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Abstract

The goal of this work was the realisation of a setup for spectral broadening and

subsequent compression of 25 fs laser pulses provided by a commercial Ti:Sapphire based

CPA laser system by means of the hollow core fibre chirped mirror compressor technique.

For the spectral broadening a vessel containing the hollow waveguide filled with a noble gas

serving as the nonlinear medium was set up and an alignment procedure was developed.

Neon was chosen as the nonlinear medium for the self-phase modulation of the pulses.

With this setup spectral broadening, sufficient for supporting sub 5 fs pulses, was observed.

The spectra at different input energies and neon gas pressures were measured and the

stability of these and their respective Fourier transform-limited pulses determined in order

to find an operating point. For the compression of the self-phase modulated pulses a

chirped mirror compressor was designed and set up, but not tested yet. The layout of a

single-shot intensity autocorrelator capable of estimating the pulse duration of sub 10 fs

pulses was given.

Kurzfassung

Ziel dieser Arbeit war die Implementierung eines Aufbaus für die spektrale Verbre-

iterung und anschließende Kompression von 25 fs Laserpulsen von einem kommerziellen

Ti:Saphir basierten CPA Lasersystem mittels eines Hohlfaserkompressors. Für die spek-

trale Verbreiterung wurde ein Gasbehälter realisiert, in welchem sich die Hohlfaser für

die Wellenleitung der Pulse, gefüllt mit einem Edelgas für die Nichtlinearität, befindet.

Für diesen Aufbau wurde zudem eine Justageprozedur entwickelt. Als Medium für die

spektrale Verbreiterung durch Selbstphasenmodulation wurde Neon verwendet und wurde

gezeigt, dass Spektren hinreichend für sub 5 fs Pulse generiert werden können. Es wur-

den mit diesem Aufbau die Spektren bei verschiedenen Energien der eingehenden Pulse

und verschiedenen Gasdrücken genommen und die Stabilität und das Fourier-Limit dieser

ermittelt, um einen Arbeitspunkt zu finden. Der für die Kompression dieser Pulse aufge-

baute Kompressor mit gechirpten Spiegeln wurde aufgebaut, jedoch noch nicht getestet.

Zudem wurde ein Einzelschuss-Intensitätsautokorrelator für die Abschätzung der Puls-

dauer von sub 10 fs Pulsen konzipiert.
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CHAPTER 1

Introduction

Accelerated electrons with an energy on the order of MeV to GeV have many applica-

tions ranging from the generation of terahertz radiation and x-rays to free electron lasers.

The energy gain per metre is limited to few tens of MeV/m in conventional accelerators,

i.e. accelerators using radio frequency cavities. Obtaining energies on the order of GeV

therefore usually requires facilities of a hundred metres in length, or more [LNG+06].

As proposed by Tajima and Dawson [TD79] one can accelerate electrons in a more com-

pact scheme, the laser driven plasma wake field acceleration. This scheme is based on

creating an electron plasma, in which a density wave is then driven by an intense laser

pulse. The ponderomotive force of the laser pulse pushes aside the electrons, which leads

to a volume behind the driver pulse that has a reduced density of electrons. The pos-

itively charged background due to the ionised atoms, which are considered stationary,

causes the electrons to oscillate back to the beam axis. At the rear of the volume with

reduced electron density, where the pushed aside electrons oscillate back to, there is a

strong longitudinal electric field surpassing that of conventional accelerators by three to

four orders of magnitude [LNG+06]. Since the driver propagates through the plasma at

a velocity vD that is close to the speed of light, the accelerating region does so as well.

Electrons that are injected into this region are called witness electrons. The witness bunch

is accelerated until either the plasma ends, the driver is depleted, or driver and witness

dephase, i.e. the witness moves away from the accelerating region due to a difference in

velocities. Experiments have shown, that electrons can gain several GeV of energy during

the plasma wakefield acceleration process [BCD+07]. The gained energy as well as the

energy spread and other beam quality parameters are to a large extend determined by

the accelerating structure, which therefore needs to be under good control; and in order

to be able to control it one needs a diagnostic tool that can resolve the effects of different

parameters on the plasma wake. One way of doing so is to transversely image the plasma

wake by means of taking a shadowgraph. This is achieved by imprinting the change of

the refractive index, that originates from the electron density wave, onto the profile of a

laser pulse, as has been done by Schwab et al. using a 6 fs short laser pulse [SSJ+13].

Such short pulses are necessary because a longer pulse would blur the image, because

the length scale in laser driven plasma wake is on the order of 10 µm, which leads to a

time scale of 10 µm/c ≈ 30 fs. Laser systems based on the chirped pulse amplification

scheme providing pulses with energies of up to 1 J and durations as short as 20− 100 fs

are by now commercially available. Additionally, further compression of pulses from such

a light source to the few-cycle regime (sub 10 fs) in a hollow core fibre (HCF) chirped

1



2 1. INTRODUCTION

mirror Compressor (CMC) has become a standard technique for kHz systems. A HCF

CMC consists of essentially two stages: (1) a hollow core fibre filled with a noble gas

and (2) a set of chirped mirrors [DYO+05]. The nonlinear refractive index of the no-

ble gas is no longer negligible at the intensities reached due to the small beam diameter

inside the fibre and the pulse duration. A consequence is self-phase modulation of the

pulses, which can be used to broaden their spectrum to support shorter pulses in principle

[TSS84]. Self-phase modulated pulses also accumulate chirp, which needs to be removed

for achieving a shorter pulse. For this a set of chirped mirrors, which cause a larger delay

to long than to short wavelengths, is introduced to achieve that the spectral components

of the pulse oscillate in phase again, giving the -ideally- shortest pulse possible for the

given spectrum. The goal of this work is the planning and implementation of such a

setup and the spectral broadening of 25 fs short pulses from a commercial laser system

for the compression to sub 10 fs. This thesis is divided into four parts. Subsequent to

this introduction the theoretical background necessary to understand the principles of the

aimed for pulse compression scheme is given in chapter 2. Thereafter planned and the

realised parts of the experimental setup and the conduction of experiments are described

and experimental results presented and discussed in chapter 3. Last, a summary of the

progress and the results, and an outlook with suggestions for further steps is given in

chapter 4.



CHAPTER 2

Theoretical Background

This chapter introduces the principles that play a major role in the field of ultrashort

pulses and the generation of these in a hollow core fibre (HCF) chirped mirror compressor

(CMC). A mathematical description of laser pulses in the time and frequency domain is

given and the influence of the spectral phase is shown. Spatial properties such as the size

of the laser beam profile as well as the behaviour of focussed Gaussian beams in vacuum

and in a hollow waveguide are described. When the laser pulses are focussed, intensi-

ties are reached, at which the nonlinear refractive index of materials becomes relevant.

Self-phase modulation (SPM) is one manifestation of this nonlinearity and is the effect

exploited for the spectral broadening of the laser pulses. The description of SPM and the

effect of ionisation are given. Last, this chapter addresses the measurement of ultrashort

laser pulses with autocorrelators and FROGs. Section 1 and 3 are based on ”Frequency

Resolved Optical Gating” by Rick Trebino [Tre00], if not stated otherwise. Section 2.1

is based on ”Principles of Lasers” by Orazio Svelto [Sve10].

1. Spectral phase and time-bandwidth product

Laser pulses are electric field oscillations with limited duration. It is useful to describe

the electric field in the frequency domain, rather than in the time domain, when dealing

with ultrashort laser pulses, because measurements of the same are mostly done in the

frequency domain.

1.1. Time and frequency domain.

Electric fields are measurable quantities and therefore must be real. As with oscillations

in general, it is convenient, to represent the real electric field Ẽ(t) in terms of a complex

electric field E(t) ∈ C:
Ẽ(t) =

1

2
(E(t) + c.c.) = Re(E(t)) (2.1)

Any complex number or function can be expressed in terms of its amplitude and its

argument, or phase, ϕ(t) ∈ R:

E(t) = |E(t)| · eiϕ(t) (2.2)

Taking the Fourier transform of the electric field E(t) one obtains its representation in

the frequency domain

E(ω) =
1√
2π

∫ ∞

−∞
E(t) · e−iωtdt, (2.3)

which in general is a complex function and can thus be separated the same way, where we

call the amplitude squared spectral intensity or spectrum S(ω) and the argument spectral

3



4 2. THEORETICAL BACKGROUND

phase φ(ω) ∈ R:
E(ω) = |E(ω)| · eiφ(ω) =:

√
S(ω) · eiφ(ω) (2.4)

The spectrum S(ω) can usually be measured with a spectrometer, whereas the spectral

phase φ is more difficult to obtain experimentally. In the following the influence of the

spectral phase is described taking a Gaussian pulse as an example.

1.2. An example: Gaussian pulses.

The electric field of a simple Gaussian laser pulse is the product of a harmonic oscillation

with frequency ω0 and a Gaussian envelope

Ẽ(t) = Ẽ0 · cos(ω0t) · e
− t2

σ2
t , (2.5)

where Ẽ0 is a constant defining the maximum electric field. A complex electric field that

can be used to describe it is

E(t) = Ẽ0 · eiω0t · e
− t2

σ2
t , (2.6)

which is because the real part of eiω0t is cos(ω0t). The intensity of this pulse is given by

I(t) = |E(t)|2 = Ẽ2
0 · e

−2 t2

σ2
t , (2.7)

where 2 ·σt is the full width at 1/e2 maximum duration. By carrying out the Fourier

transformation of E(t)

E(ω) =

√
σ2
t

2
· Ẽ0 · e−

σ2
t
4
(ω−ω0)2 (2.8)

one obtains the frequency representation of the laser pulse. The spectrum, or more pre-

cisely the spectral intensity, is given by

S(ω) = |E(ω)|2 = σ2
t

2
· Ẽ2

0 · e−
σ2
t
2
(ω−ω0)2 =

4 ln 2

∆ω2
· Ẽ2

0 · e
−4 ln(2)

(ω−ω0)
2

∆ω2 , (2.9)

where ∆ω = 2
√
2 ln 2
σt

= 4 ln 2
τ

is the FWHM of the Spectrum. Analogously τ =
√
2 ln 2 ·σt is

the full width at half-maximum (FWHM) pulse duration. For such ideal Gaussian pulses

the product of duration (FWHM) τ and spectral width ∆ν = ∆ω/2π, the time-bandwidth

product (TBP), is given by

∆ν · τ =
2 ln 2

π
≈ 0.44 (2.10)

and is a lower bound for Gaussian pulses. One can show that for different pulse shapes,

e.g. sech2 pulses, there exist similar limitations. A pulse with a certain shape that has the

smallest possible TBP is called bandwidth limited or Fourier transform limited, because

the pulse duration is limited by the spectral intensity alone. The TBP can be larger as is

shown in the following section.

1.3. The importance of the spectral phase.

For a given spectral intensity, which is not difficult to measure in most cases, there are

infinitely many electric fields E(ω) that have the same spectral intensity. This is due to

that the spectral phase distribution φ(ω) drops out when taking the absolute value of E(ω)

for the calculation of S(ω). The spectral phase, however, becomes the more important the



1. SPECTRAL PHASE AND TIME-BANDWIDTH PRODUCT 5

shorter the pulses are that are dealt with. This is illustrated by the following example.

