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1 Introduction

Ultrashort pulse lasers are an important tool in scientific and industrial applications.
Areas such as metrology, e.g. precision optical ranging, and biomedical imaging require
short pulse durations. Furthermore, the high peak-powers of these lasers are exploited
in applications such as frequency conversion, laser-matter-interactions, micromachining,
and multi-photon spectroscopy. However, many applications are demanding higher av-
erage powers from these ultrashort pulse sources. This can be achieved by combining
direct diode pumping with novel gain media designs. Laser geometries such as disk, slab
and fiber have been introduced to compensate for thermo-optical effects, which limit the
power scaling of conventional designs. In particular, fiber-lasers allow for excellent beam
quality at ultrahigh average powers due to a diffraction-less propagation of radiation in
the form of a spatial single mode. Continuous-wave fiber lasers with output powers of
several kWs in a single spatial mode are commercially available; and ultrashort pulse
fiber lasers are approaching average powers in the kW range. However, the design of
fiber lasers delivering pulses with high peak-powers is challenging due to the impact of
nonlinear effects. In particular, the long interaction of the light with the material of
the waveguide gives rise to this stringent limitation on ultrafast fiber amplifiers. The
most dominant nonlinear effect is self-phase modulation which originates from the op-
tical Kerr-effect. Typically, nonlinear effects must be avoided to prevent severe pulse
distortions. To significantly reduce these detrimental effects in ultrashort pulse fiber
amplifiers, the combination of chirped pulse amplification (CPA) and large mode area
fibers is employed. Using these methods, the pulse energy of fiber lasers has been steadily
increasing for the past few years. Recently, a fiber-based CPA-system has been demon-
strated which produces pulse energies of around 1 mJ. However, both the stretching and
the enlargement of the mode area are limited, and therefore, the impact of nonlinearity
is still noticed in systems employing such devices. Having observed nonlinear effects even
in state-of-the-art fiber amplifiers, the most pertinent question one can ask is, "How to

transcend the boundary set up by nonlinearity?’

The aim of this thesis is the analysis of CPA-systems operated beyond the conventional
nonlinear limit, which corresponds to accumulated nonlinear phase-shifts around 1 rad.

This will include a detailed discussion of self-phase modulation in such systems. A pri-



mary object is the control of this nonlinear effect. Experimental observations indicate
that the impact of self-phase modulation on stretched pulses is different from the effect
on nearly transform-limited pulses. To reveal the fundamental process, the complex
pulse dynamics in chirped pulse amplification systems must be reduced to its essential
part. This should allow identification of the key parameters. The emphasis of this thesis
is placed on the design of novel concepts to control the impact of self-phase modulation
in fiber-based chirped pulse amplification. For example, it is well known that self-phase
modulation is strongly affected by the pulse shape, and thus, pulse-shaping is regarded
as a powerful tool to accomplish this goal. For this reason, the potential of adaptive

amplitude shaping, as well as phase shaping, is examined.

This thesis is organized as follows. Chapter 2 introduces pulse-amplification with rare-
earth doped fiber amplifiers. Saturation is analyzed in short-pulse fiber amplifiers. Em-
phasis is placed on pre-compensation of saturation-induced pulse distortion, which is
demonstrated in a nanosecond-pulse all-fiber amplification system. Chapter 3 discusses
ultrashort pulse propagation. Dispersion and nonlinear effects are introduced. The is-
sues limiting conventional fiber-based amplification of ultrashort pulses are discussed.
In chapter 4 the influence of self-phase modulation on the output pulse of chirped pulse
amplification systems is revealed. An analytical model is presented. In chapter 5 some of
the phenomena limiting nonlinear CPA-systems are identified. In chapter 6, novel meth-
ods to control the impact of SPM on the output pulse are experimentally demonstrated.
The design of these concepts is based on the theoretical findings. Both amplitude- and
phase-shaping are studied. Model-based phase-shaping is implemented in a state-of-
the-art fiber CPA-system. The influence of the polarization state is also highlighted.
Additionally, existing techniques and recent advances are put into context. Finally,

chapter 7 summarizes this thesis.



2 Fundamentals of light propagation and

amplification in optical fibers

This chapter aims to provide an overview of the key aspects of light propagation and
amplification in fibers. In the first section, modal analysis is employed to describe op-
tical waveguiding in passive fibers. The second part describes pulse amplification in
Ytterbium-doped fibers. The fiber is introduced as a solid-state laser concept. Then,
the dynamics of nanosecond pulse amplification are discussed. This includes satura-
tion effects. Based on these findings, the pre-compensation of saturation-induced pulse-

deformation in an all-fiber amplification system is experimentally demonstrated.

2.1 Glass fibers as optical waveguides

A standard optical fiber guides light in its core by total internal reflection. A represen-
tative example of a step index fiber is shown in Fig. 2.1(a). The shaded central region
denotes the core, which is surrounded by the cladding. The corresponding refractive
index profile of this fiber is shown below. The uniform refractive indexes of the core
and cladding are denoted by n., and n., respectively. These parameters can be com-
bined with the free-space wavelength A of light and the core-radius 7., to form a single

dimensionless parameter V, which is given by [1]

2 / 2
V= Tﬂ—rco n%o - ngl = ;TCONA (21)

where NA denotes the numerical aperture of the fiber.

In the case of a microstructured fiber, an arrangement of channels of low index material
(e.g. air ’holes’) running along the fiber provides the confinement and guidance of
light [2], as shown in Fig. 2.1(b). To calculate the V-parameter for such fibers, the core
radius and the cladding index must be replaced by effective characteristics [3,4].

After a spatial transient, a finite number of bound modes provide a complete description
of linear light propagation in passive waveguides [1]. Due to the translational invariance
of the waveguide (along the z-axis), the fields of the modes can be separated into parts
depending on the transverse Cartesian coordinates, e; (z,y,w), and a z-dependent term

exp (i (w) z). The propagation constant of the j-th mode is denoted by f;(w), and w
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Figure 2.1: (a) Step index fiber, and (b) microstructured fiber which is also known as photonic
crystal fiber; the transverse section of the fiber (top) and the refractive index profile (bottom)
are shown.

stands for the angular frequency. The effective index of the j-th mode, n.g ; and the
propagation constant are related by 3;(w) = “neg, j(w).
The guided fields of the waveguide can be represented by an expansion over these modes

[1]:

E [y, 0] = ZaJeJ (z,y,w)exp (8; (w +Za,Je,J z,y,w) exp (—if; (w) 2),
i

(2.2)

where j = 1,2,... M. The total number of forward- or backward-propagating modes is
M. The first and second summation are over the forward and backward propagating
modes, respectively. The coefficients a; denote the modal amplitudes.
The magnetic field is expanded in a similar way. Then, the solutions for the vectorial
modes are obtained from Maxwell equations [1,5]. The refractive index profile of the
waveguide determines both the mode-field e (x, y,w) and its propagation constant 3;(w),
which are explicitly obtained from an eigenvalue equation [1]. The magnetic and electric
fields are coupled unless the fields are independent of azimuth angle [1,5]. The TE and
TM modes are azimuthally symmetric; HE and EH hybrid modes correspond to modes
where both E. and H, are nonzero. In general, numerical methods must be employed
to obtain the mode-fields and propagation constants, e.g. as shown in [6].

For a circularly symmetric step index fiber with V=5, the intensity distributions as well



2.1 Glass fibers as optical waveguides

-1 0 1
X/rco X/rco X/rco

Figure 2.2: Intensity distributions (gray scale) and the transverse electric field vectors (red
arrows) of the bound modes of a step-index silica fiber (V=5, ro, = 40 pum, X\ = 1.03 um).

as the transverse electric field vectors of the modes are shown in Fig. 2.2, where the
indices (1,m) refer to the commonly used LP;,,-modes (i.e., the scalar description of the
modes of a step-index fiber).

For a weakly-guiding step index fiber (i.e. NA<<1) the electric fields and the propagation
constants can be calculated by using analytical expressions [1]. Each mode possesses its
own propagation constant. Conventionally, the dimensionless parameter U is introduced
as follows U = Zr(n2) — nlg)'/2.
a function of the parameter V for a weakly guiding step-index fiber. It can be seen
that the value of V determines the number of guided modes. For 0 < V < 2.405, the

fiber guides only the fundamental mode HEq;. In this regime, a fiber amplifier exhibits

Fig. 2.3 shows the values of the parameter U as
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Figure 2.3: Values of the parameter U (related to 3;) as a function of the parameter V for a
weakly guiding step-index fiber.

superior beam quality and brightness. The latter is defined as the power per emitter-
area per solid-angle divergence of the beam [7]. Furthermore, single mode operation is
also required for pulsed fiber amplification systems: if light propagates in more than
one mode, the different propagation constants cause temporal spreading of the pulse.
This is called intermodal dispersion and is particularly detrimental for ultrashort pulse-
amplification. Another cause of pulse broadening originates from intramodal dispersion,
which arises from the finite bandwidth of the input signal. This will be discussed in the

context of ultrashort pulses in section 3.2.

2.2 Optical fibers as a solid-state laser concept

The simplest fiber-amplifier concept is a doped core surrounded by a single cladding.
However, these single-clad fibers are of limited practicality since both the pump and the
laser radiation are guided in the active core. In particular, the pump must exhibit a very
high brightness. Therefore, the brightness of the single clad fiber-amplifier is limited ei-
ther by available pump brightness or a degraded beam-quality because of a multimode
core. The double-clad concept circumvents this draw-back by surrounding the active
core with a second, highly multimode waveguide for the pump light [8]. The idea is
illustrated in Fig. 2.4. Coiling a fiber with a cylindrical pump core in a kidney-shape
enhances the pump-radiation absorption [9]. The pump-absorption can also be improved
by using a non-cylindrical pump-core [10].

The double clad concept offers the combination of excellent signal beam-quality (funda-

mental mode operation) with efficient diode-pumping and good thermo-optical properties
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Figure 2.4: Schematic of the double-clad concept for high power fiber-amplifiers

(due to large outer surface of the fiber in relation to the active volume). Thus, single
mode fiber lasers possess excellent brightness, which is advantageous for applications
such as remote material processing. A drawback is the reduced pump light absorption
which results in longer fiber-lengths enforcing nonlinear effects.

Fiber amplifiers feature a high single-pass gain, and thus, no complicated laser architec-
tures are required. Another advantage is the prospect of an all-fiber design in which all
components are fiber-integrated, leading to systems with paramount long term stability
and compactness.

Throughout this work, Ytterbium-doped silica fibers are used. This gain medium has
been extensively studied [11-13]. For the following analysis, knowledge of the emission
and absorption cross-sections, as well as the lifetime of the upper state, are of partic-
ular significance. The emission and absorption cross-sections are shown in Fig. 2.5
(data according to [14]). The main spectral features are due to the Stark levels of the
ground manifold ?F7/, and the excited manifold *Fy/5 of the Yb** ions [11]. The emis-
sion and absorption cross-sections can be related to each other by using the McCumber
theory [15]. According to this theory, it is also possible to calculate the radiative lifetime
of the excited states from the emission cross-sections. The cross-sections depend on the
temperature [16], and the co-doping [17]. However, for simplicity, these issues are not

accounted for in the following analysis.
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Figure 2.5: Absorption and emission cross-section of Ytterbium in a germanosilicate host
(data according to [14]).

2.3 Pulse amplification

Although Ytterbium-doped glass possesses a higher saturation fluence (as defined in
Eq. 2.7) than other gain-media (resulting in superior energy-storage capabilities) [18],
the small mode-areas of single-mode fibers lead to saturation at pulse-energies in the
pd-range. This causes saturation-induced pulse-deformation at moderate pulse-energies.
Fig. 2.6 shows experimental data illustrating the distortion of a rectangular input pulse
due to saturation. In the following this behavior is quantitatively described. The energy

gain and extraction efficiency are introduced as primary features of a fiber amplifier.
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(a) (b)
Figure 2.6: (a) Rectangular input pulse, (b) corresponding output pulse which is deformed
due to saturation. The solid lines are experimental data. The parameters of the simulation are
as follows: The saturation fluence at a signal wavelength of ~ 1030 nm is Ju; = 30 J/cm?,
the mode-field diameter is 11 um, and the small signal gain Gy is 780.



2.3 Pulse amplification

2.3.1 Pulse dynamics

In general, the interaction of light and matter is described by the Maxwell-Bloch-
equations [19,20]. However, the analysis can be simplified if the spectrum of the laser-
pulse is narrower than the spectral width of the gain profile of the active medium [19,21].
This is the case in almost all experimental situations of this work. Then, the laser-
dynamics can be described by the rate equations [7,22]. Furthermore, if the events taking
place during amplification are fast compared to the time-scale of the pump process (i.e.,
the inverse of the pumping rate) and the time-scale of the spontaneous emission, then the
pulse amplification can be analytically described. In the following, light amplification
in single-mode fibers is discussed. An one-dimensional problem is considered: the total
density of dopants ng is assumed to be uniform along the gain medium; furthermore,
the actual mode profile of the signal is neglected and an effective (average) intensity [

over the doped area Ag,, is considered. The rate-equations are given by

[882: + UIG gt] I(z,t) = 0 A(z,t) I(2,1), (2.3)
0
aA(z,t) = —0 A(z,t) I(z,t)/(hvs), (2.4)

where [ is the intensity of the pulse. The group-velocity at the signal frequency v,
is denoted by vg, and (hvs) is the photon energy. The effective inversion population
density is A(z,t), and is given by the term ny(z,t) — nyq, where ny and ny., stand
for the population-density of the excited states and the transparency inversion-density,
respectively. And, ny., is given by ny 0582) / (O'S) +a§i)), where the emission and absorption
cross-sections at the signal wavelength are given by aé‘i) and O'S), respectively. The term

o stands for the sum (o}

L is the fiber-length.
The analytical solution of Eqs. (2.3) and (2.4) is given by the Frantz-Nodvik-equations.

+ O'S)). The z coordinate varies in the range of 0... L, where

One of the equations is a time-dependent radiation transfer equation which accounts for

the effect of the radiation on the medium and vice versa [23]

LIin(t — z/ve)
I(z,t) = , 2.5
B (~7a S avna(e) 2
Ao(2)

Az t) = (2.6)

1- {1 — exp (J;a% f::/vG dt’]in(t’)ﬂ Gg(z).

The Frantz-Nodvik-equations (2.5) and (2.6) are valid for any arbitrary input pulse-

shape [;;, and any initial inversion-distribution Ag(z) that was built up by pumping.
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Figure 2.7: (a) Small signal gain coefficient as a function of wavelength at different (average)
inversion levels 773/ng. (b) Maximum inversion na/ng as a function of pump-wavelength.

The equations depend only on two main parameters of the gain medium: the saturation

fluence J,4; and the initial small signal-gain Gy. The saturation fluence is given by

hv,

Jsat = T () (27)
o 52) + O-él)
and is related to the saturation energy by
Esat = JsatAdop- (28)

The small signal gain of the entire amplifier (z=L) can be written as

L
Go = exp (O’/ dz’Ao(z')> =exp(go L), (2.9)
0
where the small signal gain coefficient g, is given by

Ggo =0y = {0581) g — O'S) (ng — Wg)] ) (2.10)

where A is the average effective inversion before the signal propagates through the
amplifier, Ay = 1 fOL dz'Ao(2'); and 7y is the average initial inversion. Fig. 2.7(a)
shows the small signal gain coefficient for different average inversion levels. It is worth
noting that the maximum possible (local) inversion level (max(ng/ng)) is dependent
on the pump-wavelength. Fig. 2.7(b) shows the maximum possible inversion level,
i.e. max(na/ng) = o /(e + o)), as a function of the pump-wavelength, where the
emission and absorption cross-sections at the pump wavelength are denoted by Ué’l’) and
O'%)), respectively. Local inversion levels > 0.9 are possible by pumping at a wavelength

around 920 nm. This results in a high energy stored in the amplifier. The stored energy

10



2.3 Pulse amplification

Eq, is defined as [7]
Esto - (th) A70 (AdopL)~ (211)

However, the smaller absorption cross-section at a wavelength of 920 nm compared to
975 nm causes longer absorption lengths, and thus, longer fiber-lengths. For the am-
plification of ultrashort pulses using self-similar propagation (see section 3.5), this is
advantageous. However, for chirped-pulse amplification (see section 3.6.1), this is a
drawback since a longer fiber length enhances nonlinear effects.

The Frantz-Nodvik-equations (2.5) and (2.6) reveal important aspects of the pulse-
dynamics in laser amplifiers: Eq. (2.5) shows that the output pulse-shape is only depen-
dent on the total inversion in the fiber, and not on the particular inversion distribution
across the fiber. And, Eq. (2.6) shows that the final inversion-distribution depends only
on the energy of the input pulse and not on its shape.

Fig. 2.6 shows the deformation of a rectangular input pulse due to saturation. The
Frantz-Nodvik-equation (2.5) describes this pulse distortion. Such a deformation can
be observed if the pulse-energy approaches the saturation energy of the amplifier. In
particular, the leading part of the pulse significantly depletes the inversion. The reduced
inversion results in a lower gain for the trailing part of the pulse.

The Frantz-Nodvik-equations are only valid if nonlinear effects, such as the stimulated
Raman-scattering and Four-wave mixing, as well as amplified spontaneous emission, are

negligible. To obtain high quality pulse amplification, these effects must be minimized.

2.3.2 Energy gain and extraction efficiency

The evaluation of the pulse amplification requires a relation for the pulse energy as
function of the input pulse energy and the amplifier parameters. Temporal integration

of Eq. (2.5) leads to an expression for the pulse-energy:

E(z) = By In {1 + Go(z) (eXp (5;) — 1” (2.12)

This result is valid for any arbitrary input pulse-shape I;,(¢). The pulse-energy at the
output of the amplifier is given by F,,; = F(z = L). Eq. (2.12) shows that the output

pulse-energy depends neither on the temporal pulse-shape nor on the spatial distribution

of the inversion. The important parameters are, instead, the input pulse-energy and the
total initial inversion. Fig. 2.8 shows the output energy as a function of the input energy
and the small signal gain. To achieve a certain output energy, low input energies require

a high stored energy (~ In(Gy), see Eq. (2.11) ). Alternatively, the input energy may

11
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Figure 2.8: Output energy (relative to the saturation energy) as a function of input energy
and small signal gain for a single pass amplifier.

be increased at lower stored energies. The amount of stored energy is influenced by the
pump level and amplifier length. In practice a chain of amplifiers is usually employed to
amplify low seed energies.

Knowing the output pulse-energy, the gain and the extraction efficiency of a laser-

amplifier can be calculated. The energy gain G is given by [7]

Eout

& = . (2.13)
There are two extreme regimes of amplification: the case of small-signal amplification
and the complete saturation of the amplifier. If the input energy is low, the differential
energy-growth is linear (dE/dz = goF) and Eq. (2.13) can be approximated by G ~ G.
At high-level input signals, the energy-growth ’saturates’ and the differential energy-
growth is constant (dE/dz = goEsa) , 1.e. every excited state contributes its stimulated
emission. Thus, the most efficient conversion of stored energy to pulse-energy is obtained.
Eq. (2.13) can be approximated by G = 1 4+ In (Gq) Eeu/Fin.

The energy extraction efficiency 7 is given by [7]

Eout - Ein
e —_L 14
n o (2.14)

The best extraction efficiency is achieved with complete saturation of the amplifier. The
energy gain and extraction efficiency depend only on the input energy £, (relative to the
saturation energy F,) and on the small signal gain Gy. Fig. 2.9 shows the energy gain
and the energy extraction efficiency as a function of these two parameters. It is worth
noting that the small-signal gain on the y-axis is directly related to the stored energy,
see Eq. (2.11). It can be seen that it is impossible to obtain both maximum gain and

maximum extraction efficiency. As mentioned before, efficient energy extraction requires

12
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Figure 2.9: (a) Energy gain, and (b) energy extraction efficiency as a function of input energy
and small signal gain for a single pass amplifier.

input pulse-energies comparable to the saturation energy. Thus, multiple amplifier stages
(alternatively, multiple passes) are used in practice. The pre-amplifiers provide high gain
in order to reach efficiency for the main amplifier.

Furthermore, the energy growth is related to the depletion of the (average) inversion.
This aspect is particularly important for the understanding of saturation and the pre-
compensation of pulse-distortion, which is discussed in the next section.

For this reason, a spatial integration of Eq. (2.6) after the propagation of the signal
pulse is performed, and using the expressions for the output energy and small signal

gain, Egs. (2.12) and (2.9), the following conservation law is obtained: [24]

- - E - Ein
Adop [[ dz'na () —[ dz’”?(z’)] = % (2.15)
0 0 Vs

This balance states that the number of photons that are generated equals the number
of excited states that are depleted.

Furthermore, Eq. (2.12) shows that pulses of the same energy but different shapes at
the input of an amplifier will result in the same energy-growth behavior (at equal pump
conditions). In turn, according to Eq. (2.15), they will also result in the same inversion-
distribution in every section of the amplifier. According to Eq. (2.5), the input pulse-
shape determines the output pulse-shape. Therefore, modifying the seed pulse-shape
(but keeping its energy constant) will allow pre-compensation of any pulse-deformation
due to saturation. The analysis is also valid for other laser amplifier concepts, and thus

the following method can be applied to such systems as well.

13
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2.4 Compensation of saturation-induced pulse-distortion

In the following, the pre-compensation of pulse distortion due to saturation is discussed.
A key result is a simple analytical expression that predicts the input pulse-shape required
to obtain any arbitrary target pulse-shape at the output of a saturated amplifier [24].
This relation is derived from the rate-equations and can be regarded as the inverse
of the Frantz-Nodvik-equation. Its significance from an experimental point of view is
highlighted. The usefulness of this expression is experimentally demonstrated using an
all-fiber amplifier chain seeded with a directly modulated laser-diode. This method will
prove useful in those applications of high-power, high-energy laser-amplifier systems that
require particular pulse-shapes in order to be efficient, e.g. micromachining and scientific
light-matter-interaction experiments [25].

Conventionally, numerical calculations have determined the input pulse-shapes that pro-
duce special pulse-shapes at the output of saturated amplifiers [22]. However, experi-
mental techniques do not directly benefit from such simulations since they do not reveal
the key parameters of the process. To experimentally generate target pulse-shapes at
the output of saturated amplifiers, real-world systems have conventionally employed
feed-back loops that were combined with the representation of pulse-shapes by temporal
slices, e.g. [26], alternatively, by parameterized pulse-shape segments [27]. However, with
increasing complexity of the target pulse-shape, the number of variables, and thus, the
number of feedback loops is growing. Therefore, there is a high interest in developing an
analytical model which reveals the main functionality and the key parameters for pre-
compensation of pulse-distortions due to saturation. The input pulse-shape is modified
in order to compensate saturation effects.

