11]

with laser generated XUV light [12] will signi�cantly improve the stability and brilliance as

well as spectral and temporal properties of the ampli�ed radiation, but requires a driving

laser which operates at a very high repetition rate.

Since nearly two decades, ultra-fast science relies on Kerr-lens mode-locked Ti:Sa lasers [13].

Today, pulses shorter than two optical cycles can be delivered directly by the oscillator [14].

Furthermore, table-top high peak power ampli�er systems based on Ti:Sa technology are

commercially available and employed by a broad scienti�c community. Unfortunately, con-

ventional Ti:Sa systems do not support few-cycle pulse durations directly from the ampli�er

due to gain narrowing e�ects. Nevertheless, few-cycle pulses can be generated by applying

hollow �ber or �lament based post compression schemes [15, 8, 16]. However, these tech-

niques are accompanied with additional losses and are limited in scalability. Furthermore, the

average output power of the Ti:Sa based laser is itself limited due to thermo-optical e�ects.

Even with sophisticated cryogenic cooling of the laser medium, several ten watts of output

power have not been exceeded so far [17].

A di�erent approach for ampli�cation of ultra-short laser pulses is optical parametric am-
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pli�cation. Under certain circumstances an optical parametric ampli�er (OPA) can provide

very large ampli�cation bandwidths, supporting few-cycle pulse durations. Pulses as short as

3.9 fs have already been achieved using this approach [18]. Merging the technique of chirped

pulse ampli�cation (CPA) with an optical parametric ampli�er reveals a powerful laser con-

cept, named optical parametric chirped pulse ampli�cation (OPCPA), �rst demonstrated by

Dubietis et al. in 1992 [19]. Since then, remarkable progress has been achieved in the devel-

opment of OPCPA based laser systems [20, 21, 22]. In particular, the pulse peak power of

few-cycle laser pulses has been boosted to 10TW recently [23], demonstrating the virtue of

the OPCPA concept.

In contrast to Ti:Sa lasers and ampli�ers, negligible absorption and absence of energy stor-

age in the nonlinear medium lead to a strongly reduced thermal load. Hence, OPCPA is a

promising concept for ampli�cation of ultra-short optical pulses to unprecedented average

power levels. For this purpose a suitable high power pump laser is required. Although,

thermo-optical e�ects limit power scaling of conventional rod laser designs, advanced ge-

ometries such as thin-disk, slab and �ber reduce thermal issues clearly. In addition, diode

pumped Yb-based lasers provide enhanced optical-to-optical e�ciency. Nearly 10 kW aver-

age power with di�raction limited beam quality are delivered by continuous wave Yb-doped

�ber lasers nowadays [24], demonstrating their suitability for high average output powers.

In addition, 830W of average power have been demonstrated with a femtosecond Yb-doped

�ber laser recently [25]. Such laser systems typically deliver pulses with several hundreds of

femtoseconds pulse duration which are suitable pump pulses for few-cycle OPCPA systems.

Application of a femtosecond Yb-doped �ber laser as pump for OPCPA has already been

demonstrated before this work. However, the achieved laser parameters of sub-microjoule

pulse energy and 46 fs pulse duration cast a pulse peak power of only 10MW [26] at below

1W of average output power. For applications in high �eld physics the pulse peak power has

to be increased by more than two orders of magnitude. Furthermore, signi�cant increase in

average power is desired.

The objective of this thesis is to develop ultra-short pulse lasers, simultaneously providing

su�cient peak power for high �eld applications and high average power. Additionally, pulse

durations in the few-cycle regime are desired. This is achieved by merging OPCPA technology

with state-of-the-art Yb-doped �ber based pump lasers.

The thesis is structured as follows: At �rst, current ultra-short pulse laser technology is

brie�y introduced and the special properties of OPCPA are discussed. The following chapter

introduces the basic theoretical descriptions for ultra-short pulses in linear and nonlinear

media. Chapter 4 is focused on numerical modeling of the OPA, to achieve the largest

ampli�cation bandwidth as well as the highest conversion e�ciency. In consequence, suitable

nonlinear crystals and con�gurations as well as requirements on the pump laser are de�ned.

The main properties of Yb-doped �ber lasers and ampli�ers will be brie�y introduced in

chapter 5. In addition, two high power �ber laser systems are presented which will serve
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as pumps for OPCPA at a later stage. A state-of-the-art �ber based femtosecond laser

system is adapted and improved to serve as OPCPA pump and a nanosecond �ber ampli�er

is developed, as an alternative compact pump laser.

The main experimental task of this thesis is the design and assembly of three OPCPA laser

systems, operating at di�erent wavelengths and with di�erent pulse parameters. Chapter 6

presents these laser systems and summarizes the experimental results, including a detailed

characterization of the performance. In addition, high harmonic generation is demonstrated

in a Krypton gas target, highlighting the great potential of these unique laser sources. The

scaling potential of the developed laser systems and new concepts for the combining of mul-

tiple pumps are discussed in chapter 7. Finally, the thesis is summarized and a short outlook

of potential future developments is given.
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2 Few-cycle laser technology

2.1 Ti:Sa based few-cycle lasers

Today, few-cycle laser pulses as short as 5 fs are delivered directly by Ti:Sa oscillators [14].

Ampli�cation of such pulses in Ti:Sa based ampli�ers yields pulse energies of 28 J and peak

powers approaching the petawatt level [27]. However, gain narrowing in the ampli�ers reduces

the spectral bandwidth severely, and sub-20 fs are typically not achieved. Nevertheless, active

control of the spectral intensity can precompensate gain narrowing to a certain extend, and

10 fs pulse duration has been obtained with 3.5mJ pulses [28]. Commercially available Ti:Sa

ampli�er systems, which are usually employed for ultra-fast studies, deliver ∼25 fs pulses

with ∼1mJ pulse energy at a repetition rate of ∼1 kHz [29]. However, the pulse durations

of such laser systems can be signi�cantly reduced by hollow �ber or �lament based post-

compression schemes . First experiments employing spectral broadening in a Krypton-�lled

hollow �ber and subsequent dechirping produced 20µJ pulses as short as 4.5 fs [15]. This

technique nowadays routinely generates 5 fs pulses with several hundred microjoule pulse

energy, using chirped mirror pulse compression [8]. However, further scaling in pulse energy

is hindered by occurrence of self-focusing and ionization of the gas medium near or around

the entrance of the �ber, which degrades the coupling between the laser beam and the hollow

�ber. Nevertheless, chirped input pulses and a di�erentially pumped Neon-�lled hollow �ber

could reduce these problems to a certain extend, and 3.7 fs pulse with 1.2 mJ pulse energy

have been achieved recently [30]. In addition, it must be mentioned that perfect laser beam

quality is required for e�cient coupling to the hollow �ber. In consequence, scaling to higher

average power remains challenging and the average power of hollow �ber based few-cycle

lasers has not exceeded the watt level so far.

A second approach for pulse compression is based on �laments which allow to maintain

high intensities in gaseous media over a long interaction length, hence resulting in e�cient

spectral broadening. These �laments are mainly formed by balance of two nonlinear e�ects,

self-focusing due to the optical Kerr e�ect and defocusing which is caused by the gener-

ated plasma. With this technique, pulses with 5.7 fs duration and 380 µJ energy have been

achieved [16]. When using a more complex two stage compression scheme, 180µJ pulses as

short as 5.1 fs have been generated . Detailed experimental studies using an Argon gas cell

revealed that increasing the pulse energies beyond ∼0.8mJ did not generate further spec-

tral bandwidth due to saturation e�ects. In addition, the recompressed pulse duration is

increased and the pulse quality of the compressed output pulses is reduced. This e�ect is
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attributed to a nonlinear phase which is imposed onto the spectrum and cannot be compen-

sated by the chirped mirror compressor [31]. In addition, scaling to higher pulse energies

is also limited due to multiple �lament formation. Furthermore, beam pointing instabilities

which are caused by thermal density �uctuations in the gas cell are an inherent problem of

white light �laments.

In general, both methods of few-cycle pulse compression rely on Ti:Sa based lasers and

scaling of these lasers to higher average power is limited due to thermo-optical e�ects. Al-

though cryogenic cooling helps to reduce these e�ects, the output power of Ti:Sa based lasers

is currently limited to several ten watts. Hence, an alternative power scalable concept for

ampli�cation of few-cycle pulses is desirable. It is found in optical parametric chirped pulse

ampli�cation, which will be introduced in the next section.

2.2 Optical parametric chirped pulse ampli�cation

Optical parametric ampli�cation is an alternative concept for few-cycle pulse ampli�cation.

Pulses as short as 3.9 fs have been achieved with an OPA so far [18]. In principle, the OPA

is scalable both in average power and pulse energy. However, the highest pulse energies can

be achieved with the concept of optical parametric chirped pulse ampli�cation (OPCPA),

which is illustrated in �g. 2.1. Generally, a broadband seed is generated, chirped by a pulse

stretcher, parametrically ampli�ed in a nonlinear crystal and recompressed by means of a

pulse compressor. Additionally, a pump laser is required to drive the parametric ampli�er1.

Clearly, OPCPA provides multiple advantages compared to Ti:Sa laser technology. Nonethe-

less, some properties can also become challenges in OPCPA development. Both challenges

and advantages will be brie�y discussed in the following section of this thesis.

stretcher

broadband seedpump laser

compressor

nonlinear crystal

Figure 2.1 � Principle setup of an OPCPA system.

1In this thesis, the high energy pump pulses are generated with seeded ampli�ers. Throughout this thesis,
the expression �pump laser� includes seeded ampli�er systems which emit coherent light.
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Advantages

� gain bandwidth: Optical parametric ampli�ers possess a large ampli�cation bandwidth,

which supports the ampli�cation of few-cycle pulses under certain circumstances. In

order to achieve the largest ampli�cation bandwidth an optimized noncollinear con�g-

uration is required and very short nonlinear crystals have to be employed.

� single pass gain: The single pass gain can reach several orders of magnitude with only

a few millimeters of crystal length, superseeding complicated multipass con�gurations.

� high power capability: Optical parametric ampli�cation is not accompanied by energy

storage in the medium. Since the residual absorption of the interacting light waves in

the crystal is very low, the thermal load is typically negligible. In consequence, the

optical parametric ampli�er is average power scalable and the average output power is

mainly de�ned by the pump laser.

Challenges

� phase matching: In order to achieve e�cient conversion in the parametric ampli�er, the

interacting optical waves have to be phase matched. In that regard, nonlinear crystals

hold several degrees of freedom but also require precise alignment and pointing stability

of the interacting beams.

� pump requirements: The requirements on the pump laser are demanding. The concept

of OPCPA transfers the main part of thermal problems to the pump laser, since it should

deliver the highest possible energy and average power. In addition, the pump pulses

have to be precisely temporally synchronized with the signal pulses. Furthermore, high

temporal and spatial quality of the pump is desired, since intensity modulations are

transferred onto the ampli�ed signal.

� stretching and compression: To ensure e�cient energy transfer from pump to signal,

their pulse durations have to be matched. While nanosecond pump pulses require

a large stretching ratio for the signal, the demands on stretcher and compressor are

relaxed when using pico- or femtosecond pump pulses.

� e�ciency: In theory, the pump can be depleted completely. In practice, the non-

uniform temporal and spatial pro�les of signal and pump reduce the overall e�ciency.

Additionally, a part of the energy is transferred to a third, typically undesired wave,

which is called the idler wave. Nevertheless, about 20% conversion e�ciency from

pump to signal are usually achieved.

� polarization: A speci�c polarization state is required for signal and pump to participate

in the nonlinear process. On the other hand the polarization is inherently determined

at the output of the OPA, which could be bene�cial for certain applications.
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� parasitic nonlinear e�ects: Parasitic nonlinear e�ects, such as second harmonic gener-

ation of signal or idler wave, are usually undesired. They have to be avoided which is

especially challenging for ultra-broad signal spectra.

These special properties of OPCPA will be considered within this thesis in order to ful�ll the

numerous requirements but also to exploit the full potential of the OPCPA approach. Numer-

ical modeling will address gain limitations, phase matching and gain bandwidth optimization,

improvement of conversion e�ciency as well as suppression of parasitic nonlinear e�ects. Yb-

doped �ber lasers will be employed as high power pump lasers according to the pump laser

requirements. In addition, broadband signal generation, stretching and recompression will be

achieved by di�erent approaches in each OPCPA system, respectively. Furthermore, experi-

ments will demonstrate the potential of the OPCPA concept for high power intense few-cycle

laser systems and �nally the scaling potential will be discussed. However, at �rst the basic

theoretical descriptions for ultra-short pulses in linear and nonlinear media will be introduced

in the next chapter of this thesis.
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3 Linear and nonlinear optics of ultra-short

laser pulses

Generally, optics describes the generation, propagation and detection of light. Most phe-

nomena can be accounted for by a classical electromagnetic description. However, light can

also be seen as particles (photons), which is subject of quantum optics. Anyway, a simpli�ed

description of light by electromagnetic waves is su�cient in many cases.

The propagation of light is governed by the interaction with the medium. In the electromag-

netic description the response of the medium is governed by the macroscopic polarization P.

When an electric �eld E is applied, it can be expressed as a Taylor expansion in E:

P

ε0
= χ(1) ·E + χ(2) : E + χ(3)...E + ... . (3.1)

The �rst term is related to linear optics, where the properties of matter do not depend on

the intensity of light, which is the case for low intensities. In transparent media, the linear

refractive index is related to the real part of the linear electric susceptibility χ(1) by the

following expression:

n(ω) = 1 +
1

2
Re[χ(1)(ω)]. (3.2)

As a consequence of the frequency dependent material response, the phase velocity c = c0/n(ω)

and the wave vector |k| = ω/c of a propagating wave are frequency dependent, where the vac-

uum speed of light c0 = (µ0ε0)−
1/2 is given by the vacuum electric and magnetic permittivities

ε0 and µ0. In consequence, the propagation of ultra-short laser pulses is strongly in�uenced

by dispersion of the group velocity, which is described in the second section of this chapter.

At high intensities of light, which can especially be achieved with laser pulses, the optical

parameters of the material become functions of the intensity and nonlinear e�ects of various

orders can be observed. In a classical view, a high intensity of light, applied to a transparent

medium, leads to large oscillation amplitudes of the bound electrons. Therefore, these oscilla-

tions become strongly anharmonic, which causes the emission of new frequencies. In a dipole

approximation of the electron-photon interaction, the second (third) order susceptibility is a

third (fourth)-order tensor, whose components represent various orientations of the medium

and the polarization of the interacting waves.

Two important second order nonlinear e�ects, which are strongly related to this work, are
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second harmonic generation and optical parametric ampli�cation. They will be introduced

in the second part of this chapter. It is worth mentioning, that in media with inversion

symmetry χ(2) is identical to zero. In this case third order nonlinear e�ects, such as the

optical Kerr-e�ect are most relevant. They will be discussed later, in chapter 5, as these

e�ects heavily in�uence the propagation of ultra-short pulses in fused silica �bers and �ber

ampli�ers.

3.1 Ultra-short laser pulses

In optics, an ultra-short light pulse is an electromagnetic pulse, whose time duration is of

the order of femtoseconds to picoseconds. Such pulses are composed of a broad spectrum of

optical frequencies and can be described as a Fourier synthesis of monochromatic waves [32].

In consequence, the frequency bandwidth ∆υ and the duration ∆t of a laser pulse are linked.

Their so called time bandwidth product (TBP), meets the following uncertainty relation

∆t∆υ = K (3.3)

The minimum time-bandwidth product K is shown in tab. 3.2 for various pulse shapes. For

practical reasons, the full width at half-maximum (FWHM) of the intensities in frequency ∆υ

and temporal domain ∆t is used. Equality with the minimum TBP is only achieved for the

so-called Fourier transform limited pulse, with a time independent instantaneous frequency

(unchirped pulse). A meaningful measure for the pulse quality is the Strehl ratio, which is

de�ned as the achieved pulse peak power divided by the peak power of the Fourier limited

pulse [33].

Shape I(t) K

Gaussian e[−(2t/t0)2] 0.441

Hyperbolic secant 1
cosh2(t/t0)

0.315

Rectangle 1 |t| > t0 0.892

Table 3.2 � Minimum time bandwidth product for various pulse shapes. (I(t) represents the
intensity envelope) [32].
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3.2 Dispersion

In dispersive media, the wave vector k is frequency dependent, meaning that every spec-

tral component travels with a di�erent phase velocity. This is especially relevant for the

propagation of ultra-short laser pulses due to their large spectral bandwidth.

In order to describe the in�uence of dispersion on ultra-short pulse propagation, the wave

vector can be expressed as a Taylor expansion around the central angular frequency ω0, when

assuming that the angular frequency bandwidth ∆ω is much smaller than ω0 (∆ω � ω0)[34]:

k (ω) = k0 +
∂k

∂ω
(ω − ω0) +

1

2

∂2k

∂ω2
(ω − ω0)2 +

1

6

∂3ϕ

∂ω3
(ω − ω0)3 + ... . (3.4)

The zero order term describes a phase shift, related to the phase velocity at ω0, while ∂k/∂ω =

1/vg is the inverse group velocity, the second order term β(2) = ∂2k/∂ω2 is the group velocity

dispersion (GVD), β(3) = ∂3k/∂ω3 is named third order dispersion (TOD). Dispersion e�ects

become relevant on length scales of the dispersive length, which is de�ned as

LD =
t20
|β(2)|

, (3.5)

where t0 is the pulse duration [35]. Certainly, the properties of a laser pulse are seriously

changed in presence of dispersion. A transform limited pulse, which has a time independent

instantaneous frequency (no frequency chirp) is shown in �g. 3.1a. Positive GVD, for exam-

ple, leads to a positive linear chirp, meaning that the long (short) wavelength components are

found in the leading (trailing) edge of the pulse as illustrated in �g. 3.1b. Consequently, the

pulse duration is usually increased and the pulse peak power is reduced.1 In order to obtain

the shortest and most intense pulses from an ultra-short pulse laser system, precise disper-

sion management is required. Note that throughout this thesis positive dispersion is de�ned

by β(2) > 0 and negative dispersion by β(2) < 0. In consequence, for positive (negatives)

dispersion the group velocity decreases (increases) with increasing optical frequency. Most

transparent media provide positive dispersion in the visible spectral region, while negative

dispersion typically occurs at longer wavelengths, e.g. in fused silica for wavelengths longer

than approx. 1.3 µm.

3.3 χ(2)-e�ects

At the beginning of this section, the general mathematical description for monochromatic

plane wave interactions in χ(2) media is introduced. Then, the principles of second harmonic

1For Gaussian and sech² pulses the shortest pulse is obtained in the transform limited case. However this
is not necessarily true for arbitrary pulse shapes and additionally depends on the measure of the pulse
duration.
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Figure 3.1 � Normalized electric �eld of a) a transform-limited ultra-short laser pulse b) an
ultra-short laser pulse which is linearly chirped by positive GVD.

generation and optical parametric ampli�cation are described. The next subsection deals

with phase matching and its in�uence on the nonlinear process. The nonlinear interaction of

real optical beams, with divergence and �nite transverse dimension, is subject of the fourth

subsection. Finally, the spectral bandwidth of the nonlinear process as well as dispersive

and group velocity e�ects are discussed, which are of great importance for ultra-short laser

pulses.

3.3.1 General description

The propagation of electromagnetic waves can be described by a wave-equation, directly

derived from Maxwell's equations [36]:[
∇× (∇×) +

1

c2
0

∂2

∂t2

]
E(r, t) = − 1

ε0c2
0

∂2

∂t2
P(r, t). (3.6)

Decomposition of the vector �eld in linearly polarized plane waves, propagating along the

z-axis, and Fourier transform into the frequency domain leads to a set of wave equations,

which are coupled by the nonlinear polarization. For practical reasons the pulse envelope

A(z) is separated from the rapid oscillating term and each monochromatic, linearly polarized,

electrical �eld can be written as

E(z, t) = A(z)ei(kz−ωt) + c.c. . (3.7)

By using the slowly varying envelope approximation
∣∣∣∂2A∂z2 � 2k ∂A∂z

∣∣∣ and ignoring the backward
generated waves, a set of coupled wave equations for the amplitudes of the interacting plane

waves can be found. For further simpli�cation, negligible absorption is assumed. The strength

of the nonlinear interaction is described by the e�ective nonlinear coe�cient deff . It is
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a scalar, which is contracted from the χ(2)-tensor, typically consisting of a sum of terms,

determined by the polarization of the interacting waves and the orientation of the nonlinear

crystal. Detailed information on this topic can be found e.g. in [36]. The intensity of each

wave, which is the quantity of interest in nonlinear optics, is calculated from the electric �eld

amplitude by

I(z) = 2ε0c0n|A(z)|2. (3.8)

3.3.2 Second harmonic generation

Second harmonic generation (SHG) was the �rst frequency mixing e�ect to be observed after

the invention of the laser [37]. In the photon model it is a mixing process of two photons

with the same angular frequency ω, giving rise to a single photon with the frequency 2ω. For

this speci�c case, the coupled di�erential equations for the fundamental �eld and the second

harmonic, propagating along the z-axis, are [36]

dAω
dz

= i
2ω

n(ω)c0
deffA

∗
ωA2ωe

−i∆kz, (3.9)

dA2ω

dz
= i

2ω

n(2ω)c0
deffA

2
ωe

i∆kz, (3.10)

where ∆k = 2kω-k2ω is the wave vector mismatch. In case of perfect phase matching (∆k = 0),

e�cient energy transfer is possible and an analytical solution for the intensities can be found

[36]:

Iω(z) = Iω(0)sech2(z/lSH),

I2ω(z) = Iω(0)tanh2(z/lSH)

(3.11)

with

lSH =
1

4πdeff

√
2ε0n(ω)2n(2ω)2c0λ2

ω

Iω(0)
. (3.12)

In this thesis, second harmonic generation of Yb-doped �ber laser systems is exploited to

generate the pump for OPCPA.

3.3.3 Optical parametric ampli�cation

An optical parametric ampli�er (OPA) is based on three-wave mixing in a nonlinear crystal.

Typically, a signal wave (ωs) is ampli�ed while a pump wave is depleted (ωp). The remaining

energy is transferred to an idler wave with the angular frequency ωi = ωp − ωs. If three

interacting waves propagating collinearly along the z-axis are assumed, the coupled wave

equations for the slowly varying envelopes can be found as [36, 20]

dAi
dz

= i
ωideff
n(ωi)c0

A∗sApe
i∆kz, (3.13)
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dAs
dz

= i
ωsdeff
n(ωs)c0

A∗iApe
i∆kz, (3.14)

dAp
dz

= i
ωpdeff
n(ωp)c0

AiAse
−i∆kz, (3.15)

where ∆k = kp − ki − ks is the wave vector mismatch for that process. For negligible pump

depletion (Ap' const.) an analytical solution for signal and idler intensity is found:

Is(z) = Is(0)

[
1 +

Γ2

g2
sinh2(gz)

]
, (3.16)

Ii(z) = Is(0)
ωi
ωs

Γ2

g2
sinh2(gz), (3.17)

if no initial idler is assumed (Ii(0) = 0) and the gain parameter g is de�ned as:

g =

√
Γ2 −

(
∆k

2

)2

, (3.18)

Γ2 =
2ωiωsd

2
effIp

ninsnpε0c3
0

. (3.19)

The parametric gain of the signal G is de�ned as:

G =
Is(z)

Is(0)
. (3.20)

As an example, the parametric gain for a λs=800 nm signal is displayed in �g. 3.2a versus the

pump intensity (λp=515 nm) for various crystal lengths. The e�ective nonlinear coe�cient

has been chosen to represent the widely used nonlinear material BBO2, (deff = 2.1 pm/V).