Starting from an ideal Gaussian pulse with a flat phase and FWHM duration τ0, one can

take the Fourier Transform, add a spectral phase and go back to the time domain by

means of the inverse Fourier transform. The spectral phase can be expanded in a Taylor

series around a central frequency ω0

φ(ω) = φ0 + φ1 · (ω − ω0) +
φ2

2
(ω − ω0)

2 +
φ3

6
(ω − ω0)

3 + ... , (2.11)

where φn are the expansion coefficients of the Taylor series. Setting one φn to a finite

value before doing the inverse Fourier transformation it can be shown what the effect of

these terms on the initially ideal Gaussian pulse is, i.e. on the pulse with φ(ω) = const.

The effect of finite values of φ0, φ1 and φ2 can be shown by analytical calculations. A

constant phase, φ0, changes only the phase offset of the oscillation under the envelope of

the real electric field Ẽ(t). A linear phase, φ1, results in a shift of the pulse in time not

altering the shape of the envelope, either. A quadratic phase, however, leads to a linear

chirp, i.e. a linearly varying instantaneous frequency

ωinst(t) =
dϕ(t)

dt
= ω0 +

4φ2

σ4
t + 4φ2

2

· (t− t0) (2.12)

and broadening of the intensity by a factor of

τ

τ0
=

√
1 + 16(ln 2)2

(
φ2

τ 20

)2

. (2.13)

The equation shows that for a finite φ2 an initially ideal Gaussian pulse is broadened

the more the shorter it was without chirp (see figure 2.1). In figure 2.2 the effect of

first (a), second (b) and third order phase distortions (3), i.e. φ3 6= 0 are depicted for an

initially ideal Gaussian pulse with a FWHM duration of 3.9 fs. As described the linear

phase leads to a delay in time and the quadratic phase causes chirp and broadening. A

cubic phase, however, causes the formation of pre- or post-pulses depending on the sign

of φ3. Such often undesirable spectral phase functions can be removed by adding a phase

with opposite sign to the pulse. Doing so recovers the shortest pulse and is what pulse

compression is based on.

1.3.1. Units of spectral phase parameters.

In this work the units of angular frequencies, the spectral phase and its derivatives are

[ω] =
rad

s
(2.14)

[φ] = rad (2.15)

[φn] =

[
dnφ

dωn

]
= rad1−n · sn. (2.16)

Fixing the convention regarding these quantities avoids confusion, because phases are

dimensionless and can be given the unit 1 or rad. Correspondingly an angular frequency

can have the unit s−1 or rad · s−1. Especially when dealing with tabulated values for the



6 2. THEORETICAL BACKGROUND

6 8 10 12 14 16 18 20

1

3

5

7

9

11

10 fs2

rad

40 fs2

rad

70 fs2

rad

100 fs2

rad

τ0 [fs]

τ
/τ

0

Figure 2.1. Broadening factor τ/τ0 of an initially ideal Gaussian pulse as
a function of the initial pulse duration τ0 for fixed GDD values φ2.
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Figure 2.2. Top row: Real electric field Ẽ(t) and the envelope
√

I(t) of
an initially ideal Gaussian pulse (FWHM τ0 = 3.9fs), that a non-trivial
spectral phase has been added to. Bottom row: The corresponding spectra
in terms of intensity and phase. a) a linear phase leads to a shift in time;
b) a quadratic phase leads to chirp and broadening; c) a cubic phase leads
to pre/post-pulses depending on the sign of φ3.

GDD, this factor of rad becomes relevant, because the GDD is the second derivative of

the spectral phase
d2φ

dω2
=

d2φ

d(2πf)2
=

1

(2π)2
d2φ

df 2
, (2.17)

and dropping rad makes unclear, whether the derivative with respect to f or ω is meant.
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2. Beam propagation and hollow core fibre

The first step needed for the compression of Fourier limited pulses is the broadening of

the spectrum using the intensity dependence of the refractive index of a noble gas. Here

this Kerr-nonlinearity, the propagation of Gaussian beams and the propagation inside a

hollow core fibre is addressed.

2.1. Gaussian beams.

2.1.1. Description of Gaussian beams.

Starting at Maxwell’s equations one can derive, that all electric field distributions in

vacuum must be solutions to the wave equation:(
c2~∇2 − ∂2

∂t2

)
~E = 0 (2.18)

In the paraxial approximation, i.e. assuming that the electric field varies slowly in direc-

tions perpendicular to the propagation direction, which can be set to be the z-axis, and

writing the electric field in the following form

~E(x, y, z, t) = ~E(x, y, z)e−i(kz−ωt) (2.19)

one can find a set of solutions including the transverse Hermite-Gauss modes. The inten-

sity profile of the ground mode, i.e. the mode that has a single maximum and no node

lines, is given by

I(t) = I0
w2

0

w(z)2
e
−2 r2

w(z)2 , (2.20)

where I0 is a constant amplitude, r =
√

x2 + y2 is the distance from the beam axis and

w(z) = w0

√
1 +

(
z

zR

)2

(2.21)

is the 1/e2 radius of the intensity. The beam has the smallest diameter 2w0 and thus the

highest intensity I0 at z = 0, the focal position. The Rayleigh length zR =
πw2

0

λ
, λ being

the wavelength, defines the distance from focus at which the intensity is I0/2. As shown

in figure 2.3a and from formula 2.21 we see that the beam diverges with an opening angle

of

Θ = 2 arctan

(
w(z)

z

)
z→∞−→ 2 arctan

(
λ

πw0

)
≈ 2λ

πw0

. (2.22)

2.1.2. Focussing Gaussian beams.

One can show for Gaussian beams, that they obey the simple lens equation (for thin

lenses) only in certain limits,
1

s
+

1

s′
=

1

f
, (2.23)

where s is the object distance, f the focal length of the lens, and s′ the image distance

(the image distance can become negative, meaning a virtual image). Instead the following



8 2. THEORETICAL BACKGROUND
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Figure 2.3. a) Beam waist w(z) of a Gaussian beam as a function of the
distance z from focus; b) Dependence of the effective focal length s′ on the
distance s of the lens from the initial beam waist and the Rayleigh length
zR in terms of dimensionless parameters for zR/f = 0, 0.5, 1, 2, 4.

formula holds:

1

s+
z2R
s−f

+
1

s′
=

1

f
(2.24)

⇔
( s
f
)2 − ( s

f
) + ( zR

f
)2(

( s
f
)− 1

)2

+ 1
=

s′

f
(2.25)

Here s′ is the distance of the first beam waist to the lens, s′ the distance of the second

beam waist to the lens, f the focal length (for plane waves) and zR the Rayleigh length.

In the limit s
f
→ ∞ this becomes the simple lens equation (eq. 2.23) also obtained by

setting zR to zero, which can also be seen in figure 2.3b. This means, that the difference

can be neglected, when the source of the beam is either far away from the focussing optic,

or when the Rayleigh length is negligible with respect to the distance between the source

and the focus.

2.2. Self-phase modulation (SPM).

As mentioned in section 1.3 the shortest laser pulse for a given spectrum is obtained

when the spectral phase varies at most linearly in frequency. Equivalently the Fourier

transform of the spectral intensity alone yields the shortest pulse possible. So in order to

compress a pulse beyond the Fourier limit one needs to broaden the spectrum first. What

can be exploited for this, is that the refractive index n of a medium, which is a quantity

reflecting its response to the electric field present, is in general intensity dependent. Since

the relative change of n with I is usually only relevant for high intensities seldom reached

in experiments, it is convenient to express this by expanding n(I) in a Taylor series:

n(I) = n0 + n2 · I +O(I2) (2.26)

This gives, for example, rise to self-focussing due to the transverse intensity profile causing

an induced gradient-index lens. In this work, however, it is made use of the fact that the

intensity of the pulse varies with time, which, according to equation 2.26, leads to a time
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dependent-change of the refractive index:

n(t) = n0 + n2 · I(t) (2.27)

Since the phase velocity, i.e. the speed at which a crest of the field amplitude travels, is

vp =
c

n
=

ω

k
(2.28)

and n changes along the laser axis due to the intensity varying with time, it is lowest at

the peak of a pulse and highest at the trailing and leading edge, respectively. It can be

shown, that without dispersion, i.e. if the refractive index is the same for all frequencies

n 6= n(ω), the envelope of the pulse does not change due to the Kerr-nonlinearity, so that

it manifests only in a variation of the temporal phase ϕ(t) as follows.

When the envelope does not change, the electric field can be written as

E(t) = Ẽ0(t− z/vg) · ei(ω0t−kz), (2.29)

where |Ẽ0| =
√
I is the envelope of the oscillating electric field and vg is the group velocity,

or the velocity at which the envelope propagates. Now from equation 2.28 we get

k =
ωn

c
=

ω

c
(n0 + n2I(t− z/vg)). (2.30)

Since Ẽ0 does not change, we obtain:

E(t) = Ẽ0(t− vgz) · ei(ω0t−ω
c
(n0+n2I(t−z/vg))z). (2.31)

After a distance L, which the pulse has propagated in the nonlinear medium, the instan-

taneous frequency has become

ωinst(t) =
dϕ(t)

dt
= ω0 −

ω

c
n2

∂I(t− z/vg)

∂t
L. (2.32)

The envelope, the instantaneous frequency and the resulting pulse in the time domain are

depicted in figure 2.4 for an initially unchirped Gaussian pulse. The broadened spectrum

of such a pulse as well as the initial spectrum are shown in figure 2.5 in terms of spectral

intensity and spectral phase. This symmetric broadening is typical for pure SPM of

Gaussian pulses. In most media the assumption of zero dispersion, n 6= n(ω), is not valid

and taking this into account requires more sophisticated methods, e.g. a split step Fourier

simulation. However, the effect of dispersion can be illustrated by looking at the effect

of the frequency dependence of n(ω) on the group velocity vg. It is the speed at which

the envelope travels in the absence of dispersion, which impedes this interpretation when

dispersion is present. Nevertheless, the following consideration is helpful for understanding

self-steepening. The group velocity is:

vg =
∂ω

∂k
=

1
∂k
∂ω

Eq.2.28
=

c

n(ω) + ω ∂n
∂ω

(2.33)

When one is dealing with visible to infrared light, n increases with frequency for normal

materials such as glass, so that vg is lowest where the wavelength is shortest. Since the

group velocity can be interpreted as the speed at which the envelope of a pulse travels,
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Figure 2.4. Intensity, instantaneous frequency and electric field amplitude
of an initially ideal Gaussian pulse that has undergone sSPM. Note that
dispersion has been neglected here.

the point of the leading edge, where the instantaneous frequency is at its maximum, is

the slowest region of the pulse. Thus the leading edge ”runs away” and the tail of the

pulse drives into it, increasing the intensity there. This self-steepened pulse now has its

maximum intensity closer to the region with the shortest wavelength. Thought of as a blue

shifted pulse with a lower intensity red shifted pedestal, it is clear that further broadening

occurs around a higher frequency than the initial carrier frequency. This then leads to

more blue and less red components in the spectrum. Bohman et al. have performed

simulations of SPM with dispersion that show exactly this blue shift in the spectrum in

good agreement with their experimental results [BSK+08].