When integrating Eq. (2.5) to obtain Eq. (2.12), it is found that Eq. (2.12) is valid even
if incomplete pulse-areas at the input and at the output of the amplifier are considered,
i.e. using fzt/tz/c dt'I(z,t") instead of the complete pulse-area f;/tz/c dt'I(z,t') at z = L
and z = 0. The temporal window in which the pulse is located is denoted by 7. Thus,
solving Eq. (2.12) for fot dt'I;,(t') and subsequent differentiation with respect to time t
results in an expression for the input pulse-shape as a function of the target pulse-shape
at the output: [24]

Iout (t)

v 1—[1 =Gy Jexp (—J;a% I dt’[om(t’))

(2.16)

Egs. (2.16) and (2.5) have the same form except that the roles of I,,(t) and I;,(t) are

interchanged and the integration direction over the inversion-distribution is reversed,
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2.4 Compensation of saturation-induced pulse-distortion
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Figure 2.10: Schematic of the all-fiber amplifier system: the current of the laser-diode is
driven by the arbitrary waveform generator (AWG), the first Ytterbium-doped fiber-amplifier
(YDFA) is core-pumped using a wavelength division multiplexer (WDM), the second YDFA is
cladding pumped using a tapered fibre bundle (TFB) pump-coupler

i.e. Gy'is replaced by Go. Therefore, Eq. (2.16) can be regarded as an inverse Frantz-
Nodvik-equation. This equation determines the optimum seed pulse-shape to obtain any
arbitrary target pulse-shape at the output of a saturated amplifier. For example, if the
target is a square pulse, i.e. I, (t) = I for 0 <t < 7 and zero otherwise, then the
corresponding input pulse-shape has to be Iy, (t) = I <1 —[1 =Gy |exp (—f t/Jsat> )

for 0 <t < 7 (and zero otherwise). For more complex target pulse-shapes, a numerical

integration in the denominator has to be performed.

To pre-compensate pulse-deformation due to saturation, the shape and energy of the
input pulse, as well as the saturation fluence and the small signal-gain of the amplifier,
are required. These parameters can be obtained from the deformation of a pulse with
known shape. If a certain input pulse (e.g., rectangle) is amplified, a fit of the expected
output pulse-shape, using Eq. (2.5), will determine the desired parameters. Then, Eq.
(2.16) can be applied. Another way is also possible: The saturation fluence is usually
known from spectroscopic measurement of the emission and absorption cross-sections
(e.g., provided by the fiber manufacturer). Furthermore, in the previous section it was
shown that input pulses of different shapes but equal energies result in the same output
pulse-energy and the same inversion. Therefore, the small signal gain can be obtained
from the energies measured at the input and output and using Eq. (2.12).

To experimentally demonstrate the pre-compensation using the inverse Frantz-Nodvik-
equation (2.16), an all-fiber system is designed. The schematic of the system is shown
in Fig. 2.10. The master oscillator is a commercially available, fiber pigtailed laser-
diode emitting light at a central wavelength of about 1030 nm and with a maximum
peak-power of about 0.5 W. The current applied to the laser-diode is controlled by an
arbitrary wave-form generator (AWG). The maximum sample rate is 1.1 GS/s and the
vertical resolution is 12 bits. The rise times of the AWG and the laser-diode are around

700 ps and 5 ns, respectively. This precludes the generation of optical pulses exhibiting
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2.4 Compensation of saturation-induced pulse-distortion
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Figure 2.11: (a) Input pulse which pre-compensates the saturation-induced pulse-deformation

in order to obtain a rectangular output pulse (b). The solid lines are experimental data. For
the calculation of the input pulse, the parameters of Fig. 2.6 were used.

fine structures. In all the experiments, the repetition rate is set to 10 kHz. The pulse-
energy is boosted in an all-fiber chain consisting of a pre- and main-amplifier. These
Ytterbium-doped fiber-amplifiers are cladding pumped using pig-tailed c.w. laser diodes.
The pump wavelength is about 975 nm. The pump delivery fibers are spliced with the
fiber-amplifiers. In the amplifiers, the pump light propagates in the same direction as
the signal pulse. The mode-field diameter of the main amplifier is about 11 gm. The
pulse-distortion due to saturation occurs in the main-amplifier. This was verified by ob-
serving the signal at the output of the main amplifier while the pump (at a wavelength
of 975 nm) was turned off. The seed into the main amplifier could be also monitored.
All pulse-shapes are measured using an InGaAs photodetector (rise time about 100 ps)
and a fast oscilloscope (500 MHz and 5 GS/s). Stimulated Raman scattering is neither
observed in the experiments nor expected from numerical simulations.

To produce a target pulse-shape from a saturated amplifier, the input pulse-shape can
be calculated using Eq. (2.16). The key parameters are determined by reproducing the
deformation of a known input shape. Here, the Frantz-Nodvik-equation (2.5) is applied
to the distortion of the rectangular input pulse. The experimental data has already
been shown in Fig. 2.6. The fiber manufacturer provides the emission and absorption
cross-sections, the number of dopants and the fluorescence lifetime [14].

At first, the pre-compensation technique is demonstrated with a rectangular output
pulse-shape. The corresponding input pulse-shape is calculated using Eq. (2.16). This
profile is then loaded into the arbitrary wave-form generator that drives the current of

the laser-diode. The seed into the main-amplifier as well as the calculated profile are
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8.0 2.0
: : : |Mlsimulated § § § |Mlsimulated
measured : : : |=measured

Power [kW]

-25  0_ 25 50 75 -25 0 25 50 75
Time [ns] Time [ns]

(a) (b)

|IMsimulated : : : Il simulated
|~—measured : : : |— measured

o)
o
N
[=)

Power [W]
; o
o

Power [kW]
5 &

o
n

-25 0_ 25 50 75 -25 0_ 25 50 75
Time [ns] Time [ns]

() (d)
Figure 2.12: (a) Input pulse, (b) and the corresponding 'M’-shaped output pulse. (c) input
pulse to generate a 'house’-shaped output (d). The solid lines are experimental data. For the
calculation of the input pulse, the parameters of Fig. 2.6 and 2.11 were used.

shown in Fig. 2.11(a). The corresponding output of the fiber MOPA-system and its
simulation can be seen in Fig. 2.11(b). Such rectangular output pulses can increase the
output pulse energy extractable from a fiber-amplifier, before nonlinear effects, such as
stimulated Raman scattering, appear. In particular, pulse-distortion can result in high
peak-powers in the final section of the fiber-amplifier (as shown in Fig. 2.6), however,
using the pre-compensation, the peak-powers are reduced (see Fig. 2.11). As a conse-
quence, the critical power for Stimulated Raman-scattering is not reached.

Fig. 2.12 demonstrates that other target pulse-shapes can be produced without addi-
tional effort. In particular, the number of parameters of Eq. (2.16) does not increase
even if more complex output pulse-shapes are produced. Except for the shape of the
target pulse, the same parameters as for the generation of the rectangular pulse can be

used. Fig. 2.12(a) shows the calculated and then measured input pulse-shapes to obtain
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2.4 Compensation of saturation-induced pulse-distortion

a 'M’-shaped output pulse. The target pulse and the measurement of its experimental
production are shown in Fig. 2.12(b). To further demonstrate the versatility of the
technique a "house’-shaped output pulse is generated. Experimental data and the target
can be seen in Fig. 2.12(d). The corresponding input data are shown in Fig. 2.12(c).
The deviation between experimental data and simulation originates from the response
of the master oscillator. First, the response time (= 5 ns) precludes the production of
very fine temporal features being needed for perfect pre-compensation, as shown in Fig.
2.12(a). Second, the leading edge of the pulse shows an overshoot. If the experimental
pulse shape is the input for the simulation, then the experimental output pulse-shape is
well reproduced, i.e. the model works fine. However, the generation of specified output
pulse shapes is the aim. Thus, the method is limited by the response.

Furthermore, it was experimentally observed that stimulated Brillouin-scattering limits
the pulse-shaping. To pre-compensate for strong pulse-distortion, input pulse-shapes
with strong amplitude variations are required. However, the dynamic range of a Fabry-
Perot diode without wavelength stabilization is limited, which results in high peaks being
observed in the spectrum if the driving pulse of the AWG contains small amplitudes.
These peaks lead to stimulated Brillouin scattering during amplification. Brillouin scat-
tering can be reduced to some extent by using special fibers [28]. Significant decrease in
efficiency for this process is achieved with a broader signal bandwidth, e.g. by using a

super-luminescence laser-diode operated in pulsed mode.

To summarize, saturation is detrimental in nanosecond-pulse fiber amplifiers, in which
it causes a strong deformation of the pulse. This phenomenon reduces the applicability
of the output pulses. Starting with an analysis of saturation in short-pulse fiber ampli-
fiers, a model for the pre-compensation of saturation-induced pulse distortion has been
developed. Target pulses of arbitrary shapes have been generated from a saturated fiber
amplifier by shaping of the input pulses according to the predictions of the model. The
all-fiber design of the system makes this a versatile and compact source for real-world
applications, e.g. micromachining. Thus, pulse-shaping extends the functionality of fiber
lasers in practice. The analysis of this chapter can also calculate the energy-gain and
efficiency of chirped-pulse amplification unless the spectrum is not strongly influenced
by the spectral gain characteristics (i.e. spectral dependency of the cross-sections). Such
considerations are important for the design of such systems. Furthermore, the model is
the basis for an estimation of the amount of accumulated nonlinear phase (see 3.3.1).
However, when the interaction of the temporal pulse dynamics and the spectral gain

behavior is of interest [29], more advanced modelling is required, e.g. see [30].
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3 Ultrashort pulse propagation and amplification

using optical fibers

In the following the propagation of ultrashort pulse in fibers is discussed. Dispersion and
nonlinear effects are introduced. Some of the phenomena making fiber-based ultrashort
pulse amplification challenging are identified. Self-similar propagation in active optical
fibers is then briefly discussed as one concept for direct fiber-based ultrashort pulse
amplification. Subsequently, techniques to produce pulses with high peak-power are
presented. The significance of chirped pulse amplification and large mode area fibers is

highlighted, and some of their current limitations are identified.

3.1 Ultrashort pulses in optical fibers

Ultrashort temporal pulses are generated by modelocking [31]. They comprise a spec-
trum of sinusoidal waves spread over a finite band in frequency-domain. Conventionally,
the complex spectral amplitudes at (angular) frequencies w are defined as A (z,w — wp),
where wy denotes the central (angular) frequency of the spectrum.

In the following, an expression for an ultrashort pulse in a single mode optical fiber is
derived under the assumption that the beam profile of the light source exactly matches
one mode of the dispersive medium at the entrance. In the frequency domain, a general

representation of an ultrashort pulse in a single mode fiber is found using Eq. (2.2)

E(z,y,2,w) = \;Ne (z,y,w) A(2,w — wp) (3.1)
where N is a dimensionless number that is introduced for the normalization of the
field e (x,y,w). In particular, the modal power p (evaluated at w = wy) results from
the integration of the time-averaged Poynting vector over the infinite cross-section [1]:
p = [dz [dy e (z,y,wo) X h* (z,y,wp)] - Z. For the case of weakly guiding fibers, it can
be approximated as p =~ %ceono Jdz [dy |e (z,y, z,w0)|2, where the vacuum permittivity
is denoted as gg, ¢ is speed of light in free-space and ng is the linear refractive index of

the core. The normalization is then given by N = p/(1W).
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3.2 Intramodal dispersion

The electric field of the temporal pulse takes the form

E(x7y,Z7t) == Re (/(;(: \/1Ne(l'7y7w)ﬁ(z7w_wo)e—iwt>
11 ) 5 ‘
(z,y,wp) e~ {/ (;*;: A(z,w — wp) ez(““‘))t] + c.c.

Q
\
|

(z,1,wp) PV 4 (2, T) + c.c., (3.2)

Q
\
|

where A (z,T) denotes the complex slowly varying envelope amplitude of the pulse. The
time is taken in a reference frame co-moving at the group-velocity v (evaluated at wy),
T =t—z/vg. In the next section an explicit form for A (z,T") will be given. In Eq. (3.2)
the frequency-dependence of the transverse field is neglected e (z,y,w) ~ e (x,y,wo).

In general, the temporal phase of the complex amplitude |A (z,T)| =) is related to
a variation of the instantaneous frequency across the pulse from the central frequency
wo. The chirp of a pulse is the difference, which is the time derivative dw = —%‘f. An
up-chirp refers to an increase of frequency across the pulse. A down-chirp is a decrease.
Furthermore, the temporal duration of a pulse is related to the bandwidth of its power-
spectrum by the Fourier uncertainty-principle [32]. A pulse is transform-limited if its
corresponding time-bandwidth-product is minimal. This corresponds to zero chirp across
the pulse. Gaussian and hyperbolic secant pulses possess maximum peak power when
they are transform-limited. This is not necessarily true for all shapes. For instance, if
a cubic spectral phase is impressed on the amplitude spectrum of a parabolic temporal

intensity-pulse, then a higher peak-power is obtained.

3.2 Intramodal dispersion

The group delay of every mode is frequency-dependent, since both the refractive index
of the material and the propagation characteristics of a waveguide-mode depend on
wavelength. The two components are denoted as material and waveguide dispersion,
respectively. The combination is known as intramodal dispersion. In the following, the
impact of this kind of dispersion on optical signals is discussed.

Using Eqs. (2.2) and (3.1), the complex amplitude A (z,w — wy) at z is given by
A(z,w—wp) = A(0,w — wy) €P@=, (3.3)

and then the slowly varying envelope of the pulse is given by

(2 ®3)
Az, T) ~ g exp <z [d);QQ + QS;Q‘g])A (0,9) exp (—iQT), (3.4)
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3.2 Intramodal dispersion

where  stands for the difference (w — wp). In this expression, the spectral phase-term
¢(w) = P (w)z has been expressed as a Taylor expansion around wy:

@(2) 5(3)
ow) = Bw)z= |8+ F0w —w0) + (@~ wo)’ + T (@~ wo) + | 2 (35)

Eq. (3.4) includes only second order dispersion and third order dispersion (TOD).
Higher-order terms are significant for signals with broad bandwidths, such as ultrashort
pulses with durations < 100 fs, and if the central wavelength of the signal is close to the
zero-dispersion wavelength for which 3 = 0. For example, fused silica exhibits a zero-
dispersion wavelength near 1.3 um. Furthermore, higher order terms are also relevant
with regard to the compensation of self-phase modulation in chirped pulse amplification
systems.

In the Taylor expansion, Eq. (3.5), the zero-order phase term is related to a constant
phase (at fixed position z), which is particularly relevant to few cycle pulses. The
first order term is related to the group-delay which is given by Tg (w') = 2/vg (W) =
BN (W) z = ¢M(w'). The second order term is related to group-delay dispersion at
the central frequency wg. The impact of the group velocity dispersion on an ultrashort
pulse may simply be considered in terms of the dispersion of the group delay for the
different frequencies [33]. For a pulse of bandwidth Aw, the spread in propagation
times can be approximated by (d7¢/dw’) Aw. This pulse broadening per bandwidth
is usually meant by ’dispersion’ in the context of ultrafast lasers, and it is given by
(dTe/dw') = z (ABW (W) /dw') = 2@ (w') = ¢P(w'). Normal dispersion (also termed
positive dispersion) is given for 4®) > 0. Anomalous dispersion (also known as negative
dispersion) corresponds to 3 < 0.

An optical fiber of length L is usually characterized by the dispersion parameter D in
units [ps/nm/km], which is a function of the free-space wavelength A and defined by [34]

1 dT, d 1 2rc d 1 2mc
D(\) = ZdTG DT NIy —Vﬁ(z)(w). (3.6)
Fig. 3.1 shows results of the experimental determination of the dispersion parameters
of a telecom fiber (core-diameter 9 pum, ’j-fiber 1G-09/125/250") and a microstructured
fiber ("crystal fiber NL-2.0-740’; a one-hole-missing-design with A=1.4pm and d=0.67A)
using the technique of spectral interferometry [35,36]. The experimental results (for the
fundamental modes) are shown together with the theoretically expected dispersion curves
of bulk fused silica (calculated using Sellmeier coefficients [34]) and the microstructured

fiber using expressions for the output of the finite-element-method (FEM) [37].
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3.3 Nonlinear effects
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Figure 3.1: Experimental result of dispersion measurement of a 2um-core microstructured
fiber (blue curve) and the theoretical estimation (solid grey curve); and the dispersion curves
of a telekom fiber (red curve) and bulk fused silica (dashed grey curve).

3.3 Nonlinear effects

The polarization P (t) of a medium under the influence of an applied electric field can

be expressed in terms of a power series [38]
P(t)=PO ) +PY )+ PP () + PP () + ... (3.7)

where P is linear in the field and represents the non-instantaneous response of matter
to stimulation by light, and corresponds to a frequency-dependent (refractive) index of
the optical medium. The term P®) is quadratic, and P® is cubic in the field, and so on.
The term P describes a static polarization as found in some crystals. However, this
term is irrelevant for fused silica, which is the medium of this work. Due to its isotropy,
the third-order term is the lowest-order nonlinear contribution [38].

Many nonlinear travelling-wave-interactions rely on phase-matching, e.g. frequency mix-
ing and parametric amplification. However, there are also nonlinear processes which are
intrinsically phase matched, regardless of dispersion, and thus no special experimental
preparation is needed. Intensity dependent refractive index, multi-photon absorption,
and stimulated Raman-scattering (SRS) are examples of such processes. In the follow-
ing, the optical Kerr-effect and SRS will be discussed.

Using coupled mode-theory [39,40], the following propagation equation for the pulse

amplitude is obtained:

) 1mlg(m) am wo ~
SN R S A T~ 1+77 ~ibozg (1, y, wo) PO
(Z z +m>2 m! 01 m) (27 ) 4\/7 Wo ot //dxdy ‘ (.r . O) (r,t)7
z (3.8)



3.3 Nonlinear effects

where P® (r, t) is the slowly varying envelope amplitude of the third order polarization,
PO (r,t) = %f’(3) (r,t) e"™ot + c.c. . In the following, expressions for the contributions
from the optical Kerr-effect and SRS to P® will be provided.

3.3.1 Nonlinear refraction and self-phase modulation
Third order polarization

In the following, the electric field of the pulse is expressed as E(t) = 1E (t) e ™t +c.c.,

1
2
and according to Eq. (3.2), the envelope is given by

E(1) = e(z,y,w) ™I A(2,T) /VN. (3.9)
The response of the Kerr-effect is instantaneous [34], and the Cartesian components of

the vector of the slowly varying envelope P®) are given by (38, 41]

A~

1
PISS) =<0 ZX)(('Z’()XX

{QEM ‘E‘Q + E;EQ] , (3.10)
where p € {x,y,2}, and x® is the third-order susceptibility tensor (evaluated at wy).
In general, this fourth-rank tensor has 81 components. However, because of the isotropy
of the medium and laser wavelength being far from any resonance of the medium (i.e.
Kleinmann symmetry holds), there is only one remaining element [38].

Suppose the light is linearly polarized in the x direction, E = E X; f’(3)(t) is then given
by

PO (1) = 22\ )

DL B B = (311)

For left-hand (+4) and right-hand (—) circularly polarized light, the Jones vector of the
electric envelope is given by B = E %(1, +i) = Fey; and P®(¢) is then given by

~ 2 . ~ 2 4
PO1) = et X |EO)| B (1) e (3.12)

Nonlinear refraction

Egs. (3.11) and (3.12) show that the polarization state remains parallel to the electric
field. It is worth noting that for elliptically polarized light this is not the case, and
rotation of the polarization ellipse is a consequence [42]. Thus, for linearly and circularly
polarized light, it is possible to define a scalar nonlinear susceptibility from which the

intensity-dependent refractive index can be deduced [38]:

n=mng+ne I(t), (3.13)
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3.3 Nonlinear effects

where ng is the linear refractive index, ny denotes the nonlinear refraction coefficient,
and I(t) stands for the temporal intensity of the pulse. Eq. (3.13) describes the optical

Kerr-effect. For linearly and circularly polarized light the nonlinear refraction coefficients

"L = gocn? e Mo =gy gocnd )

are given by

respectively. Thus, the ratio of ng ¢ to ngp, is 2/3 [41]. This difference constitutes the
basic idea to reduce the Kerr-effect by using circularly instead of linearly polarized light.
The value of the nonlinear refraction coefficient for fused silica at a wavelength of 1.06

pm is ny &~ 3+ 1072 m?/W (state of polarization not specified) [34].

Generalized nonlinear Schrédinger equation

The propagation of a pulse under the influence of GVD and Kerr-effect can be described
with the (generalized) nonlinear Schrédinger equation, which is obtained by inserting the
expression for the nonlinear polarization, Eq. (3.11), in the pulse propagation equation

(3.8) and using Eq. (3.9), as well as the expression for the normalization N:

.0 imgm gm i 0 2 9

— — Az, T)= —y(1+ —= ) |A(2,T)|" A(2, T ZA(z, T

(’aﬁm>2 o g | AGTI= (14 25 ) JAG TP AG T) +iGAGT),
B (3.15)

where the nonlinearity parameter 7 is defined as [34]
Wo N2

= — 1

’y c Aeﬂ" (3 6)

and A is the effective mode-area [34]:

2
<ﬂdxdy ’e (ZU, Y, %, u-)O)|2>
R2

A = . 3.17
T Jdedy fe(z,y, 2z, w)! (317
R2

The left side of Eq. (3.15) describes dispersion, and the time-derivative on the right side
describes the self-steepening [34]. The strength of this effect is in the order of Aw/wy,
where Aw is the spectral bandwidth. If the spectrum is narrow (which is given for all
situations of this work), then self steepening can be neglected and the remaining term
on the right side (without the gain term) describes the effect of self phase modulation.
An exponential amplification term (with gain coefficient g) has also been included in Eq.
(3.15), in principle, a more accurate description including gain saturation, gain disper-

sion, spectral gain characteristics and inversion is possible, e.g. see [30].
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3.3 Nonlinear effects

To evaluate the impact of dispersive or nonlinear effects on the pulse evolution, charac-

teristic length scales for dispersion (Lp) and a nonlinearity (Lyy) are introduced by

(AT)? 1

LD == W, LNL = ﬁ’ (318)

and must be compared to the fiber length L. Where (AT) is a characteristic time scale
of the pulse, e.g. the pulse duration or the inverse of the spectral bandwidth, and P, is
related to the peak-power of the pulse. In the following, it is assumed that the higher
order dispersion terms are small compared to the GVD term.

For example, if the fiber-length is such that L<<Lyy but L ~ Lp, then nonlinearity
plays a minor role and the pulse evolution is governed by GVD, and the propagation
can be described with Eq. (3.4).