It can be seen that an enormous single pass gain can be achieved with only a few millimeters

of crystal length. E.g. at 50 GW/cm2 pump intensity and 3mm crystal length a gain factor

larger than 108 is achieved.

Optical parametric generation, parametric �uorescence and optical parametric oscillator

The high gain factor of a parametric ampli�er enables ampli�cation of spontaneously emitted

photons which arise from vacuum �uctuations of the electric �eld interacting with the pump

�eld [36]. The spontaneous e�ect is called optical parametric generation (OPG), while the

ampli�ed radiation, that will peak at the frequency and direction of best phase matching,

is called parametric �uorescence. If the OPG crystal is enclosed in a suitable cavity and

the parametric gain exceeds the losses of a cavity round-trip an optical parametric oscillator

(OPO) will be obtained. On the one hand, due to the resonant enhancement in the cavity

OPOs can be pumped by small-scale oscillators at very high repetition rates (∼100MHz).

2Beta barium borate (β-barium borate, BBO or β-BaB2O4)
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Figure 3.2 � a) Calculated parametric gain versus pump intensity for various crystal lengths.
(λp=515 nm, λs=800 nm, deff=2.1 pm/V, non-depleted pump approximation), b)
Calculated evolution of the intensities (top) and phases (bottom) of signal idler
and pump wave in an OPA with strong pump depletion and back-conversion
(λp=515 nm, λs=800 nm, Is(0)/Ip(0) = 10−3).

On the other hand, the output energies of these high repetition rate OPOs are typically in

the nJ range and the pulse duration is typically of the order of the pump pulses (50 to 100 fs)

[38]. Nevertheless, sub-20 fs pulses have been generated in OPOs, albeit only with nanojoule

pulse energies [39].

OPAs require higher pump energies and are therefore usually driven by ampli�ed laser

systems at lower repetition rates. But OPAs provide higher output energies, ultra-broadband

ampli�cation, which is only limited by the phase matching properties, and easier operation,

since no stabilized cavity is needed [20]. In addition, energy scaling of an OPA is possible by

increasing the beam diameters and the crystal apertures.

Phase in optical parametric ampli�ers

The phase of the three interacting waves plays an important role in OPAs. The evolution of

the phases, for the case of zero initial idler is found from the coupled wave equations [40]:

φs(z) = φs (0)− ∆kz

2
+

∆kγ2
s

2

ˆ
dz

f + γ2
s

, (3.21)

φi(z) = φp (0)− φs (0)− ∆kz

2
+
π

2
, (3.22)

φp(z) = φp (0)− ∆k

2

ˆ
fdz

1− f
, (3.23)

where f = 1−Ip(z)/Ip(0) is the fractional depletion of the pump and γ2
s = ωpIs(0)/ωsIp(0) is

the input photon intensity ratio of signal and pump. From these expressions several important
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statements can be extracted. First it is worth mentioning that the direction of energy �ow

in the OPA is governed by the OPA phase φopa = φp − φs − φi. Interestingly, the generated
idler wave automatically takes a phase of φi = φp (0)−φs (0)+ π

2 , maximizing the parametric

gain which is achieved for φopa = −π
2 . Moreover, phase distortions of the pump wave are

transferred to the idler wave , but the signal phase is independent of the initial pump phase.

Consequently, it is possible to maintain the optical quality of a signal beam, even if a pump

beam with spatial phase aberrations is applied. In addition, temporal phase distortions of the

pump (e.g. a chirped pump pulse) do not a�ect the signal. Finally, in case of perfect phase

matching (∆k = 0), there is no temporal evolution of the phase. Phase changes, resulting

from parametric ampli�cation, occur only if a phase mismatch is present.

Depleted pump and saturated OPA

If pump depletion is not negligible, the solutions of eqs. 3.13 ... 3.15 are given by Jacobi

elliptic functions [36]. Alternatively, the solutions are found by solving the coupled wave

equations numerically by standard approaches such as the Runge-Kutta method. As an

example, the intensity and phase of signal (grey), idler (red) and pump wave (blue) are

displayed in �g. 3.2b versus the propagation length z, which has been normalized to the

characteristic nonlinear length LNL = 1/Γ. Perfect phase matching has been assumed and

the initial phase of the signal and the pump wave have been set to π and 0, respectively. It

can be seen that the generated idler automatically takes a phase of −π
2 to ensure e�cient

parametric ampli�cation of signal and idler (φopa = −π
2 ). This results in full depletion of the

pump wave at z = 0.215 · LNL. At this point the phase of the pump waves jumps to −π
and back-conversion starts due to the changed OPA phase φopa = π

2 . Interestingly, the fully

back-converted idler wave can change its phase at z = 0.43·LNL and parametric ampli�cation

starts again (φopa = −π
2 ).

The in�uence of phase mismatch

A phase mismatch of the interacting waves ∆k is accumulated over the crystal length z

and severely reduces the conversion e�ciency of the nonlinear process. Neglecting pump

depletion, the conversion e�ciency η of optical parametric ampli�cation is calculated as [36]

η = ηmax
sin2

(
∆kz

2

)(
∆kz

2

)2 , (3.24)

where ηmax is the maximum conversion e�ciency which is obtained in the case of perfect phase

matching3. The sinc2
(

∆kz
2

)
=sin2

(
∆kz

2

)
/
(

∆kz
2

)2
dependence of the accumulated wave vector

mismatch describes the in�uence of the di�erent phase velocities on the interacting waves.

This function is plotted in �g. 3.3. The �rst minimum of this function is found at |∆k| = π/z

3The same dependence is also observed for second harmonic generation.
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Figure 3.3 � Plot of the sinc function, which describes the e�ects of phase mismatch in the non-
depleted pump approximation of nonlinear χ(2) frequency conversion processes.

and the full width at half maximum is given by ∆kz = 2.784. The corresponding length, up

to which energy transfer in the desired direction occurs, is de�ned as the coherence length

lc=
π

∆k . If the intensity of the ampli�ed signal wave reaches a maximum, then φOPA changes

its sign from negative to positive prior to full depletion of the pump and back conversion

occurs for lc < z < 2lc. Hence, it is important to keep the phase mismatch low over the

entire crystal length, which is the objective of phase matching.

3.3.4 Phase matching in birefringent crystals

Phase matching (∆k = 0), which means that the desired wave and the driving nonlinear

polarization have the same phase velocity, can also be seen as a momentum conservation

of parametric nonlinear processes. For homogeneous, isotropic and normally dispersive me-

dia the refractive index increases monotonically with the frequency, thus phase matching is

impossible. In birefringent crystals the refractive index additionally depends on the polar-

ization state. For uniaxial crystals the k-vector and the optical axis of the crystal span over

a fundamental plane4. The so called ordinary wave is linearly polarized perpendicular to the

fundamental plane, while the extraordinary wave is polarized parallel to it. The angle θ,

measured between the k-vector and the optical axis, determines the refractive index of the

extraordinary wave:

1

ne(θ)2
=

cos2 θ

[no]2
+

sin2 θ

[ne]2
. (3.25)

In negative uniaxial crystals, such as BBO, the refractive index of the extraordinary polarized

wave is lower than the refractive index of the ordinary polarized wave (ne < no). As a simple

example, collinear phase matching (all wave vectors parallel) for SHG, can be achieved if

4Within a fundamental plane, a biaxial crystal can be seen as uniaxial and phase matching follows the same
principles. More information on biaxial crystals and their phase matching properties can be found in [36].
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Figure 3.4 � Illustration of Type I k-vector angular phase matching for a) SHG and b) OPA in
a negative uniaxial crystal.

the second harmonic is extraordinary polarized, while the fundamental is ordinary polarized

(Type I). In this case the phase matching angle θpm can be calculated by

θpm = arcsin

[
ne (2ω)

no (ω)

√
(no (2ω))2 − (no (ω))2

(no (2ω))2 − (ne (2ω))2

]
(3.26)

and this kind of phase matching technique is named angular phase matching or critical

phase matching, which will be applied throughout this thesis. The attribute �critical� is

related to the fact that this technique is sensitive to the angular alignment of the crystal.

This also implies limitations to the beam divergence, which will be discussed at the end of

this chapter. In some special cases, phase matching can also be achieved along a principal

axis of the nonlinear crystal by temperature tuning, named temperature phase matching or

noncritical phase matching.

Type I angular phase matching of an OPA within a negative uniaxial crystal can be achieved

if signal and idler wave are ordinary and the pump wave is extraordinary polarized. The

corresponding phase matching angle is calculated by [20]

θpm = arcsin

[
ne (ωp)

ne (ωp, θpm)

√
(no (ωp))

2 − (ne (ωp, θpm))2

(no (ωp))
2 − (ne (ωp))

2

]
. (3.27)

An illustration of the Type I k-vector phase matching for SHG and OPA is shown in �g. 3.4.

Throughout this thesis only Type I phase matching is considered, as it normally o�ers the

largest spectral bandwidth [20]. If either the signal or the idler has the same polarization as
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the pump, one speaks of Type II phase matching, which shows a more pronounced wavelength

dependence of the phase matching angle resulting in a generally smaller spectral bandwidth

[20]. It is also worth mentioning that quasi phase matching has been achieved successfully e.g.

in periodically poled lithium niobate (PPLN) and periodically poled lithium tantalate (PPLT)

and these materials have been employed in OPCPA systems [41]. However, ampli�cation

of sub-10 fs has not been demonstrated yet in periodically poled nonlinear media [21] and

therefore they are not the best choice for ampli�cation of the shortest optical pulses. In

addition, the limited aperture of the periodically poled crystals restrains the power and

energy scalability of these optical ampli�ers [22].

3.3.5 Real beams and ultra-short pulses

Phase matching bandwidths

Real beams are divergent and especially ultra-short pulses are not monochromatic. Addi-

tionally, for high power applications the temperature dependence of phase matching has to

be considered as well. In a �rst order approximation, the variation of the phase mismatch

around ∆k = 0 with angle, temperature and frequency can be expressed by

∆k(θ, ω, T ) ' ∂(∆k)

∂θ
∆θ +

∂(∆k)

∂T
∆T +

∂(∆k)

∂ω
∆ω. (3.28)

The angular, temperature and spectral bandwidth (∆θ,∆T and∆ω) are usually de�ned as

∆θ =
2π

l

(
∂(∆k)

∂θ

)−1

, ∆T =
2π

l

(
∂(∆k)

∂T

)−1

, ∆ω =
2π

l

(
∂(∆k)

∂ω

)−1

. (3.29)

These bandwidths scale inversely with the crystal length l and therefore the bandwidth-

length product is a characteristic constant for each speci�c crystal, nonlinear process and

phase matching condition. This has to be taken into account for the design of a frequency

converter, such as SHG or OPA. Please note that throughout this thesis only the angular

bandwidth in the critical plane, which is most sensitive to angular detuning, is considered.

The in�uence of limited phase matching bandwidths will be discussed in the next sections.

Beam divergence and focusing

Typically, the intensity of optical beams decreases outside the focus. To include this e�ect

for Gaussian beams, Boyd and Kleinmann [42] de�ned an e�ective focus length as

lf = πzR. (3.30)

The Rayleigh range zR, for Gaussian like beams, is de�ned as

zR =
πw2

0

λM2
, (3.31)
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Figure 3.5 � Illustration of the walk-o� e�ect between ordinary and extraordinary beams in
birefringent crystals

with the beam quality factor M2 and the beam waist radius w0 (1/e2 half width of the

intensity pro�le).

Furthermore, for focused beams the angular bandwidth ∆θ of the nonlinear interaction

limits the useful crystal length for a given beam waist radius. The absolute angular acceptance

of the nonlinear process is de�ned as ∆θ?=∆θ·l. For a Gaussian beam, the far �eld half

divergence angle Θ is given by

Θ =
λM2

πw0
. (3.32)

Consequently, the coherence length can be rewritten as

lc =
∆θ?

2Θ
=

∆θ?πw0

2λM2
. (3.33)

It can be seen as an upper limit for the useful interaction length and e.g. limit the gain of

an optical parametric ampli�er, which will be discussed in sec. 4.1.

Birefringence and walk-o�

In birefringent media the direction of energy �ow (Poynting vector) of an extraordinary wave

is generally not the same as the propagation direction of the optical wave (wave vector). The

extraordinary wave is seen to �walk o�� from the ordinary beam as illustrated in �g. 3.5.

Thus, beams of �nite size will not necessarily overlap over the entire crystal length. In

practice, for moderate peak power laser pulses, which have to be focused tightly into the

nonlinear crystal, the walk-o� e�ect can be a severe limit for the usable crystal length. For

Gaussian beams with the beam radius w0, the characteristic walk-o� length can be written

as [42]

la =

√
πw0

ρ
, (3.34)

where ρ is the walk-o� angle which depends on the speci�c crystal and the propagation

direction.

Spectral bandwidth of the nonlinear process

Up to this point monochromatic waves have been assumed. However, ultra-short laser pulses

are composed of a broad frequency spectrum. Therefore, the spectral bandwidth of the
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Figure 3.6 � a) Schematic of noncollinear phase matching of signal, pump and idler. ks, ki and
kp represent the wave vectors of signal, idler and pump respectively, b) Illustration
of signal and idler group velocity mismatch in non-degenerate collinear case, c)
Illustration of signal and idler group velocity matching, achieved in noncollinear
geometry (grey: signal, blue: idler).

nonlinear process has to be considered, when working with ultra-short pulses. For e�cient

conversion of a laser pulse the spectral bandwidth de�nes the meaningful crystal length

according to eq. 3.29.

For ultra-short pulse ampli�cation it is necessary to obtain phase matching over a large

spectral range. Around the phase matched central angular frequency ω0 the phase mismatch

can be expressed in a Taylor series as

∆k(ω0 + ∆ω) = kp − ks − ki −
(
∂ks
∂ω

∣∣
ωs,0 − ∂ki

∂ω

∣∣
ωi,0

)
∆ω

−1
2

(
∂2ks
∂ω2

∣∣
ωs,0 −

∂k2i
∂ω2

∣∣
ωi,0

)
(∆ω)2 +O

[
(∆ω)3

]
,

(3.35)

if a quasi monochromatic pump and well collimated beams are assumed. For broadband

phase matching ∆k(ω0) and its derivatives should be equal to zero. In the degenerate case,

where ωi = ωs, the �rst derivatives, which represent the inverse group velocities of signal

and pump, cancel out each other (∂ωs = −∂ωi is given by energy conservation, assuming a

monochromatic pump) and achromatic phase matching is achieved.

In the non-degenerate case ωi 6= ωs, the group velocities can be matched by a noncollinear

geometry. Here, the same conditions can be applied to the component parallel and normal

to the signal wave vector [43]:

∆k‖ = kp cosα− ks − ki cos Ω, (3.36)

∆k⊥ = kp sinα− sin Ω, (3.37)

where α is the angle between the pump an signal wave vector, and Ω is the angle between

idler and signal wave vector, as illustrated in �g. 3.6a. When both equations 3.36 and 3.37 are

di�erentiated with respect to ωs and set to zero, a condition for broadband phase matching

is found:

22



ks (TPM)

kp

ks (PVWC)

optical axis

+α

θ

Sp

-α

σ

ks

kikpα

Ω

β

Figure 3.7 � Schematic of tangential phase matching (TPM) and Poynting vector walk-o� com-
pensating (PVWC) geometry for Type I phase matching in a negative uniaxial
crystal. The Poynting vector of the pump wave Sp is shown for illustration pur-
poses only, and is not true in scale.

∂ks
∂ω
|ω0 cos Ω =

∂ki
∂ω
|ω0 vgs = vgi cos Ω. (3.38)

For practical reasons the noncollinear angle α is typically used to characterize the geometry,

which can be calculated according to [43]

sinα =
ki sin (π − Ω)√

k2
s + k2

i + 2kski cos Ω
. (3.39)

Both operation at degeneracy and noncollinear phase matching allow for a very large phase

matched spectral bandwidth, as they zero the �rst order variation of ∆k with ω. In order to

achieve the largest possible gain bandwidth, higher order variations have to be considered as

well. Optimization of the geometry, with the goal of either the shortest pulse duration or the

highest pulse peak power at the output of an OPCPA system, will be the topic of sec. 4.2 of

this thesis.

Note that for a given noncollinear angle the direction of the signal can be chosen in two

directions within the fundamental plane as illustrated in �g. 3.7. Typically, the Poynting-

vector walk-o� compensation scheme (PVWC-scheme) is used to compensate the transverse

walk-o�, at least partly [44]. In this case, the signal wave propagates at an angle of θ + α

relative to the optical axis. The second possibility is tangential phase matching (TPM, see

�g. 3.7). Here, the signal wave propagates between the optical axis and the pump beam

vector at an angle θ − α with respect to the optical axis, resulting in a larger angle between

signal and pump wave pointing vector. A detailed investigation on the resulting limitations

for the gain of a noncollinear OPA in both PVWC and TPM con�guration will be topic of

sec. 4.1 of this thesis.

In�uence of group velocity and dispersion

The interacting ultra-short pulses usually travel with di�erent group velocities within the

crystal. Therefore, they will lose their temporal overlap after a certain propagation distance.

Generally, the group velocities have to be considered in the coupled wave equations [20].
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However, the group velocities can be neglected for pulses signi�cantly longer than the group

delay in the nonlinear crystal. Although laser pulses shorter than 10 fs have been generated

within this work, the pulses were chirped to several hundreds of femtoseconds prior ampli�-

cation in the nonlinear crystal. The pump pulse duration is usually chosen to be even longer

to allow for uniform ampli�cation of the whole signal pulse. Therefore, it is acceptable to

neglect the group velocity e�ects in the nonlinear crystal, which is typically only a few mil-

limeters long5. In addition, broadband OPAs already provide matched group velocities of

signal and idler, as this has turned out as a requirement for broadband phase matching in

the previous subsection.

As already shown in sec. 3.2, the presence of dispersion has a strong in�uence on the shape

of ultra-short pulses. However, as we use stretched signal pulses and relatively narrow-band

pump pulses (LD � l), dispersion e�ects can be neglected for OPA modeling throughout this

thesis.

Summary

At the beginning of this chapter the fundamental description of light as electromagnetic

waves has been introduced. Then, ultra-short pulses and the in�uence of dispersion on their

propagation have been discussed. The basic theory of SHG and OPA has been presented,

assuming monochromatic plane waves. The importance of phase matching has been pointed

out and phase matching techniques have been introduced. Finally, the special properties of

the nonlinear process with respect to real optical beams and ultra-short laser pulses have

been discussed. The angular bandwidth of the nonlinear process and transverse walk-o� may

limit the performance of an OPA severely. The spectral bandwidth of the OPA is found to

be related to the group velocity mismatch of signal and idler. Either working at degeneracy

or a noncollinear geometry are found to be convenient to signi�cantly enhance the spectral

bandwidth of and OPA. The next chapter of this thesis will include investigations on the

gain limitations as well as the optimization of the spectral bandwidth of OPAs.

5The group delay of signal and pump in a collinear OPA is 93 fs/mm (BBO, λS=1030 nm, λP=515 nm and
θ = 23.4°) and 63 fs/mm (BBO,λS=800 nm, λP=515 nm and θ = 22.7°).
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4 Theoretical aspects of OPCPA

development

This chapter deals with the main theoretical aspects of high repetition rate, high power

OPCPA development. At �rst, di�erent borate crystals are evaluated as potential nonlinear

material. Their gain properties are compared for di�erent geometries. The gain limiting

e�ects are pointed out and requirements on the pump laser are given.

The second part of this chapter covers the optimization of the gain bandwidth of an

OPCPA. At �rst, the in�uence of the applied pump pulse duration is discussed. Then,

collinear OPCPA at degeneracy and OPCPA in noncollinear geometry are optimized in order

to achieve the shortest and most intense pulses. As it turns out that di�erent con�gurations

are needed to achieve either the shortest pulses or the highest pulse peak power.

Gain narrowing and saturation e�ects which occur for non-uniform temporal and spatial

pro�les are the subject of the third part of this chapter. In addition, consequences for the

design of e�cient parametric ampli�ers are presented.

Finally, parasitic nonlinear processes, such as SHG of signal or idler wave are discussed.

These e�ects are particularly problematic for parametric ampli�cation of ultra-broad spectra

but can be avoided by choosing a proper interaction geometry.

4.1 Choice of nonlinear material

The nonlinear crystal has to ful�ll a manifold of requirements. First of all, for ultra-short

pulse ampli�cation it is supposed to support broadband phase-matching. This is achieved

either at degeneracy or in a noncollinear con�guration as discussed in the previous chapter.

The crystals transparency range should cover pump, signal and idler wavelengths. Most

important, a high nonlinear coe�cient and a high damage threshold are required, which

allows for the use of short crystal lengths. Several crystals belonging to the borate group

(BBO, LBO, BiBO) meet these requirements. Their main characteristics for broadband

ampli�cation at 800 nm central wavelength are shown in tab. 4.1.

Generally, OPAs are known for their high single pass gain, which results in simple single

pass ampli�er designs. However, when using moderate peak power pump lasers the single

pass gain can be severely limited. As introduced in sec. 3.3.5 three characteristic lengths

can be de�ned which limit the useful crystal length, namely the e�ective focus length lf

(eq. 3.30), the coherence length for focused optical beams lc (eq. 3.33) and the walk-o� length
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Crystal material
BBO (beta

barium borate)
LBO (lithium
triborate)

BiBO (bismuth
borate)

Chemical formula β-BaB2O4 LiB3O5 BiB3O6

Nonlinear coe�cient
deff

2.08 pm/V 0.82 pm/V 2.95 pm/V

Nonlinear parameter
γ

1.52 10−4 W−0.5 0.65 10−4 W−0.5 1.97 10−4 W−0.5

Angular bandwidth
(pump) ∆θ?

0.86 mrad·cm 6.86 mrad·cm 1.81 mrad·cm

Damage threshold
(532 nm)

∼7 GW/cm2

(250 ps)
> 10 GW/cm2

(100 ps)
∼4 GW/cm2

(200 ps)

Transparency range 189 � 3500 nm 160 - 2600 nm 286 � 2500 nm

Crystal plane
(nx<ny<nz)

XZ XY YZ

Phase-matching
angle θ

24.6 ° 16.6 ° 162.6 °

Noncollinear angle α 2.6 ° 1.6 ° 3.9 °

Walk-o� angle
ρ

3.2 ° 0.4° 1.4 °

Table 4.1 � Properties of the nonlinear crystals BBO, LBO and BiBO for broadband type I
interaction 800 nm + 1446 nm = 515 nm. The data are taken from manufacturer
data sheets (Ekspla, Crystech) and from the freely available software SNLO [45].

la (eq. 3.34). As a �gure of merit (FOM) the corresponding gain for perfect phase matching

(∆k = 0) can be calculated for each crystal and geometry, according to eq. 3.17, where the

minimum of the three characteristic lengths is assumed as crystal length l:

FOM = 1 + sinh2
(√

Ipγl
)
, l = min



lf =
π2w2

0
λM2

lc = ∆θ?πw0
2λM2

la =
√
πw0

ρ

. (4.1)

Equation 4.1 is valid for Gaussian-like beams, with the beam quality factor M2. The

intensity Ip in the focus can be calculated as

Ip =
2Pp
πw2

0

, (4.2)
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where Pp is the pulse peak power. Hence, eq. 4.1 can be rewritten as:

FOM = 1 + min



sinh2
(
γ
√

2πPp
πw0
λM2

)
, l = lf (e�. focus length)

sinh2
(
γ
√

1
2πPp

∆θ?