2.3. Ionisation effects.

SPM is more efficient the higher the intensity is. High intensities can, however, also lead

to ionisation of the gas, which must be avoided for several reasons. The main undesirable

effect the free electrons of the generated plasma have, apart from the direct loss of energy,
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Figure 2.5. Spectral intensity (blue) and phase (red) of an initially Gauss-
ian pulse (grey) with zero phase, that has undergone SPM without disper-
sion (n 6= n(ω)).
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is defocussing and a distortion of the intensity profile. According to the formula [JBC09]

n(ne) =

√
1− e2ne(~x)

ε0meω
(2.34)

the refractive index of a plasma is a function of the density of the free electrons ne, which

depends on the laser intensity profile. Of course, higher intensity leads to more ionisation.

Equation 2.34 shows that n(ne) decreases with increasing ne leading to defocussing for

the maxima of the transverse intensity profile of the pulse. SPM is therefore usually

performed in noble gases, because their high ionisation energies strongly suppress the

formation of a plasma as long as the intensity of the pulse is chosen low enough to not

ionise the gas, while still being high enough to lead to sufficient SPM.

A technical aspect that needs to be considered in this respect is gas purity. Gas atoms

from different species that have a very low ionisation threshold generate free electrons

at much lower intensities than neon. These electrons can get accelerated by the electric

field of the laser pulse and can ionise out further electrons from any gas atom. Since an

increased number of free electrons present causes more electrons to be generated from this

inelastic scattering, it is an effect depending nonlinearly on the intensity of the laser pulse

and becomes more problematic the higher the intensity is. Keeping the probability for

the start of such a cascade low by means of high gas purity, one can increase the upper

limit for the intensity of the laser pulse still usable in the experiment.

2.4. The hollow core fibre (HCF).

SPM in noble gases requires intensities that are usually reached only for a laser pulse that

is focused and kept focused over a distance that is on the order of a metre. This is not

possible without a waveguide, since the Rayleigh length for beams focused with optics

that have a focal length on the order of few metres is in the few cm regime. Waveguides

are usually based on the principle of total internal reflection, which is not applicable in

this case, since noble gases have a refractive index differing not much from 1, while solid

materials have a refractive index of 1.3 or higher. This does not mean, however, that a

laser coupled into a hollow glass fibre is not be guided. It does mean that losses in the

waveguide cannot be prevented inherently and continuously increase with bending the

fibre, for decreasing the reflection angle increases the transmission into the cladding.

2.4.1. Coupling into a HCF.

A linearly polarised, cylindrically symmetric laser coupled into the fibre can only excite

EH1m-modes, which are also linearly polarised and cylindrically symmetric as well. Higher

modes suffer from higher losses during the propagation, wherefore it is desirable to not

excite any other modes than the ground mode EH11, which can be achieved by choosing

an appropriate ratio of the beam diameter at focus and the inner diameter of the HCF

for minimising the coupling efficiency η1m for m 6= 1 and maximising it for m = 1. The

calculation of these η1m can be performed by computing the overlap integral of the electric

field mode of the ingoing laser and the mth EH-mode. For a beam with a Gaussian mode

with focus at the entrance of the fibre it is given in [NSS+98] and the result is shown for
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Figure 2.6. a) Coupling efficiency of a laser with Gaussian transverse
profile as a function of the beam waist w0 for the three ground modes of a
HCF with a core radius a; b) Dependence of the attenuation constant α on
the bending radius R for different wavelengths and core radii.

m=1,2,3 in figure 2.6a. The figure shows, that a focus diameter that is around 68% of

the core diameter would result in a pure ground mode excitation of the fibre.

2.4.2. Attenuation in a HCF.

As there is no total internal reflection for light inside the core of the HCF, bending the

fibre can lead to severe losses. This has been investigated theoretically by Marcatili et al.

[MS64], who provide an equation from which the attenuation due to bending of the fibre

can be calculated. For the EH11 ground mode of the fibre the attenuation constant is

α(R) = α∞ + αR(R) = α̃∞ · λ
2

a3
+ α̃R · a

3

λ2
· 1

R2
, (2.35)

where λ is the wavelength, R the radius of curvature, a the inner radius of the fibre and α̃∞

and α̃R constants depending on the refractive index of the HCF. For fused silica, where

n = 1.45 [Mal65], these are approximately1 α̃ ≈ 19.3 and α̃∞ ≈ 0.2162, respectively.

Now, from equation 2.35 we see that the attenuation offset α∞ can be made arbitrarily

small by increasing the fibre core diameter. This however directly increases the sensitivity

of αR to bending. For instance, a fibre lying perfectly flat except for a section of 10 cm,

that is bent upwards by 100 µm at the highest point, has a radius of curvature < 50 m,

which leads to an increase from 7 to 12 percent or from 3 to 15 percent for a 1 m long

HCF with a=125 µm or a=200 µm, respectively. Also, bending the fibre leads to an

increase of intensity in higher modes, which not desirable in most cases. In figure 2.6b

the attenuation factor α(R) is plotted for different wavelengths and core diameters.

1 α̃∞ also depends on the angle between the polarisation and the plane in which the fibre bends roughly
by a factor of 1 + 0.246 cos(2θ). This has been omitted for simplicity, because it does not change the
order of magnitude.
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3. Pulse duration measurement

Directly measuring the duration of ultrashort laser pulses is mostly impossible, since

they are usually generated for probing other short but still longer events. A scan of the

pulse with a shorter pulse for example is therefore mostly not practicable or even possible.

The other possibility for knowing the pulse is in terms of the spectral intensity and the

spectral phase, of which the latter is not straight forward to obtain. Some of the different

techniques that have been developed to tackle the issue of measuring ultrashort pulses are

based on the idea of measuring the pulse with itself. Of these a few shall be mentioned and

two described in more detail here: Optical autocorrelation techniques are based on the

convolution of functions of the electric field, its complex conjugate and their temporally

displaced copies. The concept of a SPIDER (Spectral Phase Interferometry for Direct

Electric-field Reconstruction) is capable of measuring the spectral phase, but is not as

straight forward set up as an autocorrelator [IW98]. The FROG technique (Frequency

Resolved Optical Gating) is based on spectrally resolving an autocorrelation signal. While

this would not yield any more information than SPIDER, it has the advantage of being

merely an extension to the simpler intensity autocorrelator described below.

3.1. Optical autocorrelation.

The simplest autocorrelation is the field autocorrelation, which is the direct convolution

of the electric field and its complex conjugate, experimentally obtained by delaying a copy

of the pulse with respect to the other and overlapping the two on a sensor:

AFAC(τ) =

∫ ∞

−∞
E(t) ·E∗(t− τ)dt (2.36)

It can be shown that measuring the field autocorrelation does not suffice to extract the

pulse duration. In fact Afield(τ) contains no more information than the spectral intensity

[Khi34], meaning that the infinite amount of pulses that have the same spectral intensity

but possibly strongly differing shapes in the time domain cannot be distinguished.

A better approach is to measure the autocorrelation of the intensity, even though this

also has ambiguities and uncertainties as described later in this section. The Intensity

AutoCorrelation (IAC)

AIAC(τ) =

∫ ∞

−∞
I(t) · I(t− τ)dt (2.37)

is obtained experimentally by overlapping two pulse copies under an angle in a birefrin-

gent crystal. The electric field inside the crystal is the sum of the two copies, and the

polarisation induced due to the nonlinear part of the susceptibility is proportional to the

square of the sum:

P (t) ∝ (E(t) + E(t− τ))2 = E(t)2 + E(t− τ)2 + 2E(t) ·E(t− τ). (2.38)

Momentum conservation spatially separates the three contributions. This is because only

the last term propagates in the forward direction, when the initial pulses propagated

under a small angle with respect to the forward direction.
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Figure 2.7. Schematic of a single-shot intensity autocorrelator. Two
copies of the ingoing pulse intersect under an angle in the SHG crystal.
The second harmonic signal is then imaged onto a camera chip.

This is because the first two terms are the square of the respective initial pulses,

whereas the third is a mixed product. Since the momentum of the photons of this term is

determined by adding the momenta of two photons, each from one beam, the propagation

direction lies between the propagation directions of the other two terms. Assuming that

the birefringent crystal is capable of generating the second harmonic signal in this direction

for all frequencies present in the pulses, the electric field emitted in the forward direction is

given by the third term of equation 2.38 and a slow detector would see a signal proportional

to ∫ ∞

−∞
|E(t)E(t− τ)|2 dt =

∫ ∞

−∞
I(t)I(t− τ)dt = AIAC(τ). (2.39)

Whether the crystal can generate the second harmonic of a given frequency efficiently

depends on the crystal thickness and orientation. Frequencies that can be doubled are

referred to as phase matched. The issue of the requirement that all frequencies need to be

phase matched is treated in detail in [Tre00] and basically leads to a trade-off between

the signal strength, which increases with the crystal thickness, and the phase matching

bandwidth, which decreases with the thickness.

Inherent to the IAC are two main ambiguities First, one has to assume an intensity

profile so as to recover the real pulse duration, because the deconvolution factor, by which

the autocorrelation trace is broader than the pulse itself, differs from pulse form to pulse

form. Also substructures such as satellites cannot be resolved and result basically in a

raising of the flanks of AIAC(τ). Secondly, it holds no extractable information on the chirp

or other phase distortions, even though they do affect the width of the IAC curve.

There are other methods, such as the interferometric autocorrelation, which has the

disadvantage that it cannot be set up in a single shot geometry. This, however is crucial

for any laser system operating at less than 100 Hz.

3.2. The single-shot intensity autocorrelator.

Being able to measure all properties of a pulse from a single shot is of high importance,

when small shot-to-shot variations of the spectrum and spectral phase are not guaranteed.

Fortunately, the intensity autocorrelator can be set up in a single-shot geometry depicted

in figure 2.7. It consists basically of a beamsplitter creating a copy of the input pulse,
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a dogleg for precise adjustment of the path length for one of the two pulses, a nonlinear

crystal for creating the second harmonic, an aperture for blocking all but the desired

signal and a lens for imaging the second harmonic signal onto a camera chip. This

last component, the imaging optic, is necessary in the single shot geometry, because the

temporal delay between the two pulse copies is mapped onto a transverse axis as follows.

Let the z-axis be the surface normal of the nonlinear crystal. Assuming that the two beam

propagation axes lie in one plane with the z-axis and that both have the same angle θout

with respect to it, the angle between one beam direction and the z-axis inside the crystal

becomes

θin = arcsin

(
n1

n2

sin(θout)

)
, (2.40)

where n1 and n2 are the indices of refraction outside and inside the nonlinear crystal,

respectively. Exactly on the z-axis the pulses overlap with zero delay. A distance x away

from the z-axis the pulses overlap with a certain delay. Considering two pulse fronts, one

of which is τ/2 ahead and the other τ/2 behind the central pulse front (see figure 2.8),

the distance x from the z-axis, where the leading pulse front of one pulse and the trailing

pulse front of the other pulse overlap is

x(τ) =
1

sin(θin)
· d(τ) = 1

sin(θin)
· c

n2

· τ
2
=

cτ

2n2 sin(θin)
, (2.41)

where c is the speed of light in vacuum. This means that the delay τ of the two overlapping

pulses is mapped onto the transverse axis according to

τ(x) = 2
n2

c
sin(θin) ·x. (2.42)

Assuming that the angles θin and θout are small, and setting n1 ≈ 1, since the pulses

usually come from air or vacuum, this becomes:

τ(x) = 2
n2

c

n1

n2

sin(θout) ·x ≈ 2θout
c

·x =
θ

c
·x, (2.43)

with the intersection angle θ = 2θout between the two beams outside of the crystal. Choos-

ing this angle and the imaging optic appropriately, the autocorrelation trace AIAC(τ) can

be mapped onto arbitrary lengths limited by the fact that at too small angles θ the signal

beam cannot be separated from the input beams (see chapter 3).