In general, numerical methods, such as the split-step Fourier method [34], must be em-
ployed in order to grasp the complex pulse dynamics described by Eq. (3.15). However,
there exist special classes of pulse-propagations [34]. For instance, in the anomalous
dispersion regime (bright) solitons are solutions of the nonlinear Schrédinger equation
(neglecting high order dispersion, gain and self-steepening) [43]. The condition for the
generation of a fundamental soliton is Lp = Ly . These extraordinary pulses propagate
without any change of shape. Higher order solitons vary their shapes periodically with
distance. Furthermore, in fiber amplifiers, the interplay of normal dispersion, SPM and

gain can result in a self-similar propagation [44]. This is discussed in section 3.5.

Self-phase modulation

If the characteristic length scales are such that L<<Lp but L ~ Ly, then the dispersion
terms are negligible, and the pulse evolution is governed by self-phase modulation.

In general, the temporal phase of an optical signal can be modulated if the refractive
index is modified on a timescale comparable to or faster than the timescale of the optical
signal. Optical phase modulation can arise from gain or absorption, where the refractive
index changes according to the Kramers-Kronig-relation. Alternatively, it can arise
from the optical Kerr-effect, i.e. the intensity-dependence of the refractive index, see
Eq. (3.13). If the refractive index is modified by a signal different to the one which is
modulated, the effect is called cross-phase modulation [45]. Self-phase modulation takes

place if the index is modified by the signal which experiences the modulation [34]:

A(z,t) = A(z=0,t)exp [iv]|A(z = 0,t)° z]. (3.19)
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Figure 3.2: SPM-induced broadening of the spectrum for an initially unchirped Gaussian
pulse. The maximum nonlinear phase-shift is 2.5w. The dotted lines show the relation of one
frequency point to multiple time points.

Fig. 3.2 illustrates the impact of SPM on the spectrum for an initially unchirped pulse.
The spectral modulations can be explained by interference of temporally delayed waves
(at the same frequency) [46]. The delay between the waves affects the interference term.
Conventionally, the B-integral is defined as a measure for the maximum possible mag-

nitude of accumulated SPM during pulse propagation (e.g. in an amplifier) [21]:
Wo L ~ ~ ~
B = Tlg/ dz' I(2') = yPinLesy = YPouLisy (3.20)
¢ Jo

where [ (z) is the peak-intensity of the temporal pulse as a function of the z-position
across the fiber, and L is the propagation length. If there is amplification or attenuation
during pulse propagation, an effective length L.;y must be used instead of L. For an
exponential amplification (with constant gain-coefficient g), the effective length is given
by Less = (exp(gL)—1)/g. It is also common to define an effective length with respect to
the output. For an exponential amplification, this is given by L},, = (1 —exp(—gL))/g.
In general, a numerical simulation is required to estimate the B-integral. In particular,
the signal growth across the fiber amplifier has to be calculated. For this reason, the
model presented in section 2.3 must be extended by the pump process. A simple approach
is described in [24].

Furthermore, in CPA-systems the B-integral can also be measured using model-based

phase-shaping, as experimentally demonstrated in section 6.4.

26



3.4 Challenges of direct ultrashort pulse amplification

3.3.2 Stimulated Raman scattering

A second main class of nonlinear effects results from stimulated inelastic scattering.
Molecular vibrations (oscillating at frequency w,), excited by the laser wave (at fre-
quency w), modulate the refractive index of the medium. Thus, frequency sidebands are
impressed onto the laser field [41]. Optical phonons result in large frequency shifts (w,
~ 13 THz in fused silica). The Stokes wave at (w —w,) can be beat with the laser field.
This results in coherent excitation of molecular vibrations. The Stokes wave experiences
gain. This process is called stimulated Raman scattering (SRS). Acoustic phonons cause
a much smaller frequency shift (~17 GHz), and the effect is called stimulated Brillouin
scattering (SBS). The spectrum of ultrashort pulses is significantly broader than the
Brillouin gain bandwidth, and thus, the impact of SBS is negligible [34].

In contrast to the Kerr-effect, SRS is initiated at certain threshold intensity. Above this
level, signal energy is rapidly frequency-converted to the Stokes wave. Thus, the Raman
effect imposes a limitation on ultrashort pulse amplification in fibers.

Accurate determination of the SRS threshold requires numerical modelling, which must
include the experimental Raman gain spectrum [34], and the zero-point quantum noise
of the optical field [38]. It is worth mentioning that amplified spontaneous emission and
parametric processes strongly affect the onset of SRS.

In the experiments described in this thesis SRS is not observed since LMA fibers of short

length are employed. However, it is an issue for other fiber amplifiers, e.g. see [47].

3.4 Challenges of direct ultrashort pulse amplification

Nonlinear processes are much more effective in fibers than in bulk media. If the prod-
uct of intensity and effective length (I - L};;) determines the influence of nonlinear
effects, then the relative enhancement of nonlinear effects can be approximated by
A Li;i/Acsy, [34]. Therefore, the generation of high peak-power pulses with fiber-based
amplification is challenging. In the following, some of the effects limiting the direct (i.e.,
unchirped) pulse amplification with fibers are identified and discussed.

Cumulative self-phase modulation represents one of the most dominant limitations. If
the effective fiber length is such that L7, > Ly, SPM will result in broadening of
the spectrum of an initially unchirped pulse. In Fig. 3.2, the impact of SPM on the
spectrum has already been illustrated. This spectral broadening can be utilized for pulse-
compression [46]. In this way, the peak-power can be scaled up to an order of magnitude
before degradation of pulse-contrast arises. However, active fibers exhibit a certain gain

bandwidth. Thus, the interplay of gain and SPM-induced spectral broadening will re-
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3.5 Self-similar propagation and amplification

sult in strong spectral shaping of the original spectrum. This is particularly problematic
for an amplifier chain, and contrasts the idea of amplification where the shape of the
pulse and spectrum are approximately preserved. An broadband external compression
is required to compensate for the chirp due to the nonlinear action. The output pulse-
contrast is degraded due to side pulses, which originate from the SPM-process and high
order dispersion during amplification or compression. Furthermore, small perturbations
of the input pulse, e.g. in form of weak post-pulses, may increase due to parametric
amplification. Despite these issues, peak-powers around 10 MW have been reported for
the direct amplification using a rod-type PCF [48].

To avoid significant pulse distortions after direct amplification, the B-integral must re-
main below ~3 rad [21]. Using this value in Eq. (3.20), the output peak-powers are
restricted to < MW for state-of-the-art rod-type PCFs, and in the case of single-mode
step-index fibers (core-size ~ 15 um) to a few kWs.

Damage of the fiber endfaces is a limitation. It is expressed in terms of fluence Fyamage,

for fused silica and spectral center wavelength Ao ~ 1 pm, it is given by [7]
Famage = 22(A7)%4J fem?, (3.21)
were AT is the pulse-duration in nanoseconds. The formula is accurate for A7>10 ps,

for pulse-durations ~ 1 ps the damage fluence is around 2 J/ cm®. For ultrashort pulses,

the extraction of stored energy is usually limited by this damage fluence threshold.

Damage of the fiber amplifier can be also due to Self-focusing, which is the spatial
analogue of SPM [49]. It causes a damaging focus within the fiber. The critical peak-

power is & A3/(8ngns), where ng is the index of the core and )\ is the central wavelength.

3.5 Self-similar propagation and amplification

An attractive feature of self-similar propagation in normal-dispersion amplifiers is that
it allows for highly nonlinear propagation, typically exhibiting B-integrals of tens of
radians. The pulse evolves into an asymptotic parabolic pulse possessing a linear chirp
[44,50]. After the fiber output, this chirp can be efficiently compensated with a bulk
grating compressor. Besides the fiber parameters (i.e., 3?), gain coefficient g, and ), the
amplitude and width of the so-called similaritons are only dependent on the energy of
the initial pulse and not its specific shape. Using this concept, pulses with MWs of peak
power have been generated from a step-index Yb-doped fiber-amplifier [47]. However,
further peak-power scaling is limited by the available gain bandwidth of Ytterbium-
doped fibers. Higher peak-powers can be produced using the technique of chirped-pulse

amplification, which will be discussed in the following section.
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3.6 Concepts to generate high peak-power pulses and their limitations

3.6 Concepts to generate high peak-power pulses and their

limitations

3.6.1 Chirped pulse amplification

The energy of a solid-state laser can be directly boosted via the resonator length or
cavity dumping [51-53]. However, the key technique to produce high peak-power pulses
is chirped pulse amplification (CPA), in which the low-energy signal pulse is stretched,
amplified, and recompressed [54]. Fig. 3.3 illustrates such a master oscillator power
amplifier (MOPA). The chirping of the pulse corresponds to a lowered peak-power which
reduces cumulative nonlinear effects during amplification and also increases the damage
threshold. To restore the original pulse-duration at the output of a linear CPA-system,

the residual phase including all higher-order terms must be cancelled.

A

ultrashort pulse
oscillator

stretcher
Tt

amplifier ‘ ‘

Figure 3.3: Schematic of the technique of chirped pulse amplification.

Monolithic stretchers/compressors

An all-fiber laser-system is a turn-key, ultra-stable, compact source, which is useful for
many real-world applications. The integration of optical components in ns-pulse fiber
systems is possible (see section 2.4). In fiber-based ultrashort pulse amplification, a
stretcher and a compressor are additionally required. The incorporation of these com-
ponents is challenging.

There have been several demonstrations of fiber-based CPA-systems employing chirped
fiber Bragg-gratings (CFBG) as the stretching unit, e.g. [55]. However, the fiber-based
compressors are prone to nonlinear effects (due to the small mode-areas), which preclude

the generation of high peak-intensities. Air-core Photonic band-gap fibers can be used
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Figure 3.4: Schematic of a setup of a grating-based stretcher, and the corresponding com-
pressor (grey background)

for compression. However, the dispersion is inherently related to loss, and exact phase-
compensation is an issue. The pulse-energies from these all-fiber systems are restricted
to the pJ-level. Chirped volume Bragg gratings (CVBG) exhibit larger apertures. Such
compact fiber CPA-systems enable higher output pulse-energies [56]. However, currently
available CVBGs are perturbed in phase and amplitude (due to the writing process). If
nonlinear effects are present during amplification, the output pulse-quality is degraded.
This will be experimentally demonstrated in section 6.1.

The combination of monolithic stretchers (e.g. fiber-stretchers, CFBGs) and diffraction-
grating-based compressors allows for higher pulse-energies. Such a configuration still
maintains a high degree of compactness and stability. However, exact phase-compensation
requires matched CFBG-stretchers, which typically show small phase- and amplitude
modulations. If nonlinear effects are present, degradation of pulse contrast is a conse-

quence. This will be theoretically discussed in section 5.

Diffraction-grating-based stretchers/compressors

Phase-matching is easily accomplished when both the stretcher and compressor are set
up with bulk diffraction gratings. Even if compactness and stability are sacrificed, such
systems are interesting for a number of applications, e.g. material processing, as they
deliver high average powers (> 50 W) and high pulse-energies (~ 1 mJ). The generation
of such high power levels requires dielectric gratings [57], which avoid thermal load and
damage in the compressor, as well as deformation of the beam. In reflection those highly
efficient gratings can handle kWs of average-power.

The principles of grating-based stretching and compression are described in detail in

[58-60]. Fig. 3.4 shows that the stretching is accomplished by the frequency-dependence
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3.6 Concepts to generate high peak-power pulses and their limitations

of the path-lengths at the second grating of the stretcher. This grating-based stretcher
produces an up-chirp. As can be seen in Fig. 3.4, the stretcher requires an imaging sys-
tem [60]. However, lenses introduce additional dispersion, which cannot be compensated
for by the compressor, therefore, reflective optics are required if the best compression is
a goal. Real-world stretchers employ telescopes of the Newton- or Offner-type, where
the latter minimizes the aberrations inherent to the imaging system [61]. The com-
pressor is less complex: it is a double passage through a grating-pair, as shown in Fig.
3.4. Dielectric gratings exhibit efficiencies close to 100% [57], and thus enable high
compressor-efficiencies. The stretcher requires more optical elements, and thus shows a
lower transmission. Therefore, up-chirped pulse amplification is advantageous in terms
of efficiency. However, there also exist systems for which down-chirped pulse amplifica-
tion is superior [62].

To reduce nonlinear effects during fiber-based chirped pulse amplification, strong stretch-
ing is required. The larger the stretching ratio the lower the influence of nonlinearity.
This places several practical limitations. For example, a dielectric grating with a width
of ~ 0.35 m is required to stretch the pulses to durations around 2 ns (if the full aper-
ture is used). The production of this key element is not only very expensive, it also
demands an optical substrate with a very good surface quality (< A/10). Furthermore,
the surface qualities of all optical elements must be excellent in order to avoid phase
perturbations [63]. In spite of these issues a 2 ns pulse stretcher has been realized in our
lab. Currently, durations of the stretched pulses around 2 ns are regarded as the frontier.
Due to self-focussing, this corresponds to an ultimate pulse-energy ~ 8 mJ (however,

the threshold for surface damage is usually much lower).

3.6.2 Large mode area fiber-amplifiers

Nonlinear effects are strongly influenced by the design of the fiber. In section 3.3.1 it
has been shown that the amount of accumulated self-phase modulation is directly pro-
portional to the effective length L.¢¢, and is inversely proportional to the effective mode
area A.ss of the fiber-amplifier. Thus, the Kerr-effect can be reduced if the core of the
fiber is enlarged and its effective length is shortened.

To improve the performance of fiber-amplifiers, the design and fabrication of novel active
large mode area (LMA) fibers is a key subject. However, the design of practical LMA
fibers is challenging: To achieve good beam quality and pulse quality at the output of
the fiber amplifier, the laser radiation must propagate in form of a single mode inside
the active fiber. The condition for fundamental mode operation is V < 2.405. To fulfill

this special requirement for larger core-sizes, the numerical aperture (NA) of the fiber
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Figure 3.5: Electron microscope image of the entire endface of the rod-type waveguide (left),
and a zoom into the micro-structured region (right).

must be decreased according to Eq. 2.1.

For conventional step index fibers, the step of the refractive index profile is controlled
during the production process. Using techniques such as modified chemical vapour depo-
sition (MCVD) or direct nanoparticle deposition (DND), the minimum refractive index
step is ~ 1073, corresponding to core-diameters of about 15 pum. Larger core-sizes of
conventional step index fibers must employ methods to suppress higher order modes.
These techniques include preferential gain management [64], mode filtering with differ-
ential bending losses [65] and built-in tapered fiber-sections [66]. In this way, assisted
propagation of the fundamental mode was demonstrated in fibers with core-diameters
up to 40 pm [67]. However, losses and mode-shrinking increase with larger core-sizes. In
particular, the relative shrinking of the fundamental mode is the higher the larger the
core [68]. This opposes the goal of a reduction of nonlinear effects [69].

A better control of the refractive index step between the doped core and cladding is
achieved by a micro-structuring of the fiber cross-section. In particular, the effective
index of the micro-structured cladding can be accurately adjusted by the hole-diameter
and hole-to-hole pitch, e.g. [4]. For such a single pitch design, the maximum mode-field
diameter of true single mode operation is around 30 pm because manufacturability and
reproducibility of hole sizes are issues of the fiber-drawing process [70].

To permit larger areas of the (fundamental) mode, state-of-the-art LMA fibers are not
strictly single-mode [71]. In the following, the so-called rod-type photonic crystal fiber
(PCF) is presented [71]. It possesses a parameter V ~ 3. Currently, it is the state-of-the-
art LMA fiber. This fiber will be used in some of the experimental systems. Some of the
issues limiting the enlargement of mode area are discussed in the following. However,
the evolution of practical LMA fibers is an ongoing research process, therefore, future

developments are anticipated.
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3.6 Concepts to generate high peak-power pulses and their limitations

Fig. 3.5 shows an electron microscope image of this rod-type PCF. It is a 19 missing-
hole-design, which is realized by removing three inner ’circles’ from the micro-structure
of the cladding. The rod-type waveguide has an active core with a mean diameter of 85
pum and it is surrounded by three 'rings’ of air-holes (pitch A = 14.9 pm, hole size d =
0.1A). The pump core has a diameter of 200 pym and is surrounded by an air-cladding
(discussed below). The NA of the pump core is ~ 0.6. The pump light absorption is 30
dB/m at 976 nm. Thus, only ~ 1 m of rod-length is required. The effective mode area
of the fundamental mode is as large as 4000 pm?, i.e. about 100 times larger than that
of a standard step index fiber. The outer diameter of the whole structure is 1.5 mm;
this rigid design is required since the weakly guiding rod-waveguide is ultra-sensitive to

bending in terms of propagation loss and mode distortion.

It is worth noting that there is some degree of higher order mode suppression. In partic-
ular, the propagation losses of the modes depends on the relative hole size. The smaller
the relative hole size d/A, the higher the loss for all modes. However, at common fiber-
lengths of ~ 1m efficient mode-discrimination is not possible. Moreover, a trade-off
between the loss of the fundamental mode and the number of higher-order modes must
be found.

Therefore, during amplification mode discrimination turns out to be the main challenge.
In particular, the effect of spatial gain saturation is significant [72,73]. This drawback
can be diminished by doping the central region of the core. In particular, it results in a
higher gain for the fundamental mode, and thus in preferential gain management [64,74].
However, index matching during fiber-manufacturing is challenging. Furthermore, at the
same doping level, a longer fiber-length is needed in order to produce a comparable out-
put pulse-energy. In turn, this increases the efficiency of nonlinear effects and reduces
the saturation energy. Higher doping levels are limited by the phenomenon of photo-
darkening [17].

Besides the large mode areas, another advantage of the PCF technology is that the inner
cladding can be encircled by a so-called air-cladding [75]. Allowing for a high NA of the
pump-core (up to 0.8), the diameter of the pump-core can be decreased. Together with
the larger signal core, this results in an improved overlap of the pump light with the
doped area. This reduces the absorption length compared to conventional double clad
fiber amplifiers. In this way, the effective length can be significantly decreased, and thus,
nonlinear effects can be reduced. Furthermore, these fibers are ideally suited for high

power operation since the radiation has no direct contact to the coating of the fiber.
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4 Analysis of nonlinear chirped-pulse amplification

The technique of chirped-pulse amplification (CPA) significantly lowers the magnitude
of SPM during amplification [54]. In fiber-based systems, the strength of SPM can be
further reduced by using large mode-area (LMA) fibers [71]. Despite these methods,
SPM arises in state-of-the-art fiber CPA-systems that produce sub-picosecond pulses
with energies in the mJ range [76]. There are two major reasons. First, the stretching of
the pulses is limited to factors of about 10*. Second, the size of the mode area of single
mode fibers is limited. In the previous sections these limitations were discussed in detail.
To further increase the pulse-energy of fiber-based CPA-systems, the pulse-amplification
should allow for some degree of SPM.

In this chapter, an analytical model for nonlinear CPA-systems is derived. The key
parameters that govern such systems are identified. This is followed by introduction of
a figure of merit for the output pulse-quality. To compensate the impact of SPM on the
chirped pulses, a first course of action is usually the adaptation of the compressor. The

associated decrease of output pulse-quality with increasing B-integral will be discussed.

4.1 Analytical model for NLCPA

A model for nonlinear CPA-systems must quantitatively describe the three main stages:
the stretching of the ultrashort pulses, the nonlinear propagation of these chirped pulses
in the amplifier, and the compression of the amplified stretched pulses.

A numerical approach would model the stretching by using Eq. (3.4), the nonlinear
amplification can be described by the generalized nonlinear Schrédinger equation (3.15),
and the compression is described similarily to the stretching by employing Eq. (3.4).
The description of the stretcher and compressor requires the spectral phases generated
by these devices, e.g. in form of analytical expressions [58].

Numerical calculations are usually performed to obtain the final design of an experimen-
tal system. However, to specify design guidelines, an analytical model is helpful. In the
following, such a model will be derived by making a few reasonable assumptions. The
simple theoretical model rapidly predicts useful parameter configurations for optimiza-

tion of femtosecond fiber amplifiers in the presence of SPM.
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4.1 Analytical model for NLCPA

To obtain this analytical model, the main points are: (i) derivation of an analytical
expression for the stretched pulse, then (ii), the nonlinear propagation is treated, where
the impact of SPM on the stretched pulse is separated from the effect of dispersion. For
strong stretching of the pulse, the magnitude of the stretching phase is substantially
higher than the phase-shifts resulting from dispersion during amplification. Thus, the
pulse-shape does not significantly change during the acquisition of SPM, which is propor-
tional to the intensity of the pulse. Thus, the separation of the two effects is justifiable.
In particular, at first, the nonlinear amplification is treated analytically without disper-
sion. (iii) The amplified pulse is expressed in the frequency-domain. (iv) The phase due

to dispersion is added, and (v) the compression is described.

To derive an expression for the stretched pulse, the Fourier-integral of Eq. (3.4) must
be analytically integrated using the method of stationary phase, e.g. [46]. To apply this
method, the pulse must be transform limited. Furthermore, if a fiber stretcher is em-
ployed, then nonlinear effects should not occur during stretching. Another precondition
is, that the third-order term of the stretching phase 4 (Q2) has to be small compared
to the magnitude of the second-order term, which is valid for most common stretchers.
Typically, the ratios )(j)g’)AQ /(3" gbg))‘ are in the order of 1072 for bandwidths of a few
THz. Thus, the third-order term can be neglected in the following analysis.

The method of stationary phase assumes that there are no significant contributions to
the Fourier-integral from fast varying phase-terms with frequency, but only from the
stationary points of the phase: % [@QQ — QT} = 0, which is equal to ), = T/qbg).

QS

Then, Eq. (3.4) can be approximated by

1 T? ~ T
Aqg(T) ——exp | —i1—= | Ao | = | - (4.1)
—i97 ’¢(2)‘ ( 2¢g)> ’ (Qsi?))

st

Where gbg) corresponds to the slope of the stretching chirp. The intensity-pulse is then
given by |4y (T)* = 7 s (T/0?)) / (2r [0
is denoted by s () (the normalization is maz [s(Q2)] = 1), and F is the peak of the

spectral amplitudes. This means that the shape of a stretched pulse mimics the shape

), where the normalized power-spectrum

of the spectrum. Fig. 4.1 illustrates the mapping of the spectrum into the time-domain.