λM2

)
, l = lc (angular acceptance)

sinh2
(
γ
√

2Pp
1
ρ

)
, l = la (walk-o�)

. (4.3)

Interestingly, for coherence length and aperture length the beam waist radius w0 cancels out

in eq. 4.3. Focusing to a smaller beam waist leads to a higher intensity which enhances the

nonlinear interaction. However, as a consequence of limited angular acceptance or walk-o�

the crystal length has to be reduced, leading to a gain limitation within one crystal pass. In

contrast, the product of e�ective focal length and square root of pump intensity scales with

w0, meaning that looser focusing and longer crystals would lead to a higher gain limit. How-

ever, in this thesis the e�ective focal length plays only a minor role, as it is not the limiting

factor in all cases theoretically considered and experimentally observed1. Consequently, for

further considerations, the e�ective focal length is neglected. In order to compare the prop-

erties of BBO, LBO and BiBO the small signal gain limits arising form angular acceptance

and walk-o� are calculated for both Poynting vector walk-o� compensating scheme (PVWC)

and Tangential phase matching scheme (TPM). The results are presented in �g. 4.1.

1Throughout this thesis, critical phase matching is utilized. However, for noncritical phase matching the
e�ective focal length can be the limiting factor, as no walk-o� is present and the angular bandwidth may
be signi�cantly enhanced.

27



1 0 3 1 0 4 1 0 5 1 0 6 1 0 7 1 0 8 1 0 91 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

 l = l c
 l = l a  ( P V W C )
 l = l a  ( T P M )

 

 

Sm
all 

sig
na

l g
ain

P u m p  p e a k  p o w e r  [ W ]  
(a) BBO, M2=1.0

1 0 3 1 0 4 1 0 5 1 0 6 1 0 7 1 0 8 1 0 91 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

 l = l c
 l = l a  ( P V W C )
 l = l a  ( T P M )

 

 

Sm
all 

sig
na

l g
ain

P u m p  p e a k  p o w e r  [ W ]  
(b) LBO, M2=1.0

1 0 3 1 0 4 1 0 5 1 0 6 1 0 7 1 0 8 1 0 91 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

 l = l c
 l = l a  ( P V W C )
 l = l a  ( T P M )

 

 

Sm
all 

sig
na

l g
ain

P u m p  p e a k  p o w e r  [ W ]  
(c) BiBO, M2=1.0

1 0 3 1 0 4 1 0 5 1 0 6 1 0 7 1 0 8 1 0 91 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

 

�

Sm
all 

sig
na

l g
ain


 � � � � � � � � � � � � � � � � � 
 �

� 	 � � � � �
� 	 � � � � �
� 	 � � � � �
� 	 � � � � �

(d) BBO, M2=1.0

Figure 4.1 � Calculated small signal limits versus pump peak power for a) BBO, b) LBO and
c) BiBO, red curve: gain limit due to angular acceptance (l = lc), black curves:
gain limit due walk-o� (l = la), dotted curve: TPM, dashed curve: PVWC. d)
Small signal gain limit for BBO in PVWC geometry, limited due to (l = lc), for
various beam quality factors (Broadband noncollinear type I interaction 800 nm +
1446 nm = 515 nm).

It is worth mentioning that the angular acceptance of the pump is the smallest of all in-

teracting beams and it is therefore considered for the calculations. A few fundamental state-

ments can be extracted from �g. 4.1. It can be seen that the highest gain can be achieved in

PVWC geometry (black dashed curves), where walk-o� and noncollinear angle partly cancel

out. However, in case of BBO the gain is limited by the relatively low angular acceptance

(red curve). In order to achieve signi�cant small signal gain (∼103), a pump pulse peak power

of (∼2MW, ∼1MW, ∼0.4MW) is required for BBO, LBO and BiBO crystals, respectively.

In TPM con�guration, the gain is limited for all crystals by the transverse separation of

pump and signal, since walk-o� angle and noncollinear angle add in this case. In this case, a

useful small signal gain (>103) can only be achieved if the pump pulse peak power is higher
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than ∼5MW. The in�uence of pump beam quality is shown in �g. 4.1d, for BBO in PVWC

con�guration and pumped with a Gaussian like beam of various beam quality factors. In

this case, the gain is limited by the angular acceptance. In addition, the gain is signi�cantly

reduced for larger M2 values, as the focal spot diameter of Gaussian like beams increases

linearly with the beam quality factor M2. Consequently, a good beam quality is desired,

especially when working with moderate peak power pump lasers.

4.2 Gain bandwidth optimization

As already mentioned in 3, it is necessary to keep the wave-vector mismatch small over

the whole spectral range of the signal to enable ultra-broadband ampli�cation. Two con-

�gurations were found which cancel the �rst order variation of ∆k with the frequency, the

degenerate OPA and a noncollinear con�guration. Simulations of the parametric gain, based

on the calculated wave-vector mismatch over the spectral range of an ultra-broadband signal,

are performed to further optimize the noncollinear con�guration.

The calculations presented in this chapter generally rely on several assumptions. Firstly, all

interacting waves are assumed as plane waves, which is also valid for well-collimated beams.

In addition, the description is a quasi-cw approximation, neglecting dispersion and group

velocity e�ects, which is reasonable for chirped pulses and short crystal lengths (see sec. 3.3.5).

The signal and pump angles are �xed, while the idler angle is chosen to close the k-vector

triangle as illustrated in �g. 3.6a. Transverse walk-o� of the interacting beams is neglected as

well. Finally, the wave vector mismatch perpendicular to the signal wave vector is small and

therefore neglected within the calculations. More details on the calculation methods as well

as discussions of the validity of the approximations can be found in [43]. The calculations and

optimizations have been performed for BBO, as it will be used in the experiments later. Since

LBO and BiBO have very similar phase matching properties [46, 47], the main statements

of this chapter are valid for these crystals, too. Of course, broadband ampli�cation in these

crystal is observed at di�erent phase matching and noncollinear angles. In addition, the

exact shape of the gain spectrum is di�erent and would require further calculations, which

are beyond the scope of this work.

4.2.1 Pump pulse duration - crystal length

In general, shorter nonlinear crystals can be used to decrease the accumulated phase mismatch

caused by wave vector mismatch. In order to achieve su�cient gain, the pump intensity has to

be increased accordingly. However, this is ultimately limited by the damage threshold of the

nonlinear crystal. In this context it is important to know that the damage intensity threshold

of transparent optical media, in a rough assumption, scales inversely with the square-root

of the pulse duration [48]. For pulses shorter than 20 ps, the electrons have insu�cient time

to couple to the lattice during the laser pulse. The damage threshold continues to decrease
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(b)

Figure 4.2 � a) Damage threshold of BBO, LBO and BiBO versus pump pulse duration. b)
Small signal parametric gain spectrum for di�erent crystal lengths. The cal-
culation assumes a wide rectangular input spectrum and uses BBO in a non-
collinear geometry with the following parameters: θ=24.2°, α=2.6°, λp=515 nm,
deff=2.1 pm/V.

with decreasing pulse width, but at a rate slower than t0.5 in the range 0.1�20 ps [48].

Using the damage threshold data given in tab. 4.1, the damage threshold is calculated and

plotted versus the pump pulse duration for BBO, LBO and BiBO in �g. 4.2a, applying the

simple square root scaling law. In consequence, the displayed damage thresholds are slightly

too low for pulses shorter than 20 ps.

As a result of the pulse duration dependent damage threshold, shorter pump pulses can

be focused to higher intensities and therefore enable the use of shorter crystal lengths. Due

to reduced phase accumulated mismatch ∆k · l in the spectral wings, the spectral bandwidth

of the OPA is increased. To illustrate this e�ect, the parametric gain spectrum is plotted

for di�erent BBO crystal lengths in �g. 4.2b. Note that the pump intensity is adjusted to

achieve the same maximum parametric gain for each crystal length. It can be seen that the

ampli�ed spectral bandwidth (FWHM) is increased by nearly a factor of two when using

1 ps pump pulses (black curve), which allow for 100GW/cm² pump intensity, compared to

1 ns pulses which only permit 3GW/cm² (green curve). As a consequence, ultra-broadband

ampli�cation, which is in needed for sub-10 fs pulses, requires preferably sub-nanosecond

pump lasers. Typically, pump pulse are few-ten to a few hundred picoseconds long pump

pulses in sub-10 fs OPCPA systems [49, 50, 51]. The use of sub-ps pump pulses allows for even

higher intensities and consequently shorter nonlinear crystals. Such short pump pulses are in

particular interesting for ampli�cation of few-cycle laser pulses in an optimized noncollinear

geometry, which will be presented in section 4.2.3 of this chapter.
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4.2.2 Degenerate OPA

As already mentioned, a degenerate OPA implies that the signal and the idler wavelengths

are equal. This intrinsically zeroes the group velocity mismatch, making it suitable for

broadband parametric ampli�cation. Moreover, this alternative allows the use of a single

oscillator for simultaneous seeding of the parametric ampli�er and the pump laser. As an

example, the parametric ampli�er is then driven by the second harmonic of the pump laser

and a broadband signal is generated via additional spectral broadening e.g. in optical �bers.

In order to investigate the spectral gain characteristics of an OPA around the point of

degeneracy, simulations are performed. Type I collinear phase matching in a 2mm long BBO

is applied using a pump wavelength of 515 nm. The pump intensity is set to 50GW/cm², while

the �at-top signal spectrum is set to 100 kW/cm². The resulting ampli�ed signal spectrum

is �rst calculated within the non-depleted pump approximation. Additionally, a numerical

solution of the coupled wave equations (eqs. 3.13, 3.14 and 3.15), including pump depletion, is

calculated. The results are plotted in �g. 4.3 for various phase matching angles together with

the wave vector mismatch. It is worth mentioning that the spectral phase which is imposed

by the OPA is small and can be almost completely compensated by second and third order

dispersion of the pulse compressor [40, 52]. Perfect phase matching at the signal central

wavelength, which is assumed at the degeneracy point λs=1030 nm, is achieved at θ=23.33°.

As a result, the phase mismatch is zero at 1030 nm and its absolute value increases both

for shorter and longer wavelengths, which reduces the parametric gain at these wavelengths.

Nevertheless, in the undepleted pump approximation (grey curve, �g. 4.3a) an ampli�cation

bandwidth as large as 280 nm (FWHM) is achieved, which supports pulses as short as 9.3 fs if a

�at spectral phase is assumed. If pump depletion and the resulting gain saturation e�ects are

included, the ampli�cation drops in the perfect phase matched center and remains unchanged

in the weakly ampli�ed spectral wings. This results in an e�ectively larger bandwidth of the

ampli�ed signal. Consequently, gain saturation can be helpful to further increase the gain

bandwidth. At this point it is worth mentioning that within the simulation each spectral

component depletes the pump pulse independently, which is a reasonable model for a �at-top,

narrow-band nanosecond or picosecond pulse. For femtosecond pump pulses, the results are

only an approximation, since group-velocity and dispersion e�ects are not considered within

the calculations. As already discussed in sec. 3.3.5, these e�ects can be neglected as long as

the pump pulse duration exceeds a few hundred femtoseconds and the crystal length is only

a few millimeters.

Figures 4.3 b), c) and d) show the results for stepwise decreased phase matching angles. As

a result, the vicinity of the degeneracy point undergoes positive wave-vector mismatch, which

reduces the gain in the center of the signal spectrum. At the same time the spectral wings are

better phase matched. Especially around the two zero phase mismatch points the parametric

gain is signi�cantly increased. The resulting ampli�cation bandwidth increases with angular

detuning of the nonlinear crystal, although splitting of the two sub-spectra (�g. 4.3d) leads
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Figure 4.3 � Calculated spectral distribution of the parametric gain for various phase matching
angles of a collinear OPCPA near degeneracy (BBO, λp=515 nm, deff=2.01 pm/V,
Ip=50GW/cm2, Is=100 kW/cm2, l=2mm).
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(b)

Figure 4.4 � a) Pulse duration (FWMH) (red squares) and e�ective pulse peak power (black
squares ) versus phase matching angle (lines for eye guidance only). The gray
dashed line represents the angle of perfect phase matching at 1030 nm. b) Corre-
sponding temporal envelope of the Fourier limited pulses for θ=23.00°(grey) and
θ=23.12° (blue), revealing the shortest pulse duration and the highest pulse peak
power (BBO, λp=515 nm, deff=2.01 pm/V, Ip=50GW/cm2, Is=100 kW/cm2,
l=2mm).

to sub-pulses in the temporal domain, which is typically undesired and decreases the pulse

peak power. In experimental applications a compromise has to be found. Optimization of

the phase matching angle can be done with respect to the spectral bandwidth, the minimum

pulse duration (via Fourier transform, assuming a �at-spectral phase) or the e�ective pulse

peak power, depending on the requirements of the application. The latter quantity is most

relevant to achieve high laser intensities. It is calculated as a �gure of merit and speci�es

the peak power per pulse energy, assuming a �at spectral phase (Fourier limited case). With

regards to the experiments, GW/mJ is chosen as a meaningful unit. The spectral bandwidth,

the pulse duration and the e�ective pulse peak power are plotted in �g. 4.4a versus the phase

matching angle. The steps in the pulse duration curve are caused by the FWHM measure

and the multipeak nature of the output pulses. Please note that the grey line represents the

angle of perfect phase matching at 1030 nm. In this case, a pulse duration of 9.6 fs and an

e�ective peak power of 100GW/mJ are observed. It can be seen that the shortest pulses,

with only 4.6 fs duration (less than 1.5 optical cycles), are achieved at θ=23.00°, while the

highest relative peak power is obtained at θ=23.12°, revealing a pulse duration of 6.1 fs. For

both cases, the pulse envelopes of the temporal intensity pro�les are plotted in �g. 4.4b.

4.2.3 Optimization of noncollinear phase matching

Noncollinear phase matching o�ers the possibility of group velocity matching even far from

degeneracy. The noncollinear angle between signal and pump wave-vector o�ers superior

phase matching properties due to the additional degree of freedom. Furthermore, using
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Figure 4.5 � E�ective pulse peak power versus phase matching angle θ and noncollinear angle
α. The black dashed line encloses the region with sub-5 fs pulse duration (BBO,
λp=515 nm, deff=2.08 pm/V, Ip=50GW/cm2, Is=100 kW/cm2, l=2mm).

515 nm pump wavelength, ultra-broadband phase matching can be achieved around 800 nm

central wavelength, which �ts well to Ti:Sa oscillators. A combination of ultra-broadband

Ti:Sa oscillators and ultra-broadband noncollinear OPCPA is therefore ideal to generate

the shortest and most intense laser pulses. To exploit the full potential of the noncollinear

arrangement, its geometry has to be optimized by varying both the phase matching angle θ

and the noncollinear angle α. Again, the e�ective peak power of the ampli�ed pulses is taken

as a measure to �nd the optimum geometry. The results of this two-dimensional analysis

are presented in �g. 4.5. The e�ective peak power has been set to zero when a signi�cantly

reduced peak gain (a tenth of the value for ∆k = 0) is observed. In these cases a large phase

mismatch is present over the whole spectral range, reducing the parametric gain, which is

not desired in practice.

The shortest pulse duration of only 2.9 fs (FWHM) is achieved at α = 1.86° and θ = 23.46°.

The corresponding spectrum is shown in �g. 4.6a, while the temporal pulse shape is shown in

�g. 4.7 (grey curve). Certainly, the gap in the center of the spectrum results in several pre-

and post-pulses which lower the pulse peak power (130GW/mJ). The optimization reveals

the highest pulse peak power (207GW/mJ) for α = 2.16° and θ = 23.92°. The spectral pro�le

(�g. 4.6b) is �atter due to a reduced phase mismatch in the center. Consequently, the shape

of the resulting 4.1 fs pulse (�g. 4.7, blue curve) is cleaner, with a reduced amount of energy in

satellite pulses. The ampli�ed spectral bandwidth ranges from 650 nm to 1200 nm. Achieving

such a broad spectrum, covering nearly one optical octave, is challenging especially if it has to

be recompressed to nearly transform limited pulses later. Methods for spectral broadening,

such as white light generation in bulk media or SPM in �bers exist. A more straight forward

approach is to use an ultra-broadband Ti:Sa oscillator to seed the OPCPA. Their spectral
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(a) α = 1.86°,θ = 23.46°
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(b) α = 2.16°,θ = 23.92°
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(c) α = 2.30°,θ = 24.15°
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(d) α = 2.58°,θ = 24.55°

Figure 4.6 � Calculated spectral distribution of the parametric gain for various phase match-
ing an noncollinear angles (BBO, λp=515 nm, deff=2.08 pm/V, Ip=50GW/cm2,
Is=100 kW/cm2, l=2mm).

bandwidth is typically around 300 nm (-10 dB), and the emitted spectrum typically does not

reach far beyond 1000 nm. In this case, a gain spectrum as shown in �g. 4.6c is most suitable.

Interestingly, three zero wave-vector mismatch points are present and therefore the phase

mismatch is kept very low over a large spectral range, resulting in a smooth shape of the

ampli�ed spectrum, which reveals very clean pulses as short as 4.9 fs (red curve, �g. 4.7). The

corresponding geometrical angles are α = 2.3°and θ = 24.15° and the e�ective peak power of

189GW/mJ is only 8.7% lower than the maximum value. Hence, this con�guration is applied

in most of the experiments presented in this thesis. If the noncollinear angle is increased to

α = 2.58° and the phase matching angle is set to θ = 24.55°, both the wave-vector mismatch

∆k and its �rst derivative are zero (�g. 4.6d). The angle α is often called the �magic� angle,

as it provides phase and group velocity matching simultaneously. The angle can be found

easily with eq. 3.38 and supports 6.5 fs pulse duration (4.7, green curve), whereas the e�ective

peak power is only 146GW/mJ.

In summary, the two dimensional optimization has identi�ed the noncollinear con�guration

of a BBO OPCPA which is needed to achieve either the shortest pulses or the highest pulse
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Figure 4.7 � Temporal envelope of the perfectly recompressed output pulses (�at spectral
phase) for di�erent noncollinear con�gurations.

peak power. In comparison to a linear analysis, including solely phase- and group-velocity

matching, the e�ective pulse peak power is increased by 42%. In addition, a slightly modi�ed

geometry has been found, resulting in only slightly lower peak power. It reduces the amount

of energy in pre- and post-pulses, �ts well to typical Ti:Sa oscillator spectra, still supports

sub-5 fs pulses and is therefore used in most of the experiments presented in this thesis.

4.3 Gain narrowing and saturation e�ects

The parametric gain is local and instantaneous and thereofore strongly depends on the current

pump intensity. If nonuniform temporal and spatial pump pro�les are used, the parametric

gain varies over the beam pro�le and the pulse shape. For Gaussian pump beam pro�les,

this leads to spatial gain narrowing which reduces the beam diameter towards the end of the

nonlinear crystal, where most of the energy conversion takes place. The same behavior is

observed in the temporal domain, when nonuniform (e.g. Gaussian) pump pulses are used.

In consequence, high gain and high conversion e�ciency can typically not be simultaneously

achieved in a single parametric ampli�er [53].

4.3.1 Spatial gain narrowing e�ects

For illustration of the spatial gain narrowing e�ect, the evolution of a signal beam with an

initiall Gaussian distribution is shown in �g. 4.8 for di�erent gain factors. A Gaussian pump

beam with the same diameter as the initial signal is applied. The intensity pro�le of the

depleted pump beam is also shown for the highest gain factor. As expected, the signal beam

becomes narrower, because of the nonuniform gain and, �nally, it depletes only the central

part of the pump beam, thus reducing the conversion e�ciency.

This e�ect has also been experimentally studied. For this purpose, a 1mm long BBO

crystal operated at degeneracy has been driven by di�erent pump intensities. The average
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Gain=2,5 Gain=240Gain=1 Gain=40000 depleted pump

Figure 4.8 � Calculated intensity pro�le of an initially Gaussian signal beam after parametric
ampli�cation with a Gaussian pump beam for various gain factors. In addition
the intensity pro�le of the depleted pump beam is shown for the highest gain.
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Figure 4.9 � a) Pump to signal conversion e�ciency versus signal gain. Lines for eye guidance
only (BBO, λs=1030 nm, λp=515 nm, nearly Gaussian pulses withτs=920 fs,
τp=770 fs, α = 0.5°, l=1mm). b) Calculated pump to signal conversion e�ciency
plotted versus the signal gain. The di�erent colors represent di�erent signal diam-
eters (BBO, collinear con�guration, λs=1030 nm, λp=515 nm, deff=2.01 pm/V,
Ip=57GW/cm2, l=1mm, Gaussian pulses and beams).

output power of the ampli�ed signal has been measured for various input signal powers. The

achieved pump to signal conversion e�ciency is plotted in �g. 4.9a versus the signal gain. It

can be seen that the higher the signal gain the lower is the achieved conversion e�ciency due

to spatial narrowing of the signal beam. Nevertheless, a pump- to signal-conversion e�ciency

of 20% is achieved for a gain factor of 4.8.

Clearly, to overcome this limitation, the use of �at-top beam pro�les is bene�cial. This

leads to a uniform gain and uniform conversion without gain narrowing e�ects. A record

high conversion e�ciency of 29% has been achieved by using spatio-temporal shaped pump

pulses [54], but throughout this thesis Gaussian like beam pro�les are inherently provided by

the �ber ampli�ers.

Another approach is to use a high gain preampli�er stage and a second low gain ampli�er,

which enables high conversion e�ciency. The second ampli�cation stage can be pumped by

using the nearly undepleted remainder of the pump beam after the �rst, low conversion,

ampli�er. It is important to properly match the signal and pump beam diameters in both

stages. In particular, the signal beam, which experiences strong spatial narrowing in the �rst
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high gain OPA, has to be expanded prior further ampli�cation, in order to achieve a high

conversion e�ciency.

In addition, spatial gain narrowing can be pre-compensated, at least partly, by using a

signal input diameter which is slightly larger than the pump beam diameter. Figure 4.9

shows the results of a numerical calculation of the coupled wave equations (3.13 ... 3.15),

which has been performed for a collinear OPA at degeneracy, utilizing di�erent ratios of

signal to pump beam diameter at the crystal input. Obviously, an increased signal diameter

results in higher conversion e�ciency for a low gain parametric ampli�er and is therefore

utilized in the experiments presented in this thesis.

4.3.2 Temporal gain narrowing e�ects

Since the parametric gain of the OPCPA sensitively depends on the instantaneous pump

intensity, a uniform temporal pulse shape is desirable to achieve high conversion e�ciency

and to avoid gain narrowing e�ects. However, in most cases a pump pulse with a Gaussian

or sech² temporal pro�le is delivered by the pump laser. In this case, the pump pulse has

to be signi�cantly longer than the signal pulses to avoid spectral narrowing of the chirped

signal pulses during ampli�cation and, in consequence, a large fraction of the pump pulse is

not involved in the nonlinear process. This, in turn, lowers the overall conversion e�ciency

of the OPA. In contrast, a uniform rectangular temporal pro�le provides a uniform gain

for all spectral components of the chirped signal, thereby avoiding spectral narrowing and

increasing the pump to signal conversion e�ciency. To investigate these e�ects in more

detail, the coupled wave equations of the optical parametric ampli�er (3.13 ... 3.15) are

solved numerically for four di�erent pump pulse shapes, shown in �g. 4.10a. Either a �attop

pulse, a Gaussian shaped pulse or two temporally shaped pulses are assumed. The temporally

shaped pulses consist of two or four overlapping Gaussian replicas and their generation will

be studied in sec. 5.4 of this thesis. Since we want to simulate reasonable experimental

conditions, the maximum number of Gaussian replicas is limited to four. It is important to

know that the signal pulses are assumed to have a Gaussian spectrum (in frequency) with a

spectral bandwidth of 100 nm (FWHM) at 800 nm central wavelength and these pulses are

stretched to a pulse duration of 250 ps (1/e2) by second order dispersion, in order to model

a grating-type stretcher. For simplicity, uniform �at-top beams with the same diameter

are assumed. Additionally, their transversal separation, due to the noncollinear angle, is

neglected. Furthermore, perfect phase matching, which is satis�ed for a large spectral range

around 800 nm (see sec. 4.2.3), is assumed. The signal pulse energy has been chosen to result

in 100% pump depletion at the peak of the pump and signal pulses. Back conversion is

avoided as it is known to distort the beam pro�le in real-world OPAs [53].