So far the y-axis has been ignored, but it can be used to either increase the signal

strength or gain information about the spatial dependence of the pulse length. For either

the autocorrelation image (the image on the camera chip) shows no y-dependence, so one

can integrate this along the y-direction to increase the signal to noise ratio (numerically,

or optically using a cylindrical lens), or a y-dependence is present and one can estimate

the pulse length τFWHM(y) for every line of the autocorrelation image.

A few assumptions are made, however, which should be mentioned: Figure 2.8 shows

that along a path parallel to the z-axis the pulse fronts with constant delay move across

each other, because the beams intersect under an angle. If there are any distortions of

the pulse fronts, or if there is a transverse spatial dependence of the spectrum or spectral
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Figure 2.8. Illustration of the mapping of the delay onto one transverse
axis in a single-shot intensity autocorrelator. When two copies of the same
pulse overlap under an angle 2θin, their respective wavefronts overlap with
a certain delay τ depending on the distance from z-axis. The pulse fronts
of the two pulses are red and blue, respectively, for clarity.

phase, the situation becomes more complex. For example, if one pulse is mirrored with

respect to the other, always the same points of the original pulse interact with each other.

But during the propagation all points of the pulse front move through this x coordinate

and generate their individual second harmonic signal, which leads to an averaging and

therewith to possible smearing. If the pulses are not mirrored with respect to each other,

one obtains something like the average of a transverse cross correlation function. Another

assumption made is that the transverse intensity profile can be neglected, i.e. the intensity

can be taken to be constant within the overlap region. This is actually included in the

first assumption, but can ensured by increasing the beam size and using a mask to cut out

a part of it. Also it is assumed that the intensity during the propagation does not change

much due to depletion or dispersion. This is usually given, since the phase matching

condition requires the crystal to be thinner than 50 µm leading to a weak signal and a

GDD on the order of few fs2

rad
.

3.3. Single shot SHG FROG and GRENOUILLE.

An SHG (Second Harmonic Generation) FROG is essentially an intensity autocorrelator

to which a spectrometer is added. In order to spectrally resolve the autocorrelation trace

on a single shot basis, the pulses are focussed in one dimension, so that they form a

line in the plane of intersection, giving a one-dimensional autocorrelation image. Using

a grating or prism, this line is spectrally resolved in the dimension perpendicular to this

and imaged onto a camera. The image obtained by this is usually referred to as a FROG-

trace. The difficulty with these is, that the Intensity of the pulse cannot be calculated

from the FROG trace in a straight forward way. Retrieval codes guess an electric field and

calculate the FROG trace that this field distribution would generate. It is very unlikely

that this guess matches the electric field in the experiment, which causes the calculated

FROG to trace differ from the measured one. This difference between the two FROG

traces is then used for a better guess, which is iterated to improve the guessed field until its

FROG trace matches the measured one within a certain error. The GRENOUILLE works
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Figure 2.9. Schematic the optics used in a GRENOUILLE. It simplifies
the SHG FROG by replacing the beamsplitter with a Fresnel biprism and
the spectrometer with a thick SHG crystal. The image is taken from
[OKGT01].

basically the same way as the single shot SHG FROG, but has less optical components,

as depicted in figure 2.9. As in the SHG FROG two replicas of the same pulse, which are

not generated using a beam splitter in this case but using a Fresnel biprism to split the

beam profile in two and let them intersect, are focussed in one dimension and generate

the second harmonic signal in a nonlinear crystal. In the GRENOUILLE, however, this

crystal is chosen to be thick so as to have the phase matching condition eliminate the

second harmonic signal in all but defined directions, which depend on the second harmonic

wavelength, which eliminates the need of a grating. A disadvantage of this simplified setup

is that it makes use of transmissive optics, which can lengthen the pulse before it enters

the SHG crystal, making it impracticable for pulses with durations below 20 fs.



CHAPTER 3

Experiments

In the previous chapter the most important principles of the generation of ultrashort

pulses in a hollow core fibre (HCF) were reviewed. It was described how intense short

laser pulses can be broadened spectrally in order to be compressed beyond the Fourier

limit of their initial spectrum. The issue of measuring such pulses was addressed as well.

Here the target parameters, the experimental setup for spectral broadening via self-

phase modulation (SPM), the alignment procedure and the designs for the compression

and measurement stages are presented. At the end of this chapter results from the exper-

iment are presented and discussed.

1. Choice of parameters

1.1. Hollow core fibre.

Pulse compression using gas filled hollow core fibres is a technique that has been imple-

mented successfully by various groups [PLN09][BSK+10][SCL+97][SHNM05]. Since

the number of free parameters (energy, length of fibre, gas type, etc.) is large, the start-

ing point for the parameters was taken from [CJM+09]. This publication by Chen et al.

[CJM+09], which demonstrated the compression of 2.5 mJ, 22 fs pulses to sub mJ sub

5 fs was chosen, since these parameters match our requirements. The requirements are,

that 2− 3 mJ 25 fs pulses shall be compressed to less than 10 fs (possibly to less than

5 fs). Since the spectral broadening was performed by Chen et al. using a neon filled,

1 m long HCF that had an inner diameter of 250 µm, the HCF in the experiments of the

present work were chosen to have the same dimensions and also be filled with neon.

1.2. Chirped mirror compressor.

1.2.1. Estimation of GDD.

When the pulse has undergone SPM inside the neon filled HCF, several sources have

added non-linear spectral phase contributions. This includes the windows of the neon

vessel, the dispersion of the neon itself and the path through air after the fibre. Of the

spectral phase contributions the second order phase, the GDD, is the dominant one. For

the windows, the neon and the air after the fibre the GDD can be estimated to be about

150− 300 fs2

rad
. SPM also adds a mainly quadratic phase contribution to the pulse, which

was estimated as follows. An initially ideal Gaussian pulse with a duration of 25 fs was

assumed. This pulse was numerically self-phase modulated according to equation 2.32,

where the parameter n2 ·L was adjusted such that the spectral intensity spanned 450 nm.

The GDD that had to be added to compress this numerically self-phase modulated pulse

18
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Figure 3.1. Measured GDD of double angle chirped mirrors PC70 by
Ultrafast Innovations. Measurement data and mirrors were provided by the
company. The GDD depends on the angle of incidence: a) 5◦ (orange), 19◦

(blue), b) average GDD.

was −30 fs2

rad
. Taking all named contributions into account one can estimate that the

compressor must compensate for a GDD on the order of 200 fs2

rad
to 400 fs2

rad
in total.

According to the company Ultrafast Innovations a set of ten double angle mirrors PC70

with an average GDD of −40 fs2

rad
per reflection in the range of 500 to 1050 nm compensate

for 1 m of propagation in a fibre. This is in good agreement with the estimation made

here. The measured GDD values of the PC70 mirrors have been provided by Ultrafast

Innovations and are shown in figure 3.1a for 5◦ and 19◦ angle of incidence, respectively.

The average of the two curves, i.e. the average GDD per mirror of a pair, shows oscillations

lower by a factor of ∼5 as can be seen in figure 3.1b.

1.2.2. GDD oscillations of chirped mirrors.

Since the GDD of the PC70 chirped mirrors shows oscillations with an amplitude of more

than the average GDD, it was necessary to investigate whether these oscillations state

a problem. This was tested numerically by calculating the effect of the spectral phase

added by the PC70 mirrors. The data of the GDD provided is the second derivative

φ′′(ω) = d2φ(ω)
dω2 of the spectral phase. Thus the first derivative φ′(ω′) at any frequency ω′

is obtained from:∫ ω′

ωL

d2φ

dω̃2
(ω̃) dω̃ =

dφ

dω
(ω̃)

∣∣∣∣
ω′
− dφ

dω
(ω̃)

∣∣∣∣
ωL

= φ′(ω′)− φ′
L (3.1)

where ωL is in general an arbitrary constant, which is naturally the lowest value of ω in

the data. φ′
L is a constant, which, as is shown below, can be neglected. To retrieve the

spectral phase φ(ω), the function φ′(ω) must be integrated again, which yields:∫ ω

ωL

φ′(ω′) dω′ = φ(ω′)|ω − φ(ω′)|ωL
= φ(ω)− φL (3.2)
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Figure 3.2. Top: Average spectral phase per reflection from PC70 mir-
rors obtained via numerical integration of the data provided by Ultrafast
Innovations; A second and a third order polynomial have been fitted to the
data; Bottom: Deviation of the fitted curves from the integrated data.

Here, too, φL is just a constant, which is shown below to have no significance. Rearranging

equation 3.1 and using it in equation 3.2, one obtains

φ(ω) =

∫ ω

ωL

∫ ω′

ωL

d2φ(ω)

dω2
dω′′dω′ + φL + φ′

L · (ω − ωL), (3.3)

which shows, that apart from a linear spectral phase and a constant phase offset (last,

and second last term, respectively), φ(ω) can be retrieved by two integrations. The last

two terms of equation 3.3 lead to no important change, since a linear phase only causes a

temporal shift of the beam not altering the shape, while a constant phase can be neglected

altogether. The spectral phase retrieved via integrating the provided numerical data

(figure 3.1b) is shown in figure 3.2 together with a second and a third order polynomial

fit. The lower graph shows that the third order fit is in very good agreement, whereas the

second order fit deviates by almost 1 rad.

In order to verify that the oscillations in the GDD do not impair the compression,

the deviation of the numerically integrated data from the third order polynomial fit was

multiplied by ten (for the number of reflections). The resulting spectral phase was added

to the spectral phase of a Fourier transform limited pulse, of which the spectral intensity

is similar to the SPM spectra measured by Chen et al. [CJM+09]. The spectrum, the

Fourier transform limited pulse and the pulse obtained by adding the oscillations of ten

reflections to the spectral phase are plotted in figure 3.3a and 3.3b, respectively. Figure

3.3b shows, that apart from a small raise in the leading edge and a small post pulse the

shape of the pulse is mostly unchanged and the peak intensity reduced by less than 15 %.

This can be neglected, because the pulse duration is not impaired significantly.
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Figure 3.3. a) Spectral intensity used for investigating the effect of GDD
oscillations. b) Effect of oscillations in GDD of 10 reflections from PC70
mirrors on an ideal pulse with the spectrum from a).

1.2.3. Fine tuning of GDD.

Every time the laser is reflected by a chirped mirror, the spectral phase is changed by a

fixed amount of roughly −40 fs2

rad
. For tuning the GDD continuously an adjustable amount

of glass is inserted in the beam consisting of two thin AR coated fused silica wedges. For

this setup wedges with a size of 20 mm × 30 mm and a thickness of 0.2 mm to 1.25 mm

along the longer side were chosen. A clear aperture of at least 20 mm×15 mm is required

and so the wedges can be moved in a range that results in a total thickness of 0.925 mm

to 1.975 mm, yielding a GDD of ∼37 fs2

rad
−79 fs2

rad
. This GDD range spans the gap between

two reflections so that moving these wedges and optionally adding 1 mm thick pieces of

glass allows for the precise and continuous adjustment of the GDD.