Due to the Kerr-effect, the pulse will acquire self-phase modulation during amplification
[34]. The pulse propagation is determined by the interplay of dispersion, SPM and
gain. However, the impact of dispersion can be neglected since the amount of phase,
BAL(AQ)?/2, is small for pulses with spectral bandwidths of a few THz in state-of-
the-art rod-type waveguides of short length (L ~ 1 m) where 3®) = 25 ps?/km (at a
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Figure 4.1: Stretching of the pulse, which corresponds to a mapping of the spectrum into the
time-domain. The spectrum is of sech?-shape.

wavelength around 1 pm) [44]. Furthermore, it is assumed that higher order dispersion,
and other nonlinear effects, such as stimulated Raman scattering, are negligible. Thus,

the amplification is dominated by SPM and can be expressed as
. Eq.(4.1 VG . ~ T
Ay (T) % VG A (T) exp (i Legs | Aw (T)) 2 22— exp (i(T)) Ay <<2>>
—ion ‘Qf)g) ¢st

(4.2)
The amplification is described by the energy-gain factor G. In all of the experiments, the

pulses exhibit only small bandwidths and the gain can be considered spectrally uniform.
Once the impact of the finite gain bandwidth on the spectrum is noticeable, the behavior
of the CPA-system is too complicated to be handled with a simple model. In this case,
calculations must employ the generalized nonlinear Schrodinger equation including the
gain dynamics, e.g. [30]. For a spectrally uniform exponential gain, G = exp (gL), the
effective length is given by L.y = (exp (¢L) — 1) /g. The temporal phase is given by
o(T) = —T2/(2¢g)) +B-s <T/¢g)> The phase consists of one part due to stretching,

-T2/ (2¢§§)) and the SPM term, where the B-integral is given by:

B = yLeppmax|| Ay (T)°] = vLes F2/ (27 [6F)]). (4.3)
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Figure 4.2: Influence of self-phase modulation on the chirp of the stretched pulse. The initial
spectrum is of sech?-shape. The B-integral of the nonlinear propagation is B= 20 rad. To
highlight the deviation from the linear (stretching) chirp, the difference is multiplied by 10.

To add dispersion and to describe the compression of the pulses, the amplified pulse

must be expressed in the frequency-domain, i.e. a Fourier-transform is necessary:

~ (T
Ay ( /dT exp (iQT") exp (ip(T)) Ay <(2)> . (4.4)
i ¢<2> st

The method of stationary phase is used to evaluate the Fourier-integral. The stationary
points must fulfil the condition: % QT + ¢(T)]
T

E]

= 0 which is equal to

O=T,/6 — B - ds(T/6) (4.5)

In the case of smooth initial spectra and strong stretching, the chirp still corresponds

to approximately linear one-to-one mapping between time and frequency, and the term

—B-ds(T/ ¢§>) / dT‘ can be neglected. The stationary points are given by T' = gbg)ﬂ,
T.

and the complex specEral amplitude can be approximated as
¢(2)
Aamp (Q) = VG A (Q) exp | i2-0? | exp (iB s (Q)). (4.6)

This expression reveals a key result: the shape of the spectral phase due to SPM is

determined by the shape of the (normalized) spectrum and has the magnitude of the
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B-integral value. It must be stressed that the Kerr-effect is usually described with the
intensity-dependent refractive index in the time-domain, however, Eq. (4.6) describes
the resulting impact in the frequency-domain.

Eq. (4.6) is based on the assumption that the accumulated SPM does not cause
significant spectral broadening. The change of the spectrum can be determined by
using the expression for the new instantaneous frequencies Q,,, Eq. (4.5), where
the input frequencies are Q;, = T/ qbg) An approximate expression is then given by
Qout = Q@ — £55'(Q). A linear expansion of s'(2) around the central frequency Q = 0

yields s'(€2) = const — |s”(0)]- 2+ ..., and the relative broadening is estimated as follows
AQmZS; AQ'LTL _ % ’S//(O)‘ x (2) B :
in ¢st gbst (AQWL)Q

where it is assumed that the spectrum s is a function of the ratio (2/AQ;,). The

(4.7)

amount of broadening is dependent on the ratio of the B-integral value to the magnitude
of stretching phase, which typically exhibits values of a few hundred radians. Thus, the
spectrum remains almost the same, consequently, Eq. 4.6 can be applied.

It must be stressed that in the cases of non-smooth spectra [77,78], initial phase ripples
[79], Eq. (4.6) is not applicable. The influence of these perturbations is discussed in
more detail in chapter 5. Furthermore, it is also not valid for weak stretching of the
pulses [80]. In particular, in this cases the term —B - ds(T/ qﬁg)) /dT . results in a

multiple-point-to-point configuration for the chirp.

As mentioned in the beginning of this section, in the case of strong stretching, the impact
of Kerr-nonlinearity can be separated from the effect of dispersion. A small amount of
dispersion can be introduced in Eq. (4.6) by multiplication with the term exp (iggsp (€2))-
To describe the spectral phase at the output of the system, the phase of the compressor,
Yo, Must also be added. Since the phases imposed by the stretcher (pg = ¢§?QQ /2)
and the compressor are also a result of dispersion, all the phase-contributions can be

cast into a single parameter for simplicity
¥$D = Pst + Pdisp + Peo- (48)
After the compressor the amplitude of the output pulse is given by

Ay (T) ~ VGF / g exp (—iQT)/5 (Y exp (ilpp + Bs(Q)),  (49)

since the pulse is transform-limited at the input of the system, it is written as A, Q) =
F\/s(2). Eq. (4.9) reveals the key parameters of a nonlinear CPA-system: at a given
energy level, the output peak-power, P, = max|Aq, (T)]?, is only dependent on the
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4.2 Evaluation of the pulse quality

shape of the spectrum s (€2), the B-integral and the total phase due to dispersion, ¢p.
It is worth noting that an expression similar to Eq. (4.9) has already been given in
Ref. [81] but without derivation. Here, this key result has been analytically deduced,
and all approximations have been highlighted.

4.2 Evaluation of the pulse quality

The output pulse-quality can be measured using the Strehl-ratio, which is the ratio of

the output peak-power to the peak-power of the transform-limit [82]

g _ Pour (s, B,¢p) (4.10)

Pout (57 07 0)

In this thesis this quantity is also denoted as relative peak power. Furthermore, the
phrase ’best compression’ refers to the highest Strehl-ratio (if not specified otherwise).
To achieve best compression, the Fourier-transform of Eq. (4.9) must be numerically
evaluated. Compared to a full numerical approach, the advantage of the analytical model
is, that the stretching and the compression do not have to be explicitly modelled. In
particular, only the sum of the spectral phase-terms is important. To find the point
of best compression, ¢p may be replaced by a single parabolic phase with variable
magnitude. The analytical model permits a fast calculation, which is advantageous if

many design-parameters are varied.

4.3 Partial compensation of SPM using the compressor

The action of SPM causes the phase-term B - s(Q) at the output of the amplifier of
the nonlinear CPA-system. To produce (nearly) transform-limited pulses at the output
of the entire CPA-system, this spectral phase must be compensated. In particular, a
compensation requires positive dispersion. This can be shown by a Taylor-expansion of
the term B - s (92):

B-s(Q)=DB"[s"+ sWQ + sP0?%/2 + higher-order terms] . (4.11)

For standard spectral shapes, such as sech? or Gauss, the coefficient s is negative, and
thus, positive dispersion is demanded. Furthermore, it can be seen that the higher order
terms will prevent perfect phase compensation. The associated residual phase causes a
degradation of pulse quality. This will be discussed in the following.

Emphasis is placed on CPA-systems that employ LMA-fiber-amplifiers. Because of the
short lengths (~ 1 m) of these amplifiers, dispersion is negliglible (for pulse durations >

100 fs). To partially compensate SPM, positive dispersion is produced by the stretcher-
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Figure 4.3: (a) Simul(at)ion of the residual spectral phase at the outp(ut)of a nonlinear CPA-
system for different B-integrals. The phase is shown at the point of best compression (i.e.
highest Strehl-ratio). The input is a transform-limited sech?-pulse; (b) corresponding autocor-
relations. Delay measured in units of the FWHM at the transform-limit (TL).

compressor mismatch. In the following, it is assumed that the contribution of TOD is
negligible. The phase is approximated by a parabolic term, pp = {gbg) + gbg)} 02/2, with
the sign of ¢4 being opposite to ¢.,. Since the second derivative of the spectral shape,
5 is negative for standard shapes, the compensation of SPM requires a positive value
for Ap® = [ébg) + ¢£,2))} . Thus, for the common case of up-chirped pulse amplification,
the magnitude of the compressor phase has to be reduced. Using Eq. (4.9), the output
pulse of the CPA-system is now described by

ApPQ?

s tB s(Q)D. (4.12)

Ao (T) = VGF / % exp (—iQT) /s (Q) exp <i {

For a given spectral shape s () and B-integral, the parameter A¢®) is varied to achieve
the best compression. In this way, the residual spectral phase at the output of a real
world nonlinear CPA-system can be simulated. It must be emphasized that the compen-
sation does not imply a simple cancellation of the parabolic term of the phase B - s (Q2)
since (according to Eq. (4.12)) the residual phase at the output has to be weighted
with the spectral amplitudes. Fig. 4.3(a) shows that over-compensation with parabolic
phase-terms results in the highest peak-power. The initial spectrum exhibits a sech?-
shape, which describes the signal generated by a mode-locked oscillator of soliton-type.
It can be seen that the compensation of B - s (£2) with the parabolic phase due to the
stretcher-compressor-mismatch is the best in the center of the spectrum. However, the
higher the B-integral, the higher the phase-shifts at the edges of the spectrum. This
discovery has led to an experimental method improving the pulse-quality of a NLCPA

by choosing the right spectral window of the stretcher, see section 6.1.
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Figure 4.4: (a) Simul(ati)on of the best-compressed pulse at the outp(ut> of the CPA-system for
different B-integrals. The time is normalized to the full-width at half maximum (FWHM) of
the transform-limited (TL) sech?-pulse. (b) Decrease in performance of a NLCPA: Strehl-ratio
(at best compression) versus B-integral. The markers highlight the examples shown in (a).

The residual spectral phase corresponds to temporal shifts, which cause temporal spread-
ing of the pulse. In Fig. 4.4(a) the best recompressed pulse is shown for different
B-integral values. In practice, different B-integrals correspond to different output pulse-
energies, however, the Strehl-ratio (i.e. normalized peak-power) is applied in order to
evaluate the impact of nonlinearity on the quality of the output pulse. Due to the
temporal spread of energy at higher B-integrals, this effective peak-power decreases as
a function of the B-integral. This behavior is shown in Fig. 4.4(b). Experimentally,
the decrease of pulse-quality is usually observed with an autocorrelator, therefore, Fig.

4.3(b) shows the corresponding degradation of the autocorrelation.

To summarize, the impact of SPM on a strongly stretched pulse can be approximated by
a spectral phase, which exhibits a profile very similar to the spectral shape and a max-
imum phase-shift according to the B-integral. Compensation of SPM requires positive
dispersion. This is a new insight into the nonlinear propagation of chirped pulses. It is
worth noting that negative dispersion is usually associated with the cancelation of SPM
for nearly transform-limited pulses. An adaptation of the compressor allows only partial
compensation of the SPM accumulated by the chirped pulses. Having introduced the
Strehl-ratio as a measure for the pulse-quality, it could be shown that the relative peak
power decreases with increasing B-integral. This is in accord with previous findings,
e.g. [83], stating that modest values of accumulated nonlinear phase, B ~ 1 rad, limit
the achievable peak-power and pulse-contrast. Moreover, the analysis paves the way for
the design of novel methods to control the impact of SPM in CPA-systems. Before this

topic is adressed, the influence of perturbations will be discussed in the next chapter.
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5 Stability analysis of nonlinear CPA-systems

In the preceding chapter ideal pulses have been considered. However, most real pulses
show at least one of the two main kinds of perturbations: spectral amplitude-modulations
and spectral phase-modulations. As will be shown in the following, these lead to a degra-
dation of the pulse-contrast at the output of nonlinear CPA-systems.

The case of a spectral amplitude-modulation is illustrated in the first row of Fig. 5.1.
This distortion may be caused by a double internal reflection in any optical component
before the amplifier. In turn, this creates a post-pulse that follows the main pulse. Corre-
spondingly, the spectrum shows spectral interference. These modulations will be super-
imposed on the envelope of the stretched pulse, too. During the nonlinear propagation
in the amplifier of the CPA-system, the stretched pulse acquires self-phase modulation
due to the intensity-dependence of the refractive index. Thus, the intensity modulation
also results in a temporal phase-modulation. Ultimately, this phase-modulation causes
a splitting of the pulse. The spatial analogue of this process is the diffraction of a beam
by a phase-grating. The lower the initial pulse-contrast and the higher the B-integral
of the nonlinear amplifier, the lower the pulse-contrast at the output of the nonlinear
CPA-system [77,78].

The second type of perturbation is an initial spectral phase-modulation. To study this
case, a sinusoidal phase is considered for simplicity. In the second row of Fig. 5.1, it is
shown that a sinusoidal spectral phase-modulation and a smooth power-spectrum result
in multiple pulses in the time-domain. Theoretically, the number is infinite, however,
only a few orders are relevant as the magnitude of the side pulses depends on the depth
of the phase-modulation which is small. The stretched pulse also shows intensity mod-
ulations [84]. As in the previous case, due to the Kerr-effect, this modulation results
in a temporal phase-grating and in an ultimate splitting of the pulse. With increasing
B-integral, the modulation depth of the temporal phase-grating rises, and thus, a larger
amount of pulse-energy is transferred into the side-pulses. In addition to the B-integral,
the efficiency of this process is determined by the depth and period of the initial spectral
phase-modulation, and the strength of the stretching chirp [79].

The two types of modulations differ regarding the impact of the stretching process on the
shape of the stretched pulse. However, any modulation superimposed onto the stretched

pulse will cause a pulse-degradation at the output of the CPA-system.
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Figure 5.1: (a) Spectral amplitude-modulation, which is due to a post pulse that follows the
main pulse (b). The constrast is 40 dB and the delay is 10 ps. (c): The modulated stretched
pulse, (d) Spectral phase-modulation, i.e. a smooth intensity spectrum with a weak sinusoidal
spectral phase-modulation (modulation depth is d=0.02, spectral modulation frequency is 10
ps), (e) this corresponds to a transform-limited multi-pulse in the time-domain, with (f) a
modulated pulse in the stretched state

This chapter is organized as follows. In the first section the influence of weak post-pulses
on the pulse-contrast at the output of nonlinear CPA-systems is discussed. These theo-
retical considerations are motivated by the experimental observation of distorted spectra
at the output of nonlinear amplifiers. Then, the degradation of the pulse-contrast in the
time-domain is analyzed in detail, concluding that this degradation manifests itself in
the generation of pre- and post pulses. The focus of the analysis is placed on obtain-
ing analytical results, as they are quite valuable for the design of practical systems. In
particular, the build-up of the side pulses can be described by simple formulas. These
expressions allow for an accurate estimation of the degradation of the pulse-contrast.
Specifically, the relative intensities and temporal delays of the side pulses can be de-
termined. The final section describes the impact of an initial phase-modulation on the
performance of nonlinear CPA-systems. As the analysis is quite similar to the case
of a spectral amplitude perturbation, emphasis is placed on the presentation of simple

analytical results estimating the degradation of pulse-contrast.
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5.1 Influence of a weak post-pulse

5.1 Influence of a weak post-pulse

5.1.1 Experimental observation of spectral distortions

Nonlinear fiber-based CPA-systems running at B-integrals of tens of radians, e.g. [85],
typically show an enhancement of any weak spectral modulation superimposed on the
envelope of the input spectrum. The spectrum at the output of the nonlinear amplifier

shows the same modulation-period, but the ripples are more pronounced the higher the

output power.
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Figure 5.2: (a) Experimental and simulated spectrum of the superposition of a pulse and a
weak post-pulse, (b) spectra after nonlinear amplification (B = 3 rad).

To identify the reason for this observation, a well-defined spectral modulation was in-
tentionally produced. A post-pulse was generated by a double reflection in a glass plate,
which was placed in between the oscillator and the stretcher of the CPA-system. Fig.
5.2(a) shows the experimental spectrum (red curve), and the corresponding numerical
simulation (blue curve). The delay of the post-pulse is about 10 ps and the ratio of
post to main pulse is about 2.2%. The pulse is stretched to about 170 ps in an optical
fiber (without any impact of SPM), and is then amplified in an Ytterbium-doped fiber.
During amplification, the pulse acquires SPM. The B-integral is about 3 rad. Fig. 5.2(b)
shows that the output spectrum is distorted. The simulation of the amplification only
includes the Kerr-effect and an exponential energy-growth, and in spite of this, it is able
to accurately predict the output of the system. Therefore, the Kerr-effect is identified as
the main cause for the enhancement of the modulations. A similar behavior is observed
without the glass plate, i.e. operating the amplifier with the master oscillator’s inherent

pulse-contrast and at higher B-integrals.
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5.1 Influence of a weak post-pulse

5.1.2 Analysis of pulse-contrast degradation

In the following, the degradation of pulse-contrast is shown to be the main issue of a
more general distortion mechanism. This includes the identification of the key parame-
ters being responsible for the pulse-contrast degradation. The analysis aims to provide
analytical results, as they are quite valuable for the design of practical systems.

The superposition of the amplitudes of the main-pulse and the post-pulse is given by
Ay = Ao (T) + V1A (T — At) (5.1)

where the temporal delay and the intensity ratio of the post pulse are denoted, respec-

tively, by At and r. The spectrum shows spectral interference in the form of
- . 2
Ag () + VrAg (Q) exp (IQAL)| = F? s(Q) [1+ r+ 2/ cos (QAL)] . (5.2)

[ AT exp (iQT) Ao (T)[* / F2.
And F is the peak of the spectral amplitude. The delay At can be regarded as a

Where s (€2) is the normalized spectrum of the main pulse,

spectral modulation frequency. Fig. 5.3 shows the joint time-frequency representation
of the stretched state of the main pulse and its weak post pulse. In Fig. 5.3(c), the
spectral interference can be seen. A weak side-pulse causes a strong modulation in the
spectrum. In Fig. 5.3(c), the peak-to-valley modulation of the spectrum is about 4%,
which corresponds to a 40 dB intensity-contrast in the main- to the post-pulse.

The stretched state of the main pulse and its weak post-pulse is given by
o L\ T .
/ exp (—iQT) exp < > [AO (Q) + VrAy (Q) exp (iQAL) |, (5.3)

where ¢ is the slope of the stretching chirp, € is the instantaneous angular frequency
(2 = w—wp), and T is the time in a reference frame moving at the group velocity
(evaluated at w = wp). The third-order dispersion during the stretching process has
little impact, and is neglected. In this way, simple analytical expressions can reveal
the key mechanisms at work. The analytical integration of Eq. (5.3) uses the method
of stationary phase [46]. It is assumed that fast variations of the spectral phase do
not contribute to the Fourier-integral, thus, only the stationary points of the phase are

relevant. Therefore, Eq. (5.3) can be written as
F - {@-an? T — At
All) = s [ o () + v ()|
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Figure 5.3: Stretched state prior to nonlinear amplification: (a) the stretched pulse with
500 ps FWHM. (b) the linear stretching chirp maps the spectrum into time-domain, (c) the
(parabolic) spectrum. The spectral modulations have a frequency of At = 10 ps. (d) parabolic
spectral phase, and (e) parabolic spectral phase corresponding to the linear chirp. The state
after nonlinear amplification is shown in Fig. 5.4.

To evaluate the impact of the Kerr-effect, the intensity must be calculated:

F2 T T — At
AT = 52 [S <¢<2 > s <¢<2>>
+2\/Ts <T> s (T_At) CoS <TAt - (At)2>

o) 6 0@ 200

This analytical description agrees with the numerical result shown in Fig. 5.3(a). The

(5.5)

stretched pulse mimics the shape of the spectrum. The linear relation between frequency
and time is also evident from the linear chirp that is shown in Fig. 5.3(b). The chirp is the
temporal evolution of the instantaneous frequency (i.e., the difference of frequency and
carrier frequency). The corresponding parabolic stretching phases in time and frequency-

domain are plotted in Fig. 5.3(d) and (e), respectively.
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Figure 5.4: State at the output of the nonlinear amplifier when starting with the input shown
in Fig. 5.3: (a) stretched pulse. (b) chirp with modulations due to SPM, (c) spectrum. (d)
residual non-parabolic spectral phase at the output of the CPA-system due to the nonlinear
action. (e) self-phase modulation (blue curve) which adds onto the existing stretching phase
shown in Fig. 5.3(e), and its non-parabolic part (magenta curve).

Eq. (5.5) can be simplified when the temporal broadening is large compared to the delay
of the post pulse, P AQ > At (where AQ is the bandwidth of the spectrum). Then,
the term [s(T/¢®)s((T — At)/$™P)]*/? can be replaced by s(T/¢?). It is also assumed
that the spectrum s(€2) is slowly varying.

As already pointed out, because of the Kerr-effect during the nonlinear amplification,
the stretched pulse will acquire a temporal phase which is proportional to the intensity.

The amplified stretched pulse is given by
Awmp (T) = Ay (T) VG exp (ivLeys | A (T)]?). (5.6)

If the growth of signal intensity along the gain-medium is approximately exponen-

tial (G =~ exp(gL)), then the effective length of the amplifier is given by L.;; =

47



5.1 Influence of a weak post-pulse

(exp (¢L) — 1) /g, where the gain-coefficient, g, is assumed to be spectrally uniform.
The fiber nonlinearity parameter is labeled v (see Eq. 3.16). With these parameters the
B-integral of the nonlinear amplifier can be expressed as in Eq. (4.3), under the assump-
tion, that the peak-power of the main pulse is much higher than that of the post-pulse.
Dispersion was neglected in Eq. (5.6). This assumption is reasonable since the length
of the main-amplifier of a practical high-energy fiber CPA-system is such that L. < Lp.
According to Eq. (5.6), the intensity modulations superimposed onto the envelope of
the pulse are transferred to the temporal phase. This is shown in Fig. 5.4(e). It can
be seen that the total temporal phase consists of the stretching phase, —72/(2¢®), and
the phase contribution due to SPM. In Fig. 5.4(e), the blue curve corresponds to the
nonlinear phase-term only. The total phase is not shown since the magnitude of the
stretching phase is substantially higher than the magnitude of the nonlinear phase (20
rad for the example shown).

To discriminate between the effects induced by the envelope and the modulations super-
imposed onto it, a parabolic envelope is used in Fig. 5.3 and Fig. 5.4. In particular, the
nonlinear propagation of the parabolic envelope results in a linear contribution adding
to the linear stretching chirp, Fig. 5.4(b), which can be efficiently compensated by the
compressor of the CPA-system. On the other hand, the nonlinear ripples of the chirp
are solely due to the modulation which is superimposed onto the envelope. The non-
parabolic part of the temporal nonlinear phase is the magenta curve shown in Fig. 5.4(e).
Using Egs. (5.5) and (5.6), it can be demonstrated that in the center of the stretched
pulse the modulation has has a peak-to-valley depth of B4./r. Eq. (5.5) expresses that
the amplitude of the modulation follows the shape of the spectrum, as shown by the
magenta curve in Fig. 5.4(e). This modulation can be interpreted as a temporal phase-
grating.