The resulting normalized spectra of the ampli�ed signal are displayed in �g. 4.10b. The

results, such as ampli�ed signal pulse energies and pump to signal conversion e�ciency,

are summarized in tab. 4.2. Additionally, the Fourier-limited pulse duration and pulse peak
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Figure 4.10 � a) Temporal pump pulse pro�les b) corresponding spectra of the ampli�ed sig-
nal pulses for di�erent pump pulses (�attop - black; Gaussian - red, shaped
of two Gaussian pulses - blue, shaped of four Gaussian pulses - green, signal
- dotted grey). Simulation parameters: Pump pulse energy 5mJ, signal pulse
energy 2.3µJ, pump pulse peak power 20 MW, λp=515 nm, l=10mm, BBO,
deff=2.0 pm/V, Ip =10GW/cm².

pulse shape pump
pulse

duration
[ps]

signal
pulse
energy
[mJ]

pump to
signal
conver-
sion

compressed
pulse

duration
[fs]

pulse
peak
power
[GW]

�at-top 250 2.76 55.2 % 19.5 130.7

Gauss 236 1.79 35.8 % 21.7 78.5

shaped two Gauss 246 2.15 43.0 % 21.2 96.7

shaped four Gauss 251 2.45 49.0 % 20.6 112.4

Table 4.2 � Results of the simulation for di�erent shaped pump pulses

power of the ampli�ed signal pulses has been calculated, assuming zero phase for all spectral

components, thus a perfect compressor.

It can be seen that the best results, in terms of conversion e�ciency and pulse peak

power of the recompressed ampli�ed signal pulse, can be achieved with a �at-top pump

pulse. In contrast, a Gaussian pump pulse leads to reduced conversion and, additionally,

narrows the spectral bandwidth. This results in 40 % lower peak power of the recompressed

ampli�ed signal pulse. A temporal pump pulse pro�le, which consists of several Gaussian

replicas, helps to increase the conversion e�ciency substantially in comparison to a Gaussian

pendant. Obviously, the more uniform the pump pulse (more Gaussian replicas), the higher

is the conversion e�ciency and the gain bandwidth.

Note that for real beam pro�les and especially for Gaussian beams the overall conversion

e�ciencies is reduced, as already mentioned. However, the qualitative behavior in the tem-

poral and spectral domain remains the same. Techniques to generate �at-top like temporal

pulse pro�les, to enhance the performance of OPCPA, will be presented in sec. 5.4 of this
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(c) BiBO

Figure 4.11 � Type I SHG phase matching curves (red) and internal signal angles for PVWC
and TPM con�guration (black dashed) for di�erent nonlinear crystals. The cross-
ing points represent the resulting SHG phase matched signal wavelength.

thesis.

4.4 Parasitic nonlinear e�ects

Crystal material BBO LBO BiBO

Phase-matching angle θ 24.2 ° 15.2 ° 166.6 °

Noncollinear angle α 2.6 ° 1.6 ° 3.9 °

Walk-o� angle ρ 3.2 ° 0.4 ° 1.4 °

PVWC TPM PVWC TPM PVWC TPM

Signal - pump angle 0.6 ° 5.8 ° 1.2 ° 2.0 ° 2.5 ° 5.3 °

Table 4.3 � Geometrical angles of PVWC and TPM con�guration, resulting signal- pump point-
ing vector angle for BBO, LBO and BiBO (λp=515 nm).

Parasitic SHG of the signal can be a severe limitation in optical parametric ampli�ers. It

leads not only to unwanted power loss, but also to distortions in the ampli�ed spectrum.

Table 4.3 outlines the important parameters for noncollinear BBO, LBO and BiBO optical

parametric ampli�ers. The noncollinear angle is chosen for group velocity matching of signal

and idler. The angle between pump and signal pointing vector is calculated for both PVWC

and TPM geometry. The resulting signal angle within the crystal is plotted in grey dashed

lines for both con�gurations together with the corresponding SHG phase matching curves,

in �g. 4.11 respectively. The SHG phase matched signal wavelength is recorded in tab. 4.4.

Certainly, also parasitic SHG of the idler wave may occur in OPCPA. For a detailed

analysis, the internal angles of the idler wave has been calculated for both noncollinear

con�gurations (PVWC and TPM) and the three crystals materials BBO, LBO and BiBO.

The idler was assumed to compensate the wave vector component of the pump, which is

perpendicular to the signal wave vector. The resulting internal idler angle with respect to

the optical axis is plotted in �g. 4.12 together with the SHG phase matching curve.
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(c) BiBO

Figure 4.12 � Type I SHG phase matching curves (red) and internal idler angles for PVWC and
TPM con�guration (black dashed) for di�erent nonlinear crystals. The crossing
points represent the resulting SHG phase matched idler wavelength.

The resulting idler wavelengths, which are phase matched for second harmonic generation,

and the corresponding signal wavelength (calculated due energy conservation law) are also

displayed in tab. 4.4. The last row of tab. 4.4 represents the usable parasitic SHG-free signal

wavelength range around 800 nm central wavelength. It has to be taken into account for

the design of a broad band OPCPA system. Please note that deviations from the assumed

noncollinear angles will shift the SHG phase matched wavelength slightly, though the general

behavior remains the same.

Crystal material BBO LBO BiBO

PVWC TPM PVWC TPM PVWC TPM

Signal SHG
wavelength [nm]

860 1119 963 1012 889 1025

Idler SHG
wavelength [nm]

1265 864
1031 /
1607

983 /
1794

1102 /
2338

969

Signal wavelength
for idler SHG

[nm]
869 1275

1029 /
758

1082 /
722

966 /
660

1099

parasitic SHG free
wavelength range

[nm]
<860 <1119

758 ...

963

722 ...
1012

660 ...
889

<1025

Table 4.4 � SHG phase matched signal- and idler wavelength for BBO, LBO and BiBO in both
PVWC and TPM con�guration (λp=515 nm). The corresponding signal wave-
length for parasitic idler SHG is calculated from the energy conversion. The para-
sitic SHG free wavelength range is summarized in the last row.

In summary, it can be stated that BBO in TPM con�guration provides the largest spec-

tral range (until ∼1119 nm) without parasitic SHG and should be preferably used for ultra-

broadband ampli�cation of few-cycle laser pulses. It is worth mentioning, that the occurrence

of other parasitic nonlinear e�ects, such as DFG of signal and idler waves has been reported

as well, for multiple beam pumped OPCPA [55].

41



Summary

In this chapter the most important theoretical aspects of high repetitive, high power OPCPA

development have been discussed. It has been found that the OPA gain is limited by the

angular acceptance of the crystal and by the transversal walk-o� of the pump and signal

waves. As a consequence, a pump pulse peak power of at least 2MW is required to achieve

signi�cant parametric gain (G=103) in case of BBO in PVWC con�guration.

In the second part of this chapter, the gain bandwidth of an OPCPA has been optimized

both for collinear interaction at degeneracy and for noncollinear geometry. In both cases

sub-5 fs pulses can be ampli�ed, comprising an optimized geometry. To avoid optical damage

of the crystals pump pulses shorter than 10 ps are required in this case. For nanosecond pump

pulses, longer crystals operated at lower pump intensities are needed, resulting in reduced

ampli�cation bandwidth. Nevertheless, sub-20 fs pulses are still supported in this case.

In the third part gain narrowing e�ects in the spatial and temporal domain have been

discussed. For the design of and e�cient high gain parametric ampli�er, which is driven by

a Gaussian pump beam, a two ampli�cation stage setup and �at-top temporal pulse pro�les

are found to be advantageous.

Lastly, phase matching for parasitic SHG of the signal or idler waves is calculated. A BBO

in TPM geometry turned out to be the most suitable crystal for ultra-broadband parametric

ampli�cation in noncollinear OPCPA without distortions due to parasitic SHG. However, in

this con�guration a higher peak power pump laser is required. The next chapter will deal

with the question: How to achieve the desired pump pulse parameters form a Yb-doped �ber

laser, combined with very high average output power and good beam quality?
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5 High average power pump laser for

OPCPA

The pump laser mainly de�nes the pulse energy and the average power of the OPCPA sys-

tem. In contrast to Ti:Sa lasers, Yb-doped gain media o�er a signi�cantly lower quantum

defect [56]. Especially the �ber geometry allows for e�cient heat dissipation, due to its large

surface to active volume ratio. Average powers as high as 9.6 kW in di�raction-limited beam

quality have been achieved in continuous-wave operation, demonstrating the high power ca-

pability of Yb-doped �ber lasers and ampli�ers [24]. In pulsed operation 830W average

power have been recently generated with femtosecond pulses [25]. In addition, ultra-large

mode area �bers, which reduce the intensity in the �ber core, enabled pulse energies as high

as 2mJ with nanosecond pulses [57]. By exploiting chirped pulse ampli�cation, 1mJ pulse

energy has been achieved with femtosecond pulses [58]. Although the gain bandwidth of

Yb-doped �bers does not support sub-100 fs pulses from high energy ampli�ers [56], they are

prominent candidates for driving OPCPA systems to the highest average power levels.

Pump laser requirements

As shown in the previous chapter, there are several requirements on the pump laser for

OPCPA.

1. The peak power of the pump pulse needs to be at least several MW (with good beam

quality) to achieve su�cient gain in the OPA.

2. The pump pulses have to be temporally synchronized with the signal pulses.

3. For a few-cycle OPCPA, very short pump pulses are advantageous, as they allow

for higher pump intensities without crystal damage and, consequently, shorter crys-

tal lengths.

4. Second harmonic generation of near infrared pump lasers is required in order to drive

OPAs in the visible and near infrared spectral region.

5. A �at-top temporal and spatial pro�le can be helpful to avoid gain narrowing e�ects

in the temporal domain.

Yb-doped �ber lasers can ful�ll these requirements and, at the same time, emit very high

average powers. The general properties of Yb-doped �ber ampli�ers are presented at the
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beginning of this chapter. In order to achieve the necessary peak power for OPCPA pump-

ing, short laser pulses are required. However, short pulse �ber lasers su�er especially from

nonlinear e�ects, which will be brie�y introduced. It turns out that the performance of short

pulse �ber ampli�ers basically and essentially relays on the reduction of the peak intensity

inside of the active �ber core. This strategy simultaneously prevents optical damage and

nonlinear distortions of the laser pulses. Despite avoiding nonlinear distortions of the pump

pulses, their synchronization with the signal pulse plays a key role in OPCPA systems. This

topic will be discussed in the third part of this chapter.

Experimentally, the pump pulses for OPCPA have been generated by two di�erent ap-

proaches. Very high peak power femtosecond pulses can be achieved with the well known

chirped pulse ampli�cation technique (CPA) [59]. A �ber CPA system (FCPA), delivering

millijoule femtosecond pulses is presented in the third part of this chapter. An alternative

way is to extract MW peak power nanosecond or sub-ns pulses directly from an ultra-large-

mode area �ber. In the frame of this work, such a high energy nanosecond �ber ampli�er

has been developed, assembled and successfully employed as OPCPA pump. The setup and

the experimental results are presented in the fourth part of this chapter.

5.1 Properties of Yb-doped �ber lasers

5.1.1 Double-clad step-index and photonic crystal �bers

When compared with bulk laser media, optical �bers posess several outstanding properties.

When properly designed and manufactured, the core guides only the fundamental mode,

which exhibits a nearly Gaussian intensity distribution and, therefore, excellent beam quality.

In step-index �bers, the light guidance is given by the refractive index di�erence between core

and cladding (see �g. 5.1a). In addition, active �bers are doped with rare-earth ions within

the core region. So-called double-clad �bers [60] have a special low index polymer coating

around the �ber cladding to provide guidance of low brightness pump light within a second

pump core. This feature enables e�cient coupling of the pump light emitted by high power

laser diode bars and stacks. The pump light is absorbed in the doped region of the �ber

(active core) as it propagates along the �ber and, therefore, allows for high average power

pumping of �ber lasers and ampli�ers.

Micro-structured or photonic crystal �bers (PCFs) provide additional degrees of freedom

in the �ber design. Here the �ber core is surrounded by air holes, which de�ne the guiding

properties of the �bers (see �g. 5.1b). Precise control of the air hole pitch Λ and diameter

d allows for ultra-large mode �eld diameters [61], thus signi�cantly reducing the intensity in

the �ber core. In addition, the pump core can be surrounded by a so-called air-clad which

results in a large refractive index di�erence. The resulting numerical aperture (NA) of the

pump core can exceed 0.6 [61], which is signi�cantly higher than that for polymer coated

�bers with a typical pump core NA of 0.46 [62]. Consequently the requirements on the pump
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Figure 5.1 � Cross-section and refractive radial index pro�le of a) double-clad step-index �ber
and b) air-clad PCF.

diode beam quality are lowered.

5.1.2 Yb3+-doped �ber as high average power lasers and ampli�ers

The Yb3+-ion is one of the most prominent rare-earth ions in laser physics due to its out-

standing properties. First, it possesses very simple energy levels, with only one exited state

manifold within reach of the ground state manifold, when absorbing visible or near-infrared

photons [56]. In Yb3+-doped glass media a relatively large emission bandwidth is found,

which supports about one hundred femtoseconds pulse durations. In addition, the upper

state lifetime is relatively long (∼1ms). The corresponding absorption and emission cross-

sections of Yb3+ doped germanosilicate glass are shown in �g. 5.2. It can be seen that a

strong absorption is present at 976 nm, which is typically used for pumping, resulting in a

low quantum defect of less than 6%, for 1030 nm emission. In combination with the �ber

geometry, which o�ers a very large ratio of cooling surface to active volume and, therefore,

relaxed thermal management, extraordinarily high average output powers have been achieved

in cw operation [24], demonstrating the sutability of Yb-doped �bers for high average power

lasers.
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Figure 5.2 � Absorption (blue) and emission cross-section (red) of Yb3+-doped germanosilicate
glass [56].

5.1.3 Nonlinear e�ects in fused silica �bers

Besides their manifold advantages, optical �bers they su�er from nonlinear e�ects. Due to

the tight con�nement of the light in the �ber core, large intensities are present over long

interaction lengths, thus enhancing nonlinear e�ects. As a result of symmetry in fused silica,

the second order susceptibility is zero and third order nonlinear e�ects, such as the optical

Kerr e�ect, dominate the propagation of ultra-short pulses in optical �bers.

Kerr e�ect

The Kerr e�ect is an intrinsically phase matched nonlinear e�ect, whereas only photons of

the same frequency interact. As a result an intensity dependence of the refractive index is

observed

n(I) = n0 + n2I, (5.1)

where the nonlinear refractive index for linearly nl2 and for circularly polarized light nc2 is

given by [63]

nl2 = 3Re(χ
(3)
xxxx)

4ε0c0n2
0
,

nc2 = 2Re(χ
(3)
xxxx)

4ε0c0n2
0
.

(5.2)

The intensity dependent refractive index is assumed to be instantaneous and local. It has con-

sequences for the propagation of light in the temporal domain, namely self-phase modulation,

as well as in the spatial domain in form of self-focusing.

Self-focusing

Self-focusing occurs, when a beam with nonuniform intensity pro�le is propagating through

a medium with a nonlinear index of refraction. Neglecting saturation e�ects, the refractive

index n(I) follows the intensity pro�le and forms an index gradient. For positive n2 the
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high intensity parts, typically located in the center of the beam, travel slower than the low

intensity wings, leading to focusing of the beam, as illustrated in �g. 5.3a. For high peak

power pulses and long propagation distances, self-focusing can lead to a beam collapse. In

contrast to other nonlinear e�ects, self-focusing is proportional to the pulse peak power PP ,

because a larger beam with lower intensity is more sensitive to phase distortions. If a critical

value of power P crP is reached, the beam collapses. Already below this threshold (PP < P crP )

this leads to mode shrinking in large mode optical �bers and the damage threshold can be

reached. In the literature, for fused silica at 1030 nm wavelength, the critical power is found

to be 5.2MW for linear polarization [64]. It is worth mentioning that for circular polarized

light the critical power is increased by a factor of 1.5, due to the reduced value of n2. For

pulses longer than ∼1 ns the contribution of electrostriction has to be additionally accounted

for, thus reducing the critical power of self focusing to 4.25MW and 5.83MW for linear and

circular light respectively [64]. In optical �bers, self-focusing can signi�cantly contribute to

optical damage, due to shrinking of the mode �eld area or beam collapse. Therefore, the peak

power in a �ber ampli�er has to be lower than the critical power of self-focusing in order to

prevent optical damage. In large mode area �bers mode shrinking, caused by self-focusing,

is already observed at peak powers far below the critical power [65]. Detailed discussions on

the performance limitations of pulsed �ber ampli�ers will be the topic of sec. 7 of this thesis.

Self-phase modulation

Self-phase modulation (SPM) is the temporal counterpart of self-focusing. If an intense laser

pulse with the intensity pro�le I(t) propagates through a nonlinear medium, it accumulates an

additional time dependent phase ϕNL(t), which is caused by the nonlinear index of refraction

and can be written as

ϕNL(t) = −ω0

c0
n2I(t). (5.3)

As a result, an instantaneous frequency shift can be calculated as

ω(t) = ω0 +
∂ϕNL
∂t

, (5.4)

if a slowly varying envelope is assumed. Thus, the frequency shift at the peak is zero and

the leading edge is red shifted while the trailing edge is blue shifted in a positive nonlinear

medium, leading to a spectral broadening of initially positively or unchirped laser pulses. If

anomalous dispersion is present, SPM and dispersion can balance. As a result, the so-called

optical solitons propagate in optical �bers with constant shape and amplitude, as long as

perturbations by higher order dispersion and other nonlinear e�ects are small [35].

In pulsed �ber ampli�ers, spectral broadening due to SPM is typically unwanted. Ad-

ditionally, in case of chirped pulse ampli�cation, the imposed nonlinear phase results in a

spectral phase, which cannot be easily compensated for and degrades the recompressed pulse

quality. A measure for the accumulated nonlinear phase produced by the peak intensityI(z)
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along the �ber length l is the B-Integral, which is de�ned as

B =
2π

λ

lˆ

0

n2I (z) dz.

The in�uence of the nonlinear phase on the output pulses of a CPA system is displayed in

�g. 5.3b. The accumulated nonlinear phase leads to energy transfer into pre- and post-pulses

and to an increased pulse duration of the main pulse, hence the pulse peak power is reduced

dramatically. In high energy FCPA systems the B-Integral is reduced by using short length

large mode area �bers and stretching to the highest possible pulse durations [58]. Another

possibility is to control or compensate the nonlinear phase in FCPA by amplitude and phase

shaping strategies, which have been presented in detail in [33].
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Figure 5.3 � a) Illustration of a Gaussian beam, which propagates in a positive nonlinear
medium and is focused due to the Kerr e�ect. b) Pulse pro�le of a FCPA out-
put pulse at the point of best compression (maximum peak power) for various
B-Integrals, assuming a transform-limited sech2- input pulse.

5.1.4 Stimulated Raman scattering

Raman scattering is a non-instantaneous inelastic process, which can be described as scatter-

ing between photons and optical phonons, as illustrated in �g. 5.4a. In the case of stimulated

Raman scattering (SRS) the generated Stokes-wave propagates with the driving laser �eld.

Thus, it gives rise to a coherent stokes emission, resulting in ampli�cation of the stokes wave

(�g. 5.4b). In fused silica at 1 µm pump wavelength the maximum Raman gain is observed

at 13THz frequency shift. The corresponding Raman gain spectrum is shown in �g. 5.4c).

In �ber lasers and ampli�ers SRS leads to a typically undesired energy loss at the funda-

mental wavelength if the Raman threshold intensity is exceeded. However, the use of short

length large mode area �bers in the experiments presented in this thesis, e�ectively avoids

the onset of SRS. Nevertheless, it still remains an issue for further scaling considerations,

which will be the toppic of chapter 7.
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Figure 5.4 � Schematic diagram of a) spontaneous Raman scattering and b) stimulated Ra-
man scattering, c) measured Raman gain spectrum for fused silica at 1µm pump
wavelength [35].

In special cases Raman scattering is desired, e.g. to achieve an e�ectively shifting of the

spectral envelope of ultra-short optical pulses towards longer wavelengths. This Raman self-

frequency shift, also-called soliton self-frequency shift is useful for the optical synchronization

of pump laser and seed oscillator for ultra-short pulse OPCPA, which is discussed more

precisely in subsection 5.2 of this chapter.

For the sake of completeness, it has to be mentioned that photons can also be scattered

by acoustical phonons. This e�ect is called Brillouin scattering and the resulting frequency

shift is three orders of magnitude smaller than the Raman shift, due to the lower phonon

energy. Stimulated Brillouin scattering (SBS) is typically not observed for short optical pulses

(<1 ns) as the spectral bandwidth of the pulses is signi�cantly larger than the Brillouin gain

bandwidth [35].

5.2 Optical synchronization - soliton self frequency shift

Nonlinear e�ects are typically unwanted in a �ber laser system. Despite of this, they can

also be useful for spectral broadening or frequency conversion in optical �bers, which can

be employed for optical synchronization of signal and pump pulses for OPCPA. This tem-

poral synchronization is required due to the instantaneous nature of the optical parametric

processes. Known synchronization techniques are e.g. based on costly GHZ electronics [66],

however they cannot achieve femtosecond accuracy and are, therefore, inapplicable for sub-ps

pump lasers. An alternative is to use the same pulsed laser in order to generate a broadband

signal via SPM based spectral broadening and a frequency doubled pump. This technique

has been applied for an OPCPA system, operated at degeneracy, which will be presented in

sec. 6.1 of this thesis.

In contrast, few-cycle laser pulses are delivered directly by Ti:Sa based oscillators, without

the need of complex spectral broadening [67]. Unfortunately, the emission bandwidth of

these oscillators normally does not signi�cantly overlap with the gain bandwidth of a 976 nm-
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pumped Yb-doped �ber ampli�er, which is typically located around 1030 nm. In principle,

it is possible to seed a short pulse Yb-doped �ber ampli�er with Ti:Sapphire oscillators,

utilizing specially designed output couplers and cavity mirrors [68]. However, with typical

Ti:Sa oscillators it is di�cult to ensure picojoule energy levels within the bandwidth of a

typical Yb - doped �ber ampli�er, which is required to e�ciently compete with the ampli�ed

spontaneous emission (ASE).