1.3. Single-shot intensity autocorrelator design.

A diagnostic for pulses in the 5 fs range needs special consideration, since every single

optic, if not chosen properly, can significantly change the pulse duration and thus corrupt

the measurement. For example, travelling through 1 mm of fused silica or 1 m of air

would stretch a Fourier transform limited 5 fs short pulse by a factor of 4. Transmissive

optics must therefore be avoided and paths in air kept short. One could argue that this

could always be compensated for, but this is only practicable for small corrections. Since

higher order phase distortions, φ4, φ5 etc., are mostly not accounted for due to their

comparatively small effect on the pulse, they can add up, and thus alter the pulse shape

significantly.

1.3.1. Setup layout.

The setup for a single-shot intensity autocorrelator, schematically shown in figure 3.4,

was designed such that two copies of the pulse arrive at the nonlinear crystal. An aperture

cuts out a small portion (d ≈1 mm) of the beam profile at the input of the autocorrelator.

After the aperture the beam is sent to the first beamsplitter, where two beams are created

from the partial reflection from the coated surface at the front of the first beamsplitter.
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Figure 3.4. Layout of the planned single-shot intensity autocorrelator for
sub 10 fs pulses. Two beamsplitters are used so that both copies of the
pulse have been transmitted and reflected. A spherical mirror is used to
avoid chromatic aberrations.

The reflected part then is reflected off two mirrors forming a dogleg, which is used for

adjusting the path lengths of one of the two pulse copies. Afterwards this part of the beam

is transmitted through the second beamsplitter, going through the uncoated surface first,

and sent to the nonlinear crystal, while blocking the reflected part here. The second half

of the initial beam, the transmitted part of the first beamsplitter, is turned by two fixed

mirrors and sent onto the coated surface of the second beamsplitter. Here, also, two beam

parts are generated, of which only the reflected part is used and sent into the nonlinear

crystal. The setup is therefore designed so, that both beams have been reflected and

transmitted by a beamsplitter once.

As described in section 3.2 the angle under which the two beam copies intersect defines

the proportionality factor for the mapping of the delay onto the transverse axis. For the

imaging of the second harmonic signal onto a camera a spherical mirror is used to avoid

chromatic aberrations. In order to not let any light from the input beam copies, or their

respective second harmonics, impair the measurement an aperture, that singles out the

desired signal, is placed behind the nonlinear crystal .

1.3.2. Choice of optical components and parameters.

In the setup of the single-shot intensity autocorrelator the only transmissive optics before

the nonlinear crystal are the two beamsplitters, of which the effect on the pulse shape

must be as small as possible. Therefore two identical beamsplitters from the company

LayerTec were chosen. In the range of 500 to 990 nm these beamsplitters have a nominal

GDD of 0± 12 fs2

rad
for the reflected and 0± 2 fs2

rad
plus the amount due to the 1 mm thick

glass substrate for the transmitted beam. Thinner substrates could get bent, when they

are mounted, and would cause aberrations to the beam profile.

The spectrum before the nonlinear crystal (generated from SPM) can range from

600 nm to 1000 nm and the spectrum after the nonlinear crystal can therefore range

from 300 nm to 500 nm. Mirrors before the nonlinear crystal were chosen to be silver

coated, because they have negligible dispersion, a reflectance of more than 94 % and are

inexpensive. For reflections of the signal coming from the nonlinear crystal UV enhanced
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aluminium mirrors were chosen, because they are also inexpensive and offer a reflectance

of more than 85 % in the said spectral range.

For the generation of the second harmonic signal a beta barium borate (BBO) crystal

with a thickness of tBBO ≤ 10 µm with a cutting angle of 29◦ is chosen. Such thin crystals

are unavoidable, because the phase matching bandwidth, i.e. the spectral range of which

the crystal can generate the second harmonic, decreases with increasing crystal thickness.

A complete description of the effects playing a role in the choice of the appropriate crystal

is given in [Tre00]. If a thicker crystal is available, e.g. with a thickness of tBBO = 20 µm,

it can still be used for a first test of the autocorrelator. The BBO is mounted such that it

can be rotated in all three axes, which allows for shifting the spectral range for efficient

SHG. By changing the spectral range of the BBO via rotation the spectrum of the second

harmonic can be scanned. If an angle of the BBO can be found at which all frequencies get

doubled efficiently at once, the BBO is thin enough and can be used in the autocorrelator.

Since the temporal axis is mapped onto the transverse axis in the single-shot geometry,

the signal beam generated in the BBO can be chirped spatially if, for example, the input

pulses are temporally chirped. The camera for detecting the second harmonic signal should

therefore have a spectral response that is as flat as possible over the spectral range of the

signal that is created in the crystal. A spatial chirp of the signal beam otherwise leads

to a modification of the autocorrelation trace and impede the measurement. Cameras

with an almost flat spectral response are commercially available, but very expensive.

An affordable camera, a CCD-4000UV from the company ALLIED Vision Technologies,

was therefore chosen as a compromise. Its spectral response function varies by less than a

factor of 3 in the range from 300 to 500 nm. It should be noted, that this becomes a minor

problem, when the IAC is extended to an SHG FROG, because then the autocorrelation

function gets spectrally resolved in one dimension and can therefore be corrected for the

response function.

For the choice of the imaging optics, which are not fixed yet, the following considera-

tions are important. The pixel size of this camera, 7.4 µm×7.4 µm, gives a lower limit for

the size of the autocorrelation image on the chip. If the pulse is as short as 5 fs, AIAC(τ) is

wider by a factor on the order of 1-2, depending on the shape. For appropriate fitting of

the curve it should cover at least, N = 5 pixels on the chip. Assuming a magnification of

M, set by the choice of the spherical mirror, the object distance and the image distance,

equation 2.43 yields the intersection angle for the beams given by

θ = M · τFWHM · c
N ·∆xpixel

= M · 5 fs · 3 · 10
8 m/s

5 · 7.4 µm
≈ M · 0.04 rad=̂M · 2.3◦. (3.4)

This angle also defines the distance lBBO,Ap from the crystal, at which the aperture can be

placed so as to block the initial beams but not clip the signal. For the second harmonic

signal generated from pulses with a FWHM duration of up to τmax not to be clipped, a

clear aperture of 2 ·x(τmax/2) is needed according to equation 2.41. From figure 3.5 and
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Figure 3.5. Geometry that underlies the calculation of the minimum dis-
tance between the SHG crystal and the aperture that blocks all but the
signal beam.

a short calculation one obtains

lBBO,Ap = l1 + l2 =
d

2 sin( θ
2
)
+

x( τmax

2
)

tan( θ
2
)
≈ d

θ
+

cτmax

n2θ2
, (3.5)

where n2 ≈ 1.7 [EDV+87] is the refractive index of the BBO and d is the diameter of the

input beam. This length lBBO,Ap plus the distance between the turning mirror after the

BBO and the spherical mirror and ∼2 cm for the mount of the mirror, gives the object

distance s. Spherical mirrors must be used under a small angle in order to minimise

aberrations. The object distance then becomes

s = lBBO,Ap + 2 cm +
∆x

tan(θsph)
, (3.6)

where ∆x is the distance between the reflection from the spherical mirror and the point

of reflection on the turning mirror and θsph is the angle of incidence on the spherical

mirror. For reasonable values, θsph = 5◦ and ∆x = 2 cm, the object distance according to

equation 3.6 becomes

s ≈ lBBO,Ap + 24.9 cm. (3.7)

Here are a few examples showing the trade-off between the alignment difficulty due

to a small angle between the two beams and the space required for the imaging: For

a magnification of 1, 2 and 3, one finds an object distance of 28.7, 26.4 and 25.8 cm,

respectively. According to the lens equation, this results in focal lengths of 14.4, 17.6 and

19.4 cm and an image distance of 27.7, 52.8 and 77.4 cm, respectively. Note, that this

calculation is based on the assumption of a constant size of the autocorrelation function

on the camera chip (see equation 3.4), giving an angle θ of 2.3◦, 4.6◦ and 6.9◦, respectively.

The resolution r can be estimated in each case according to the Rayleigh criterion

r =
1.22λ

2 sin(ϑ/2)
, (3.8)

where λ is the wavelength and ϑ is the full angle under which light can be observed

through the aperture. Assuming that λ = 500 nm and that the aperture is at the min-

imum distance lBBO,Ap to the BBO giving an angle ϑ
2
≈ x(τmax/2)/lBBO,Ap, where x is
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Figure 3.6. Experimental setup of the hollow core fibre chirped mirror
compressor (For details see text): ¬ laser source,  focussing lens (L), ®
focal spot monitoring camera, ¯ neon vessel with HCF, ° spherical mirror,
± flip mirror sending the beam to diagnostics (spectrometer and camera),
² green laser diode and flip mirror, ³ CMC, I1-5 apertures.

determined from equation 2.41, one finds a resolution of

r ≈ (1.22λ)/

(
cτmax/(2θ)

d/θ + 2τmax/(n2θ2)

)
= 1.22λ ·

(
d

cτmax

+
1

n2θ

)
, (3.9)

which is ∼30 µm, ∼26 µm and ∼23 µm for an opening angle θ of 2.3◦, 4.6◦ and 6.9◦,

respectively. These values for the resolution show that a 5 fs and a 10 fs pulse can be

distinguished, because of the initial assumption that the autocorrelation trace of a 5 fs

pulse spans 5 pixels and is therefore ∼37 µm long.

The resolution can be improved by using a bandpass filter that blocks or reflects the

input beams behind the BBO, because no aperture is needed that limits the resolution.

As soon as the spectra of the second harmonic and the input beams overlap, however,

this becomes problematic as well.

2. Experimental setup for pulse compression

The setup for the broadening of the spectrum and the subsequent compression are

shown schematically in figure 3.6 1. In this setup the 25 fs short laser pulses provided by

the laser system ¬ are focussed  using a 1” f = 1.5 m plano-convex AR coated lens (L).

The leakage (<0.1%) through the last mirror before aperture I3 is sent onto a camera ®

in order to monitor the transverse position of the focus as well as the focus quality, while

the main part of the beam is focussed down into the hollow core fibre (HCF), which is

inside a neon vessel ¯. When the beam exits the HCF it is sent onto a concave spherical

mirror for recollimation ° and finally lead to either a diagnostics section ± or to the CMC

³. For alignment of the neon vessel a green laser diode can be sent through the setup in

the opposite direction.

1Some mirrors were left out for the sake of clarity. This includes: Various mirrors before of I1 necessary
for aligning the beam with respect to I1 and I2 and removable mirrors for picking off the beam for
other experiments; Mirrors between L and I3 that are part of a pointing stabilisation system that is not
operational.
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¬ Laser system: The 25 fs short pulses are generated from a commercial 24 TW

system ”PULSAR” from the company Amplitude Technologies2. It is based on the chirped

pulse amplification technique and consists of multiple stages:

The Oscillator, (”Pulse:ONE”) manufactured by Venteon, generates 7.5 fs laser pulses

at ∼108 MHz with an average power of >600 mW.

In the Booster pulses from the oscillator are amplified from few nanojoule to the

microjoule level and afterwards ”cleaned”, i.e. the contrast ratio is boosted, by means of

a saturable absorber, removing any light from the laser that is not in the main pulse.