To evaluate the energy transfer to the side pulses (i.e., temporal diffraction orders) caused
by this temporal phase-grating, a few assumptions are made: In general, the sinusoidal
phase-modulation acts on both the main and the post-pulse. However, the energy is
primarily contained in the main pulse. Thus, the weak post-pulse is neglected in the
calculation, although its impact is described via the phase-modulation. Furthermore,
the nonlinear temporal phase is reduced to the sinusoidal contribution (i.e., only the last
term in Eq. (5.5) is kept) and the slowly varying shape of the amplitude of the modula-
tion is neglected, i.e. s (T/¢(2)) ~ 1 in Eq. (5.5). The phase term that is considered in
the following, is represented by the grey curve plotted underneath the magenta cuve in
Fig. 5.4(e). This way, the approximation would only be exact at the center of the pulse

and would result in higher intensities of the side pulses. To account for the pulse-shape,
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Figure 5.5: (a) Numerical calculation and analytical result (Eq. (5.9)) of the pulse after the
nonlinear CPA-system (B = 20 rad), the input (B = 0 rad) is also shown, (b) total intensity
in the side pulses relative to the intensity of the main pulse as a function of the value of the
B-integral and for different initial pulse-contrasts r [dB].

a profile-factor p is introduced. For standard spectral profiles p is about 0.7. This value
can be regarded as a weighting factor [86]. Thus, Eq. (5.6) can be written as

o exp (&) - /T _T? , At (At
Aamp (T) ~ mAO @ exp 72@ exXp | ta cos Tﬁ — 2¢(2) .
(5.7)
Where pB2,/r is substituted by the parameter a. Using the definition of the generating

function for the Bessel-functions [87],

exp (ia cos(x — b)) = Z I (@) @™ exp (—imax) exp (+imb), (5.8)
the last phasor in Eq. (5.7) can be expressed in terms of Bessel-functions. The compres-
sion of this stretched multi-pulse signal can also be described analytically [78]. Hence,

the final expression for the recompressed multi-pulse is given by

Aout (T') = exp <g2L> Z " I (@) Ao (T + mAt) exp (ippet(T)) (5.9)
where A A
tT t
©PN(T) = —m o) +m(1—m) <2¢(3) . (5.10)

These equations show that the energy transfer into the side pulses is determined by the

amount of accumulated nonlinear phase-shift (i.e., the B-integral), as well as the initial
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pulse-contrast r. The pulse-contrast at the output of the nonlinear CPA-system is not
a function of the delay of the post-pulse At [78]. In particular, for small values of the
parameter a, the intensity of the first-order pre- and post-pulse relative to the intensity

of the zero-order pulse can be approximated by

2
T2 (a) ~ “Z ~ 2B, (5.11)

where p? is approximated by 0.5. Thus, the decrease of pulse-contrast is quadratic with
the B-integral, and it is linear with the initial pulse-contrast r.

Fig. 5.5 shows the numerical calculation (based on the Fast-fourier transform), as well
as the analytical result of the pulse at the output of the nonlinear CPA-system (p~0.7).
In Fig. 5.5(b), the general behavior of the portion of energy in the side pulses relative
to the portion of energy in the main pulse, 1 — JZ(pB2+/T), is shown as a function
of the B-integral and for different initial pulse-contrasts (pa 0.7). Thus, applications
relying on a high pulse contrast demand a low B-integral of the amplification system
and a master-oscillator with an excellent pulse-contrast. At an initial (intensity) pulse-
contrast of r = 107*, 1072 or 1072, no energy will be left in the zero-order (the main
pulse) at B-integrals of 170 rad, 54 rad and 17 rad, respectively. It is important to note
that the degradation shown in Fig. 5.5(b), is due solely to the amplitude modulations.
The interaction with the envelope of the pulse will cause an additional decrease in peak-
power of the main pulse. The techniques which control the impact of SPM in nonlinear

CPA-systems (chapter 6) demand an excellent pulse-contrast of the master oscillator.
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5.2 Influence of weak spectral phase-modulation

As mentioned in the introduction of this chapter, weak initial spectral phase-modulations
constitute another origin of pulse-contrast degradation at the output of nonlinear CPA-
systems. This is the topic of this section.

This study is particularly relevant since phase-modulations are a subject of concern in
every real-world CPA-system. In particular, they can be caused by poor surface qualities
of the optical components in bulk stretchers [63], or by group-delay ripples in integrated
stretching devices, such as chirped fiber Bragg-gratings, e.g. [55], or chirped volume
Bragg-gratings (see section 6.1). Recently, the influence of an initially random phase-
modulation on the shape of the stretched pulse has been discussed [84]. The analysis
presented here goes further: the impact of the phase-modulation on the pulse-contrast
at the output of nonlinear CPA-systems is discussed. As a result of this research, the
decrease of pulse-contrast can be estimated with analytical formulas. This analysis also
reveals the key parameters. The pulse-degradation implies the generation of pre- and
post pulses. The pre-pulses are detrimental for many ultrafast laser applications, such

as high field physics (see, for example, [88]).

For the following analysis, it does not matter whether the spectral phase-modulation
is acquired before or during the stretching process in the CPA-system. It is assumed
that the high-frequency spectral phase modulation is sinusoidal, dcos (At —b). This
is a quite simple description of a real modulation, but it serves to reveal the underlying
mechanism of the process. In addition to that, useful analytical formulas can be derived.
The depth and spectral frequency of the modulation are denoted as d and At, respec-
tively. An arbitrary initial shift b is also included. The stretched state of the temporal
amplitude of the pulse is given by

Ay (T) = ;ﬂ/dQ exp (—iQ2T') exp <z¢;2)§22> exp (id cos (AtQ — b)) Ay (Q).  (5.12)

It is assumed that the sinusoidal spectral phase-modulation is a perturbation of the
stretching phase, and thus, its modulation depth is small. For example, in a bulk
stretcher, the modulation may be produced by the limited surface quality of its ele-
ments, which are on the scale of about A\/10 (i.e. 1077 m). This is small compared
to the distance that is needed for stretching to pulse-durations of 0.1 ...1 ns (i.e. the
distance is typically on the order of 10™* m). Correspondingly, the magnitude of the
stretching phase is typically about 102...10% rad. As a consequence, the depth of the

phase-modulation can be assumed to be d < 1 rad. This assumption is valid for most
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Figure 5.6: (a) Spectral phase-modulation, i.e. a smooth intensity spectrum with a weak sinu-
soidal spectral phase-modulation (d=0.02, A¢ = 10 ps), (b) in time-domain, this corresponds
to a transform-limited multi-pulse, (f) the stretched pulse is modulated.

of the stretchers used in practical CPA-systems.
In Fig. 5.6 (which corresponds to the bottom row of Fig.5.1), the depth of the phase-
modulation is d = 0.02. The corresponding transform-limited pulse is shown in Fig.
5.6(b), and the stretched pulse can be seen in Fig. 5.6(c). To obtain an expression for
this modulated stretched pulse, Eq. (5.12) is analytically integrated using the method of
stationary phase [79]. The initial spectral amplitude, Ay (€2), is assumed to be transform-
limited (i.e., constant spectral phase). The spectrum, ‘flo (Q)‘Q, is unchanged during
stretching as is expected for a multiplication with a phase-transfer function. In par-
ticular, the sinusoidal phase-modulation is expanded in terms of Bessel-functions using
Eq. (5.8). From a physical point of view, a sinusoidal phase-modulation corresponds
to temporally delayed pulses. However, in the stretched state of the pulse, these pulses
overlap, causing interference, which is the primary reason for the modulation seen in
Fig. 5.1(f). The intensity distribution of the stretched pulse can be approximated by

- 2

, [ (@6

A (D)~ [Jg(d) + Jo(d)Jy (d)4sin <(2§)2)2 > cos <At¢€) _ b)} ,
(5.13)

where it is assumed that the modulation depth is small, i.e. d < 1 rad, so that the

significant terms in the Bessel-function-expansion are only m = —1,0, 1 are significant.
Eq. (5.13) describes the modulated stretched pulse very well (as proven by numerical
calculation), and clearly shows that a high-frequency modulation is superimposed on the
envelope of the pulse as previously noted. In particular, this high-frequency modulation
shows the same characteristic behavior as the initial spectral phase-modulation, i.e.
cos (At% — b). The amplitude of the phase-modulation is strongly dependent on the
initial modulation frequency At and the slope of the stretching chirp.
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5.2 Influence of weak spectral phase-modulation

The impact of SPM is described by Eq. (5.6). For the evaluation of this expression,
the analytical form of the stretched pulse is used. During nonlinear propagation, the
modulated stretched pulse acquires a high-frequency temporal phase-modulation. As a

consequence, a 'temporal phase-grating’ is given by [79]

: 2\ : . [ (At)? T
exp (17Lesy |Ast (T)|7) = exp | ipB2d sin 250 cos At@ -b) . (5.14)
The value of the B-integral is B. As mentioned before, the temporal phase-grating causes
an energy transfer from the main pulse to the side-pulses. With these assumptions, and
additional steps similar to the previous section (see also [79]), the final expression for the

recompressed multi-pulse at the output of the nonlinear CPA-system can be expressed

as
L (o0}
Agut (T) = exp (92> > i (a) Ag (T + mAt) exp (i (T)) (5.15)
with )
AT A
OO"(T) = —m ZAIC) +mb (5.16)

0@ " o5 '

The parameter a is the amplitude of the temporal phase-modulation, and is given by

- . [ (At)?
These equations demonstrate that the initial spectral phase-modulation results in a
transfer of energy from the main pulse to the side pulses (both pre- and post-pulses) at
the output of nonlinear CPA-systems. The final energy distribution is determined by
the parameter a. If the parameter a < 1, then the intensity of the first pre- and post

pulse relative to the main pulse can be approximated by

J?(a) =~ a*/4 ~ 2B*dsin® <(222)2> (5.18)

The output of the nonlinear CPA-system is shown in Fig. 5.7(a). The initial sinusoidal
phase-modulation is characterized by the depth d=0.02 and spectral frequency At = 10
ps. The input signal is the same as shown in Fig. 5.6(a-c). The initial pulse-contrast
is 40 dB. In Fig. 5.7, the analytical result is compared to numerical calculation (based
on the Fast-Fourier transform). Fig. 5.7(b) shows that the output pulse-contrast is
significantly reduced to 10 dB at a B-integral of 20 rad. Ideally, the parabolic spectrum
controls of the impact of nonlinearity: a parabolic SPM can be efficiently compensated

by the compressor (see section 6.3). Yet, in spite of this, high pre- and post-pulses can
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Figure 5.7: (a) Numerical and analytical results of the pulses at the output of the nonlinear
CPA-system for the configuration shown in Fig. 5.6(a-c). The spectrum is parabolic. (b)
Intensity-distributions for the case of an inital sech®-shape. The parameters of the phase-
modulation and ¢ are the same as in (a).

arise if the seed of the nonlinear amplifier shows a weak phase-modulation.

While deriving Eq. (5.15), the impact of the intensity envelope was neglected. Although
the pulse-contrast degradation due to the envelope is not included in the analysis, the
intensities of the pre- and post-pulses relative to the main pulse are still well estimated
by the model for various initial pulse envelopes. The case of a sech?-spectrum is shown
in Fig. 5.7(b). In this simulation, the B-integral is lower than in Fig. 5.7(a), since the
pulse-degradation due to the envelope is quite strong, and would eventually preclude a
distinction between the pulse-contrast degradation due to the initial phase-modulation
and that due to the impact of the envelope.

The case of an initial phase-modulation differs significantly from the pulse-contrast
degradation due to an initial amplitude modulation. As shown above, the intensity
distribution of the satellite pulses depends on the stretching. Specifically, the parame-
ter a depends on the term sin ((At)?/(2¢®)). The spectral modulation frequency At
can take values in the range of several picoseconds and ¢® is in the order of about
10 ps?/rad. Thus, in practical systems the ratio (At)%/(2¢?) can take any (relevant)
value between 0 and 27. Fig. 5.8 shows the behavior of the energy transfer to the
side-pulses as a function of the product of the B-integral and the modulation-depth d
for different characteristic ratios (At)?/(2¢6®). Pulse-degradation is lower for small At
and high magnitudes of the stretching chirp ¢, i.e. 20 >> (At)2. Thus, a high
stretching chirp results in a higher contrast for small At. However, in practical CPA-

systems, the magnitude of the stretching chirp is limited to the order of 10 ps?. It is
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Figure 5.8: (a) Total intensity of the side-pulses relative to the intensity of the main pulse,
1 — J2(a), as a function of the parameter a divided by sin(At)%/(2¢(?)). The decrease is
calculated for different ratios (At)?/(2¢(?) in the sine of the parameter a.

also worth noting that there may be stretching configurations where the pulse-contrast
is not degraded at all at the output of a nonlinear CPA-system. These points are given
by (At)2/(2¢®) = km, where k is an integer. However, in practice, the real phase-

modulation will not be sinusoidal, so that this is a rather theoretical argument.

To summarize, initial perturbations imposed on the input pulse affect the pulse con-
trast at the output of nonlinear CPA-systems. Weak initial post-pulses, as well as weak
phase-modulations, cause pulse-contrast degradation at the output. The decrease of
pulse-quality manifests itself in form of satellite pulses. The relative intensities of these
pulses can be determined using Bessel-functions.

The impact of weak post-pulses and weak spectral phase-modulations was treated sep-
arately. In practice, however, both effects will act simultaneously, making it hard to
identify the origin of the observable distortions. Furthermore, even though any arbi-
trary initial phase-modulation would cause a pulse-contrast degradation, the specific
case of a sinusoidal phase-modulation has been considered.

In view of this detrimental process inherent in every real nonlinear CPA-system, the
methods developed to control the impact of SPM in CPA-systems must be reassessed.
The pulse-contrast degradation imposes major limitations on these techniques. The
theoretical results allow for determination of useful operation regimes of nonlinear CPA-
systems. Future developments of nonlinear CPA-systems will place considerable empha-

sis on improving the quality of the stretched pulse.
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6 Pulse-shaping strategies in

nonlinear chirped pulse amplification

In this chapter, novel methods that allow for control of the impact of SPM in nonlin-
ear CPA-systems are experimentally demonstrated. The design of these techniques is
based on the model developed in chapter 4. Emphasis is placed on active control of
the influence of SPM by spectral amplitude-shaping, as well as spectral phase-shaping.
The significance of the polarization state is highlighted. Finally, the advances achieved

during the course of this thesis and existing concepts are put into context.

6.1 Compensation of SPM using fiber-dispersion

In this section, the compensation of SPM with positive dispersion of the fiber is discussed
and experimentally demonstrated. The considerations are relevant to nonlinear CPA-
systems employing a static stretcher and compressor, e.g. a chirped volume Bragg-
grating (CVBG). A system such as this is employed in one experiment.

In the following, the condition for best compression is derived and design-guidelines
are presented. If the stretcher and compressor of the CPA-system are matched to each
other, i.e. ¢§i) = —¢§§), the (partial) compensation of SPM can be achieved by the
positive fiber-dispersion. In the following, the compensation of SPM with the dominating
parabolic phase-term ¢g;s, = BALO2/2 is discussed. The second derivative of the mode-
propagation constant and the length of the fiber are, respectively, 5?) and L. Using Eq.
(4.9), the output pulse is described by

BAL

Ao (T) = VGF / g exp (—iQT) /s (Q) exp <z’ [292+B S(Q)D. (6.1)

If the center wavelength of the spectrum is given, then the parameter 8?) is fixed and,
due to dispersion, the phase can be varied by the fiber length L. Furthermore, if the
shape of the spectrum is specified, e.g. sech?, then the best Strehl-ratio is only a function
of the bandwidth, the length of the dispersive medium and the B-integral. The optimal
fiber-length L, which is a function of both the spectral bandwidth and the B-integral,
can be obtained by using Eq. (6.1), whereby the highest Strehl-ratio determines the

optimal parameter configuration.
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Figure 6.1: (a) The condition for best phase-compensation: fiber length as a function of the
FWHM of the sech? spectrum for the B-integral values 5 rad, 10 rad and 20 rad. The center-
wavelength is 1030 nm, where 52 = 25 ps?/km. The red cross marks the experimental
situation. (b) For this configuration of 2.8 nm FWHM and a 50 m fiber, the theoretical
autocorrelation is plotted at an optimal B-integral of 10 rad. Curves are also shown at B-
integrals above and below the optimum. The traces are normalized to the peak.

Fig. 6.1(a) illustrates the relationship for the case of a sech®-spectrum. The red cross
marks the optimal situation shown in Fig. 6.1(b). This parameter configuration was
chosen with regard to one experimental configuration (using the Offner-stretcher) : a
sechZ-spectrum with bandwidth of 2.8 nm (FWHM), 50 m fiber length, and a B-integral
of about 10 rad (at the optimum). Fig. 6.1(b) illustrates the impact of the phase-
compensation on the output pulse. The best autocorrelation is given at the B-integral
corresponding to the phase-compensation condition. The autocorrelation trace shows
tails due to residual phase terms. This has already been discussed in the previous section.
B-integrals below and above the optimal value will result in temporal broadening. For
the special case of a parabolic spectrum, the phase-compensation can be determined
analytically: A parabolic spectrum s(Q2) allows perfect compensation of the phase B-s((2)
with the parabolic phase due to positive dispersion. In particular, the parabolic spectrum
can be expressed as s (Q) = 1 — Q? (\/i/AQFWHM)Q. AQpwiy 1s the full-width-at-half-
maximum of the spectrum. The polynomial expansion of the spectral phase due to
SPM, Eq. (4.11), contains terms up to second order, and the zero and first (which is
zero anyway) term can be neglected because they imply only a constant phase-offset and
a temporal delay after compression. The condition for phase-compensation is given by
2

B———— =59L)2. (6.2)
AQ%‘WHM

o7



6.1 Compensation of SPM using fiber-dispersion

60 =
i 1 —B=0rad
50 ; —B=10rad
B=20rad .EOS —B=14rad
— 2o.
£ 40 B=10rad g
C
< = = 0.
S 30 B= 5rad 006
X I
(V2]
0.4
Y20 o
N
10 0.2
£
0 © 0
2 9 10 € 215 -10 -5 0 5 10 15

3 4 5 6 7 8
Bandwidth ALy [NM] Delay 7 [ps]

(a) (b)
Figure 6.2: (a) The condition for phase-compensation: length of the amplifier as a function of
the FWHM of the parabolic spectrum for different B-integral values. The center-wavelength
is 1030 nm and 3 = 25 ps?/km. The red cross marks the optimal configuration shown in
(b), where the FWHM is 5 nm and the fiber is 20 m. The autocorrelation is plotted at the
optimal B-integral of 10 rad. Autocorrelations are also shown above and below the optimum.

The relation determines the length of the fiber-amplifier required for compensation of
the spectral phase due to SPM. The phase-compensation is strongly dependent on the
bandwidth of the spectrum. According to Eq. (6.2), a broader bandwidth permits op-
eration at higher B-integrals. This can also be seen from Fig. 6.2(a). Comparing Fig.
6.2 and Fig. 6.1, it can be noticed that for high B-integrals, Eq. (6.2) gives quite a good
estimate even for non-parabolic spectral shapes. Again, in Fig. 6.2(a), the red cross
corresponds to the parameter configuration shown at the right side.

In the following, the compensation of the SPM with positive dispersion is experimen-
tally demonstrated. First, a system employing a chirped volume Bragg-grating (CVBG)
is presented; then, a diffraction grating-based system is used. Requirements on the

stretching unit are discussed.

System based on a chirped volume Bragg-grating

A schematic of the experimental setup employing the CVBG is shown in Fig. 6.3. The
setup consists of a passively mode-locked laser (10 MHz, ~400 fs, 1030 nm, 1.5 W),
one CVBG is used for both stretching and compression of the pulse. The CVBG has
a spectral window of 4.2 nm at a central wavelength of 1029.6 nm. The length of the
device is 3 cm corresponding to a duration of 190 ps for the stretched pulse. Fig. 6.4(a)
shows the (simulated) spectrum at the input of the fiber. It was estimated by using

the spectral window of the CVBG. The phase-compensation occurs during the nonlinear
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Figure 6.3: Schematic of setup of the ultra-compact fiber CPA-system with intrinsic phase-
compensation. One CVBG is used for stretching and compression of the pulses.
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Figure 6.4: (a) Experimental spectrum before the CVBG (i.e. the oscillator spectrum), and
the spectrum after stretching with the CVBG. This shape is simulated taking the spectral
window and the reflectivity into account. (b) Using the latter, the relative peak-power at the
output of the CPA-system is calculated as a function of the B-integral and the fiber-length.

propagation of the stretched pulse in the fiber (mode-field diameter is 5 pm). Since the
spectral shape is given, the Strehl-ratio can be calculated using Eq. (6.1), with 3® = 25
ps?/km. In Fig. 6.4(b), the resulting 2D map is shown as a function of the length L and
the B-integral. It can be seen that for this parameter configuration, a clear optimum in
CPA-performance will only be seen for fiber-lengths L > 10 m.

In the experiment, the fiber-length is varied between 10 m and 50 m in steps of 10 m
by cutting from the 50 m length of fiber. At every length, the input power is varied
to obtain different B-integrals values. The spectrum and autocorrelation are recorded
for each configuration. Figure 6.5(a) shows the widths of the measured autocorrelations
over the B-integral values. At the minima of the curves, almost transform-limited pulses
are produced, since the fiber dispersion and nonlinearity compensate each other. For a
length of 40 m, Fig. 6.5(b) shows the autocorrelation traces for the different B-integral

values. The optimum corresponds to the B-integral of about 6 rad.
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Figure 6.5: (a) Measured FWHM of the autocorrelation versus B-integral of the nonlinear

pulse propagation for different fiber-lengths, (b) Autocorrelations for characteristic B-integral
values for 40 m length of fiber, (c) output spectrum at a low and a high B-integral.
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Figure 6.6: (a) Experimental spectrum of the pulse before and after the CVBG. (b) Using the
latter, the (normalized) peak-power at the output of the CPA-system (i.e., the Strehl-ratio) is
calculated as a function of the B-integral and the fiber-length.

However, the detrimental effect of enhancement of initially weak perturbations is over-
lapping the effect of phase-compensation. The CVBG imposes spectral amplitude mod-
ulation with a peak-to-valley depth of ~ 10%, as shown in Fig. 6.5. For such a spectrum,
there will be a build-up of spectral modulations with increasing B-integral: Fig. 6.5(c)
shows spectra at B ~ 0 rad and B = 6 rad. This corresponds to a degradation of pulse
contrast, as discussed in chapter 5.

To evaluate the performance of this real-world system, Fig. 6.6 shows the same sim-
ulation as Fig. 6.4, but starting with the experimental spectrum after the CVBG. It
can be seen that the relative peak-power is washed out with increasing B-integral. This
is in agreement with the experimental observation. It should be noted that the simu-
lation only accounts for the observable modulations in the spectrum, however, phase-

perturbations could also be an issue.
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6.1 Compensation of SPM using fiber-dispersion

System based on Offner-stretcher

To clearly demonstrate the compensation of SPM at high B-integrals, a grating-based
Offner-stretcher was designed and constructed. Thanks to high surface-qualities of its
components, and a (nearly) aberration-free imaging system, clean stretched pulses are

produced. Thus, a better output pulse-contrast can be obtained.
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Figure 6.7: Experimental results with the Offner-stretcher system: (a) Measured temporal
widths (FWHM) of the autocorrelation traces as function of the B-integral of the nonlinear
pulse propagation for different fiber-lengths, (b) autocorrelation traces at diferent B-integral
values for the 50 m fiber-length, (c) corresponding output spectra.