To enhance the seed pulse energy, a resonant frequency conversion is needed. The special

properties of soliton phenomena in optical �bers suggest an interesting possibility. Specially

designed photonic-crystal �bers, possessing very small mode �eld diameters, substantially

enhance nonlinear optical processes due to a strong �eld con�nement, which is exactly the

opposite aim, compared to large-mode area �bers. Furthermore, the dispersion properties of

these �bers can be tailored to some extent. Tighter con�nement in the �ber core leads to

smaller mode �eld areas and, normally, shifts the zero dispersion wavelength (ZDW) towards

lower wavelengths due to waveguide dispersion. Within the negative dispersion region, for-

mation of solitons gets feasible [35] which experience continuous frequency downshifting due

to the Raman-e�ect. This so-called soliton self-frequency shift (SSFS) provides a convenient

way of tuning the central wavelength of the generated ultra short pulse [69], and has been

successfully implemented in few-cycle OPCPA systems [23]. One possibility is to launch the

pulses in the negative dispersion region. In case of Ti:Sa oscillators this requires a �ber with

a ZDW lower than 800 nm. The photonic crystal �ber NL-PM-750 ful�lls these requirements,

and provides a ZDW of 750 nm, a mode �eld diameter of 1.6 µm at 780 nm wavelength and,

in addition, a polarization-maintaining core design.

Another possibility is to launch the seed pulse below the ZDW. Here, spectral broadening

and dispersive pulse stretching occur. If the broadened spectrum grows into the negative

dispersion region, formation of solitons is feasible. If the pulse parameters are properly

chosen, a single fundamental soliton can be exited. For special cases, e.g. if the pulses are

launched at 800 nm central wavelength into a 975 nm ZDW �ber (crystal �ber NL-3.7-975)

the soliton is exited exactly at the desired wavelength and no SSFS is required at all. The

experimentally measured spectra and the corresponding numerical results1 (black) are shown

in �g. 5.5 for both cases. In addition, the spectral evolution is displayed over the �ber length

(�g. 5.5) b) and d)). In the case of NL-975 �ber, large spectral broadening occurs initially,

resulting in a spectral overlap with the negative GVD region. In consequence, a fundamental

soliton is formed, which propagates through the �ber without signi�cant frequency shift.

Experimentally, about 5 pJ pulse energy within the Yb-gain bandwidth (1030 nm±5 nm) is
measured and con�rmed by numerical simulations for 1.1 nJ, 20 fs input pulses.

Within the NL-PM-750 �ber, a fundamental soliton is initially generated and continu-

ously frequency shifted towards longer wavelengths. In this case, the measurements show

1The numerical simulation is based on a split-step method, solving the nonlinear Schrödinger equation
including dispersion, SPM, SRS and self-steepening. Please note that the wavelength dependence of the
mode �eld diameter and losses are not included in the simulation.
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a 2 pJ pulse energy within the Yb-gain bandwidth for 250 pJ, 10 fs input pulses, while the

corresponding numerical simulation yields 39 pJ pulse energy (1030 nm±5 nm). This di�er-

ence can be attributed to fabrication tolerances, which can shift the ZDW slightly towards

longer wavelengths. Hence, a larger amount of the initial spectrum is not involved in soliton

generation and remains unconverted.

Interestingly, numerical simulations revealed that amplitude �uctuations (<1%) at the

input of the NL-PM-750 result in nearly 3 times larger energy �uctuations within the Yb-

gain bandwidth (1030 nm±5 nm), measured at the �ber output. In contrast, using the NL-975
�ber reducedes input ampliftude �uctuations due to the wavelength shift mechanism. The

amplitude �uctuations, found within the Yb-gain bandwidth at the output are a factor of

two lower compared the the amplitude noise of the input pulses.
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Figure 5.5 � Generation of synchronized pulses in the Yb-gain region around 1030 nm: a) Mea-
sured spectrum (red dots) and corresponding numerical result (black line) for
1.1 nJ, 20 fs pulses, launched into 1m NL-3.7-975 �ber. b) Results of a numeri-
cal simulation showing the spectral evolution of the launched 1.1 nJ, 20 fs pulses
within 1m of NL-3.7-975 �ber. c) Measured spectrum (red dots) and numerical
result (black line) for 250 pJ, 10 fs pulses, launched into 0.13m NL-PM-750 �ber.
d) Results of a numerical simulation showing the spectral evolution of the launched
200 pJ, 10 fs pulses within 0.2m of NL-PM-750 �ber.
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Figure 5.6 � a) Schematic setup of the mJ-class FCPA system, including seed oscillator, grating
stretcher and compressor, acousto-optical modulator (AOM), preampli�er (33µm
mode �eld diameter photonic crystal �ber), main ampli�er (71µm mode �eld
diameter PCF) and optical isolator (OI), b) Scanning electron microscope image
of the 85/200 rod-type PCF.

5.3 Femtosecond mJ-class FCPA

As already mentioned, chirped pulse ampli�cation signi�cantly reduces the impact of non-

linear e�ects on the ampli�ed pulses. Therefore, high pulse energies can be extracted from

a �ber ampli�er, providing the highest peak power femtosecond pulses after recompression.

Applying these pulses as OPCPA pump comes along with the advantage of a high damage

threshold intensity and low stretching ratio within the OPCPA setup, which is especially

suitable for few-cycle ampli�cation.

Today, the highest pulse energy femtosecond pulses (1mJ) extracted from a �ber ampli�er

have been achieved with an FCPA system, which is brie�y presented in this section [58].

Figure 5.6a shows the experimental setup of the mJ-FCPA system. This system is used to

amplify either Yb:KGW oscillator pulses (see �g. 5.6a) or alternatively, a Ti:Sa oscillator

that has been frequency shifted by the soliton based methods presented above. To lower the

in�uence of nonlinear e�ects (mainly SPM) on the ampli�ed laser pulses, three approaches

have been simultaneously implemented in the FCPA system. At �rst, the well-known CPA

principle is applied and femtosecond laser pulses are stretched to 1.5 ns duration prior am-

pli�cation in a grating stretcher. Second, large mode area �bers are used in both ampli�er

stages. The preampli�er �ber consists of a 1.2m long 170/40 double-clad PCF, with a MFD

of 33 µm [70]. For the main ampli�er a special ultra-large mode area rod-type �ber has been

developed, which o�ers a mode �eld diameter (MFD) as large as 71 µm and good beam qual-

ity (see �g. 5.7b), if the fundamental mode is properly exited. The resulting mode �eld area

(4000 µm2) is more than two orders of magnitude larger than that of standard step-index

�bers (MFD: 6 µm, mode �eld area 28 µm2), reducing the intensity in the �ber core by more

than two orders of magnitude. Third, due to the high Yb3+-concentration (3.2·1025ions/m3)

and the large ratio of active core diameter to pump core diameter, the �ber possesses a high

pump absorption at 976 nm (30 db/m) and, therefore, allows for e�cient pump absorption at
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Figure 5.7 � a) Measured autocorrelation trace of the compressed output pulses at low pulse
energy (black) and 1 mJ pulse energy (red), b) Caustic of the beam quality mea-
surement of the emitted radiation at 100W compressed output power, inset: near
�eld image of the emitted fundamental mode [73].

very short �ber lengths. The cross-section of the �ber is shown in �g. 5.6b. The Yb-doped

active core (d=85µm) is surrounded by very small air-holes. An additional air-clad con�nes

the pump light in a 200µm diameter pump core (NA=0.6). Both �ber ampli�ers are pumped

by �ber coupled laser diodes operating at 976 nm, which are imaged into the pump core of the

active �bers, respectively. An acousto-optical modulator (AOM) is employed to reduce the

repetition rate, and an optical isolator (OI) avoids optical feedback between the ampli�ers.

After ampli�cation the pulses are recompressed by a dielectric grating pair with a throughput

e�ciency of 70%. More details on the FCPA system and its modi�cations for OPCPA pump-

ing can be found in [58, 71, 72]. A measured autocorrelation trace of the infrared output

pulses (λc=1030 nm) is shown in �g. 5.7a for low (∼5µJ) pulse energy (black) and 1mJ pulse
energy (red), revealing a pulse duration of 640 fs (Gaussian pulse shape assumed). The pulse

quality degrades for high output pulse energies. This is caused by the nonlinear phase which

is imposed onto the chirped pulse in the �ber ampli�er. The resulting spectral phase cannot

be fully compensated by the compressor and therefore sets a limit to the meaningful pulse

energy which can be extracted from the laser system at reasonable pulse quality. For 1mJ

compressed pulse energy the corresponding B-Integral within the FCPA system is already as

high as 8.5 rad [73]. A detailed discussion of the limits and scalability of the presented FCPA

system is found in chapter 7 of this thesis.

Lastly, it is worth mentioning, that the FCPA system possesses excellent beam quality

with a measured M2<1.3 at 100 W output power (see �g. 5.7b). Within the frame of this

work the second harmonic of the presented FCPA system is used to drive both an OPCPA

operating at degeneracy (see sec. 6.1) and a few-cycle OPCPA system, which is seeded by a

broadband Ti:Sa oscillator (see sec. 6.3).
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5.4 High energy ns �ber ampli�er

An interesting alternative to FCPA systems as OPCPA pump are ns �ber ampli�ers. Here,

the pulse energy is not limited by nonlinear distortion of the temporal pulse pro�le. When

working with ultra-large mode area �bers, as presented in the previous section, the extractable

pulse energy is only limited by the onset of self focusing at a peak power of several MW.

Applying these �bers for ns ampli�ers, spectral broadening due to SPM is normally negligible

and SRS is not observed up to the highest peak powers [74, 57, 75].

Due to their buildup from noise [76], q-switched oscillators typically su�er from timing jitter

(typically in the ns rage) and therefore are not ideal for OPCPA pumping. In this content

it is worth mentioning that a passively q-switched microchip laser has been successfully

synchronized with a Ti:Sa oscillator, reducing the relative timing jitter between both lasers

to 40 ps by bleaching the saturable absorber mirror with a femtosecond trigger pulse [77].

Unfortunately, the emission bandwidth of the Nd:YVO4 based microchip laser is not ideal

for ampli�cation with short length Yb-doped �bers. Hence, this approach has not been

implemented in pump lasers within the frame of this thesis, however remains an interesting

option.

An optical synchronization scheme for femtosecond pulses has already been presented in

sec. 5.2, though the pulse duration and spectral bandwidth is not adequate for sub-ns and

ns pulses. Spectral �ltering remains a possibility, which can be implemented easily in �ber

ampli�er chains via �ber Bragg gratings, and will be discussed in the next section. A further

increase in pulse duration and generation of a �at-top temporal pulse shape is achieved by

a pulse stacker, which is implemented in the preampli�er section as well. This pulse stacker

will be the focus of the second sub-section. Finally the performance of the high energy ns

�ber ampli�er is presented.

Picosecond pulse generation via spectral �ltering

Spectral �ltering is an adequate method to reduce the bandwidth of optical pulses. For

sub-100 pm bandwidth, dispersion is usually negligible and the pulses are nearly transform

limited. This means that the optical spectrum directly translates into the temporal pulse

pro�le via the Fourier-transform, assuming a �at-spectral phase.

Fiber Bragg gratings a�ord implementation of the spectral �lter into a �ber ampli�er chain.

The corresponding experimental setup is shown in �g. 5.8. At �rst, the seed pulses delivered

by a Ti:Sa oscillator are frequency shifted in a PCF NL-975 to the Yb-gain region, as in-

troduced in sec. 5.2. The pulses are then directed to a Yb-doped �ber ampli�er via a �ber

optical circulator. The pump light is coupled to the active �ber via a wavelength division

multiplexer (WDM). After the �rst pass through the �ber ampli�er, a fraction (∆λ=1 nm)

of the ampli�ed spectrum is re�ected by a FBG and ampli�ed in a second pass. A second

preampli�er is applied and a second FBG is used to reduce the spectral bandwidth down
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Figure 5.8 � Experimental setup of an all �ber preampli�er with FBGs for spectral �ltering (OI-
optical isolator, WDM-wavelength division multiplexer, FBG-�ber Bragg grating).
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Figure 5.9 � a) Measured spectra of the ampli�er seed (red), after the �rst preampli�er (black)
and after the second preampli�er (blue), b) Measured pulse shape of the spectrally
�ltered pulses at the output of the second preampli�er (black) and corresponding
Gaussian �t (grey).

to 15 pm. The corresponding measured spectra are displayed in �g. 5.9a and the resulting

temporal pulse shape is shown in �g. 5.9b (black) together with a Gaussian �t (grey). The

resulting pulse width is 105 ps (FWHM). As introduced in the second part of this chapter,

�ber optical damage is strongly related to the peak power of the pulses. Consequently, a

longer pulse can extract a higher energy from the �ber ampli�er and is therefore desired.

Certainly, the spectral bandwidth of a FBG can only be further reduced by increasing the

refractive index modulation or the grating length [78], which both underlie practical limita-

tions. The generation of longer pulses, which are composed of multiple sub-pulses will be

in focus of the next section. Additionally, the presented methods allow for control of the

temporal pulse shape, e.g. the generation of a �at-top like temporal pulse pro�le.

Birefringent pulse stacker for �at-top pulse generation

Pulse shapers are typically known for femtosecond pulses and are usually based on two

gratings placed in the focal plane of a confocal lens or mirror pair and a spatial light modulator

located in the Fourier plane [79]. However, for pico- and nanosecond pulses there is a simple

and robust shaping method: the so-called pulse stacking. A pulse stacker splits an incident
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Figure 5.10 � Schematic setup of the two stage birefringent pulse shaper.

laser pulse into several replicas, which are then recombined after traveling di�erent optical

path lengths [80]. The output pulse is formed by interference of the sub-pulses. Especially

pulse stackers based on birefringent crystals provide a simple experimental setup and phase

control of the superimposed pulse replicas via tuning of the crystal temperature [81, 82].

As the stacked pulse is longer than the input pulse, it allows for higher pulse energies to be

extracted from a �ber ampli�er. In addition, a �at-top temporal pulse shape can be achieved,

which potentially enhances the conversion e�ciency and reduces spectral narrowing of the

chirped signal within an OPCPA (see sec. 4.3). Furthermore, the pulse shaping abilities are

su�cient to pre-compensate altering of the pulses during ampli�cation, which is a well known

phenomenon for saturated laser ampli�ers [83].

The principle of a two stage birefringent pulse stacker is shown in �g. 5.10. The device is

based on birefringent Yttrium Orthovanadate (YVO4) crystals. For �at-top pulse generation,

the polarization of the optical pulses is set 45 degrees with respect to the optical axis of the

crystal in front of each stage. Therefore, the same ammount of optical power is polarized

ordinaryly and extraordinaryly. At the end of each crystal two pulse replicas experience a

temporal delay and interfere at a polarizer, which is orientated 45 degrees with respect to the

optical axis and is located at the crystal output. The two stages provide 133 ps and 266 ps

delay with a crystal length of 180mm and 360mm, respectively. Temperature control of the

crystals allows for �ne tuning of the relative phases of the interfering sub-pulses. The relative

amplitudes of the sub-pulses can be controlled by half-wave plates in front of each stage. The

generated pulses consist of four sub-pulses, which are measured at the shaper output and

displayed in �g. 5.11a. If the polarization in front of the second YVO4 is set to ordinary (fast

axis), the second stage is inoperable and the shaped output pulse contains only two sub-

pulses. The corresponding measured temporal pro�les are shown in �g. 5.11b. Temperature

tuning of the crystal allows for the control of the relative phase between the two sub-pulses,

resulting in either constructive (black curve) or destructive interference (green curve) in the

overlap region of both pulses. For a temperature of 31.8 °C, a nearly �at-top pulse shape is

achieved (blue curve). The second stage follows the same physical principles and stacks the

two pulse replica of the �at-top pulse emerging from the �rst stage with a doubled temporal

delay. The resulting pulse shape (black) and the fast- and slow-axis pulse replica (red / blue)

are displayed in �g. 5.11c, together with the measured angle between input polarization and

optical axis. The generated �at-top like pulses feature a pulse duration of 460 ps (FWHM).
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Figure 5.11 � Measured temporal pulse pro�les at the output of the two-stage birefringent
pulse shaper: a) Measured four pulse replica with di�erent temporal delay with
respect to the �rst pulse, b) In�uence of temperature tuning on the pulse shape.
For clearness this measurement shows the combination of two sub-pulses. c)
Temporal shape of the output pulses of the two stage pulse stacker, demonstrating
the in�uence of polarization. The angle, measured between the axis of linear
polarization prior to the second crystal and the optical axis of the crystal, is
displayed in the legend.

FBG 1 FBG 2 FBG 3 FBG 4

in outcirc

Figure 5.12 � Schematic of a �ber optical pulse shaper consisting of a circulator (circ) and four
�ber Bragg gratings (FBG1, . . . , FBG4)

Fiber Bragg grating pulse stacker for �at-top pulse generation

In �ber based pump lasers or ampli�ers an alignment-free �ber-integrated pulse shaper is

especially desirable. A picosecond pulse stacker based on �ber couplers has been reported [84].

However, phase control of the interfering sub-pulses was not given during this experiment,

which led to strongly modulated pulse shapes.

Within the frame of this work, a very simple pulse shaper based on �ber Bragg gratings

(FBGs) has been developed. The FBGs are arranged linearly in a �ber with a certain

distance, as shown in �g. 5.12, giving a corresponding temporal delay. Every grating re�ects

a sub-pulse and these sub-pulses interfere in backwards direction. Splicing this �ber to

a �ber optical circulator leads to a simple, compact, monolithic and alignment free pulse

shaper. More details on the speci�c design, fabrication and characterization of the device

can be found in [85]. Please note that the relative phases and amplitudes of the interfering

sub-pulses are controlled via temperature tuning of the FBGs and the intermediate �ber

sections. Characteristic measured pulse pro�les at the output of the �ber pulse stacker are

displayed in �g. 5.13. Fine tuning of the temperature allows, to enhance the leading or trailing

edge of the pulse, displayed by the blue and black curve in �g. 5.13a.
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Figure 5.13 � a) Temporal pulse pro�les generated with two FBGs: �at-top at 79.8°C (red),
slightly lowered leading (black) and trailing edge (blue) at 79.7 °C and 79.9 °C,
b) Temporal pulse pro�le of a �at-top pulse generated with four FBGs at 42.9
°C.
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M
pump

pump
OI

1.5 m Yb- doped 33 µm MFD

1.2 m Yb- doped 71 µm MFD

POL

SHG (LBO 6 mm)

Figure 5.14 � Schematic of the experimental setup of the high energy ns �ber ampli�er includ-
ing the preampli�er in double pass con�guration, the main ampli�er and a 6mm
long LBO for frequency doubling. (AOM - acousto-optical modulator, HWP -
half wave plate, OI - optical isolator)

Pulses with a duration of 235 ps / 416 ps with rising and falling edges shorter than 100 ps

have been achieved with the two / four FBG device respectively. In contrast to other pulse

shaping techniques the setup is very robust, alignment-free and can be spliced easily to �ber

based lasers and ampli�ers. The power throughput of the two FBG shaper is measured to be

-13.5 dB (5 %), where a loss of -5.5 dB is caused by the circulator and FC-APC connectors

used for input and output. By increasing the FBG re�ectivity, such a device will have

low transmission losses, which are mainly determined by the circulator. Care has to be

taken on the post-pulse contrast caused by multiple re�ections. If high re�ectivity FBGs

are employed a trade-o� between post-pulse contrast and transmission loss has to be found.

Nevertheless, these �ber-based pulse stackers represent an interesting alternative for pulse

shaping in nanosecond �ber ampli�ers.
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Figure 5.15 � a) Infrared (red) output power of the main ampli�er and generated second har-
monic power (green) versus launched pump power, and resulting SHG e�ciency
(black). b) Temporal pulse shape of the ampli�ed infrared pulses at 1mJ pulse
energy.

Performance of the high energy ns �ber ampli�er

The spectrally �ltered and temporally shaped 460 ps long �at-top like pulses are seeded into

in a 1.5m long double-clad Yb-doped photonic crystal �ber which possesses a mode �eld

diameter of 33 µm. The ampli�er is used in a double pass con�guration, while a Tellurium

Dioxide (TeO2) acousto-optical modulator (AOM) is used to reduce the repetition rate to

40 kHz after the �rst pass of the ampli�er �ber. The AOM provides a modulation contrast

better than 10−5, when operated in double pass. However due to the rise- and fall-time of the

modulator the neighboring pulses are suppressed just by 10−2. In the second ampli�cation

pass the pulse energy is increased to 5 µJ, which corresponds to an average power of 200mW.

The seed pulses and the ampli�ed pulses are separated by a polarizer located at the input

(output) of the �ber ampli�er and a half-wave plate is applied to rotate the linear polarization

axis after the �rst ampli�cation pass.

The power ampli�er consists of a 1.2m long Yb-doped rod-type photonic crystal �ber with

a mode �eld diameter of 71 µm, which is presented in sec. 5.3. It delivers up to 41.5W of

average output power, and is pumped by a 976 nm �ber coupled laser diode, imaged into

the 200 µm diameter pump core of the rod-type �ber. The maximum pump power coupled

to the rod-type �ber is 105W and the slope e�ciency of the main ampli�er is as high as

47%. The amount of ampli�ed spontaneous emission (ASE) is measured to be below 2%

and unwanted pre- and post-pulses amount to another 2%, hence the pulse energy of the

ampli�ed pulses is as large as 1mJ. It is worth mentioning that even at the highest output

power no signi�cant degradation of the polarization contrast is observed. In addition, this

ampli�er is operated at a B-Integral as high as 25 rad. It has to be stressed that such a high

accumulated nonlinear phase leads to severe degradation of the pulse quality in FCPA systems

[86, 73, 87]. For example, the presented mJ-FCPA system (sec. 5.3) shows extensive pulse
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quality degradation already at a B-Integral of 7 rad. In contrast, self-phase modulation only

results in moderate spectral broadening in the ampli�er presented herein. Most importantly,

the ampli�ed picosecond pulses are not distorted by the nonlinear phase in the temporal

domain. The measured spectral bandwidth of the ampli�ed pulses is below 0.2 nm (FWHM),

which is acceptable for e�cient SHG. When focusing into a 6mm long LBO crystal, e�cient

second harmonic generation is observed, resulting in up to 660 µJ pulses at 515 nm wavelength.

The corresponding conversion e�ciency is as high as 66%, owing to the uniform temporal

pulse pro�le (see �g. 5.15b), the excellent beam quality of the �ber ampli�er, and the small

spectral bandwidth. The output characteristics of the �ber ampli�er and the generated

second harmonic are shown in �g. 5.15a (red and green curve), together with the SHG

e�ciency (black curve). Measurements with a similar laser system revealed that due to the

SHG process both raising and trailing edge of the pulses are steepened [88], while the plateau

region of the pulses remains unchanged, leading to a slightly reduced pulse duration for the

second harmonic pulses.

Summary

This chapter dealt with �ber based pump lasers for OPCPA. At �rst an optical synchroniza-

tion method for signal and pump, which is based on nonlinear frequency shift in photonic

crystal �bers, has been presented. Experimental results, as well as numerical studies for two

di�erent types of dispersion shifted PCF have been included.

To reach the required pulse energies and pulse peak powers, two di�erent approaches

have been discussed for the pump laser. The �rst approach is to use the well known CPA

technique. In that regard, a FCPA system delivering up to 1mJ pulse energy with sub 1-ps

pulse duration is presented. It comprises a large dielectric grating stretcher-, compressor-unit

and an ultra-large mode area rod-type PCF to avoid nonlinear distortions.

An alternative is direct ampli�cation of ns-pulses within ultra-large mode area �bers, super-

seeding a large stretcher and compressor in the pump laser, thus resulting in a more compact

and less complex setup. Spectral �ltering an pulse stacking generated 460 ps long �at-top like

pulses. A high energy ns-ampli�er, incorporating a rod-type PCF as gain medium, delivered

up to 1mJ pulse energy which has been e�ciently frequency doubled, providing 660 µJ pulse

energy as pump for OPCPA.