The Stretcher is basically a grating compressor inducing chirp to the pulse and thus

increasing the pulse duration by a factor of 1000 to 10000, which is necessary for the

subsequent amplification stages. Unstretched pulses cannot be amplified to the desired

energy, because they would damage the optics and the pumped amplifier crystals before

at much lower energies already.

The Regenerative Amplifier is the first amplification stage increasing the pulse energy

to ∼1 mJ after reducing the repetition rate to 10 Hz. The amplification takes place in

a regenerative cavity, which means that the pulses get trapped in the cavity and then

extracted when the energy is maximal.

The Mazzler and Dazzler are two Acousto-Optic Programmable Dispersive Filters

(AOPDF), that are part of the stretcher and regenerative amplifier. Using the Mazzler

the spectral intensity can be shaped before the pulses are amplified. The Dazzler can be

used to shape both phase and intensity, but is mostly used only for the spectral phase.

MP1 and MP2 are two final multi-pass amplification stages. MP1 increases the energy

of the pulses to ∼27 mJ. A beamsplitter picks off ∼20 % of the energy (probe beam) and

lets the main portion into MP2, which amplifies the pulses further to ∼900 mJ. The latter

is used for example in laser driven plasma wakefield experiments and is not used in this

work.

Compressors: The main beam (900 mJ) as well as the probe beam are still strongly

chirped and need to be recompressed. Because the main beam, when compressed, would

reach peak intensities leading to self-focussing in air, it is compressed inside vacuum in the

vacuum compressor. The probe beam, however, does not reach as high intensities when

compressed and can safely be compressed inside the air compressor. Both compressors

rely on the same principle: The beam is reflected off a grating, spectrally decomposing

it, reflected off a second grating parallel to the first, making the beampaths of different

wavelengths parallel, and then sent back on the same path displaced vertically to recom-

pose the beam. Because the different wavelengths have different pathlengths, the induced

chirp of the stretcher and other optical components is removed.

Attenuation and Polarisation: Inside the air compressor, before the gratings, is an

attenuator from the company Altechna consisting of a rotatable zero order half-wave

plate and two parallel thin film polarisers which transmit p-polarised light and reflect

2All numbers and descriptions are based on the manual and the factory acceptance test.
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s-polarised light. Because reflective polarisers always also reflect a small amount of the

undesired polarisation, the final polarisation can effectively be turned depending on the

rotation angle of the waveplate. In order to make sure that the laser keeps its polarisation

contrast-optimised thin film polarisers were chosen. One of these Contrast-optimized

polarisers reflects 1.5% of the undesired polarisation at the cost that the reflectance for

s-polarised light is only 85% per polariser. This leads to a maximum transmission of the

attenuator of 70%. The twice reflected beam is then largely s-polarised (perpendicular

to the table surface). A periscope inside the air compressor turns the polarisation by 90◦

so that the outgoing pulses are p-polarised (parallel to table surface). There, at the exit

of the air compressor, the pulses have energies of up to ∼3 mJ and durations of down to

25 fs.

 Focussing lens: The pulse is focussed into the fibre using a 4 mm thick lens with

a focal length of 1.5 m. The distance from the lens to the focus was measured to be

1.8− 1.9 m, however. This is due to the beam being slightly divergent. The lens is

movable along the beam axis for tuning the position of the focus along the beam axis

which is necessary for optimising the coupling into the HCF. Two apertures, I1 and I2,

define the optical axis of the beam to which the lens is aligned as well.

® Focal spot camera: The position of the focus with respect to the hollow core

fibre needs to be constantly adjusted and therefore observed permanently. The focal spot

camera is roughly at the position of the focus (on a leakage arm after the last mirror)

in order to make drifts and vibrations of the laser visible. This is particularly useful for

determining whether the beam has drifted or the fibre has moved, when the laser does

not enter the HCF centrally.

¯ Neon Vessel and HCF: The HCF, that is necessary for guiding the focussed laser

pulses, is stored inside a neon filled vessel, which allows the core of the HCF to be filled

with neon. The vessel is equipped with Brewster angle windows at either end to allow

the laser to enter and exit the HCF. The setup is composed of the following components:

The hollow core fibres (F), manufactured by the company LEONI, are up to 1m long,

have an inner diameter of 250± 10 µm and an outer diameter of 1.6± 0.1 mm and are

kept straight by being placed in the v-groove of a steel rod, the fibre support.

The fibre support (FS) is 1.02 m long and stands on three set screws which can be

fixed with locknuts. This allows the heights of the ends of the support to be adjusted and

secured. The v-groove was milled with an accuracy of 50 µm so as to keep the radii of

curvature of the fibre larger than ∼100 m.

The neon vessel is a standard 2.24 m long DN50 stainless steel tube with ISO KF

flanges were welded at each end. To them the entrance and exit Brewster angle window

flanges (BW) can be attached and fastened. These window flanges consist of a bored

through blank flange on which a thick-walled metal tube cut at 53◦ is welded. Onto each

angled tube ending surface a 1 mm thick fused silica window is glued with the low vapour
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Figure 3.7. Schematic of the neon vessel, which provides the neon atmo-
sphere for SPM in the HCF. TS: Translation stage; BW: Brewster angle
window; VP: View port; GI: Gas inlet; PG: Pressure gauge; FS: Fibre
support; F: Hollow core fibre; C: Height adjustable collar.

pressure epoxy Torr Seal. The top of the neon vessel is equipped with four welded on

KF40 flanges and one KF16 flange. The Two KF40 flanges placed at the ends of the fibre

support are used to attach viewport (VP) flanges making the alignment of the laser into

the HCF observable. One KF40 flange is used for attaching a gas feedthrough (G) to

which the gas system, which includes a scroll pump and a neon gas bottle, is connected.

A full description of the gas system can be found in appendix A. The fourth KF40 flange

can be used to add another viewport, while the KF16 flange is equipped with a TPG 201

vacuum pressure gauge (PG) for monitoring the pressure when evacuating the neon vessel

and for detecting possible gas leaks.

Transverse positioning of the neon vessel (and therefore the fibre) ends can be done

using two translation stages (TS) and two height adjustable collars (C). These points,

where the neon vessel can be moved, are close to the ends of the HCF, so that adjusting

the position on one side does not affect the position of the other. Both translation stages

are bolted directly to the table and onto each a steel pillar is fixed. The neon vessel is held

by two aluminium clamps which have a bore at the bottom that the pillars fit precisely

into so that the neon vessel can slide up and down on them. The vertical position can

therefore be set by turning the actuator ring of the collar (C).

° Spherical mirror: When the beam exits the HCF, it is divergent and needs to

be collimated. At the exit of the neon vessel the beam goes through an aperture (I4), is

reflected by two turning mirrors and a concave mirror, which has a radius of curvature

of r = 2 m and is placed at a distance of approximately 1 m to collimate the beam. The

focal length of the spherical mirror was chosen to be 1 m to reduce the beam size to ∼1 cm

so that mirrors with a diameter of 1 inch can be used after the HCF setup.

± Post fibre diagnostics: The recollimated beam can be picked off by an optional

mirror, which, when added, sends the beam to a beamsplitter. The reflected part from the

beamsplitter is used to image the profile of the beam at the position of the recollimation
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Figure 3.8. Schematic of the chirped mirror compressor: The chirped
mirrors are bold-framed and coloured for their respective angle of incidence
(red: 19◦, blue: 5◦). I: Apertures for alignment, W: Glass wedges for fine
tuning of the GDD.

mirror onto a camera. The transmitted beam is spectrally analysed by a fibre coupled

Ocean Optics spectrometer USB4000+.

² Green alignment laser: To aid the alignment of the neon vessel with respect to

the beam and the alignment of the fibre with respect to the Brewster angle windows, a

green laser diode has been added to the setup. This green beam can be sent backwards

through the fibre by turning up a flip mirror.

³ Chirped mirror compressor (CMC): 3 The CMC was designed to be compact

to avoid unnecessary propagation in air. The chirped mirrors are used pairwise under 5◦

and 19◦ angle of incidence to reduce the oscillations in the GDD (see section 1.2.1). Since

the angles are small, the path of the beam between two mirrors was reduced by using

compact mirror mounts from Thorlabs. The ingoing beam is first reflected by a silver

mirror then reflected by the second silver mirror. Between these two mirrors are placed

two apertures for defining the ingoing beam axis and the wedges for the fine tuning of the

GDD. The wedges are mounted on linear translation stages so that they can be moved

perpendicularly to the beam axis. From the second of the first two silver mirrors the

beam is sent to the chirped mirrors. The beam is then reflected off six chirped mirrors

under 5◦ angle of incidence, one silver mirror, another six chirped mirrors under 19◦ angle

of incidence and the last silver mirror that couples the beam out of the CMC.

3. Experimental method

The setup described in section 2 proved to be sensitive to alignment and gas purity.

An alignment procedure has been developed for the setup and is described here along

with a procedure to ensure high gas purity.

3The setup is complete apart from that the mirrors and glass wedges need to be inserted into the respective
holders.
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3.1. Neon purity.

The neon from the gas bottle has a purity of 5, i.e. it is 99.999% neon and 0.001% other

gases. Maintaining this high purity inside the neon vessel is achieved by the pump and

purge procedure described below. Evacuating the neon vessel, when it was filled with air

before, would result in a purity of

fNe = NNe/Ntot =
99.999% · (P − Pevac) + Pevac · fNe,Res

P
(3.10)

where Pevac is the pressure reached when the neon vessel is evacuated, fNe,Res is the

fraction of neon in the residual gas, and N is the number of atoms or molecules. From

this equation one can see that the purity can be improved either by reducing Pevac or

by increasing the fraction of neon in the residual gas. The latter option is preferable,

because it is done by evacuating the neon vessel a second time. For example: Evacuating

the neon vessel, previously filled with anything but neon (i.e. fNe,Res = 0) to 1 mbar and

then filling it with neon results in a purity of fNe = 99.899%. When the neon vessel is

pumped down to 1 mbar once more, this value becomes fNe,Res. Filling with 99.999%

neon then gives a purity of 99.9989%, almost retaining the purity of the gas bottle.

This of course, does not take into account any leaks in the gas supply line, which

would reduce the purity of the gas before it reaches the neon vessel, nor the fact that

virtual and real leaks of the flange connections compromise the gas purity over time.

3.2. Alignment procedure of the fibre.

3.2.1. Defining the beam axis:

For precise and reproducible alignment of the HCF with respect to the laser a beam axis

is defined by two fixed apertures (I3, I4). The neon vessel is taken out of the setup, by

disconnecting the neon vessel from the gas system and lifting it up from the steel pillars

that it slides on. Then, the output of the laser system ¬, the infrared (IR) pulses, as well

as the green reference laser ² are aligned to I3 and I4. To align the IR beam to I3 and

I4 the last two mirrors before I3 are used. To align the green laser to I3 and I4 the laser

diode and the flip mirror in front of it are used.