In this experiment, the same oscillator is used as in the system employing the CVBG.
The Offner-stretcher broadens the pulses to 170 ps. The stretcher and compressor are
perfectly matched. Before alignment of the compressor, 30 cm length of fiber (with
negligible dispersion) is introduced between stretcher and compressor. Then, the 50
m length of fiber is spliced at the input of this piece of fiber. In this way, the angle
of incidence on the compressor gratings, and thus the perfect alignment, is maintained
when adding 50 m length of fiber, which introduces dispersion. Figure 6.7(a) shows
the temporal widths of the autocorrelations versus B-integral for this fiber (which is
slightly different to the fiber of CVBG setup, the MFD is 6 um). Since the highest
B-integral is of interest, the compensation is only demonstrated using the 50 m length.
The autocorrelations are shown in Fig. 6.7(b). Compared to the experiment with the
CVBG, the quality of the compression has improved. Outside the window bounded by
+10 ps there are no satellite pulses. This agrees with the quality of the spectra, which
are shown in Fig. 6.7(c). Only a minor build up of distortions can be seen for B-integrals
> 10 rad. Using the formulas of chapter 5, the temporal contrast of the recompressed
pulse is estimated to be > 30 dB. The experimental autocorrelations agree well with the

calculations, which have already been shown in Fig. 6.1(b).
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6.1 Compensation of SPM using fiber-dispersion

Improved pulse-contrast by spectral clipping

The previous section has shown that a positive parabolic phase can partially compen-
sate the SPM of chirped pulses. However, the residual phase prevents the generation of
transform-limited output pulses. The phase-shifts are particularly high at the edges of
the spectrum, as shown in Fig. 4.3(a). Therefore, spectral clipping is used to improve
the pulse-quality. Fig. 6.8(a) shows this improvement: If a bandpass is introduced into
the stretcher, then the Strehl-ratio increases at the output of the nonlinear CPA-system
(B = 10 rad). The bandpass width is measured in units of the FWHM of the whole
sech?-spectrum. The smaller the bandpass width the higher the Strehl-ratio.

On the other hand, a reduced spectral bandwidth corresponds to a lower peak-power of
the transform limited pulse, as shown in Fig. 6.9. Thus, a compromise between improve-
ment of the Strehl-ratio and decrease of peak-power must be found. At a given bandpass
width, the Strehl-ratio is therefore weighted by the peak-power of the transform-limit of
the clipped spectrum. Fig. 6.8(b) shows this figure-of-merit as a function of the band-
pass width (at B = 10 rad). An optimum is found at a bandpass-width of 1.4 times the
FWHM of the original spectrum. The pulses are close to the transform-limit, and the
increase of performance is around 25% compared to unclipped spectrum. The optimal
bandpass width changes with B-integral. The analysis also depends on the shape of
the spectrum. Fig. 6.10(a) shows the B-integral as a function of the optimal bandpass
width. The width of the spectral window must be reduced if the B-integral increases.
This behavior is experimentally verified by the setup employing the Offner-stretcher (see
previous subsection). The spectrum is symmetrically clipped in the stretcher. The cut
is monitored at the output of the system (B & 10 rad). Simultaneously, the autocorre-
lations are recorded. Fig. 6.11 shows the improvement of pulse-quality with decreasing
spectral window of the stretcher. The experimental optimum is at 1.7 - FWHM. The
deviation from the theoretical value is due to the imprecise estimation of the B-integral.
The design of a stretcher for a nonlinear CPA-system could take the improvement of
pulse-quality due to the spectral window into account. In general, the aperture of the
diffraction grating determines the duration of the stretched pulse. Thus, a reduced band-
width would enable an increased slope of the stretching chirp (At = ¢ Aw). Such an
adapted design will enhance the output peak-power. If Awyq is the bandwidth of the lin-
ear system, then the nonlinear system will require Awy,e, for a certain B-integral value.
Thus, the slope of the stretching chirp ¢>§? can be increased by the factor Awy/Awer-
The B-integral is inversely proportional to q[)g), see Eq. (4.3). Thus, to reach the same
B-integral (for the specified bandpass), the peak-power must be enhanced by the same

factor. Fig. 6.10(b) shows this increase as a function of the B-integral.
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Figure 6.8: (a) Strehl-ratio as a function of the width of the bandpass (in units of the FWHM
of the full spectrum). The spectral clipping of the full sech?-spectrum is symmetric. The
B-integral is B = 10 rad for every bandpass-width, (b) the Strehl-ratio weighted by the peak-
power of the transform-limit of the clipped spectrum (see Fig. 6.9(b)).
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Figure 6.9: (a) Decrease of peak-power by spectral clipping of a transform-limited sech?-
pulse: (a) initial sech-pulse, and temporally broadened pulses due to symmetric, rectangular
bandpassing of the spectrum through filter-width of size of 1 and 2-times the FWHM of the
initial spectrum. The pulses have the same energy. (b) Peak-power as a function of the width
of the bandpass.
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Figure 6.11: (a) Output spectra at a B-integral of 10 rad for different spectral windows (in
units of FWHM of the uncut spectrum) (b) Corresponding autocorrelation curves.
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6.2 Partial compensation of SPM with GVD and TOD

To summarize, SPM accumulated in a chirped pulse system has been partially com-
pensated using fiber-dispersion. A condition for best phase-compensation could be de-
termined. Improvement of pulse-quality can be achieved by clipping the edges of the
spectrum in the stretcher. The design guidelines presented in this section already allow
setting up compact nonlinear CPA-systems with a good quality of the output pulse.
The use of static stretchers and compressors has been highlighted. In particular, novel
chirped volume Bragg gratings possess an intrinsic spectral bandpass. However, in an
experimental implementation using these devices, it is observed that small scale pertur-
bations impose limitations on the quality of the recompressed pulse. Currently, bulk

grating stretchers lead to better output pulse-contrasts.

6.2 Partial compensation of SPM with GVD and TOD

In linear CPA-systems using Yb-doped amplifiers, the higher order dispersion of a fiber
stretcher cannot be compensated by a grating compressor (TOD 2-10 times larger, and
equal sign). In particular, third order dispersion adds and results in a dominating
residual cubic phase term after compression. This deforms and broadens the output
pulse, e.g. [34]. Thus, fiber stretchers are unacceptable at least in linear CPA-systems.
In nonlinear operation of a CPA-system, SPM can be compensated to some degree by
a cubic spectral phase [90]. In the following, this subject is put in context to the other
methods using the analytical model of section 4.1.
The output pulse of the system can be approximated by Eq. (4.9):

dQ

At (T)=VGF o= P (—iOT)+/s () exp <z[

)02 3)03
M2 8000 o),

2 6
(6.3)

where the phase due to the stretcher-compressor-mismatch is given by A¢®Q?/2 +
A¢PQ3/6. The coefficients Ap®? and A¢® denote GVD and TOD, respectively. The
dimensionless parameters |GVD| (AQ)? and |GVD/TOD| (AQ) are introduced to mea-
sure the amount of parabolic phase and the (relative) amount of cubic phase, respectively.
A denotes a characteristic scale of the spectrum. In the following, the FWHM will be
used. To obtain the highest peak power for a given spectral shape s (€2) and B-integral,

both dimensionless parameters must be varied.

Symmetric spectra

For a sech? spectrum and B = 10 rad, Fig. 6.12(a) shows the Strehl ratio resulting from
the partial compensation of SPM with GVD and TOD as independent variables. Fig.
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Figure 6.12: (a) Strehl ratio with GVD and TOD as independent variables at B = 10 rad
for a sech? spectrum. (b) and (c) Strehl ratio as a function of the B-integral for a sech? and
Gaussian spectrum, respectively.

6.12(b) shows the best Strehl-ratio as a function of B-integral if SPM is compensated
by GVD and TOD (solid line). It can be seen that the adjustment of both parabolic
and cubic phase is superior to an adaptation with only GVD (dashed line). However,
in practice, the optimal operating point is dictated by the length of the fiber stretcher,
i.e. TOD cannot be adjusted in an adaptive manner [90]. For example, if the stretcher-
compressor-combination is optimized for B = 10 rad, the system will show a behavior
similar to the grey line in Fig. 6.12(b). The output pulse at B = 10 rad is shorter than in
the absence of nonlinearity (B = 0 rad). The principle outcome of the simulation agrees
with the findings in [81]. It is worth noting that the root-mean-square pulse duration
increases. However, the increase is slower than the increase in relative peak-power. So,
the increased peak-power is accompanied by a small sacrifice of pulse contrast [81]. The
case of a Gaussian spectrum is displayed in Fig. 6.12(c).

The partial compensation of SPM by GVD and TOD is not limited to fiber devices.
For example, using high-energy master oscillators, nonlinearity in the stretcher may be
detrimental and it is more sensible to use a mismatched grating stretcher-compressor [91].
An additional advantage is that optimization is possible for any intermediate nonlinear

phase shift by adjusting the incidence angle on the stretcher grating.
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Figure 6.13: (a) 'Cubicon'-spectrum, (b) Strehl ratio with GVD and TOD as independent
variables at B = 10 rad for this shape. To obtain the highest values, the position of the
spectrum is varied relative to the spectral phase. Iso-shift lines for —§, 0, and +¢ are indicated.

Asymmetric spectra

The performance of CPA-systems using TOD and GVD for SPM compensation can be
greatly enhanced by using highly asymmetric - near triangular - spectral shapes (also
termed 'Cubicons’) [92]. Fig. 6.13(a) shows an example for such a shape. Such spectra
can be obtained by gain shaping inside the fiber amplifier [93]: Because the peak gain
of Yb-doped amplifiers is around 1030 nm, the peak of an injected spectrum centered
between 1045-1055 nm will be blue shifted. In the presence of SPM the high frequency
components will experience a higher phase-shift compared to the low frequency com-
ponents. The nonlinear phase shifts induce a phase similar to a combination of GVD
and TOD. Thus, for a certain output power and certain input spectrum, the positive
TOD from the phase mismatch between fiber stretcher and bulk grating compressor can
be almost compensated. The spectral situation of the spectrum relative to the phase
of the stretcher-compressor-mismatch strongly affects the quality of the output pulse.
Therefore, practical systems implement tuneable bandpass filters [92]. To enable flexi-
ble control, the spectral bandwidth of the seed source should be larger than the filter
bandpass. Moreover, inflexions at the 'red’ edge of the spectrum should be avoided to
ensure good output pulse quality. In Fig. 6.13(a), the low frequency side of the spectrum
exhibits a Gaussian-shape. The phase compensation would improve, if a super-Gaussian
shape is used. Fig. 6.13(b) shows the Strehl-ratio at the output of the nonlinear CPA-
system (B = 10 rad) with GVD and TOD as independent variables. Fig. 6.14 shows
the behavior of the best Strehl-ratio with increasing B-integral while GVD and TOD are

continuously adapted (solid line). If the 'red’ side of the spectrum exhibits super-Gauss
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Figure 6.14: Strehl-ratio as a function of the B-integral for the "Cubicon’-type spectrum.

dependence (i.e. ~ exp(—c-Q*)), the Strehl ratio is 0.85 at B = 10 rad, and 0.75 at B
= 20 rad. If the stretcher-compressor-mismatch is optimized for an operation point at
B = 10 rad (and Gaussian 'red’ edge), a behavior similar to the grey line in Fig. 6.14
is expected. Using cubicon formation, pulse energies ~ 50 uJ (after compression) have
been obtained [94].

To summarize, appropriate GVD and TOD combinations of the stretcher-compressor-
mismatch in nonlinear CPA-systems offer an increase in relative peak power over com-
pensation with GVD only. The use of asymmetric spectra can enhance the compensa-
tion of SPM. However, this increases the complexity of the technique. In particular, a
multi-dimensional optimization is required to find the point of optimal operation. An
advantage of the methods of this section is that a fiber stretcher can be used. There is
naturally a strong motivation to employ such a component when using fiber amplifiers.
However, if a high-energy oscillator seeds the amplifier chain (e.g. to produce output
pulses with energies at the mJ level), bulk stretchers are required. In any case, the per-
formance is less than optimal (Strehl ratio is 0.75 at B = 10 rad for the example above)
depending on the spectral shape. In the next sections, methods are presented which will

allow for the production of (almost) transform limited pulses.
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6.3 Perfect compensation of SPM using a parabolic spectrum

In this section, it is shown that the influence of nonlinearity in fiber-based CPA-systems
can be controlled using active amplitude shaping. Applying a liquid-crystal spatial light
modulator (SLM), the impact of the spectrum on the recompressed pulse quality is ex-
perimentally revealed. Compared to standard spectral shapes (such as Gauss or sech?), a
parabolic spectrum improves the pulse-quality at the output of a NLCPA-system [89]. In
this way, control at a B-integral as high as 16 rad is demonstrated in a proof-of-principle
experiment using an Yb-doped fiber-CPA-system.

In general, at the end of the amplifier of the NLCPA-system, the chirp of the strongly
stretched pulse still corresponds to an one-point-to-point configuration between fre-
quency and time, e.g. see Fig. 4.2. The modification of the chirp because of the
nonlinear propagation is related to a spectral phase, which is given by ¢spyr = B-s(Q).
The uncompressible part of this phase causes a degradation in peak-power with increas-
ing B-integral, as shown in Fig. 4.4. However, if a parabolic spectrum is chosen, the chirp
of the stretched pulse is still linear after nonlinear propagation. This is illustrated with
Fig. 6.15. The spectral phase due to SPM can be exactly compensated using the positive
dispersion due to the stretcher-compressor-mismatch. Fig. 6.16(c) shows a comparison
of a sech?, a Gaussian and a parabolic spectrum in terms of output peak-power from
a NLCPA-system. The Strehl-ratio of the best compression is plotted as a function of
the B-integral. In the case of a parabolic spectrum, the Strehl-ratio remains unchanged
even at high B-integrals. This behavior is a result of the perfect phase-compensation.
It should be noted that there is an additional advantage: if a spectral window is given
(e.g. the stretcher) in which the different spectra can fit, then a parabola can have a
broader bandwidth compared to spectra such as Gauss or sech?, as shown in Fig. 6.16(a).
The stretching implies a mapping of the spectrum into the time-domain, and thus, the
stretched pulse of a parabolic spectrum will exhibit a lower peak-intensity compared to
sech? or Gauss (at the same pulse-energy). This leads to a higher output pulse-energy
at the same B-integral. For example, the enhancement is about 170% relative to a
sech?-shape. However, the transform-limited pulse of the parabolic power-spectrum is
related to a Bessel function of first kind (order m=1), which shows an infinite number
of pre- and post-pulses (see Fig. 6.16(a)). Such satellite pulses are always present if the
spectrum shows hard edges. This could be a disadvantage for some applications, e.g. in
high-field physics.

Fig. 6.17 shows a schematic of the set-up which is used for the experimental demon-
stration. The master oscillator is a passively mode-locked Nd:glass laser delivering sech?
pulses with durations of 180 fs (FWHM) at a center-wavelength of 1060 nm. The aver-
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Figure 6.15: Impact of SPM on the chirp of a stretched pulse. The input spectrum is parabolic.
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Figure 6.17: Schematic of the experimental set-up: PM-fiber, polarization-maintaining fiber;
RG, reflection grating; CM, cylindrical mirror; SLM, spatial light modulator; Ol, optical iso-
lator; LD, laser-diode for pumping; CBS, chromatic beam-splitter; TGC, transmission grating
compressor; OSA, optical spectrum analyzer; AC, autocorrelator

age power of the laser output is 100 mW at a repetition rate of 75 MHz. The output
is coupled into 100 m length of passive polarization maintaining fiber (PM 980). The
fiber serves two purposes. First, the pulses are spectrally broadened to about 40 nm
(FWHM) in the initial section of the fiber, and second, the pulses experience temporal
stretching to about 160 ps due to group-velocity dispersion. The coupling efficiency into
the fiber is about 80%. A liquid crystal spatial light modulator (SLM) is set-up in a
reflective configuration. In particular, at the reflection grating (1200 lpmm), the beam is
spectrally fanned out, then a cylindrical focusing mirror (f=0.3 m) projects the spectral
components onto a liquid crystal mask which is positioned in the Fourier plane. The
mask comprises 640 stripes (each 100 pum wide and lem high). The light is reflected
directly behind the mask by a mirror. The pulse-shaper can independently modify the
phase and amplitude, but in the experiment, only the amplitude is shaped. An improved
SLM setup is described in section 6.4. After passage through the pulse-shaper, the beam
is steered into the fiber-amplifier. The amplifier is an Ytterbium-doped double cladding
fiber with a core-diameter of 4 pm (NA=0.17) and a 400 pum D-shaped inner cladding
(NA=0.38). The length of the fiber is 24 m, and the doping concentration is 7000 ppm.
The long length and the small core-size of the fiber-amplifier were intentionally chosen
in order to obtain high B-integral values at low average powers in this proof-of-principle
experiment. The fiber-amplifier is pumped by a pig-tailed laser diode emitting radia-
tion at a wavelength of 976 nm. The amplified pulses are recompressed by a pair of
transmission gratings with a groove frequency of 1250 lpmm. The transmission through

the grating-compressor (set up in double pass configuration) is about 80%. The spectra
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of the pulses are recorded by an optical spectrum analyzer (OSA), and the temporal
pulse-quality is monitored with an autocorrelator.

A computer is connected to both the OSA and the SLM. In an iterative procedure, the
spectrum acquired by the OSA serves as a feedback signal for the calculation of a new
transmission function at the SLM. In this way, a spectrum similar to the specified goal
function, e.g. a parabola, is produced. Typically, about 20 iterations are sufficient. In
particular, the difference between the measured spectrum and a least-squares fit of the
goal function is used for the calculation of the new transmission function. The hands-off
iterative routine is required since the gain of the fiber amplifier exhibits a spectral depen-
dency. The spectrum is measured directly behind the fiber-amplifier. As the intensity
of the pulse is the highest in the last section of the fiber-amplifier, the influence of SPM
on the pulse propagation is the most dominant there, and thus, the shaping precisely
affects the nonlinear evolution in the last part of the fiber-amplifier.

In the following, a Gaussian and parabolic spectrum are compared in terms of their
impact on the pulse-quality at the output of the NLCPA system. The dependency of
SPM on the spectrum of the chirped pulse is experimentally revealed.

At first, the spectrum at the output of the fiber-amplifier is shaped to a Gaussian shape
with 10 nm bandwidth (FWHM). The center is at a wavelength of 1075 nm, a region
which is favored by the spectrally dependent gain of the amplifier. The spectral broad-
ening in the initial stage of the fiber-stretcher enables shaping in this spectral region.
The spectrum generated at the end of the fiber amplifier is shown in Fig. 6.18(a). The
temporal duration of the stretched pulse is 45 ps. This value has been obtained from
the autocorrelation of the uncompressed pulse. After spectral amplitude shaping (ap-
plied transmission function allows only 20% of throughput) with the SLM unit (with an
efficiency of ~ 35%, e.g. due to gratings) there is an average power of 3 mW left for the
(coupled) seed of the fiber-amplifier. Then, the amplifier is operated at low and high
output powers by changing the pump-power while keeping the seed-power constant. The
average power levels of the output are 250 mW and 1500 mW, respectively.

Assuming an exponential amplification of the pulse across the fiber, the B-integrals can
be calculated from the power levels at the input and output, the temporal duration of
the streched pulse, as well as the estimated effective mode-field area. The impact of
dispersion during amplification is neglected for the calculation. The low and high out-
put powers correspond to B-integrals of 3.5 rad and 16 rad, respectively. Fig. 6.18(c)
shows the autocorrelation measured for the recompressed pulses in the case of a Gaussian
spectrum. In the experiment, the autocorrelations are optimized for shortest FWHM

duration of the traces. The autocorrelation trace at a low output power (i.e., corre-
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Figure 6.18: (a) Shaped Gaussian, and (b) parabolic spectrum with a FWHM of 10nm; (c)

and (d) corresponding autocorrelations at low (B = 3.5 rad) and higher power (B = 16 rad).

The FWHMs of the autocorrelations for the Gauss are 450 fs and 580 fs at low and high power

levels, respectively. For the parabolic spectrum, the FWHMs are 420 fs and 410 fs at low and

high power, respectively.

sponding to B = 3.5 rad) shows a minor pedestal which has its origin in uncompensated
higher-order dispersion due to the fiber-stretcher-grating-compressor setup. It is also
partly attributed to nonlinearity, which already has a minor influence at a B-integral of
3.5 rad. The initial spectral broadening in the fiber stretcher also introduces a small
contribution to the phase-mismatch. The autocorrelation trace at higher output powers
(i.e., corresponding to B = 16 rad) shows a considerable wing structure. The distance be-
tween the gratings of the compressor is optimized for best compression, i.e. the phase due
to SPM is partially removed. The experiment demonstrates the degradation of output
pulse-quality when common spectra are used. The principal behavior of the degradation
of pulse quality is verified by numerical simulations of this fiber CPA-system, as shown
in Fig. 6.19(c).

If a parabolic spectrum is produced at the end of the fiber-amplifier, as shown in Fig.