Both the FCPA system and the ns �ber ampli�er ful�ll the pump lasers requirements for

OPCPA and will be applied as high power pump laser in OPCPA systems.
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6 Performance of the developed OPCPA

systems and application

The principle setup of an OPCPA laser system has already been presented in the introduction

of this thesis (�g. 2.1). Generally, a broadband signal pulse is generated, stretched, paramet-

rically ampli�ed in the nonlinear crystal (OPA) and recompressed to an ultra-short pulse at

the end. The pump laser, which drives the parametric process, determines several important

parameters of the OPCPA system. It mainly de�nes the achievable pulse energy and average

power of the ampli�ed signal. Furthermore, the stretched pulse duration of the broadband

signal has to be about the same as the pulse duration of the pump pulse for e�cient energy

transfer1. Consequently, a ns-pump pulse requires a large stretching ratio of the broadband

signal, which can only be achieved by grating stretchers and compressors [89]. Aberrations of

the imposed telescope and surface deviations of the applied mirrors limit the pulse contrast

of the re-compressed pulses [90, 91]. Hence, this approach is usually not suitable for sub-20 fs

pulses.

In contrast, the use of sub-ps pump pulses, as delivered by the presented FCPA system,

relaxes the requirements on stretcher and compressor. In this case the stretching ratio is

below 100. In consequence, prism pairs [92] as well as broadband chirped mirrors [93] can be

applied in combination with material dispersion as stretcher and compressor or vice-versa.

Nevertheless, precise dispersion management becomes important for few-cycle pulses due to

their enormous spectral bandwidth. Naturally, the pump pulse duration also determines

the characteristics of the OPA. As presented in sec. 4.2, the ampli�cation of few-cycle laser

pulses normally requires sub-10 ps pump pulses. However, nanosecond pulses are su�cient

for parametric ampli�cation of sub-20 fs pulses.

In this chapter the concept, experimental setup and the performance of three di�erent

OPCPA systems are presented. The �rst OPCPA system is operated at degeneracy and uses

the frequency doubled mJ-FCPA system as pump laser. The broadband signal is generated

via spectral broadening in a step-index �ber. The system emits 29 fs pulses at 1030 nm central

wavelength with 2GW pulse peak power at 30 kHz repetition rate.

Secondly, a compact Gigawatt OPCPA system is presented which incorporates the second

harmonic of the ns-�ber ampli�er as pump. A broadband Ti:Sa oscillator is seeding both the

OPCPA and the ns-�ber ampli�er. The system delivers 35 fs pulses with 1GW pulse peak

1In order to avoid gain narrowing e�ects to the signal spectrum, the stretched signal pulse duration is chosen
to be shorter than the pump pulse duration if non �at-top pump pulses are applied.
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Figure 6.1 � Schematic of the OPCPA system at degeneracy.

power at 800 nm central wavelength and 40 kHz repetition rate.

Finally, a few-cycle OPCPA system is presented. All components of this OPCPA system

have been optimized in order to provide the shortest output pulses. An ultra-broadband

Ti:Sa oscillator, whose bandwidth supports sub-6 fs pulses, serves as seed for OPCPA and

pump laser. In order to provide adequate gain bandwidth, the mJ-FCPA system is used

to pump two optimized noncollinear OPA stages. The dispersion of the involved optical

elements is compensated up to the 6th order via a liquid crystal spatial light modulator,

enabling recompression of the ampli�ed pulses to 8.0 fs pulse duration. The corresponding

pulse peak power is as high as 6GW and represents the highest peak power of any �ber

driven laser system. In addition this system is operated at 96 kHz repetition rate and emits

an average power as high as 6.7W, which is a record value for high repetition rate sub-10 fs

laser systems.

6.1 Gigawatt peak power OPCPA at degeneracy

In this section a degenerated optical parametric ampli�er, operated at ∼1030 nm central

wavelength, is presented. The OPA is pumped by the frequency doubled output of the mJ-

FCPA system. A schematic of the experiment is shown in �g. 6.1. Both the FCPA and the

OPA are seeded by the same Yb:KGW oscillator. Additionally, spectral broadening of the

OPCPA seed pulses in a polarization-maintaining step-index �ber provides enough bandwidth

for ultra-short pulse generation. Temporal synchronization of signal and pump pulses is

achieved by a multipass cell con�guration with 45m optical path length. The broadband

signal is ampli�ed in two OPA stages and subsequently recompressed with chirped mirrors .

Broadband signal generation

In order to obtain ultra-short pulses, emphasis is put on the generation of a suitable seed

signal for the optical parametric ampli�er. Most commonly, a broadband signal for para-
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metric ampli�cation is generated by �lamentation [94]. Fiber-based spectral broadening [95]

which is employed in the presented OPCPA system o�ers several advantages. An excellent

beam pro�le is inherently given by the use of single mode �bers, the �ber can act as sig-

nal stretcher simultaneously and the stretched pulse duration can be controlled by the �ber

length. After parametric ampli�cation the pulses are recompressed by means of chirped mir-

rors. The achievable minimum pulse duration strongly depends on the initial pulse shape

which determines the shape of the nonlinear phase. In a �rst experiment a part of the FCPA

output pulses was split and applied for spectral broadening and OPCPA seeding [72]. How-

ever, the minimum pulse duration of this OPCPA system was limited to 52 fs. The distorted

pulse shape delivered by the FCPA system leads to higher order spectral phase terms on the

broadened spectrum, which prevented recompression to shorter pulse durations. In order to

achieve the shortest pulses, the output of the Yb:KGW seed oscillator is therefore split to

seed both the FCPA and the broadband signal generation stage with clean sech2 pulses.

To study the process of �ber based spectral broadening in detail, a numerical simulation

solving the extended nonlinear Schrödinger equation based on the split-step Fourier method

is performed. The simulation includes self-phase modulation (SPM) (n2=2.8·1020 m2/W),

stimulated Raman scattering (SRS) and self-steepening2 in the �ber as well as group ve-

locity dispersion (GVD) and third order dispersion (TOD) of the �ber (β(2)=0.025 ps2/m ,

β(3)=6·10−5 ps3/m). Chirped mirrors providing a constant GVD over a large spectral range

will be applied for pulse compression later. Hence, a constant negative GVD is assumed in

the simulation. The dispersion of the OPA crystals, lenses, wave plates and polarizers are

neglected. For spectral broadening a polarization-maintaining step index �ber with 6 µm

core diameter is employed. The pulse parameters of the sech2 input pulses are 400 fs pulse

duration and 40 nJ pulse energy. The results of a the numerical simulation for various �ber

lengths are displayed in �g. 6.2a. The simulation reveals the highest e�ective pulse peak

power (34 GW/mJ) and shortest pulse duration of 25.1 fs if a �ber length of 14 cm is chosen.

However, in this case a GVD of -5800 fs2 is needed to recompress the pulses. Experimentally,

58 bounces on suitable chirped mirrors which provide -100 fs2 per bounce between 980 nm

and 1130 nm wavelength would be necessary. For practical reasons, a di�erent con�guration

is chosen instead. A �ber length of 6 cm already provides enough bandwidth for 35 fs pulses,

however requires only a GVD of -3800 fs2 for recompression. In addition, the pulse duration

at the �ber output (∼600 fs) is convenient for parametric ampli�cation later. Furthermore,

the generated spectrum ranges from 980 nm to 1060 nm, which allows for the employment

of highly dispersive chirped mirrors. These mirrors provide a constant GVD of -250 fs2 per

bounce in a limited spectral range between 1000 nm and 1080 nm, resulting in a compact and

high throughput compressor setup.

Fig. 6.2b displays the measured spectrum of a 40 nJ, 400 fs input pulse at the output of

2Self-steepening is a higher order nonlinear e�ect which results from the intensity dependence of the group
velocity. As a result, the peak of a pulse moves slower, leading to a steepening of the trailing slope of the
pulse [35].
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Figure 6.2 � a) Results of a numerical study of spectral broadening in PM-980 �ber and re-
compression with chirped mirrors. The peak power and the pulse duration of
the re-compressed pulses are shown with respect to the �ber length. b) Spec-
trum broadened by self-phase modulation in 6 cm of PM-980 �ber with 6µm core
diameter (red) and corresponding numerical simulation (black dots).

a 6 cm long �ber as well as the corresponding numerical simulation, indicating a spectral

bandwidth of 68 nm.

To suppress intermediate unampli�ed pulses at the OPCPA output, the oscillator pulses

are split after the repetition rate has already been reduced by an AOM. The pulses which

later serve as pump for the OPCPA pass about 45m of optical path length within the FCPA

system. Consequently, the signal pulses need to be delayed according to the optical path of

the pump pulses. A multipass cell is used in order to reduce the required space and maintain

a reasonable beam size.

Pump laser and second harmonic generation

The already presented mJ-FCPA system is applied as pump laser. For this particular ex-

periment it delivers 1mJ of compressed pulse energy with a pulse duration of 650 fs. The

repetition rate is set to 30 kHz which equals an average infrared power of 30W. For e�cient

second harmonic generation a 1mm BBO crystal is used. The beam size is chosen to 2mm by

means of a Galilean telescope, resulting in ∼60GW/cm2 of infrared intensity. A conversion

e�ciency of 55% could be achieved yielding a pulse energy of 550 µJ at an average power of

16.5W at 515 nm central wavelength. The corresponding autocorrelation trace of the second

harmonic pulses is shown in �g. 6.3. It shows a nearly triangular shape, indicating a close to

rectangular pulse shape of the second harmonic pulse which results from saturation of the

SHG process. The autocorrelation width is measured to be 700 fs which is equal to the pulse

duration of a rectangular pulse shape.
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Figure 6.3 � Measured autocorrelation trace of the frequency doubled pump pulses.

Two-stage optical parametric ampli�er

The optical parametric ampli�er itself consists of two stages. The �rst ampli�er stage com-

prises a 1mm long BBO crystal and is pumped by the frequency doubled output of the

mJ-FCPA system. A very small noncollinear angle (∼ 0.5 °) is introduced between pump and

signal, which allows for spatial separation of pump, signal and idler beam after ampli�ca-

tion. It is worth mentioning that such a small noncollinear angle does not a�ect the spectral

bandwidth of the OPA signi�cantly. In order to achieve the highest small signal gain, a

con�guration with perfect phase matching at the central wavelength (1030 nm) is chosen and

the calculated gain curve is similar to the curve already shown in �g. 4.3a. The calculated

small signal parametric gain is nearly �at, providing variations smaller than 3% in the used

spectral range of 980 nm to 1100 nm.

In order to achieve a high gain in the short crystal length, a Galilean telescope is applied

to reduce the pump beam diameter to about 450 µm, resulting in a peak intensity as high

as 300GW/cm2 which is close to the crystal damage threshold. This �rst stage is capable

of amplifying the seed signal to 60 µJ pulse energy, corresponding to 1.8W average power,

which equals a gain factor of 1500. The calculated small signal gain in the central part of the

pump beam is as large as 1.5 · 107. However, this stage is already driven into saturation and

the achieved pump to signal conversion e�ciency is as large as 11%. Since the remainder of

the pump is used to pump another optical parametric ampli�er, the �rst stage is optimized

for a symmetrically depleted pump beam pro�le. The power ampli�er stage consists of

another 1mm BBO crystal. The pump intensity is set to ∼30GW/cm2, resulting in a small

signal gain factor of 75, and the signal beam size is adjusted to be slightly larger than the

pump beam size utilizing a telescope. The second stage, also in strong saturation, enables

ampli�cation up to 90 µJ of pulse energy which corresponds to 16% total conversion e�ciency

from the initial pump to the signal. The far �eld beam pro�les of the seed signal after the

spectral broadening �ber, the �rst ampli�er and the second ampli�er are shown in �g. 6.4. No

signi�cant super-�uorescence has been observed and all ampli�er stages have been optimized

for best signal beam quality. At this point it is worth mentioning that a measurement of the
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Figure 6.4 � Far �eld beam pro�les of: a) the signal after spectral broadening in the step index
�ber, b) after the �rst ampli�cation stage and c) after the second ampli�cation
stage. The images are taken on di�erent scales.

beam quality (4σ - method) at the output of the OPCPA system results in remarkable M2

values of M 2
x=1.79 and M 2

y=1.77.

Characterization of the output pulses

The measured spectra of the broadband signal prior ampli�cation (black), after the pre-

ampli�er (red) and at the output of the power ampli�er (blue) are displayed in �g. 6.5a.

Due to the saturated ampli�cation regime and large ampli�cation bandwidth the spectral

bandwidth is increased to 74 nm. Furthermore, the modulations on the signal spectrum are

reduced due to the saturated ampli�ers. After collimation of the output beam, the pulses

are compressed by a sequence of chirped mirrors. Applying a GVD of =3600 fs2 results in

pulses with an autocorrelation width of 42 fs (see �g. 6.5b). A deconvolution factor of 1.45

is found by stretching the Fourier transform of the measured spectrum to the measured

autocorrelation width by third order dispersion (blue curve �g. 6.5b). Both autocorrelation

curves agree very well, and the resulting pulse duration is 29 fs which is only slightly above

the Fourier limit of 27 fs (red dotted curve). The compressor throughput is measured to be

90% yielding a pulse energy of 81µJ. Based on the numerical simulation, a pulse peak power

of 2GW is estimated with a Strehl ratio of 0.78.

Summary

In summary, the presented system delivers 29 fs pulses with 81 µJ pulse energy and 2GW

pulse peak power at ∼1030 nm central wavelength and 2.7W average power. This has been

achieved by a two-stage OPCPA operated at degeneracy and pumped by the second harmonic

the mJ-FCPA system. The broadband signal has been generated in a short piece of step-

index �ber. A chirped mirror compressor enabled recompression to nearly the Fourier limit

with a high throughput. The beam quality factor M2 has been measured to M 2
x=1.79 and

M 2
y=1.77, ensuring good focusing properties for high-�eld applications. Unfortunately, the

pulse duration of this system is limited by the spectral broadening and recompression process.
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Figure 6.5 � a) Spectra of the signal prior to ampli�cation (black) after the �rst ampli�er
(red) and after the second ampli�er (blue). b) Measured autocorrelation trace of
the compressed output pulses (black). For comparison the Fourier transform of
measured spectrum is plotted assuming �at-spectral phase (red dots) and corrected
by 3rd order dispersion (blue).

In order to achieve even shorter pulse durations more sophisticated compensation of the

spectral phase and high order dispersion would be required. An alternative is to generate the

broadband signal directly with a Ti:Sa oscillator, with the potential of shorter pulse durations

and a clean pulse shape, which will be applied in the following OPCPA systems.

6.2 Compact Gigawatt OPCPA

The aim of the development of this laser system was to achieve Gigawatt peak power ultra-

short pulses at high repetition rate with a more compact experimental setup. Consequently,

the ns-�ber ampli�er is applied as pump, replacing the large and complex FCPA system.

An overview of the experimental setup of the OPCPA system is given in �g. 6.6. The ns-

pump laser has already been introduced in sec. 5.4 and consists of a preampli�er section,

including spectral �ltering, a pulse shaper to generate �at-top like pump pulses, the power

ampli�er and a SHG stage. Both the OPCPA and the pump laser (via wavelength shift

in 1m long PCF NL-3.7-975 as presented in sec. 5.2) are seeded by a cavity-dumped Ti:Sa

oscillator, emitting about 100 nm spectral bandwidth (FWHM) at 780 nm central wavelength.

The pump laser is seeded by the full repetition rate pulse train emerging at the output

coupler of the oscillator. The broadband signal pulses are coupled out of the cavity at 40 kHz

repetition rate via an acousto-optical modulator so that no unampli�ed intermediate pulses

are present at the OPCPA output. The signal pulses are stretched by a grating stretcher and

the parametrically ampli�ed in two OPA stages applying BBO crystals. The pulse compressor

consists of two dielectric transmission gratings which provide high di�raction e�ciency and

high power capability.
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Figure 6.6 � Overview of the experimental setup. The setup is divided into its main parts:
the Ti:Sapphire oscillator, the �ber pre- ampli�er including spectral �ltering, the
birefringent pulse shaper for �at-top pulse generation, the high power �ber am-
pli�er, the parametric ampli�er section, including second harmonic generation
(SHG) and two optical parametric ampli�ers (OPA), and the grating stretcher
and grating compressor.

Grating stretcher

The signal pulses are stretched to match the pump pulse duration prior to parametric ampli-

�cation. For this purpose a compact Martinez-type [96] grating stretcher has been developed.

It is based on a highly e�cient dielectric transmission grating with 700 nm period used un-

der Littrow angle. The material dispersion of the 5 mm thick fused silica substrate can be

compensated easily at least in the 2nd and 3rd order by the compressor, and is therefore

negligible even for sub-20 fs pulses. The stretcher provides low aberrations, e.g. no notice-

able spatial chirp, and a stretched pulse duration of 400 ps for 90 nm transmitted bandwidth.

The spectral bandwidth of the OPCPA system is determined by the transmission bandwidth

of the stretcher which is chosen to range from 720 nm to 870 nm, with regard to a compact

size of the incorporated mirrors. Consequently, the stretcher �ts on a 20 cm x 60 cm board

and it's transmission bandwidth supports pulses as short as 15 fs, assuming a rectangular

spectrum.

Design of the optical parametric ampli�er

The frequency doubled pump pulses for the OPCPA have a pulse energy of 660µJ and a

pulse peak power of ∼1.4MW. Due to the relatively low pump pulse peak power, the single

pass gain of the parametric ampli�er is limited, as already discussed in sec. 4.1. Table 6.1

summarizes the limits for the small signal gain and the parasitic SHG free wavelength ranges,
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Crystal material BBO LBO BIBO

PVWC TPM PVWC TPM PVWC TPM

SHG free
wavelength
range [nm]

<860 <1119
758 ...
963

722 ...
1012

660 ...
889

<1025

calculated max.
small signal gain

480 38 398 131 ∼ 106 322

Table 6.1 � Summary of the calculated parasitic SHG free wavelength range and the calculated
small signal gain for BBO, LBO and BiBO in PVWC and TPM in noncollinear
con�guration (M2=1.0).

which have been calculated in chapter 4 for BBO, LBO and BiBO. Within the spectral range

of the signal which is de�ned by the transmission bandwidth of the stretcher, parasitic SHG

e�ects should be avoided. Due to its large nonlinear coe�cient, BiBO in PVWC con�guration

o�ers the largest small signal gain and it does not su�er from parasitic SHG in the desired

wavelength range.

It is worth mentioning that a similar OPCPA system has been operated with BiBO as

the nonlinear medium successfully [88]. The system demonstrated broadband ampli�cation

around 800 nm central wavelength in BIBO crystals for the �rst time. However, the output

pulses did not possess Gigawatt peak power, and therefore this system will not be presented

in the framework of this thesis. Moreover, scaling of this OPCPA system to higher aver-

age output powers has been prevented by BiBO as nonlinear material. When pumped at

515 nm, two photon absorption and photo-induced damages occur, which make these crys-

tals unsuitable for high power operation [97]. Gain reduction, beam distortions and reduced

damage threshold have been observed experimentally, with BiBO as nonlinear medium in the

presented system.

For this reason, BBO is chosen as nonlinear material although the single pass gain is low

compared to BiBO. The angle between the wave vectors of signal and pump is chosen to be

2.6 ° inside the crystal in order to provide broadband phase matching. In PVWC geometry

parasitic SHG of the signal is observed and therefore the TPM geometry is applied, revealing

a calculated small signal gain of 38. Experimentally, a single pass gain of 50 is measured for

a pump pulse peak power of 1.4MW. In consequence, the �rst parametric ampli�er (20mm

long BBO) is used in double pass con�guration to achieve su�cient gain. A second stage is

used as low gain single pass ampli�er. The experimental setup of this two stage parametric

ampli�er is included in �g. 6.6.

When a pump intensity of 1.3GW/cm2 is applied, the 4.4 nJ stretched signal pulses are

ampli�ed to 11µJ in the �rst stage, and the corresponding gain factor is 2500. The second

ampli�er is an 8mm long BBO crystal operated at 2.1GW/cm² pump intensity. Due to the

TPM geometry, the walk-o� length in this ampli�er is only 3.1mm. A numerical simulation,

assuming Gaussian beam pro�les for signal and pump, revealed a signal energy of 76 µJ at
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Figure 6.7 � a) Measured ampli�ed spectra with one (red) and both (black) OPAs pumped.
Blue dashed: Seed spectrum, grey dashed: calculated OPA gain curve for 20 mm
BBO crystal. b) Measured Autocorrelation trace (black), and 4th order Dispersion
corrected Fourier transform of the measured spectrum (blue).

the output when the crystal length is set to the walk-o� length. In the experiment the pulse

energy is boosted to 72 µJ which corresponds to an overall pump to signal conversion e�ciency

of 11%. Note that in each OPA stage the signal beam diameters in the nonlinear crystals

have been chosen to be slightly larger than the pump diameters in order to compensate for

spatial gain narrowing e�ects which occur during each ampli�cation pass. The calculated

gain spectrum for a 20mm long BBO used in this con�guration is shown in �g. 6.7a (grey

dashed) together with the measured seed spectrum (blue dashed) and the ampli�ed spectra

for only the �rst OPA pumped (red) and both OPAs pumped (black). The ampli�ed spectral

bandwidth is 63 nm (FWHM) which corresponds to a Fourier-limited pulse duration of 22 fs.

Grating compressor

For recompression, the ampli�ed pulses are sent through a grating compressor which consists

of the same type of dielectric transmission gratings which have been already used in the

stretcher. A compressor throughput as large as 74% is measured, including re�ection losses

at a silver coated roof mirror, resulting in 53 µJ energy of the compressed pulses. In contrast

to gold-coated re�ection gratings, these dielectric gratings provide negligible absorption and

therefore high average power capability. The incident angles and the grating distance are

optimized for compensation of 2nd and 3rd order dispersion to achieve the minimum com-

pressed pulse duration. The measured autocorrelation trace is shown in Fig. 5 b) (black).

For comparison a Fourier transform of the measured spectrum is shown (blue). It is corrected

by 4th order dispersion to the same autocorrelation width. Both curves agree well, despite

small pre- or post- pulses which are present in the measured trace and caused by higher order

phase distortions. The corresponding pulse duration is 35 fs. The assumption of 90% peak
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power of the corresponding numerical result leads to a pulse peak power as high as 1.1GW

for the recompressed pulses and a Strehl ratio of 0.52.

Summary

In summary, the presented OPCPA system delivers 35 fs pulses with 53 µJ pulse energy and

1.1GW pulse peak power. Emphasis has been placed on the average power scalability of

the laser system. Highly e�cient dielectric transmission gratings are used in the compressor

and provide high average power capability and high e�ciency. The use of BBO crystals as

nonlinear material avoids thermo- optical distortion as well as crystal damage.

In contrast to other �ber driven OPCPA systems, it is pumped by a ns-�ber ampli�er.

Therefore, this system o�ers lower complexity and is easier to operate, since no stretcher and

compressor is needed for the pump laser. Naturally, the signal stretcher (150 nm / 660 ps

hard-cut) is very compact in comparison to the stretcher unit of the FCPA system, leading

to a compact experimental setup of the whole system. The current experimental setup �ts

on a 1.5 m x 2.5 m footprint, with potential for further downsizing. This is comparable with

today's Ti:Sa multipass- or regenerative ampli�er systems, e.g. a Spectra Physics Spit�re

ampli�er system.