3.2.2. Aligning the neon vessel:

The entrance windows of the neon vessel have a clear aperture of 1 cm. The beamsize of the

focussed ingoing beam and of the outgoing diverging beam is approximately 2w = 5 mm

at the position of the respective windows. Displacing the windows by few millimetres

would already result in clipping of the beam profile. The neon vessel must therefore be

aligned to the beam axis within 1 mm. For aligning the Brewster windows with respect

to the defined beam axis the neon vessel is put back into place with the Brewster window

flanges removed. Then two plastic caps with a mark, e.g. a hole, in the middle are put on

the open flanges at the ends of the neon vessel. The position of the neon vessel is adjusted

using the translation stages (TS) and the height adjustable collars (C) using the IR laser

on the entrance side and the green laser on the exit side of the neon vessel. This whole

step can be skipped, when the position of the neon vessel has not been changed.
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3.2.3. Aligning the HCF:

The fibre support was constructed such that the HCF would be exactly at the centre of the

cross section of the neon vessel, when the feet (set screws) are locked to certain lengths.

This has the advantage that turning the support would not result in a displacement of

the HCF. The neon vessel, however, is slightly bent horizontally, so that the fibre support

is displaced horizontally with respect to the axis defined by the Brewster windows. To

move the HCF to the axis of the Brewster windows the feet of the support had to be

adjusted such that the support is displaced horizontally by ≈ 3 mm, to compensate for

the displacement due to the bent neon vessel. Locking the feet of the fibre support such

that the fibre is displaced means, that turning the support now does have an effect on the

position of the fibre. This makes the alignment more difficult and has to be considered,

when moving the support in position.

In order to add a fibre to the setup, an internally clean4 HCF is laid into the groove of

the support and they are together pushed into the neon vessel, which needs to be taken

out of the setup for this purpose5, since the space on either end of the neon vessel is

limited. When the neon vessel is put back into place the IR laser is blocked and the green

laser shone onto the fibre exit. Now the fibre support is moved into position by accessing

it from above through the outer two viewport flanges (e.g. with a pair of tweezers) until

a round, symmetric mode is visible at the position of I3. The transverse position of the

mode at I3 is determined by the position of HCF entrance. The end of the fibre support

close to I3 is therefore moved until the green mode is centred on I3. When this is done, the

green laser is blocked and the IR laser, still attenuated strongly in order to not damage

the HCF, is unblocked. Since the alignment of the entrance of the HCF cannot be done

better than within 0.5 mm by using the green laser, the IR laser does not yet into the

HCF. To see which direction the fibre entrance needs to be moved, the following procedure

has proved to be useful. The laser intensity is increased until the entrance of the fibre

can be seen flashing with an IR viewer. Then, by hand, force is applied to one mirror

mount early in the beampath before the fibre. Doing so moves the focus by few hundred

micrometres. Force is applied and the direction changed, until the amount of scattered IR

light from the cladding of the HCF disappears. From this one can determine which way

the fibre has to be moved for the laser to couple into it. When the force, that was applied,

is removed, it needs to be checked, whether the focus has moved back to the last position

using the focal spot camera. If it is not possible to reduce the amount of scattered light

and so couple the pulses into the fibre, the energy of the laser can be turned up to a point

4This can be checked by focussing a visible laser diode (class 2) into the HCF. Dust particles inside the
hollow core scatter a lot of light and can therefore be distinguished by eye from dust on the outside of
the fibre, because dust in the fibre does not move when the fibre is rotated.
5It is possible to add a HCF without removing the neon vessel, which is advantageous, because some
steps in the alignment procedure can be skipped. For adding or removing a HCF the neon vessel is tilted
horizontally by using the translation stages (the positions should be noted down beforehand). The HCF
can then be moved into or out of the neon vessel because it does not hit the aperture I3. However,
because of other installations in the laboratory this involves the danger of breaking the fibre, since it
needs to be bent due to limited space.
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where the pulses start to ablate glass or metal. The ionised material is visible and shows

where the laser hits the HCF or the fibre support. This, however, should neither be done

for too long nor too often, because it can damage the entrance of the HCF, which requires

cutting of the HCF and aligning the setup again. When the HCF is aligned to the beam

axis the Brewster windows are attached to the neon vessel. To account for the shift of

the beam caused by passing through the Brewster windows the neon vessel is moved by

∼500 µm. The precise alignment can then be finished by adjusting the position of the

neon vessel using the translation stages and the height adjustable collars.

3.2.4. Fine tuning of the alignment.

With the procedure described in the previous section the green laser and the IR laser

are on the same axis, to which the neon vessel and the HCF are aligned such that both

lasers couple into the HCF. For fine tuning of the alignment, the green laser is used first.

When the green mode is visible and symmetric at I3, the neon vessel is evacuated and

the green laser is blocked. At low energy (less than 0.1 mJ) the IR beam is unblocked

and coupled into the HCF, if necessary, by the alignment procedure stated above. The

mode of the outgoing beam should then be visible on the camera that is part of post-fibre

diagnostics ±. An asymmetric mode is usually caused by slight misalignment and can

be made symmetric by moving the neon vessel (for horizontal asymmetry) or by slightly

adjusting the last mirror before the fibre (for vertical asymmetry). When the mode is

symmetric, only the position of the focus along the beam axis needs to be optimised,

which is done by moving the lens on a rail .

When the alignment is finished, the transmission Tvac in vacuum is determined by

measuring the average pulse energy before and after the fibre (ε̄pre-fibre, ε̄post-fibre) as the

fraction of the two values

T =
ε̄post-fibre
ε̄pre-fibre

. (3.11)

The two values ε̄pre-fibre and ε̄post-fibre are measured at the position after the lens  and

before the recollimation mirror °, respectively. Tvac should lie in the range of 60− 70 %.

If the transmission is lower, it is usually accompanied by a symmetric mode being more

difficult to achieve, and the following reasons for this need to be checked:

• There is dust inside the fibre

• One or both fibre exits are burnt or damaged

• The Brewster angle windows are contaminated

• The HCF is bent because of a damage of the support or a particulate in the

v-groove.

• The focus position along the beam axis is not at the entrance of the fibre

• Clipping by the Brewster window flanges due to misalignment increases the size

of the focus and thus lowers the coupling efficiency.

When a high transmission (Tvac ≥ 60%) in vacuum is achieved, the neon vessel is filled

with neon (see the pump and purge procedure from section 3.1) at a low input energy

of < 500 µJ. Due to changes in mechanical stress at vacuum the alignment can change
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Figure 3.9. A photograph of the output mode of the fibre at 2 mJ input
energy and 1 bar neon.

slightly during the filling, which is corrected for with minor adjustments of the neon vessel

position using the translation stages. At an energy of 1 mJ the spectrum after the fibre is

observed and the compression of the input pulse changed using the dazzler until spectral

broadening is visible. Then a white screen is introduced before the recollimation mirror

to see by eye the mode of the white light generated. For a mode of visible light the input

energy that is required lies between 0.8 mJ and 1.2 mJ. The shape of this mode is then

optimised by further fine tuning of the position of the HCF entrance and exit. At an

input energy of 2 mJ the output mode of a well aligned setup is shown in figure 3.9.

4. Experimental results and discussion

With the HCF setup described in the previous section spectral broadening via SPM

was performed. To this end the setup was aligned by means of the alignment procedure

described above. Then the pressure and the energy of the ingoing pulses were varied to

find a range of parameters, for which the broadened spectra support sub 10 fs pulses. An

upper limit for the parameters (energy and pressure) due to fluctuations of the spectrum

is determined.

4.1. Input and measurement parameters. The (absolute) neon pressure was var-

ied from ∼0 mbar in steps of 300 mbar to 1200 mbar, and the input energy from 500 µJ6

in steps of 500 µJ to 2000 µJ. The pressure (above vacuum) was read off a dial with

an uncertainty of ±50 mbar at pressures. At vacuum the pressure was measured using a

TPG 201 pressure gauge with an uncertainty of less than 10 %. For each setting the 15

spectra generated from 15 consecutive shots were taken, so that the stability of the shape

of the spectrum could be determined. Fluctuations are caused by e.g. fluctuations of the

energy of the ingoing pulses.

The stability of the laser before it enters the neon vessel was determined as follows.

At the output of MP1 the beam profile images of 600 pulses were taken and the pixel

6Energies below 500 µJ could not be measured with the energy meter at hand.
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Figure 3.10. Normalised output energy of MP1. The low shots are caused
by the pump laser for the amplifier crystal.

counts for each image summed over. These 600 values were normalised to their average

value and he resulting curve shows low energy shots (see figure 3.10) and has an RMS of

12.9 %, or 5.6 % after removing the low energy shots from the data.

The laser pulses from the air compressor had a duration of 30 fs, which was measured

with a GRENOUILLE (model 8-20-USB)from the company Swamp Optics. A shorter

pulse could not be achieved changing the spectral phase values φ1, φ2 and φ3 via dazzler

settings. When these 30 fs pulses were sent through the neon filled HCF, they did not

undergo SPM. The compression of the input pulses was therefore changed again using the

Dazzler, until the spectrum of the pulses from the HCF was broadest at fixed settings

of 1 bar neon and 2 mJ input energy. All results shown below were achieved with these

settings.

At vacuum the transmission Tvac of the HCF and the neon vessel was determined

according to equation 3.11 and was measured to be ∼60 %. At the highest settings of the

input energy and the pressure (2000 µJand 1200 mbar) the transmission was ∼50 %.

4.2. Data processing. For further calculations the spectra measured at the exit of

the neon vessel were numerically processed as follows: A dark spectrum is subtracted,

which is obtained by blocking the ingoing laser at the exit of the air compressor and

averaging over 15 spectra. All values below a count of 170 were then set to zero to remove

the noise in regions that show no real spectral intensity7. The noise in the regions that with

a significant intensity was reduced by smoothing the curve, i.e. each value recalculated

as the average of itself and the four next neighbours. Each spectrum was corrected for

the spectral response of the silicon detector array by means of multiplication with the

7The maximum count of the spectrometer is 65,536 and filters in front of the spectrometer fibre were
chosen such that the maximum count was above 20000. Some very low energy shots have an average of
700 counts in the original spectral range of 750 nm to 850 nm, which is still above the noise removal level.



4. EXPERIMENTAL RESULTS AND DISCUSSION 35

inverse of the spectral response function8 of the spectrometer; For the calculation of the

Fourier transform limit the frequency representation of the spectra was also calculated by

multiplying each spectrum with λ2/c and replacing the values of λ by c/λ, c being the

speed of light. In order to have a measure of the spectral width the standard deviation σ

of each spectrum was calculated according to

σ2 =

∑
λ S(λ) · (λ− λC)

2∑
λ S(λ)

, (3.12)

where

λC :=

∑
λ S(λ) ·λ∑
λ S(λ)

(3.13)

is the centre of mass wavelength. Since the spectra of self-phase modulated pulses do not

consist of a single isolated peak, such as Gaussian or Lorentzian curves, this is a better

way of quantifying the ”broadness” of the spectrum than by means of the FWHM. For

these calculations the spectra resulting from occasional low energy shots were removed,

which are defined as shots of which the integrated spectral intensity is below 40% of the

average integrated spectral intensity within the respective set of 15 spectra.