6.18(b), then the pulse-quality is preserved at high power levels, see Fig. 6.18(d). The
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Figure 6.19: Numerical simulations of the experiment: (a) Gaussian, and (b) parabolic spec-
tra centered at 1075 nm with a FWHM of 10 nm; (c) and (d) are the corresponding sim-
ulated autocorrelation traces of the experiment at low (P=250mW) and high power levels
(P=1500mW) corresponding to B-integral of 3.5 rad and 16 rad. The input sech? pulses
(P=80mW, f=75MHz, FWHM=0.18 ps) are spectrally and temporally broadened in the fiber-
stretcher (L=100m, (2)=0.025 ps?/m, (3)= 4 x107° ps®/m, ny=2.7 x 1072 m?/W , MFD
= 6.7um (all values for 1060nm) ), then the profiles of (a) and (b) are sliced with a power
of 3 mW, the stretched pulses with duration of 40 ps are then amplified in an active fiber
(MFD =4.7um, L=24 m, dispersion is not considered, and a 1250 Ipmm grating compressor
is implemented in a Littrow-configuration for the compression. For the Gaussian, the FWHMs
of the autocorrelations (AC) are 450 fs (at B = 3.5 rad) and 500 fs (at B=16 rad). For the
Parabola, the FWHM is about 500 fs (B = 3.5 rad, B = 16 rad).

parabola exhibits the same FWHM and center as the Gauss, and the same output power
is obtained from the fiber-amplifier. A significant improvement of pulse quality is ob-
served at a B-integral of 16 rad. It is worth noting that the spectra shown in Fig. 6.18
were recorded at the low B-integral. At B = 16 rad, the spectra showed modulations
(depth ~ 30 %). The origin of these modulations is discussed in chapter 5. The pulse-
contrast is estimated to be in the order of 1073,

Fig. 6.19(d) shows numerical data. The simulation verifies that third-order dispersion,

74



6.3 Perfect compensation of SPM using a parabolic spectrum

1 B=3.5rad 1 B=3.5rad
— —B=16rad — —B=16rad
3 3
% 0.8 0.8
2 2
206 Z 06
[ [
= =
£ £
IT) 0.4 Iv) 0.4
I I
wv v
0.2 0.2
% 2 = 0 2 4 6 Y 4 = 0 2 4 6
Temporal Delay [ps] Temporal Delay [ps]
(a) (b)
15 15
B=3.5rad B=3.5rad
—B= 16rad —B= 16rad
',S 10 '8 10
() (V]
wv (%]
25 25
a a
© ©
%o G o
8_ \ \/ 8_
wv wv
-5 -5
1055 1065 1075 1085 1095 1055 1065 1075 1085 1095
Wavelength [nm] Wavelength [nm]

() (d)

Figure 6.20: Numerical simulation of the autocorrelations when the outset are zero-phase
spectra (Fig. 6.19(a) and (b) corresponding to 240 fs and 375 fs FWHM AC, respectively)
and a grating-stretcher (1250 lpmm) instead of the fiber-stretcher (while obtaining the same
temporal stretch), the results shown in (a) and (b) are obtained, respectively. For the Gaussian
the FWHM AC increases from 290fs (B =3.5 rad) to 440 fs (B=16 rad). For a parabolic
spectrum, the pulses can be recompressed the transform limit (FWHM AC = 375 fs) for both
B-integrals. (c) and (d): simulation of the spectral phases at the output of the CPA-system
corresponding to a Gaussian-spectrum, and a parabolic spectrum, respectively.

inherent in this fiber-stretcher-grating-compressor configuration, precludes the genera-
tion of transform-limited pulses. If a bulk grating-stretcher is used instead of the fiber,
then the anticipated autocorrelations are shown in Fig. 6.20. Fig. 6.20(c) and (d) demon-
strate the residual spectral phases after best compression. In the case of a Gaussian
spectrum, the strong residual spectral phase is responsible for the degradation of pulse-
contrast. To obtain transform-limited output pulses, the Gaussian profile would require
phase-shaping. As can be seen Fig. 6.20(d), such a strong spectral phase-modulation is
not given in the case of a parabolic spectrum. Consequently, the autocorrelation is also
good at a high B-integral, as shown in Fig. 6.20(b)

The phase of the stretcher and compressor is not parabolic, but also exhibits higher

order dispersion. In particular, third-order dispersion is introduced by the change of
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the grating separation distance to compensate SPM. However, the magnitude is small
compared to the magnitude of the overall phase. Fig. 6.20(d) shows clearly that its
influence on the recompressed pulse is small. In principle, a shape that deviates from a
pure parabola could induce a nonlinear phase which accounts for this third-order term.
However, as the magnitude of this phase-mismatch is small, it is probably more reason-
able to compensate for it by active phase-shaping. Other small residual phases, e.g. due

to a stretcher-compressor-mismatch, could be also tackled via this approach.

To summarize, the control of SPM in a fiber CPA-system has been demonstrated by
using active spectral amplitude shaping. Previously, nearly parabolic pulses were pro-
duced using a master oscillator operated in the similariton regime [47]. Compared to
such an approach, the pulse-shaper offers flexibility. In particular, spectral shaping in
the stretcher (e.g. due to spectral efficiency of the grating), pre-amplifiers or any other
component before the main amplifier can be addressed. In this way, a parabolic pulse
shape is obtained right at the point where SPM acts, rather than at the beginning of an
amplifier chain. Furthermore, different spectral shapes have been experimentally gen-
erated and compared in terms of their impact on the output pulse-quality. It has been
shown that the nonlinear phase resulting from a parabolic spectrum can be efficiently
removed by adjusting the grating compressor. Moreover, control at a B-integral as high

as 16 rad has been demonstrated.
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6.4 Perfect compensation of SPM using phase-shaping

In the previous sections, the amplitude of the pulse has been shaped to control the impact
of SPM in fiber CPA-systems. In this section, phase-only pulse-shaping is demonstrated
experimentally as an alternative.

In general, phase-shaping requires the exact determination of the residual phase. How-
ever, phase-measurements using SPIDER require broad spectra in order to accurately
determine complex phases from the spectral interference. On the other hand, frequency
resolved optical gating (FROG) includes time-consuming retrieval algorithms, which
tend to fail in the case of complex phases. Recently, adaptive phase-compensation us-
ing SHG-feedback was implemented in a fiber CPA-system [95] (and references therein).
The method is sensitive to noise on the feed-back signal, as well as time-consuming.
However, the nonlinearity of the system poses the main challenge: a small incorrect
phase-modulation can result in satellite pulses [79].

The SPM accumulated in a CPA-system can be canceled using a semiconductor with
a negative ny [96]. The main drawbacks are the amount of B-integral which can be
compensated, typically, ~ 1 rad, and the high losses (e.g., two photon absorption). A
LiNb0j electro-optic phase modulator and a RF waveform synthesis technique were used
to compensate SPM in the time domain by emulating a negative ny [97]. However, the
electro-optic modulator required small input pulse energies, typically < 1 nJ, and the
maximum phase shift was limited to 2. Furthermore, the effectiveness of the method
depends on the shape of the pulse. A more general use of the method would require more
than two RF frequencies in order to improve the matching of the electrical and temporal
waveforms, however, this demands an adaptive scheme which increases the complexity
of the electronics and the method in general.

In the following, SPM in a fiber-based CPA-system is compensated by a simple phase-
shaping technique in the frequency domain. The method is based on the analytical
expression for the spectral phase due to SPM in a CPA-system (see section 4.1). A
pulse-shaper produces the opposite phase, and thus compensates the SPM accumulated
during amplification. It is worth noting that the compensation of SPM by a linear phase
has already been theoretically proposed in [98]. Here, the implementation is demon-
strated in a real world fiber CPA-system which produces pulse-energies around 1 mJ.
Nearly transform-limited pulses are generated at B-integrals up to 10 rad, where the
B-integral is determined by the phase-compensation method itself. The method relies

neither on complex phase-measurements nor on time-consuming optimization routines.
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Design of the 4-f zero-dispersion stretcher for the SLM

In the experiment, the pulse shaper is a spatial light modulator (SLM). The device
(Jenoptik SLM-S640d) consists of two liquid crystal (LC) displays, and permits inde-
pendent control of the amplitude and the phase. This mask is placed in the Fourier-
plane of a 4-f zero-dispersion stretcher. Fig. 6.21 shows a schematic of the experimental
setup. The degrees of freedom in the design are the focus length f of the cylindrical
mirror (used instead of lenses to minimize dispersion inherent in the setup) and the
grating parameters (groove frequency d, angle of incidence «). The fan out of spectral
components and the (vertical) beam waist must be matched to the mask dimensions
(width M = 64 mm = 3Awpwnum, height = 10 mm = 2w;,, where w;, is the 1/e size
of the input beam). Aside from the grating equation, sin(«a) + sin(8) = mAd with
diffraction angle 3(w), there are two constraints [58]: the spectral coverage of the SLM
according to atan ((M/2)/f) = |B(wo+ 2Aw) — B(wy — 2Aw)| /2, and the condition
atan (M/r) = |a — B(wo)|, which prevents blocking of the incident beam by optical com-
ponents, with M being the distance from the optical axis at position r = (2/3)f before the
grating, see Fig. 6.21. The solution of this set of nonlinear equations is presented in Fig.
6.22(a). Each dispersed frequency component incident on the discrete mask is associated
with a certain beam size. The focal length is determined by the (horizontal) beam waist
in the focus 2wy = (cos(a)/ cos(B)) - 2Af/(mwyy), as well as the double Rayleigh length
2pp = 2wim/\, which has to be longer than the mask depth (~ 6 mm), so that the
phase fronts are plane during passage. To exploit the spatial resolution of the mask, the
frequency components should be focused to a spot size comparable with or less than the
pixel size w (here 100 pm). If the spot size is too small, replica waveforms of the output
pulse arise from discrete features of the mask (i.e. discrete Fourier sampling) [99]. If the
spot size is too large, diffraction effects occur and result in a space-time-profile of the
shaped waveform. An estimate of the temporal spacing of the replicas is 7 = 2wa/w,
and a describes the linear dispersion of frequencies across the mask (x = a- ). For the
present design, 7 ~ 100 ps. However, the finite spot size attenuates the magnitudes of
the replicas [99]. At the same frequency 1/7, the interpixel gap reproduces the input
pulse as replica waveforms (at time zero) with a reduced amplitude (proportional to
the ratio of gap size and pixel size, here 3%). Fig. 6.22(b) shows the spot size and
Rayleigh zone as a function of the focal length, using the parameter configuration shown
in Fig. 6.22(a), where the dashed lines mark the two constraints. Thus, for the following

experiments a 40 cm focal length and a 1800 Ipmm grating were chosen.
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Figure 6.21: Schematic of the 4-f zero-dispersion stretcher for the SLM.
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Figure 6.22: (a) Focal-length and groove frequency combination for the SLM-S640d. The
central wavelength is 1035 nm and the bandwidth AApwmn is 11.5 nm. (b) spot size and
double Rayleigh length as a function of focal length f for an input beam size of w;,, = 5 mm.

Principles of the method

According to the analytical model of a nonlinear CPA-system, Eq. (4.6), the stretched
ultrafast pulse acquires a spectral phase during nonlinear propagation, which can be
approximated by wspy = B - s (Q).

For the phase-shaping experiment, the stretcher and compressor are adjusted in linear
operation. This match is kept for the nonlinear regime of the CPA-system. Thus, at the
output of this system the residual spectral phase due to SPM is given by pspas. Nearly
transform-limited pulses can be produced when the pulse-shaper generates the phase
¢y = =B+ 5(52). The technique only requires the measurement of the spectrum s ().
However, the exact value of the B-integral is unknown. So, in practice, the phase ¢, =
A¢ - s () is generated with the pulse-shaper, and the parameter A¢ is varied (at fixed

average power levels). Simultaneously, the autocorrelation is monitored at the output.
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Figure 6.23: Schematic of the experimental setup of the fiber CPA-system with a pulse-shaper
for phase-only shaping. AOM, acousto-optical modulator; OSA, optical spectrum analyzer;
SHG, second harmonic stage; AC, autocorrelator.

If (—A¢) agrees with the B-integral, then the (normalized) autocorrelation corresponds
to the autocorrelation of the linear CPA-system. In this way, nearly transform-limited
pulses are experimentally produced from a nonlinear CPA-system, and the B-integral

can be accurately determined.

Experiment and results

This method is implemented in a high-energy fiber-based CPA-system. The schematic
of the setup is shown in Fig. 6.23. The main components are an oscillator, a stretcher,
an acousto-optical modulator (AOM), a first pre-amplifier, a pulse-shaper, a second
pre-amplifier, a main amplifier, and a compressor. The soliton-laser emits pulses with
a spectral bandwidth of 3 nm (FWHM) at a repetition rate of 10 MHz and an aver-
age power of 3.5 W. The stretcher-compressor unit employs two 1740 lpmm dielectric
diffraction gratings. The compressor efficiency is 70%. The quartz-based AOM reduces
the repetition rate to 50 kHz. The first amplifier is 1.2 m-length bendable photonic
crystal fiber ("crystal fibre 200/40’) with a mode-field diameter (MFD) of 33 pm. The
pulse-shaper is the spatial light modulator (SLM) described above. In the experiment,
only the phase is modified. At a wavelength around 1 pm, the maximum producible
phase-shift (without phase-wrapping) is about 9 rad. The first preamplifier raises the
average power after pulse-picking in order to compensate for the moderate efficiency (~
30%) of the 4-f zero dispersion stretcher. A substitution of the gold-coated diffraction
gratings by high-efficiency dielectric diffraction gratings will render the first pre-amplifier
redundant. With the present implementation, a seed of ~ 4 mW is launched into the

second pre-amplifier. The second pre-amplifier is a 1.3 m-length PCF (‘crystal fibre
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Figure 6.24: (a) Normalized autocorrelation traces measured at B=0 rad (green), and at
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B=8 rad with phase-shaping (blue) and without phase-shaping but with an adjustment of
the compressor grating separation (red curve). (b) simulated autocorrelations, where only the
parabolic phase is adjusted to achieve the best compression (in terms of highest Strehl-ratio),
and the spectrum is according to the data required for the phase shown in Fig. 6.25.
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Figure 6.25: Spectral phase produced by the spatial light modulator at B=8 rad.

200/40’) with a MFD of 33 pum. The main amplifier is 1.2 m-length of rod-type PCF
(’crystal fibre 200/85’) with a MED of 71 ym. An average power of 300 mW is launched
into the main-amplifier. The pulse acquires SPM only in the main amplifier. To keep
the nonlinear refraction coefficient ns, and thus the B-integral, as low as possible, the
light is circularly polarized (see section 6.5). During amplification, the stretched pulses
exhibit a bandwidth of 2.6 nm (RMS) and their duration was measured to be 1.4 ns.
The spectrum is measured behind the main amplifier using an optical spectrum analyzer
(OSA). A computer reads out the data and calculates the phase ¢, for the SLM. The
output pulse is monitored with an autocorrelator.

At first, the system is operated at low output power. To obtain nearly transform-
limited pulses at the output of this linear CPA-system, the stretcher and compressor are

matched. In Fig. 6.24(a) the corresponding autocorrelation is shown (green curve). Its
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Figure 6.26: (a) FROG-traces, (b) and corresponding retrieved residual phases at B=8rad.
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FWHM-width is 1.2 ps. The pulses are close to the transform limit.

Then, the output power of the main-amplifier is increased to 60W, according to a pulse-
energy of 1.2 mJ (before compression). The phase ¢, is produced by the pulse-shaper.
By variation of the parameter A¢ the B-integral is determined to be 8 rad. As a result,
the phase ¢;  (which compensates SPM) is produced, and it is shown in Fig. 6.25. In
Fig. 6.24(a) the corresponding autocorrelation (blue curve) can be seen. It agrees well
with the one at low output powers. Thus, nearly transform-limited pulses are produced
from a nonlinear CPA-system at B = 8 rad. Fig. 6.24(a) also shows the autocorre-
lation in the case of partial SPM-compensation with a stretcher-compressor-mismatch
(red curve), and the pulse-shaper turned off, ¢,; = const. The pulse quality is degraded
and shows a strong wing structure. The FWHM of the autocorrelation increases to
about 1.4 ps. To evaluate the effective peak-power, Fig. 6.16 can be used: at B = 8
rad, the Strehl-ratio of a conventional nonlinear CPA-system is below 50%. Thus, the
implemented phase-shaping at B = 8 rad enhances the effective peak-power by a factor
of approximately 2. Using the spectral shape, the experimental results can be simulated
with the model of section 4.1. Fig. 6.24(b) verifies the principal behavior. However,
in the case of an adapted compressor, the features of the experimental autocorrelation
are less pronounced. This is attributed to residual phase, e.g. due to cubic stretcher-

compressor-mismatch, and the experimental determination of ’best compression’.
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Although a phase-measurement is not required for the actual phase-compensation tech-
nique, frequency resolved optical gating (FROG) verifies the impact of the method. In
the case of a perfect stretcher-compressor-match (for the linear system) and operation of
the CPA-system at B = 8 rad, the retrieved phases before and after phase-shaping are
shown in Fig. 6.26. Before phase-shaping, large phase-shifts are given (orange curve in
Fig. 6.26(b)). The theoretically expected residual phase is ¢gpyr. However, the exper-
imentally determined phase differs from the theoretical phase (grey curve) at the edges
of the spectrum. It is assumed that this originates from the FROG retrieval algorithm,
which uses the intensity distribution to determine the error. Due to this uncertainty of
the retrieved phase, pulse-quality improvement is only achieved by phase-shaping using
¢ps = —B-s (Q). After the application of this model-based approach, the retrieved phase
shows a reduction of phase-shifts (blue curve). For the common case where the spectral
phase due to SPM is compensated by a parabolic phase due to a stretcher-compressor
mismatch, Fig. 6.26 shows the retrieved phase from the FROG-measurement as well as
the corresponding theoretical phase. The latter is obtained by using @gpys and looking

for the highest Strehl-ratio by varying the amount of parabolic phase.

In summary, SPM has been successfully controlled in a fiber CPA-system at the mJ-level
using phase-only pulse-shaping. Nearly transform-limited pulses are produced at a B-
integral of 8 rad. The pulse energy is 840 uJ (after compression) and the pulse duration
is ~ 780 fs. This result constitutes a considerable improvement compared to the system
described in [76]. The pulse-quality could be improved in a reproducible manner. In
particular, the Strehl-ratio is increased by a factor of about 2. The method requires
only the measurement of the spectrum. This model-based method is fast and easy to
implement. However, the technique relies on robust single mode operation (to measure
the correct spectrum and not an interference), and it also requires a constant spectrum
during the action of SPM. Although saturation did not change the spectrum in this
experiment, modifications may be challenging in other situations. An empirical param-
eter (e.g., scaling the measured spectrum) could account for gain shaping. Compared
to the amplitude shaping, phase-shaping has a negligible impact on the dynamics of the
laser-amplification, which is strongly affected by the signal intensity (that is modified
by amplitude shaping). However, it is advantageous to combine phase and amplitude
shaping. As mentioned in section 6.3 already, a flat spectrum exhibiting less energy in
the edges can result in a lower B-integral at the same energy. Amplitude shaping could
produce such a shape, phase-shaping is then carried out to produce transform-limited

pulses.
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6.5 Peak-power scaling by using circularly polarized light

In section 3.3.1 it has already been theoretically shown that the nonlinear refraction
coefficients of circularly and linearly polarized light differ. Accordingly, in a fiber CPA-
system the two polarization states will result in different B-integrals. In the following,
it is experimentally demonstrated that circularly polarized light is advantageous if the
Kerr-effect has to be minimized during nonlinear amplification in optically isotropic gain
media, such as fused silica or YAG. The technique can be employed in large mode area
fibers of short-length, which must be non-polarization maintaining and non-polarizing.
It has been verified by numerical simulations that the impact of birefringence is negligi-
ble in such LMA-PCFs since the beat-length is typically at least an order of magnitude
longer than the actual fiber length (~ 1 m).

The optical Kerr-effect decreases the peak-power at the output of nonlinear CPA-systems.
In particular, the performance (i.e. the Strehl-ratio) is a function of the B-integral. In
turn, the B-integral depends on the nonlinear refraction coefficient ns. The state of
polarization influences the magnitude of this parameter. Specifically, the nonlinear re-
fraction coefficient of circularly polarized light is reduced by a factor of 2/3 compared to
linearly polarized light. The corresponding B-integrals are reduced likewise. In the case
of an initial sech? pulse, Fig. 6.27(a) shows the decrease in performance (in terms of the
Strehl-ratio) as a function of the B-integral. The curves are identical for linearly and
circularly polarized light, however, in the case of circularly polarized light, the data refers
to the upper B-integral axis, which is scaled by a factor of 2/3 compared to the lower
axis. The factor 2/3 corresponds to the ratio (nec/n2 ). Thus, the use of circularly
polarized light instead of linearly polarized light should yield a peak-power enhancement
as shown in Fig. 6.27(b). This increase in peak-power is dependent on the pulse-shape,
and therefore, the sech? pulse is compared to a Gaussian shape. A Gauss pulse allocates
less energy to the regions far from the center (i.e., lower kurtosis), and thus, the com-
pensation of SPM with a parabolic phase yields higher peak-powers. Consequently, the
relative peak-power enhancement is diminished. In any case, circularly polarized light
will increase the self-focusing threshold.

In the following, the ratio of the B-integrals, corresponding to amplification with lin-
early and circularly polarized light, is experimentally measured using phase shaping. For
this purpose, a pulse-shaper is inserted into a fiber-based CPA-system. In particular,
the stretcher and compressor are perfectly matched in the linear operation of the CPA-
system. This configuration is kept for the nonlinear regime of the CPA-system. For
such a configuration, the residual spectral phase due to self-phase modulation is given
by B - s ().
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Figure 6.27: (a) Strehl-ratio of the output pulse after nonlinear chirped pulse amplification
as a function of the B-integral. (b) Relative peak-power enhancement if circularly polarized
light is used instead of linearly polarized light for different pulse shapes.

The B-integral is determined by phase-only shaping. Nearly transform-limited pulses
can be produced when a pulse-shaper generates a phase p,s = —B-s (€2). The spectrum
s(€) is obtained with an optical spectrum analyzer, however, the exact value of the
B-integral is unknown. So, in practice, the phase ¢,; = A¢ - s () is generated with the
pulse-shaper, and the parameter A¢ is varied. For the different values of A¢, and thus,
different phase-shapes realized with the pulse-shaper, the pulse-energy at the input of
the amplifier is kept constant, and as a consequence, the output pulse-energy remains
the same. In particular, the growth of energy is independent of the pulse-shape [24].
By analogy with the procedure described in the previous section, the B-integral is the
(—Ag) for which the (normalized) autocorrelation corresponds to the autocorrelation of
the linear CPA-system. In this way, the B-integrals for the two polarization states can
be accurately determined.

The experimental setup is the same as in section 6.4. A schematic of the fiber-based
CPA-system has already been shown in Fig. 6.23. To amplify circularly polarized light,
a quarter-wave plate is placed before the main-amplifier. At this position, the states of
polarizations are measured with a polarimeter. The results are shown in Fig. 6.28. The
state of polarization can be represented by an ellipse [100]. The parameter ellipticity is
an angle, which is calculated from the arc tangent of the ratio of the semi-minor to the
semi-major axis. For the case of circularly polarized light, the ellipticity of the state of

polarization is measured to be 43°, and for linearly polarized light it is experimentally
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Figure 6.28: Results from the measurement with the polarimeter: representation of the state
of polarization on the Poincaré-sphere for the case of circularly polarized light (a), and linearly
polarized light (b).

determined to be 0.3°. After the main amplifier the circular polarization is changed
to linear polarization with a second quarter-wave plate. For both polarization states,
a half-wave plate is used to achieve the 70% efficiency of the compressor. Nonlinear
polarization rotation is not an issue. Particularly, the gratings of the compressor are
polarization sensitive, and thus nonlinear polarization rotation would cause a drop in
compressor efficiency. However, it is experimentally observed that the compressor ef-
ficiency is the same for the nonlinear and linear regime of the CPA-system. For both
polarization states, 70 mW of average power is launched into the main amplifier at a
repetition rate of 50 kHz, and the output power is 31 W (before compression), which is
a pulse-energy of 620 pJ. The nonlinearity is solely accumulated in the main amplifier
since only moderate pulse energies are extracted from the pre-amplifiers, which feature
large-mode areas. The spectrum is measured behind the main amplifier and is shown
in Fig. 6.29(a). The spectrum is normalized (i.e., the peak equals 1) and multiplied by
the phase-compensation parameter A¢. In the experiment, the parameter A¢ is varied
between 0 and -9 rad. The resulting spectral phases, which are produced by the SLM,
are shown in Fig. 6.29(b). To facilitate inspection, the step-size in the figure is 1 rad. In
the experiment, the actual step is 0.5 rad. For the case of circularly polarized light, the
step is refined to 0.25 rad in the region of -4 rad. For linearly polarized light, the steps
are reduced to 0.25 rad around A¢ = —6 rad. For each A¢, the autocorrelation traces
are measured at the output of the nonlinear CPA-system. To minimize the error of the
measurement, the sweep of the parameter A¢ is repeated three times for the circular
polarization, and two times for linear polarization.