It is worth mentioning that in the current experimental setup higher-order phase distortions

inhibited shorter re-compressed pulses. In this regards, the use of an active phase shaper for

the broadband signal could be helpful in order to reduce the compressed pulse duration of

the system close to the Fourier limit. If the full gain bandwidth of the parametric ampli�er

is exploited, potentially sub-20 fs pulses could be delivered by such a laser system which

are signi�cantly shorter than typical Ti:Sa laser pulses. If even shorter optical pulses are

required, a di�erent approach should be adopted which will be presented in the following

section.

6.3 Few - cycle OPCPA

As presented in sec. 4.2, sub-5 fs pulse durations, which corresponds to less than two optical

cycles, are supported by an optimized noncollinear OPA. The purpose of the now presented

OPCPA system is to make use of this large ampli�cation bandwidth as far as possible.

Besides the optimized OPA itself, three key components are needed to achieve these pulse

durations. First, a pump laser which provides preferably sub-picosecond pump pulses, thus

reducing the required crystal length and the signal stretching factor. The presented FCPA

system already ful�lls this requirement. Second, accurate dispersion management is required

in order to achieve the shortest recompressed pulse durations. For this purpose, in the

presented OPCPA system a liquid crystal phase modulator is implemented. Third, a source

of ultra-short few-cycle pulses is required to seed the OPCPA. The experimental setup of the

laser system is shown in �g. 6.8. Each grey box represents a sub-part of the system. Starting
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Figure 6.8 � Schematic experimental setup of the few-cycle OPCPA system including Ti:Sa
oscillator, DFG- di�erence frequency generator , CM- chirped mirror, BS- beam
splitter, HNL-PCF- highly nonlinear photonic crystal �ber, IF-interference �lter,
stretcher �ber, two �ber pre-ampli�ers, high power �ber CPA system, SHG- second
harmonic generation, pulse shaper based on SLM- spatial light modulator, prism
stretcher, two stage optical parametric ampli�er and fused silica bulk compressor
(AOM- acousto-optical modulator, PKC- Pockels- cell, OI- optical isolator).

point and source of the few-cycle pulses is a Ti:Sa oscillator (Femtolasers, Rainbow). It

delivers ∼2 nJ pulses with ∼300 nm optical bandwidth (-10 dB) at 108MHz repetition rate

and is used to seed the OPCPA as well as the pump laser. In addition, CEP stabilization of

the oscillator is feasible by a monolithic stabilization scheme [98].

Pump laser

Soliton self-frequency shift of the oscillator pulses in a 20 cm long photonic crystal �ber (NL-

PM 750) generates synchronized seed pulses for the pump laser. A reasonable amount of

5 pJ pulse energy within the Yb-gain region is selected by an interference �lter (IF, 1030 nm

± 2.5 nm). A 100m long �ber stretcher prevents the pulses from nonlinear distortions in the

pre-ampli�ers. A Pockels-cell (PKC) and an acousto-optical modulator (AOM) are used to

reduce the repetition rate to either 48 kHz or 96 kHz in the preampli�er section. The high

power FCPA system is applied as power ampli�er for the pump pulses, delivering 910 fs pulses

with 550 µJ pulse energy. Due to the excellent beam quality (M2<1.3) and the good pulse

contrast (ASE < 1%, unwanted intermediate pulses < 1%) e�cient frequency doubling is

possible in a 1mm long BBO, resulting in 780 fs long 330 µJ pulses for OPA pumping.
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optical element β(2)[fs2] β(3)[fs3] β(4)[fs4] β(5)[fs5] β(6)[fs6]

12 mm SF57 2683 1694 592 1049 193

SiO2 prim pair -3623 -487 -6598 7600 -30000

5 mm BBO 374 252 -43 243 -393

15.6 m air 336 143 0 0 0

2 mm PPLN 662 302 -72 125 -240

chirped mirrors -600 0 0 0 0

10 mm SiO2 363 274 -121 405 -745

residual 195 2178 -6242 9422 -31185

Table 6.2 � Dispersion of the involved optical components in the OPCPA setup calculated from
Sellmeier equations [99, 100, 101].

Dispersion management

In order to generate the beat signal for CEP stabilization of the oscillator, a 2mm long PPLN3

crystal is inserted for spectral broadening due to SPM and di�erence frequency generation

(DFG) at the oscillator output [98]. Its group velocity dispersion is mainly compensated via

12 bounces on an ultra-broadband chirped mirror pair (CM, =50 fs² / bounce). For e�cient

parametric ampli�cation, the broadband pulses have to be stretched to ∼500 fs duration and

recompressed afterwards. Precise control of the spectral phase, which is necessary to achieve

few-cycle pulse durations, is provided by a prism (SF57) based phase shaper. It utilizes a 640

pixel single-mask spatial light modulator (SLM), which is placed in the Fourier-plane of a 4-f

zero-dispersion stretcher. A fused silica Brewster-prism stretcher is applied to compensate

for the material dispersion of the SF57 prism and chirp the pulses negatively prior to optical

parametric ampli�cation. In consequence, a simple bulk compressor (10mm long fused silica

block) can be employed as �nal pulse compressor with high throughput (measured 95%).

Table 6.2 shows the calculated dispersion at 800 nm central wavelength for every optical

element within the setup up to the 6th order. The last row contains the residual dispersion

which is corrected by the phase shaper.

Optical parametric ampli�er

The optical parametric ampli�er consists of two ampli�cation stages, incorporating BBO

as nonlinear material. Both stages are operated at ∼100GW/cm2 pump intensity, which

allows for very short crystal lengths. A �rst high gain stage, consisting of a 3mm long BBO,

provides a gain factor of ∼ 5 · 104 and ampli�es the signal up to 25µJ pulse energy. This

agrees well with the calculated gain (∼ 6 · 104) when assuming Gaussian beams. A 2mm

long BBO crystal, driven by the remainder of the pump, is used to achieve high conversion

e�ciency in a second ampli�cation stage. Indeed, the pulse energy is increased to 74µJ which

corresponds to a gain factor of ∼ 3, and the total pump to signal conversion e�ciency is as

3Periodically poled lithium niobate (LiNbO3)
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high as 22%. In order to achieve good beam quality, careful mode matching of pump and

signal in the crystals is carried out. The diameter of the signal beam is chosen to be 20%

larger than the pump which partly compensates spatial gain narrowing within the OPA (see

sec. 4.3). The achieved gain and conversion e�ciency compares well with the corresponding

numerical result. A gain factor of 3.2 and 80 µJ signal pulse energy is predicted if Gaussian

beams are assumed and the signal beam is chosen to be 20% larger than the pump beam,

such as in the experimental setup. In order to avoid parasitic SHG of the signal pulses, the

TPM matching scheme is applied. The amount of parasitic signal SHG is measured to be

smaller than 1%. The noncollinear angle is chosen to be 2.3 ° which ensures a smooth gain

curve matched to the seed spectrum of the Ti:Sa oscillator (see sec. 4.2.3).

Laser system performance

The achieved output power of the two stage OPA (measured after the compressor) is plotted

versus the incident pump power in �g. 6.9a. For pump powers below 10W and exponential

increase of the OPA gain is observed due to negligible pump depletion (<5%). At higher

pump power pump depletion and saturation e�ects occur. The maximum output power is as

high as 6.7W with a corresponding pulse energy of 70 µJ. Figure 6.9b shows the normalized

ampli�ed spectra measured after the �rst and second OPA. The ampli�ed spectrum covers

a bandwidth (-10 dB) as large as 320 nm. The Fourier limit of the measured spectrum

is 5.6 fs pulse duration, which would result in 10.2GW peak power. The spectral modula-

tions are caused by the oscillator, the PPLN for SPM and DFG, spectral clipping in the

prism compressor and phase jumps at the SLM due to wrapping of the spectral phase curve.

Therefore, SPIDER4 measurements of the output pulses are strongly disturbed, hence not

successful. Thus, characterization of the temporal pulse pro�le is performed with an in-

terferometric autocorrelator supporting 5 fs pulse durations. The measured autocorrelation

trace is presented in �g. 6.10a and indicates a pulse duration of 8.0 fs. It is worth mention-

ing that measurements with this autocorrelator agreed well with SPIDER reconstructions

in a previous OPCPA experiment, employing only one OPA stage and lower pulse energy

(20 µJ) [104]. A larger scan range autocorrelation measurement indicates no signi�cant pulse

content outside the plotted ± 75 fs window. Experimentally, pulse compression is performed

by compensating the calculated residual dispersion (tab. 6.2) up to the 6th order with the

phase shaper. Additional �ne-tuning of the second and third order dispersion is applied to

achieve the shortest pulse duration. Consequently, for comparison the Fourier transform of

the measured spectrum is stretched with 4th order dispersion to 8.0 fs pulse duration. This

corresponds to 6.5GW peak power and a Strehl ratio of 0.64. Please note that more than

80% of the pulse energy is found within a ±10 fs wide temporal window containing only

the main pulse. In consequence, a pulse peak power >6GW can be assumed. This value is

4Spectral Phase Interferometry for Direct Electric-�eld Reconstruction (SPIDER) is a method for charac-
terization of ultra short laser pulses. More details on this method can be found in [102] and [103].
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Figure 6.9 � Fig. 2. a) Compressed output power of the OPCPA versus incident pump power
b) Measured ampli�ed spectra with one (grey) and both (red) OPAs pumped. The
calculated gain curve for a 3 mm BBO crystal in optimized geometry (α = 2.3 °,
θ = 24.15°) is shown as black line.

validated by a HHG experiment which will be presented in chapter 6.4 of this thesis. The

amount of super-�uorescence is measured to be <15mW (<20mW) for the �rst (second)

OPA when the seed is blocked. Signi�cant reduction of the �uorescence level is expected and

numerically predicted for the seeded OPA [105]. The far �eld beam pro�le at the OPCPA

output is shown in �g. 6.10b together with the intensity pro�le at the focus of a f=200mm

curved mirror (inset). The focal spot is slightly elliptic (69 µm x 91 µm, 1/e2 diameter), due

to a small deviation from the optical axis of the curved mirror, which could be avoided in

future by employing an o�-axis parabolic mirror.

CEP stability

The full advantage of few-cycle lasers can only be exploited when stabilizing the carrier-

envelope phase o�set (CEP) [10] which allows the control of the electric �eld of the laser

pulse. For this purpose, a DFG beat signal is generated in a PPLN crystal, located at the

oscillator output [98]. The CEP beat note with a signal-to-noise ratio of 32 dB in a 100-

kHz resolution bandwidth was observed by a spectrum analyzer. The CEP of the oscillator

pulses is stabilized with Menlo Systems XPS800 stabilization electronics, driving an AOM

which is modulating the pump power of the oscillator. In addition, fused silica wedges inside

the cavity are electronically controlled to ensure long term CEP stability. The stabilization

electronics are operated at one �fth of the laser repetition rate, meaning every 5th pulse at the

oscillator output has the same CEP. In consequence, the pump laser repetition rate is chosen

to amplify only pulses with the same CEP in the OPCPA system. The optical parametric

ampli�er itself preserves the CEP stability [8, 106] of the ampli�ed signal, because phase

drifts of the pump are transferred to the idler (see sec. 3.3.3).

For experimental investigation of the CEP stability of the OPCPA output pulses, their
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Figure 6.10 � a) Measured interferometric autocorrelation trace revealing 8.0 fs pulse duration.
b) Far �eld intensity pro�le of the OPCPA output beam, inset: Intensity pro�le
in the focus of a f=200mm curved mirror.

CEP is measured with an f-2f interferometer (Menlo Systems APS800) incorporating white

light generation in sapphire and frequency doubling in a thin BBO crystal. The spectral

interference pattern is observed with a fast CCD spectrometer and displayed in �g. 6.11a.

For the CEP measurements presented here, the laser is operated at 48 kHz repetition rate,

which has been chosen for extremely stable long term operation of the laser system. The

spectrometer acquisition time is 21 µs, so each measurement point contains two laser pulses.

Fig. 6.11b shows the CEP over a measurement time of 1.0 s. Due to the limited spectrometer

readout speed and the Fourier transform algorithm, which is used for CEP analysis, the

update rate of this measurement is only 60Hz. A standard deviation of 0.47 rad is observed,

which is satisfying, keeping in mind that the laser system emits about 50'000 laser pulses

within this period. It has to be stressed that the laser is operated in a rough environment

with plenty of acoustical and vibrational noise sources as well as turbulent air �ow caused

by the air conditioning system. Under these circumstances, the obtained results can be

seen as a proof of principle measurement. Certainly, CEP stable operation over a longer

time scale would require a slow feedback loop, additional CEP servos such as movable fused

silica wedges, and isolation of the entire laser systems from any mechanical and thermal

noise sources. It is worth mentioning that due to the low stretching ratio, the CEP of the

output pulses of the presented system is less sensitive to beam pointing �uctuations within

the stretcher compared to other CEP stable few-cycle OPCPA systems [106].

Summary

The presented high power few-cycle OPCPA system delivers 8.0 fs pulses at 96 kHz repetition

rate. The corresponding average power is as high as 6.7W which is the highest average output
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Figure 6.11 � Three successive f-2f interference patterns observed with the spectrometer (spec-
trometer acquisition time: 21µs - containing 2 laser pulses), b) CEP measurement
over a short measurement time of 1.0 s.

power reported for a few-cycle laser so far. These outstanding laser parameters have been

enabled the high power pump laser as well as by the high conversion e�ciency achieved in both

SHG and OPA stage. In particular, a pump- to signal conversion e�ciency as large as 22%

has been achieved with a carefully optimized two stage OPA scheme. Additionally, a bulk

compressor allows for a throughput as high as 95%, yielding 70µJ compressed pulse energy.

The resulting pulse peak power is more than 6GW which is the highest value ever reported

for a �ber driven laser system. This record performance is also achieved by optimization of

the whole setup for an ultra-large spectral bandwidth, including the oscillator, the optical

parametric ampli�er and the dispersion management. In addition, the CEP of the ampli�ed

pulses is characterized. When stabilizing only the oscillator, the best CEP standard deviation

measured is 0.47 rad over a short period of time.

Due to the short pulse duration and the high peak power, this laser system is an ideal

source for high �eld physics e.g. e�cient generation of high order harmonics which will be in

focus of the next section.

6.4 High �eld physics application: High harmonic generation in

Krypton

High harmonic generation of infrared laser light enabled table-top sources of spatially and

temporally coherent radiation in the extreme ultraviolet (XUV) as an alternative to large

scale facilities. The outstanding properties of the generated radiation paved the way for

numerous applications, such as the study of molecular motion [5], new high resolution XUV

imaging techniques [107], investigation of surface processes [7] and attosecond physics [10].

A major drawback of high harmonic generation, so far, is the small number of generated
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photons per second (average power) due to low conversion e�ciency (typically lower than

10−6) [108]. However, there is a growing interest in high repetition rate laser sources for use in

high harmonic generation, e.g. for XUV spectroscopy [109] or seeding of free electron lasers

[12]. Furthermore, plenty of already existing applications of HHG radiation will bene�t

from a higher signal to noise ratio and shorter detection times, if a higher XUV average

power would be available. The presented OPCPA laser systems, and especially the few-cycle

OPCPA system, provide su�cient peak power for e�cient HHG at a very high laser repetition

rate.

This section therefore is focused on the application of the few-cycle OPCPA system for

HHG in a noble gas. At �rst, the physical background is brie�y introduced. Then the

experimental setup and the results are presented. Finally, the results are compared with

experimental results of direct HHG of the FCPA output pulses and conclusions and scaling

considerations are given.

6.4.1 High harmonic generation - single atom response

A typical spectrum of generated high order harmonics shows emission at odd multiples of

the driving laser frequency. The conversion e�ciency is observed to decrease rapidly for the

�rst few harmonic orders, then remains nearly constant in the so called plateau region, and

sharply decreases at a speci�c photon energy named the cut-o� energy. These observations

required a new description of the response of atoms on intense optical �elds. A semi-classical

model has been developed by Corkum [110]. It describes the main characteristics of HHG

and has been expanded to a semi-analytical, quantum mechanical description by Lewenstein

later [111]. To illustrate the basic physics of the three steps of HHG, the semi-classical view

is su�cient and therefore introduced in the following section. The model outlines three basic

steps of HHG which are illustrated in �g. 6.12:

1. Tunneling ionization of the atom through a suppressed Coulomb barrier: The coulomb

potential of the atom is strongly distorted by the electric �eld, lowering the potential

barrier. In consequence, the electron may tunnel through this barrier with a certain

probability. Tunnel ionization is the relevant process for HHG and becomes dominant at

intensities of the order of 1014 W/cm2 for typical noble gases and near infrared driving

lasers. Ionization rates for the tunneling regime can be described by the so called ADK

model [112]. The fraction of ionized atoms is especially important to estimate the phase

mismatch of fundamental and harmonic light, which will be discussed in more detail

later.

2. The free electron is accelerated by the electrical �eld of the laser light. When the

electric �eld changes its sign, the electron is accelerated towards the parent ion.

3. There is a certain probability of recombination with the parent ion. This recombination

is accompanied by emission of an EUV or soft X-ray photon.
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Figure 6.12 � Illustration of the three step model: The atom is irradiated by the intense laser
�eld and ionized. The free electron is accelerated in the electrical �eld and can
make a transition back to the initial state linked with the emission of an XUV
or soft x-ray photon.

The kinetic energy of the electron is typically given in units of Up, which is the ponderomotive

energy and represents the time-average of the kinetic energy obtained by an electron in the

oscillating electric �eld. It is calculated as

Up =
e2E2

4mω2
=

e2I

2mε0c0ω2
, (6.1)

where e and m are the charge and the mass of the electron while ω is the angular frequency

and E is the electric �eld strength of the incident laser �eld, ε0 is the vacuum permittivity

and c0 is the vacuum speed of light. In the semi-classical model, the freed electron is assumed

to have zero velocity after ionization. It is then purely driven by the electric �eld of the laser.

As a result, the speci�c path of the electron depends on the phase of the driving laser �eld

at the time of ionization ϕ0=ωt0. Consequently, the kinematic energy of the electron at the

return to its parent ion is also dependent on the phase ϕ0. The maximum kinematic energy

of 3.17·Up is found for ϕ0'0.09π. Lower photon energies can be achieved for smaller and

higher phase ϕ0 resulting in long and short trajectories, respectively. The recombination of

the electron to its ground state leads to the emission of a photon with an energy equal to

the sum of ionization potential Ip and kinetic energy of the electron and the cut-o� photon

energy is given by

~ωc = Ip + 3.17Up. (6.2)

Interestingly, extension of the cut-o� energy may be obtained by increasing the intensity.

However, increased intensity may lead to strong ionization of the gas medium which disturbs

the coherent buildup of the HHG radiation due to dephasing.

6.4.2 Phase matching

Just as described for χ(2) processes in chapter 3, e�cient conversion from the fundamental

light to the high order harmonics requires phase matching to ensure coherent build up of

the harmonic wave. For generation of the qth harmonic, phase mismatch is calculated as

∆k = qk0 − kq, where k0 is the wave vector of the fundamental light and kq is the wave

vector of the qth harmonic. For HHG in a focused geometry several phase therms have to
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Figure 6.13 � Schematic of the experimental setup for high harmonic generation. The driving
laser sources is focused with a focusing element (lens or mirror) onto a Krypton
gas jet. The fundamental light is blocked by a 200 nm thick aluminum �lter and
spectral analysis is performed by an XUV spectrometer [114].

be considered originating from neutral gas dispersion, plasma dispersion (free electrons) and

the Gouy shift. By balancing the various phase mismatch terms, phase matching can be

achieved [113]. Note that for high intensities phase matching is limited mainly by ionization.

If the ionization fraction is higher than a critical value, the electron density will cause a phase

mismatch that cannot be compensated for. For long laser pulses the critical ionization level is

typically achieved before the peak and therefore avoids the phase matched generation of the

highest harmonics. In this context, few-cycle laser pulses are advantageous as they possess

a minor number of half optical cycles, which lead to ionization before the peak of the laser

pulse. The calculated critical fraction of ionization is 7.2% for Krypton gas [113] which is

used in the later presented experiments.

6.4.3 Experimental setup and results

The principle experimental setup for HHG is shown in �g. 6.13. Either a lens or a curved

mirror has been employed for focusing onto a gas jet. A 50 µm gas nozzle enables high particle

densities in the focal region while keeping the overall gas load to the vacuum system low. A

continuous gas �ow is needed because of the high laser repetition rates which do not allow for

a pulsed gas jet. The high harmonic radiation has been separated from the fundamental by a

200 nm aluminum �lter and a grazing incidence monochromator (McPherson Inc., 248/310G)

and a channel electron multiplier (Photonics CEM 5900 SL Magnum) are applied for spectral

characterization of the generated radiation.

HHG with FCPA

In a �rst experiment the FCPA system, which typically serves as pump laser for the OPCPA,

is used as driving laser source directly. At 50 kHz repetition rate, 800 fs pulses with 400 µJ

pulse energy are focused onto a 45 µm diameter spot, resulting in 1.1·1014W/cm2 peak in-

tensity. The obtained harmonic spectrum is shown in �g. 6.14a. Harmonic orders up to the

35th (29.8 nm) are observed. A main limitation for the generation of shorter wavelengths is

ionization due to the long pulse duration. The fraction of ionized medium can be estimated
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Figure 6.14 � Measured HHG spectra: a) With FCPA system as driving laser, 800 fs pulse
duration and 400µJ pulse energy. b) With few-cycle OPCPA system as driving
laser, 8 fs pulse duration and 53µJ pulse energy.

by calculating ionization rates with the ADK model [112]. The calculated ionization fraction

at the pulse peak is already η = 9 % and, therefore, higher than the critical value. In conse-

quence, only a part of the pulse takes part in phase matched HHG and the peak of the laser

pulse is not involved in phase matched HHG. The experiment yields a conversion e�ciency

between 1.4 · 10−11 to 1.3 · 10−10 into the strongest harmonics at 44.8 nm and 49.2 nm [114].

As the system is operated at 50 kHz repetition rate, this already corresponds to an average

power of 0.3 to 3 nW (6 · 107 photons/s - 6 · 108 photons/s).

HHG with OPCPA

In a second experiment the developed few-cycle OPCPA system is applied as driving laser

for HHG. For this purpose it is focused by a f=200 mm curved silver mirror to a focal spot

measuring 69 µm x 91µm in diameter. The OPCPA system is operated at 730 nm central

wavelength, providing 53µJ pulse energy, a pulse duration of about 8 fs and a peak power of

∼5GW at the target. The obtained harmonic spectrum is shown in �g. 6.14b. The shortest

detected wavelength is 20.1 nm, which corresponds to the 35th harmonic, and represents a

signi�cant improvement compared to HHG with the FCPA system directly. Moreover, HHG

with the few-cycle laser pulse has been remarkably more e�cient due to reduced ionization

resulting from the about two orders of magnitude shorter pulse duration. This allows for

higher possible peak intensities in the focal region without exceeding the critical fraction of

ionization (6% at the peak of the laser pulse). Part of this enhancement can also be attributed

to the single atom response wavelength scaling law. The experimentally achieved conversion

e�ciency is estimated to be between 2 ·10−8 and 3 ·10−7 at the strongest harmonic of 42.9 nm

[114]. Considering the input average power of 5W, this conversion e�ciency already belongs

to µW level harmonic power with > 1011 photon/s.
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FCPA OPCPA

Parameters of the Laser system

Pulse duration 800 fs 8 fs

Pulse energy 400µJ 53µJ

Pulse peak power ∼ 0.5GW ∼ 6GW

Central wavelength 1030 nm 730 nm

Repetition rate 50 kHz 96 kHz

HHG results

Peak intensity 1.1·1014W/cm2 >2.4·1014W/cm2

cut-o� wavelength 29.8 nm (35th harmonic) 20.9 nm (35th harmonic)

conversion e�ciency 1.4 · 10−11 to 1.3 · 10−10 2 · 10.8 to 3 · 10−7

average power 0.3 to 3 nW 0.1 to 1.5 µW

photon �ux 6 · 107 to 6 · 108photons/s 1.4 · 1011to 2 · 1012photon/s

Table 6.3 � Summary of the Laser parameters of FCPA and OPCPA system and the experi-
mental results of HHG in a Krypton gas jet.

6.4.4 Comparison and conclusion

The parameters of both laser systems and the achieved HHG results with Krypton as gas

target are summarized in tab. 6.3. The FCPA has been used to either drive HHG directly

(400 µJ pulse energy at target / 800 fs) or to pump the few-cycle OPCPA system (550 µJ

pulse energy / 910 fs). Although the OPCPA system provides a lower pulse energy, the peak

power of the laser pulses is signi�cantly enhanced due to enormously reduced pulse duration.

As a result of the increased peak power and the few-cycle pulse duration, the obtained

conversion e�ciency of the HHG process is increased by three orders of magnitude. In ad-

dition, signi�cantly shorter wavelengths were generated and the average power as well as

the photon �ux were increased by three orders of magnitude. The achieved wavelength of

20.9 nm represents the shortest wavelength generated so far with a �ber based laser system.

The results compare well with HHG of high energy low repetition rate laser [24], waveguide

based high harmonic generation [17] or cavity enhancement [13]. The estimated high pho-

ton �ux has the potential to signi�cantly improve the performance of XUV studies in the

future. Nevertheless, prior to any applications, a full characterization of the spatial pro�le

and coherence properties of the generated XUV radiation [115] is required, which is subject

of ongoing experiments.

It is also worth to mention that calculation of the peak intensity from the cut-o� law

(eq. 6.2) reveals a pulse peak power as high as 6.4GW for the few-cycle laser pulses. This value

absolutely con�rms the temporal characterization of the pulses, which has been presented

in sec. 6.3 of this thesis. Lastly, the generation of isolated attosecond pulses [10] seems

feasible with an improved version of the presented laser system, however requires precise

CEP stabilization and even shorter pulses.
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7 Future prospects and scaling

considerations

In a �rst part of this chapter the scaling properties of the optical parametric ampli�er itself

are discussed. However, scaling of the optical parametric ampli�er is always related to scaling

of the pump laser. Consequently, the limitations and scaling possibilities of the �ber based

pump lasers are presented in a second part of this chapter. Furthermore, strategies for

combining the energy and power of multiple pumps are presented.

7.1 Scaling of the optical parametric ampli�er

7.1.1 Pulse duration

OPCPA with sub-ps pump pulses

The shortest pulses, delivered by an OPCPA system presented in this thesis had a pulse

duration of 8.0 fs. The numerical results given in sec. 4.2, revealed ampli�cation bandwidths

which support sub-5 fs pulses for sub-ps pump pulses. However, recompression of such ultra-

broad spectra remains challenging. In principle, the spectral phase of octave-spanning spectra

can be controlled by an SLM based phase shaper [116]. However, a precondition for successful

phase correction is the exact measurement of the spectral phase which itself is an area of

ongoing research [8]. Nevertheless, nearly Fourier-limited sub-5 fs pulses seem feasible with

�ber driven OPCPA systems in the future. A further increase in ampli�cation bandwidth

can be achieved by more sophisticated techniques such as chirped femtosecond pump pulses

[117] or angular dispersion of the pump beam [118]. Such techniques could open the way for

single-cycle pulse ampli�ers in the future. It this regard, it is worth mentioning that with

a noncollinear phase matching and angularly dispersed pump technique, pulses as short as

3.9 fs have been achieved with an OPA at ∼600 nm central wavelength [18].

OPCPA with ns pump pulses

Pulse durations of several nanoseconds can be applied to extract the highest pulse energies

from a �ber ampli�er. When using nanosecond pulses as OPCPA pump two facts have

to be considered. At �rst, the lower damage threshold intensities require long nonlinear

crystals. Hence, the ampli�cation bandwidth is reduced and does not support sub-10 fs

pulses, according to calculations in sec. 4.2.1. In addition, due to aberrations in stretcher and
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compressor as well as surface deviations of the applied mirrors, a reduced pulse contrast is

typically observed for sub-20 fs pulses [90, 91, 119]. Even if an active phase shaper would be

included, such OPCPA systems will therefore be limited to pulse durations longer than 10 fs.

7.1.2 Energy and average power scaling

In principle, scaling of the pulse energy of an OPCPA system can be achieved by increasing

the beam size and the aperture of the nonlinear crystals. Today, BBO crystals are fabricated

up to several centimeters aperture, which would allow to increase the pulse energies of the

presented OPCPA systems by two orders of magnitude. Other nonlinear crystals, such as

KDP1 and DKDP2, can be grown to apertures of 40 cm and more, and allow for tens of

Joules of pulse energy in 0.5PW peak power OPCPA systems [120]. Energy scaling of high

repetition rate OPCPA systems is therefore mainly a matter of the pump laser.

In contrast, scaling of the average power may be limited by thermal e�ects arising form the

residual absorption. Although the absorption coe�cient is typically low (BBO: <1%/cm at

532 nm [52]), absorption of the pump will lead to a temperature gradient within the nonlinear

crystal at high average power and consequently generate a phase mismatch distribution in

transverse and longitudinal direction. Numerical modeling of a BBO based OPCPA revealed

a 10% drop in conversion e�ciency at 700W average pump power, when assuming 6mm

beam diameter [52]. However, this model did not include stress-optical e�ects and angular

e�ects arising from thermal lensing. In order to investigate thermal dephasing experimentally,

a high power SHG experiment was carried out. A high power �ber laser, delivering 50µJ,

690 fs pulses was focused into a 0.5mm long BBO crystal (peak intensity: ∼50GW/cm2).

The incident infrared and the generated second harmonic power were measured for di�erent

repetition rates of the laser and the results are plotted in �g. 7.1. A linear increase of the

second harmonic power is observed with increased repetition rate and the conversion e�ciency

remains constant at 55±1%. The highest average power of the second harmonic was measured

to be 125W. Of course, an OPA will su�er from stronger dephasing, because the high power

second harmonic beam propagates through the full crystal length, in contrast to SHG where it

is generated along the crystal. Nevertheless, this experiment is a proof that today's nonlinear

crystals can handle these average power levels and average power scaling is also primary

limited by the pump laser. If thermal problems should occur, techniques such as thin slices

of nonlinear crystals, ampli�cation in multiple crystals with distributed pump power or crystal

surface cooling techniques could relax them.

1KDP - Potassium Dihydrogen Phosphate
2DKDP- Potassium Dideuterium Phosphate
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Figure 7.1 � Measured average power of the generated second harmonic (black) and achieved
conversion e�ciency (red) versus the laser repetition rate.

7.2 Limits of the pump laser and scaling considerations

Having seen that the optical parametric ampli�er itself is not limited in pulse energy and

average power, this section is now focused on how to further scale �ber based pump lasers

for OPCPA. Of course, alternative laser concepts such as inno-slab [121] or thin-disk [122]

have to be considered as pump laser for future high power OPCPA systems as well, but are

not in focus of this thesis.

7.2.1 Pulse energy scaling in FCPA

Measurements and calculations, which have been presented in chapter 5, already stated that

the pulse quality of FCPA systems strongly degrades with increasing pulse energy. This

is caused by the nonlinear phase which is imposed onto the stretched pulse, resulting in a

spectral phase due to the time / spectrum mapping [86]. The spectral phase is determined by

the temporal pulse shape of the chirped pulse, hence the spectral shape. The second order

phase can be compensated by the GVD of the compressor, but higher order phase terms

remain uncompensated. For high values of the B-Integral the e�ective pulse peak power is

reduced, and satellite pulses arise. In order to avoid this pulse quality degradation several

methods can be applied:

1. Temporal scaling: An increased stretched pulse duration reduces the pulse peak power

in the ampli�er. However, stretching of femtosecond pulses is limited to several nanosec-

onds by practical reasons, mainly by the required grating size in the stretcher and

compressor.

2. Control or compensation of the nonlinear phase: The generation of a parabolic spectrum

results in a linear chirp which can be compensated by GVD of the pulse compressor. In a

proof of principle experiment this technique has been successfully demonstrated up to a

B-Integral of 16, though at low pulse energy (<1 µJ) [123]. Furthermore, compensation
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of the residual nonlinear phase by a phase shaper has been demonstrated [86]. The pulse

quality at a B-Integral of 8 has been improved signi�cantly, revealing nearly transform-

limited pulses and the pulse peak power has been increased by a factor of two compared

to the system without phase shaping. Multiple passes through the pulse shaper and

wrapping of the compensated phase function would allow for phase compensation at

higher B-Integrals, although the phase deviation of the applied spatial light modulator

is limited. Another remaining option is the use of materials with negative n2, such

as semiconductors or cascaded second order nonlinear e�ects [124], to compensate the

nonlinear phase.

3. Spatial scaling: Increasing the mode �eld diameter remains an option to reduce the

B-Integral. The presented 200/85 rod-type �ber already represents a state-of the art

ultra-large mode area �ber which is not strictly single mode. Especially in combination

with the short �ber lengths, higher order mode suppression is di�cult. Fiber designs

which combine ultra-large mode areas (>100 µm), low losses for the fundamental mode

and high propagation losses for the higher order modes are under development. In this

content, the PCF provides multiple degrees of freedom which will be exploit in future.

Figure 7.2 displays the limitations on the output pulse energy versus the mode �eld diameter

for linearly polarized light. Except the varying MFD, a �ber structure similar to the 200/85

rod- type �ber is assumed. The �ber length is set to 1.2 m in order to provide su�cient

pump light absorption and small signal gain [73]. The stretched pulse duration has been set

to a meaningful value of 2 ns. It can be seen that at a B-integral of 10 rad (green line) a MFD

of 100µm would allow for 2.7mJ pulse energy to be extracted from the �ber ampli�er. At

this point, it is worth mentioning that surface damage of the �ber end facet (brown dashed

line, calculated according to [76]) can be avoided by core-less �ber end caps which allow the

beam to expand before it reaches the surface.

7.2.2 Pulse energy scaling in ns �ber ampli�ers

In contrast to FCPA, direct ampli�cation of ns pulses is not limited by the accumulated B-

Integral, since the nonlinear phase is imposed onto an unchirped pulse. Spectral broadening

due to SPM is normally negligible, e.g. a moderate spectral bandwidth of 0.2 nm has been

measured at the output of the presented ns-ampli�er. In consequence, a higher pulse energy

can be extracted at the same pulse duration compared with a chirped pulse in FCPA. As

displayed in �g. 7.2 (blue curve), SRS is not a limiting factor3 especially for large MFD>70µm

and the extracted energy is ultimately limited by self-focusing and beam collapse (red curve).

Unfortunately, mode-shrinking can be already expected well below the critical power of self-

focusing, thus reducing the e�ective damage threshold [64]. This e�ect is considered in the

3The SRS threshold can be roughly estimated [35], however this estimation is only truly valid for cw radiation
and exponential gain.
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Figure 7.2 � Pulse energy limit for a 2 ns pulse plotted versus the mode �eld diameter. Basis of
the calculations is the 85/200 rod-type �ber with 1.2m length (Data taken from
[126, 73]).

dotted part of the red curve, which displays calculations of the bulk damage threshold at

1064 nm wavelength including self-focusing [64]. For large MFD>70 µm, the bulk damage

curve converges with the critical energy of self-focusing (red horizontal line). Nevertheless,

record peak powers as high as 4.5MW have been reported for linear polarized light [74],

which coincides with the theoretical limit [125]. In the end, self-focusing is determined by

the exact value of the nonlinear refractive index which depends on the �ber composition

and is discussed in detail e.g. in Appendix B of [35]. A value of 4MW is therefore chosen

as a reasonable limit yielding a pulse energy limit as high as 8mJ for 2 ns pulse duration.

However, the pulse energy which is stored in a 1m long 85/200 rod type �ber at the maximum

inversion level, assuming 976 nm pump wavelength, is only 8mJ [73]. Hence, a longer �ber

would be required to extract higher pulse energies.

7.2.3 The in�uence of polarization on the pulse energy limits

The above mentioned limits, such as B-Integral and self-focusing, are due to the nonlinear

index of refraction n2. It is theoretically well known that n2 is di�erent for circularly polar-

ized light [42]. Theoretically predicted and experimentally measured, it is only 2/3 of the

value for linear polarized light [127]. Non-polarization-maintaining �bers exhibit negligible

birefringence, and therefore permit ampli�cation of circular polarized light with reduced Kerr

nonlinearity. Hence, the B-Integral can be reduced and the self-focusing threshold can be

increased by a factor of 1.5, respectively.

7.2.4 Average power scaling

In principle, �ber ampli�ers are well suited for high average power, due to their outstanding

properties. Recently, a FCPA system emitting 830W of average power has been reported

[25]. This laser incorporated a 8m long 27µm MFD �ber, limiting the pulse peak power
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to 12MW. Substitution by a e.g. 85/200 rod-type PCF would be bene�cial in terms of

reduced nonlinearity, hence a higher pulse peak power could be achieved. However, at an

average power level higher than ∼100W the �ber su�ers from a threshold-like onset of mode

instabilities. Higher order mode content in combination with transverse spatial hole burning

e�ects [10,11] are possible causes and subject of ongoing research. Future ultra-large mode

area �ber designs therefore require high losses for the higher order modes for stable high

power operation.

7.2.5 Combining multiple pumps

In principle, multiple pump lasers can be used to drive one OPCPA stage [55]. For this

purpose, multiple pump beams can be overlapped in the nonlinear crystal under di�erent

angles. In order to meet the same phase matching conditions, the pump beam can be aligned

around the signal at the same noncollinear angle as illustrated in �g. 7.3a. Application of this

concept possesses scaling possibilities both in terms of pulse energy and average power. The

concept has already been demonstrated successfully, incorporating three incoherent pump

lasers. However, 10% of the ampli�ed energy are found in multiple beams due to parasitic

second harmonic and sum-frequency generation. When using multiple coherent pump beams

another problem arises. Interference, results in spatial intensity modulation and a transient

grating is formed. This intensity modulation is not necessarily carried onto the ampli�ed

signal beam due to a smear out e�ect caused by the Poynting vector walk-o� or slightly

di�erent noncollinear angles [128].

Another method to increase the pulse energy, which has not been suggested nor demon-

strated so far, is ampli�cation of multiple pump pulses within a single �ber ampli�er. Each

pulse then contains the maximum pulse energy that can be extracted from the �ber ampli�er

without damage or nonlinear distortions. To gain energy from all pump pulses, several am-

pli�er stages or multiple passes through the parametric ampli�er are required. The principle

is displayed in �g. 7.3b for two pulses. In the �rst ampli�cation pass the signal is temporally

overlapped with the �rst pump pulse. The signal is parametrically ampli�ed and the �rst

pump pulse is depleted. Prior to the second ampli�cation pass the signal pulse is temporally

delayed with respect to the pump pulses. In consequence, the signal overlaps with the second

pump pulse, gets ampli�ed further, and depletes the second pump pulse as well.

It is worth mentioning that in principle the number of pump pulses is not limited, however

the complex optical setup of the multi-pass or multistage parametric ampli�er sets a practical

limitation. Furthermore, the energy which can be extracted from the �ber ampli�er within a

very short time is limited. As already mentioned this amounts to∼8mJ per meter �ber length
for the 85/200 rod-type PCF, 976 nm pump and 1030 nm emission wavelength. Nevertheless,

a substantial increase in output pulse energy of �ber driven OPCPA seems feasible by using

multiple pump pulses.
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PM-750 (Crystal Fibre A/S) which had zero group velocity disper-

sion at 750 nm. The PCF was used as a frequency-shifter to produce

1064 nm radiation sufficient for seeding the Nd:YAG regenerative

amplifier and ensuring optical synchronization between seed and

pump lasers [24]. The output from PCF was collimated, passed

through a Faraday isolator and steered to the Nd:YAG regenerative

amplifier. The dichroic mirrors were used to separate the 1064 nm

radiation from the remaining infrared part. The pulse energy at

Fig. 1. Interaction geometries of single beam (a) and three-beam (b) pumped

optical parametric amplifier.

Fig. 2. Experimental setup. BS1–4 are beam-splitters: PCF, photonic crystal fiber; FI,

Faraday isolator; SHG, second-harmonic generator; DL, delay line; BD, beam

dumpers.(a)
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Figure 7.3 � a) Illustration of a three beam pumped OPA whereas three pump beams (P1, P2,
P3) amplify one seed beam [55], b) Single beam, two pump pulse scheme for pulse
energy scaling.

Summary

In principle, the spectral bandwidth of an optimized OPCPA system which is pumped by sub-

ps pulses can support sub-two cycle pulses. More sophisticated phase matching techniques,

such as angular dispersed pump, will allow to extend the bandwidth to support single-cycle

pulses as well.

Furthermore, optical parametric ampli�ers can be scaled to higher pulse energy by in-

creasing the crystal aperture. It has been experimentally shown that today's BBO crystals

can handle 125W average power at 515 nm without any thermal distortions and calculations

indicate that thermo-optical distortions will appear if the kilowatt level is approached. By

using special techniques, such as dividing the nonlinear crystals in thin slices or multiple

cascaded OPAs, this limit could be shifted even further.

Consequently, the performance of future OPCPA systems will depend on the pump lasers.

Yb-doped �ber ampli�er systems are known for high average powers and 830W of average

power have been recently demonstrated with femtosecond pulses. Nonetheless, it will be a

challenging task to achieve these average power levels with millijoule pulse energies in the

future. Management or compensation of the nonlinear phase, which is known to distort

the pulse quality, will allow for several millijoule pulse energy in sub-ps pulses from FCPA

systems in the near future. Alternatively, pulses with several nanoseconds duration could

fully extract the stored energy from a 85/200 rod-type PCF, which is in the order of 8mJ

per meter �ber length (976 nm pumping). In addition, multiple pump pulses or pump lasers

can be employed to increase the pulse energy further.

As a result, �ber driven OPCPA systems will approach 1mJ pulse energy in the future.

The pulse durations could be reduced below 5 fs and the pulse peak power could be increased

up to 0.1TW. In addition, the repetition rates and average powers of such laser systems will

be at least one order of magnitude higher than today's Ti:Sa ampli�er systems.
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8 Conclusion and Outlook

The main objective of this thesis was merging OPCPA technology with state-of-the-art high

power �ber lasers in order to achieve high pulse peak powers with ultra-short pulses at the

highest possible repetition rates. Based on modeling of the optical parametric ampli�er,

important requirements on the OPCPA pump were found which were adopted in choice and

development of the pump laser later. Furthermore, the geometry of the optical parametric

ampli�er was optimized for ultra-broadband ampli�cation in order to achieve the highest

pulses peak power at the OPCPA output. Gain narrowing and saturation e�ects were in-

vestigated and in consequence a two stage design of the parametric ampli�er was found to

be most suitable for high conversion e�ciency. Furthermore, a �at-top temporal pump pulse

pro�le was identi�ed to improve the conversion e�ciency. In addition, parasitic nonlinear

e�ects, such as SHG of signal and idler wave, were studied and con�gurations were found

which e�ectively avoid these unwanted e�ects.

A mJ-FCPA system emitting sub-ps pulses was found as the most suitable pump laser for

few-cycle OPCPA. In a �rst step it was employed to drive an OPCPA system at degeneracy,

emitting 29 fs pulses with 2GW peak power at 1030 nm central wavelength. Measurement of

the output beam quality of this laser system revealed a remarkable value of M2 <1.8 which

is bene�cial for applications.

A further improvement in performance was achieved by employing an ultra-broadband

Ti:Sa seed oscillator and rigorous optimization of the whole system in order to support the

largest spectral bandwidth. Optical parametric ampli�cation of a spectral bandwidth as large

as 320 nm (-10 dB width) was achieved by applying the optimized noncollinear geometry at

both ampli�er stages. The ampli�ed pulses were recompressed to few-cycle pulse durations

as short as 8 fs and the achieved pulse peak power was as large as 6GW. These values

represent the shortest pulse duration and the highest peak power which has been reported

for any �ber driven laser system so far. Compared to previous work on �ber driven OPCPA,

an improvement of nearly three orders of magnitude in pulse peak power was achieved. It

is also worth mentioning that the presented few-cycle OPCPA system was operated at a

repetition rate as high as 96 kHz. Thus, the corresponding average power was as large as

6.7W which represents a record value for high repetition rate few-cycle lasers. Such average

power levels have not been achieved with post-compressed Ti:Sa lasers so far. In addition, a

measurement of the carrier envelope phase revealed a standard deviation of 0.47 rad over a

short measurement time.

Future developments should address the CEP stabilization on a longer timescale, o�ering
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control of the electric �eld of the laser pulses which would open the way for many exciting

applications in attoscience [10]. Even shorter pulse durations close to the Fourier-limit of

5.6 fs could be obtained in future by adaptive shaping of the spectral phase, incorporating

pulse characterization techniques, such as FROG [129], SPIDER [102] or MIIPS [130]. In

consequence, pulse peak powers in excess of 10GW will be reached soon. Future scaling of

few-cycle OPCPA towards 1mJ output pulse energy and 0.1TW pulse peak power can be

expected from femtosecond FCPA pump lasers with prudent management of nonlinearity [33].

Additionally, an alternative approach has been explored with the development of an OPCPA

system employing a ns-�ber ampli�er as pump. As a result, the experimental setup is very

compact and its size is comparable with Ti:Sa regenerative ampli�ers. The laser system

delivered Gigawatt peak power pulses with 35 fs pulse duration, demonstrating the potential

of this approach. In principle, this laser system would support sub-20 fs pulse durations if

an active phase shaper was implemented. Furthermore, this approach o�ers further scaling

potential as longer pump pulses will allow for higher pump pulse energies. Even multiple

�ber ampli�ers could serve as OPCPA pump owing to the simple and compact setup. Such a

laser system is a suitable candidate for substitution of today's regenerative Ti:Sa ampli�ers

being superior in all laser parameters especially in average output power.

In order to demonstrate the potential of the developed unique laser sources for applications,

high harmonic generation was performed with the few-cycle OPCPA system using a Krypton

gas target. High order harmonics were observed down to a wavelength of 20.9 nm which

represents the shortest wavelength generated with a �ber based laser system so far. Compared

to HHG with 800 fs pulses, delivered by the mJ-FCPA directly, the conversion e�ciency of the

HHG process is increased outstandingly by three orders of magnitude. The photon �ux has

been increased accordingly, approaching the µW average power level. Further improvement

of this performance is essential to ful�ll the FEL seeding requirements (nJ pulse energy per

harmonic) and will potentially be achieved in future with quasi phase matching techniques

[131] or two-color HHG schemes [132].

Lastly, the scaling potential of OPCPA to even higher average output powers was explored

experimentally by high power SHG. The generation of 125W average power at the second

harmonic wavelength demonstrated impressively the high power capability of today's BBO

crystals. Remarkably, the measured SHG e�ciency remained unchanged when increasing the

laser repetition rate, indicating that thermal dephasing is not an issue for second harmonic

generation at this power level. Consequently, 100W average power from �ber driven few-

cycle OPCPA systems can be expected in the future, which will signi�cantly improve the

performance of many ultra-fast applications in the infrared as well as in the XUV spectral

region and open the way for new exciting investigations in physics, chemistry and biology in

the future.
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