For the case of circularly polarized light, one set of autocorrelation traces is shown in
Fig. 6.29(c). Again, only steps of 1 rad are shown. The (average) 'ridge’ of the three

sets of autocorrelations (full resolution) is shown via the blue line in Fig. 6.29(c). The
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Figure 6.29: (a) The spectrum measured at the output of the main-amplifier. (b) The
SLM produces phases with different values of the phase-compensation parameter A¢. The
autocorrelation traces measured at the output of the fiber CPA-system for the different Ag:

(c) for circularly polarized light and (d) linearly polarized light.

autocorrelation trace with maximum peak agrees with the (normalized) autocorrelation
trace that was recorded for the linear system, i.e nearly transform-limited pulses are
produced at this point. Thus, at the maximum peak the absolute value of the phase-
compensation parameter equals the B-integral, i.e. A¢ = —B. For the case of circularly
polarized light, the B-integral is 4.0 rad. The precision is limited by the step-size of 0.25
rad. However, a finer step-size does not improve the measurement because of flucuta-
tions in the autocorrelation traces.

The case of linearly polarized light is shown in Fig. 6.29(d). The B-integral is deter-
mined to be 5.8 rad. To better compare the results for the two states of polarization,

both sets are shown in Fig. 6.30. The ratio of the B-integrals is found to be in good
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Figure 6.30: Peak of the autocorrelation traces at the output of the fiber CPA-system for
the different values of the phase-compensation parameter A¢. The blueish and redish line
correspond to linearly and circularly polarized light, respectively. They represent the mean
values of the experimental data (grey curves). The vertical lines mark the position of A¢p=-B.

agreement with the theoretical value of 2/3. It can be seen that the maximum is not a
sharp peak but a rather smooth curve. Thus, small fluctuations have a strong impact
on the exact determination of the ratio of the B-integrals. Nevertheless, the result of

Fig. 6.30 shows that circular polarization is advantageous in ultrafast fiber amplifiers.

To summarize, in addition to the technique of chirped pulse amplification and the use
of large mode area fibers, the strength of the Kerr-effect has been further reduced by
using circularly polarized light instead of linearly polarized light. Using phase-shaping,
the ratio of the B-integrals of circular versus linear polarization has been measured to be
around 2/3, which is in accord with theoretical findings. The technique requires an op-
tically isotropic gain medium. The method can be used to increase the peak-power from
ultrafast oscillators, and to reduce the impact of modulation instability in twisted-mode
resonators. The technique is particularly relevant for ultrafast fiber-systems, which are
susceptible to nonlinear effects. It can be combined with techniques that control SPM
by using active pulse-shaping. In particular, the requirements on the shaping dynam-
ics can be reduced. In this context, the application of polarization maintaining as well
as polarizing fibers seems not ideal for peak-power scaling. In general, the beat-length
due to birefringence must be longer compared to the fiber-length. Moreover, the use of
circularly polarized light increases the self-focusing threshold (e.g., [49]) from 4 MW to
about 6 MW (at a wavelength around 1.03 pm).
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6.6 Comparision of techniques
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Figure 6.31: Comparision of the methods to control the impact of SPM in fiber CPA-systems.

Fig. 6.31 compares the methods discussed in this chapter in terms of preservation of
pulse-quality, as well as output parameters. With the exception of the cubicon (orange
line) and parabola (magenta line), the simulations have assumed a sech? spectrum. The
calculations are based on the analytical model developed in section 4.1. Experimental
demonstrations of these methods are marked on the theoretical curves (although in
practice there will be deviations from the theoretical behavior). Using spectral clipping
in the stretcher, pulse quality improvement has been demonstrated at B = 10 rad.
This method exhibits a behavior comparable to the method using adaptation of both
GVD and TOD. High energy pulses have been obtained by Zaouter et al.. However, in
this experiment the final spectrum has narrowed, and it is free of a pronounced wing-
structure [91], and thus the SPM accumulated in the pre-amplifiers (B ~ 12 rad) can
be well compensated. If the spectral shape changes, the performance will alter (see also
Fig. 6.12). This variability is indicated by the (green) dashed bar. Cubicon formation in
a (nearly) all fiber CPA-system has enabled ultrashort 50 pJ pulses (after compression).
Active pulse shaping offers flexibility and a good preservation of pulse-quality. Both
amplitude and phase shaping have been pursued in this work. In particular, the impact
of SPM at B = 16 rad has been controlled by generating a parabolic spectrum, and
model-based phase-shaping has produced high quality pulses with energies around 1 mJ,
which is the record. The B-integral can be exactly measured. In contrast to prior time-
domain phase-shaping (emulating a negative ny), this method modifies the phase in the
frequency domain. All methods can benefit from the use of circularly polarized light to
lower the B-integral. This technique has been proposed in section 6.5. Furthermore, in
all experiments a smooth envelope of the spectrum (or pulse) has been assumed. As

discussed in chapter 5, perturbations limit the nonlinear operation regime.
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The rapid development of ultrashort pulse fiber lasers has brought the field to the point
where ultrafast sources for particular industrial and scientific applications are commer-
cially available. To further broaden the scope of this technology, there is currently
considerable interest in the development of the next generation of fiber lasers exhibiting
higher pulse energies and peak-powers. Saturation and nonlinear effects constitute the
main challenges in the design of such systems. The goal of this thesis was to control the
impact of these limiting processes by applying pulse shaping, and thus, to overcome the

drawbacks.

Conventionally, nonlinear effects during the amplification of ultrashort pulses must be
avoided in order to obtain a high pulse quality, and thus, high peak-power. For this
reason, the technique of chirped pulse amplification, and large mode area fibers are
employed in fiber-based amplification systems. Even though these methods are imple-
mented in state-of-the-art ultrashort pulse fiber amplifiers, energy scaling is still limited
by nonlinear effects. In particular, the pulse quality rapidly degrades with an increas-
ing impact of nonlinearity. To improve the quality of the output pulses, novel concepts
must be developed that control the impact of nonlinearity, and therefore, enable further

scaling of the pulse energy.

One objective of this thesis was the development of an analytical model for the ultra-
short pulse propagation in nonlinear fiber-based CPA-systems. It could be shown that
the impact of self-phase modulation on the stretched pulse can be approximated by a
spectral phase which exhibits the shape of the power spectrum and a maximum phase-
shift according to the B-integral. This model has significantly simplified the analysis
of nonlinear CPA-systems. A direct consequence of this analysis was the experimental
demonstration of the compensation of self-phase modulation by positive dispersion. At
this point, it is worth noting that negative dispersion is conventionally associated with
the cancelation of self-phase modulation. The model is the theoretical basis for the de-
velopment of novel methods to control the impact of self-phase modulation in ultrashort
pulse fiber-amplifiers. Furthermore, the stability of this kind of ultrafast amplification
was analyzed. In particular, the influence of initial perturbations imposed on the pulse

envelope before amplification was examined. It could be shown that small scale pertur-
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bations cause a degradation in contrast of the output pulse. It could be demonstrated
that the decrease of pulse quality manifests itself in the form of satellite pulses. The
relative intensities of these pulses grow with increasing B-integral and are dependent on
the quality of the stretched pulse before amplification. Thus, the nonlinear operation
regime of CPA-systems requires excellent starting conditions. Based on these findings,

sensible operation regimes of nonlinear CPA-systems were determined.

Moreover, novel concepts for the generation of high peak-power pulses have been de-
signed within the scope of this thesis. Based on a simple model, pulse shaping has been
applied to actively control the impact of self-phase modulation. A new method based on
amplitude shaping was demonstrated for the first time in this thesis. The idea behind
this technique is that the modified shape of the propagating pulse allows compensation of
the self-phase modulation by the compressor. It was demonstrated experimentally that a
parabolic spectrum produces nearly transform-limited pulses of nonlinear CPA-systems
(B=16 rad), whereas standard shapes, such as sech? or Gauss, cause a degradation of the
pulse quality. This kind of pulse-shaping must address spectral transmission characteris-
tics in the stretcher (e.g. due to spectral efficiency of the gratings), in the pre-amplifiers
or any other component before the main amplifier in order to obtain the parabolic shape
in the final stage where SPM acts. Therefore, amplitude shaping requires an iterative
method.

A further technique is based on phase compensation using phase-shaping. In this way,
transform limited pulses can be generated from non-parabolic spectra. This type of
pulse-shaping depends only on the output phase, and not on the particular evolution
into the output state. Thus, ideally only one step is necessary to achieve phase cance-
lation. However, exact phase compensation relies on a highly accurate measurement of
the residual phase due to self-phase modulation, which is very demanding. An alter-
native approach, which was developed in this thesis, uses model-based phase-shaping.
This method requires only the measurement of the output spectrum instead of complex
pulse-diagnostics. Moreover, the B-integral of the nonlinear propagation can be deter-
mined. Beyond the conventional limit due to self-phase modulation, i.e. B = 1 rad,
nearly transform-limited pulses have been produced by a nonlinear fiber CPA-system.
The pulse energy was as high as 1 mJ, and the B-integral was as high as 8 rad. Compared
to the system without phase-shaping, the relative peak-power has been increased by ap-
proximately a factor of two by pulse-shaping. This result constitutes a new record in
terms of pulse energy at good pulse quality by a fiber-based CPA-system. The method is
reproducible. In the experiment, the technique was limited by the occurrence of higher

order modes and surface damage. Current developments on improved designs of the
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main fiber amplifier will solve these issues.

For the first time, it could be demonstrated experimentally that circularly polarized light
is advantageous for ultrashort pulse amplifiers. In particular, circularly polarized light
results in a lower B-integral than linearly polarized light, i.e. it reduces the strength of
self-phase modulation. This was shown by using model-based phase-shaping. Circularly
polarized light contributes efficiently to further scaling of the pulse peak-power. In ad-
dition to this advantage, this polarization state will increase the self-focussing threshold
from 4 MW to about 6 MW (at a wavelength around 1.03 pm)

Phase-shaping and amplitude shaping can be combined to the best advantage. Ampli-
tude shaping can produce a flatter spectrum which has less energy in the edges. Such
a spectral shape will cause a lower B-integral at the same energy level. Then, the ap-
plication of phase-shaping yields to nearly transform limited output pulses. Moreover,
improved high-speed pulse diagnostics will lead to solutions that better match the prob-
lem. This approach can take into account gain shaping and saturation. The future will

see pulse synthesis routinely employed in ultrafast amplification systems.

The operation of CPA-systems in the nonlinear regime will require an improved quality
of the stretched pulse before amplification. Future developments will have to address
this topic. In this context, the incorporation of elements possessing negative nonlinear
indexes of refraction should be considered, such as semiconductors or cascaded quadratic
nonlinearities. This will allow passive management of self-phase modulation; moreover,

the degradation of pulse contrast due to small scale perturbations can be offset.

The ultimate limits of energy scaling in state-of-the-art ultrafast fiber amplifiers are
given by surface damage and self-focussing. Controlling the impact of nonlinearity up to
these limits seems feasible. However, the complexity of pulse-shaping devices should be
reduced. The flexibility offered by adaptive pulse shaping will pave the way for compact
ultrafast amplification systems. For instance, the phase-mismatch between a compact
stretcher and compressor can be compensated by the pulse-shaper. Higher average power
and peak-power will be obtained from increasingly compact systems. This will turn the
ultrafast fiber laser into a standard instrument in many laboratories and in industrial

applications.
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Zusammenfassung

Pulsformung in faseroptischen Verstirkersystemen

Die raschen Fortschritte in der Entwicklung des faseroptischen Ultrakurzpulslasers hat
das Forschungsgebiet an einen Punkt gebracht, in dem nun kommerziell verfiigbare
Quellen in speziellen industriellen und wissenschaftlichen Anwendungen zum Einsatz
kommen. Um das Anwendungsgebiet dieser Technologie weiter auszudehnen, werden
derzeit Moglichkeiten zur Steigerung der Pulsenergie und Pulsspitzenleistung erforscht.
Der Aufbau solcher Systeme erfordert jedoch die Beriicksichtigung von Séttigungseffekten
und von nichtlinearem Verhalten. Das Ziel der vorliegenden Arbeit ist es, die Wirkung

dieser Effekte durch Pulsformung zu steuern und somit Nachteile zu vermeiden.

Herkémmlicherweise miissen bei der Verstidrkung von ultrakurzen Pulsen nichtlineare
Effekte vermieden werden, da nur so eine hohe Qualitit des Ausgangspulses und damit
nutzbare hohe Pulsspitzenleistungen zu erreichen sind. In faseroptischen Ultrakurz-
pulsverstiarkern kommt daher das Verfahren der Verstdrkung von gestreckten Pulsen
und Grofikernfasern zum Einsatz. All diese Methoden werden in modernen Systemen
angewendet. Trotzdem wird die Skalierung der Pulsenergie durch das Auftreten von
nichtlinearen Effekten begrenzt. Der Einfluss von nichtlinearen Effekten &uflert sich
durch eine schnelle Abnahme der Pulsqualitéit. Die Entwicklung von neuen Methoden
zur Kontrolle des Einflusses der nichtlinearen Effekte ist daher ein entscheidender Schritt
hin zu verbesserten faseroptischen Kurzpulsverstirkersystemen. Insbesondere, erlauben

solche Verfahren eine weitere Skalierung der Pulsenergie.

Ein Ziel der vorliegenden Arbeit ist es, ein Modell fiir die Verstiarkung von gestreckten
Pulsen unter dem Einfluss von Nichtlinearitit zu entwickeln. Es konnte gezeigt werden,
dass die Wirkung der Selbstphasenmodulation durch eine spektrale Phase beschrieben
werden kann. Der Verlauf der Phase entspricht der Gestalt des Spektrums und der
maximale Phasenhub wird durch das B-Integral bestimmt. Aufgrund dieser theore-
tischen Untersuchungen konnte experimentell gezeigt werden, dass Selbstphasenmodu-
lation gestreckter Pulse durch positive Dispersion kompensiert werden kann. An dieser
Stelle sei darauf hingewiesen, dass fiir nahezu bandbreitenbegrenzte Pulse negative Dis-

persion mit einem Ausgleich von Selbstphasenmodulation in Verbindung gebracht wird.



Das Model bildet insbesondere die Grundlage fiir Verfahren zur Kontrolle der Selbst-
phasenmodulation in faseroptischen Ultrakurzpulsverstérkern. Dariiber hinaus wurde
die Stabilitdt dieser Art von Verstidrkung untersucht. Insbesondere wurde der Einfluss
kleiner Stérungen auf der Einhiillenden des zu verstidrkenden Pulses beschrieben. Es kon-
nte im Rahmen dieser Arbeit gezeigt werden, dass kleine Stérungen des Pulses vor der
Verstarkung einen starken Einfluss auf den Kontrast der Ausgangspulse haben. Diese
Verschlechterung des Pulskontrasts duflert sich in Form von Nebenpulsen. Die Inten-
sitdten der Nebenpulse steigen mit zunehmendem B-Integral und sind von der Qualitét
des zu verstirkenden Pulses abhéngig. Der nichtlineare Verstidrkungsbereich erfordert
daher eine exzellente Pulsqualitit. Durch diese Untersuchungen konnten sinnvolle Op-

erationsbereiche bestimmt werden.

Die Entwicklung neuer Verfahren zur Steigerung der Pulsspitzenleistung stellt einen
wesentlichen Schwerpunkt dieser Arbeit dar. Pulsformung kommt zum Einsatz, um den
Einfluss der Nichtlinearitét zu steuern. Das entwickelte Modell findet hier seine Anwen-
dung. Eine Methode basiert auf der aktiven Formung der Amplitude. Das Prinzip des
Verfahrens ist, dass eine verdnderte Form des sich ausbreitenden Pulses eine Kompen-
sation der Selbstphasenmodulation durch den Kompressor erlaubt. Es konnte experi-
mentell gezeigt werden, dass ein parabolisches Spektrum nahezu bandbreitenbegrenzte
Pulse am Verstédrkerausgang ermoglicht, wohingegen herkémmliche spektrale Formen
wie z.B. GauBl oder sech? zu einer Verschlechterung der Pulsqualitit fiihrten. Zwischen
der Formung der Amplitude und der Verstiarkerdynamik besteht jedoch eine Wechsel-
wirkung. Das Verstirkerverhalten héngt stark von der Signalintensitdt ab. Dariiber
hinaus miissen in diesem Verfahren Verdnderungen des Spektrums im Strecker (z.B.
durch die spektrale Effizienz der Gitter), als auch in den Vorverstirkern oder in anderen
optischen Komponenten mit beriicksichtigt werden, um ein parabelférmiges Spektrum
im letzten Abschnitt des Hauptverstirkers, dort wo die Nichtlinearitat wirkt, zu erhal-

ten. Amplitudenformung erfordert somit ein iteratives Verfahren.

Im Rahmen dieser Arbeit wurde auch die Phase aktiv geformt. Mit dieser Metho-
de konnten nahezu bandbreitenbegrenzte Pulse am Verstérkerausgang auch fiir nicht-
parabelformige Spektren realisiert werden. Fin Vorteil dieses Verfahrens ist, dass die
Kompensation nur von der Ausgangsphase abhingig ist und nicht von der Entwicklung
in diesen Ausgangszustand. Idealerweise ist daher nur ein Schritt notwendig um die
Phase auszugleichen. Eine Phasenkompensation mittels Phasenformung ist nur dann
exakt durchfithrbar, wenn die Restphase genau bekannt ist. Allerdings muss hierfiir
diese Phase exakt gemessen werden, was wiederum sehr aufwendig ist. Im Rahmen

dieser Arbeit wurde daher eine alternative Herangehensweise entwickelt. Das Verfahren



beruht auf einer modellbasierten Formung der Phase. Die Methode erfordert nur eine
Messung des Spektrums anstatt einer komplizierten Messung der Phase. Dariiber hinaus
kann das B-Integral der nichtlinearen Ausbreitung des Pulses experimentell bestimmt
werden. Jenseits des herkommlichen, von Nichtlinearitéit beschréinkten Arbeitsbereiches,
konnten bandbreitenbegrenzte Pulse von einem faseroptischen Verstérkersystem erzeugt
werden. Die Pulsenergie war 1 mJ hoch. Das B-Integral wurde zu 8 rad bestimmt.
Im Vergleich zu dem System ohne Pulsformung konnte die relative Pulsspitzenleistung
mittels adaptiver Phasenformung um mehr als einen Faktor zwei erhéht werden. Dieses
Ergebnis stellt einen beachtlichen Fortschritt hinsichtlich Pulsqualitdt und Pulsspitzen-
leistung dar. Das Verfahren arbeitet reproduzierbar. Experimentell wurde die Technik
durch das Auftreten von htheren Moden begrenzt. Verbesserte Faserdesigns werden

dieses Problem jedoch in naher Zukunft beheben.

Im Rahmen dieser Arbeit konnte zum ersten Mal experimentell nachgewiesen wer-
den, dass die Verwendung von zirkular polarisiertem Licht fiir die nichtlineare Ultra-
kurzpulsverstiarkung vorteilhaft ist. Mittels der modellbasierten Phasenformung konnte
gezeigt werden, dass das B-Integral fiir zirkular polarisiertes Licht gegeniiber linear po-
larisiertem Licht reduziert ist. Dariiber hinaus ldsst sich mit zirkular polarisiertem Licht
die Schwelle fiir Selbstfokussierung (bei einer Wellenléinge von 1 pm) von ungeféhr 4
MW auf 6 MW erhohen.

Die Formung von Phase und Amplitude kann auch kombiniert werden. Solch eine
Herangehensweise sollte noch bessere Ergebnisse liefern, da ein Spektrum, welches so
verdndert wird, dass es insgesamt flacher ist und weniger Energie in den Réndern
aufweist, ein kleineres B-Integral bei gleicher Pulsenergie liefert. Amplitudenformung
konnte solch ein vorteilhaftes Spektrum erzeugen. Dann sollte Phasenformung ausge-
fithrt werden, um bandbreitenbegrenzte Pulse zu erzeugen. Dariiber hinaus kénnten
genauere Verfahren zur Charakterisierung von Pulsen zu einer besser an das Problem
angepassten Losung fithren. Die Verstdrkerdynamik kénnte so auch mit beriicksichtigt

werden.

In naher Zukunft wird der Pulsformer ein Standardinstrument in jedem gréeren Ultra-
kurzpulsverstirker sein. Fiir den erfolgreichen Einsatz im nichtlinearen Regime muss
jedoch die Qualitét des zu verstarkenden Pulses verbessert werden. Zukiinftige Arbeiten
miissen sich mit diesem Thema intensiv beschéftigen. In diesem Zusammenhang sollte
auch iiber den Einbau von Materialien mit einer negativen nichtlinearen Brechzahl, wie
z.B. Halbleiter oder quadratische Nichtlinearitdten, nachgedacht werden. Mit diesen Ele-
menten ist neben der Kontrolle von Selbstphasenmodulation auch eine Verbesserung des

Pulskontrasts moglich.



Die Zerstorung der Faserendfliche als auch Selbstfokussierung stellen ultimative Be-
schrankungen fiir die Steigerung der Ausgangsenergie in faseroptischen Verstérkern dar.
Eine Kontrolle der Nichtlinearitét bis zu diesen Grenzen erscheint durchfiihrbar. Hierfiir
sollte jedoch die Komplexitiat der Pulsformer reduziert werden. Der Einsatz von adap-
tiver Pulsformung erdffnet neue Moglichkeiten. Kompakte Verstiarkersysteme kénnen
aufgebaut werden; z. B. kann der Pulsformer die Phasenfehlanpassung zwischen einem
kompakten Strecker und dem Kompressor ausgleichen. Hohere Durchschnittsleistungen
und Pulsspitzenleistungen kénnen so von zunehmend kompakteren Systemen produziert
werden. Dies wird den faseroptischen Ultrakurzpulslaser zu einem Standardinstrument

in vielen Laboren und in industriellen Anwendungen machen.
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