4.3. Spectral broadening results. The spectra taken and processed as described

in the previous section are given in appendix B. Of these spectra the set taken at an

input energy of 2000 µJ is shown in figure 3.11 in the left column together with the

corresponding Fourier transform limited (FTL) pulses in the right column. The spectral

widths σ are plotted against the input energy at different pressures in figure 3.12 (left)

with an error bar representing the rms deviation of the width from the mean width within

the set. Analogously the full width at half maximum (FWHM) for each FTL pulse was

determined and the result is shown in figure 3.12 (right). In figure 3.13 the same data

is shown but plotted against the neon pressure at different input energies. The plots

(figures 3.11, 3.12 and 3.13) show, that the pulses have undergone SPM. Moreover, the

width of the spectrum increases nonlinearly both with increased gas pressure and input

pulse energy. The increase of the spectral width and the decrease of the FTL pulse

duration was expected, since a higher pressure increases the nonlinear refractive index

and a higher energy increases the pulse intensity, both leading to an increased SPM effect

according to equation 2.32. Figure 3.11 also shows that the spectrum gets broadened

more towards shorter than longer wavelengths, as illustrated in section 2.2. The order of

magnitude of the input parameters, for which the spectrum is broad enough to support

sub 5 fs pulses, is comparable to the results of Chen et al. [CJM+09], i.e. they used

2.5 mJ 22 fs pulses, which were compressed to sub 5 fs at 1.1 bar neon pressure. Figure

3.12 shows that the spectra taken support sub 5 fs at 2 mJ and 900 mbar as well as at

1.5 mJ and 1200 mbar.

8This in turn was determined by measuring the spectrum of a HL-2000-CAL white light source from the
company Ocean Optics and dividing it by the spectrum of the source, of which the data was provided by
the company. The calculated response curve can be found in appendix C
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Figure 3.11. One set of data from energy and pressure scan for SPM.
Left column: Measured spectral intensity for different neon pressures at an
input pulse energy of 2000 µJ; at each setting 15 spectra were saved. Right
column: For each spectrum the corresponding calculated Fourier transform
limited pulse is shown.
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Figure 3.12. Width (σ) and stability (error bar) of SPM spectra. Left:
Spectral rms width of self-phase modulated pulses as a function of energy
for different pressures of neon. Right: FHWM of Fourier transform limited
pulses (calculated) as a function of energy for different pressures of neon.
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Figure 3.13. Width (σ) and stability (error bar) of SPM spectra. Left:
Spectral rms width of self-phase modulated pulses as a function of neon
pressure for different input energies. Right: FHWM of Fourier transform
limited pulses (calculated) as a function of neon pressure for different input
energies.

At these two settings the fluctuations of the spectra are still comparatively small. At

2 mJ and 1200 mbar the fluctuations of the spectrum increase significantly. Fluctuations

of the spectrum can be seen in low energy and low pressure spectra (see figure 3.11) already

and are caused (mainly) by the fluctuations of the laser system (see figure 3.10). Figure

3.13 shows that the row of spectra taken at 2000 µJ has constant fluctuations until the

pressure is increased to 1200 mbar. When increasing the pressure from 900 to 1200 mbar,

the RMS of the spectral width increases by a factor of 5, which was accompanied by the

output mode changing randomly from shot to shot during the experiment. A possible

explanation for this are effects such as defocussing caused by free electrons, of which the

density increases nonlinearly with the intensity of the laser as described in section 2.3.
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Unstable output laser modes pose a problem for the usability in terms of e.g. focus-

ability, but the main issue is compressibility. Since a fluctuation of the spectral shape

originates from fluctuations in the strength of SPM, the spectral phase fluctuates as well,

leading to an unstable pulse duration after the compression, even though the FTL shows

negligible changes. A possible reason for an unstable spectrum is an impaired gas purity.

There are several components in the setup and the gas line that could cause this, which

makes it difficult to locate.

Another source of the instability observed at high energy settings could be due to the

mode of the input pulses. When moving the focal spot camera, that displays the beam

profile of the leakage of the last mirror before the fibre, through the focus, the shape of

the pulse is close to Gaussian at focus, but has a more complex shape 2 cm away from

focus. As the beam goes through the entrance window of the neon vessel, it may cause

the formation of a Kerr lens. Whether this is the case can be estimated in terms of the

focal length of the Kerr lens that is induced according to [RP216]

fKerr ≈
πw4

4n2dP
. (3.14)

Into equation 3.14 the following numbers are inserted: The beam radius at the entrance

window ww ≈ 2.5 mm, the effective thickness of the window d ≈ 1.7 mm, the nonlinear

refractive index of fused silica n2 ≈ 2.6 · 10−16 cm2

W
[Mil98] and the peak power P ≈

ε/τFWHM, for which a pulse energy and duration of ε = 2 mJ and τFWHM = 25 fs are

assumed, respectively. This yields a focal length of approximately fKerr ≈ 34 m. From

the simple lens equation 2.23 it follows that the focus position is shifted by ∼1 cm towards

the window. Since this is on the order of the Rayleigh length, it is not problematic if the

beam profile is Gaussian. As the beam profile is more complex at the window, however,

not a lens is induced but an optic that causes aberrations such as a window with a

complex surface would. As the Kerr effect depends on the energy of the pulses, which

fluctuates by more than 5 %, the strength of aberrations fluctuates and causes an unstable

focus position and shape. The strength of SPM and the mode propagating in the fibre

are directly affected by the focus position and shape. Thinner Brewster windows are a

possible solution to this problem.

A feature, that all the spectra show but that does not affect the widths and their

fluctuations, are spikes (see figure 3.11 and appendix B). All spectra show relatively

strong modulations, especially in the initial spectral range from 780 nm to 850 nm. That

these are not caused by the neon or an impaired gas purity is suggested by the fact that

even at vacuum, i.e. ∼10−1 mbar, these spikes show and are the more marked the higher

the input energy is. They do not appear, though, for very low energy (see appendix

B, figure B, low energy shot at ∼0 mbar). It was also observed that the position and

magnitude of the spikes did not change, when further pumping decreased the pressure

from 2 mbar to ∼10−2 mbar, which indicates that this effect is caused by the air before

the neon vessel or the entrance window or both.
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The spectrally broadened pulses generated at the operating point (1.5− 2 mJ and

∼1 bar) can be used for testing the compressibility. If the pulses prove to be incompress-

ible, the effect of optical components and air in the beampath could be determined by

analysing the pulses with the GRENOULLE, when they have propagated through the

HCF at 0 mbar and different pulse energies. Thinner windows could be used to reduce

nonlinear effects at the entrance of the neon vessel, since the operating point is close to

atmospheric pressure, which causes negligible stress to the windows.



CHAPTER 4

Summary and Outlook

The goal of this work was the realisation of a setup for the spectral broadening of

Fourier transform limited 25 fs laser pulses for the compression to less than 10 fs. Such

ultrashort pulses have many possible applications, of which the use for the transverse

probing of the plasma wake in a laser driven plasma wakefield accelerator is of particular

interest in the research group FLA at the DESY Hamburg.

In order to compress Fourier limited laser pulses further, the spectrum of the pulses

needs to be broadened in a first step. To this end a setup was implemented, that consists

of a vessel filled with neon, a hollow core fibre (HCF) that is inside the vessel and the

gas system required for evacuating and filling the vessel. The pulses were focussed into

the HCF, which had a core diameter of 250 µm and a length of 1 m and is necessary

for guiding the focussed beam. The neon provides the nonlinearity, i.e. the intensity

dependent refractive index refractive index, which allows for the pulses to undergo self-

phase modulation.

With the developed setup the spectral broadening via SPM was demonstrated for

30 fs pulses and the resulting spectra for different values of the energy of the ingoing

pulses and the gas pressure were analysed. Increasing the energy or the pressure led to

increased spectral widths and a blue-shifted spectrum due to SPM and self-steepening.

The spectra showed strong oscillations that started to appear at vacuum and an input

energy of 500 µJ. These spikes in the spectrum were stronger pronounced the higher the

input energy was, suggesting that the formation of the spikes is due to nonlinear effects

in the entrance windows of the neon vessel or the air before it. Further investigation

regarding the question whether this impairs the pulse duration or shape of the ingoing

pulses could include a GRENOUILLE measurement of the pulses, when they have gone

through the HCF setup at vacuum.

From the widths of the spectra a range for the input energy and neon pressure was

determined for further experiments. At 1.5− 2 mJ pulse energy and ∼1 bar neon pressure

the spectrum of the self-phase modulated pulses is broad enough to support pulses with

a duration of less than 5 fs. At higher energies and pressures the SPM process suffers

from ionisation effects, that impair the stability of the spectrum and the spectral phase

therewith.

The compression of laser pulses requires not only the broadening of the spectrum

but also the control of the spectral phase. A compact setup for the compensation of

the chirp accumulated during the SPM process and from propagation through optics was

designed. The chirped mirrors, that add chirp with the opposite sign to the pulses, were

40
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selected. From calculations it was shown that the strong oscillations in the group delay

dispersion (chirp) of these mirrors have a small effect on the pulse duration and shape.

The oscillations of the spectral phase caused by 10 reflections off the chirped mirrors

cause the peak intensity of a pulse to decrease by less than 15 % compared with the

corresponding Fourier limited 5 fs pulse.

The next steps towards the generation of sub 10 fs pulses are to finalise the chirped

mirror compressor (CMC) and to set up a single-shot intensity autocorrelator. For the

autocorrelator a design was developed and the required components selected. At the

pressure and energy setting for efficient and stable spectral broadening, the pulses from

the HCF setup can then be compressed using the CMC. To calibrate the Autocorrelator,

the 25 fs pulses from the laser system, of which the spectrum and spectral phase are known

from GRENOUILLE measurements, should be used.

With the pulses thus compressed the wakefield in LWFA experiments can be imaged

by means of shadowgraphy. This yields the possibility of directly observing the evolution

and the plasma wake and therewith better control of the acceleration process.
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Figure A.2. Enlarged central part of the gas supply and pump system.
It is used for gas pressure control, filling and evacuating the neon vessel.
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The neon gas for the neon vessel (figure A.1) is supplied from a 250 bar bottle, that

is in a cage outside of the building. There it is equipped with a pressure reducer set to

7 bar. This may be set to up to 20 bar for the pressure reducer in the laboratory, which

reduces it further from this value to 1.5 bar. (The components used for the neon vessel

containing the HCF are not specified for pressures above 1.5 bar) The assembly consists

essentially of the following components:

¬ Pressure reducer (set to 1.5 bar)

 Needle valve for slow filling of the neon vessel

® Pressure gauge with dial

¯ Pressure relief valve equipped with a spring. Opens at 1.5 bar.

° Outlet valve for reducing the pressure to 1 bar before evacuation

± Valve for evacuating. The scroll pump is directly connected to this valve.

² Flexible pipe for reduction of mechanical stress on the neon vessel

³ KF40 gas feedthrough

The scroll pump is assigned for creating a pre-vacuum for the turbo pump of the vacuum

compressor. When the neon vessel is to be evacuated, the valve between the scroll and

the turbo pump must be closed in order to not increase the pressure on the exhaust side

of the turbo pump. This should not be done, when experiments are conducted in the

vacuum beam line, that include letting gas into the system, because otherwise the turbo

pump would quickly increase its exhaust pressure and possibly shut down.



APPENDIX B

Energy and Pressure Scan Spectra from Self-Phase Modulation

For different input pulse energies (500− 2000 µJ) and neon pressures (∼ 0− 1200 mbar)

the spectra of self-phase modulated pulses are shown on the following pages. The spectra

taken at 500 µJ and 600 mbar are missing due to loss of data.

The spectra have been processed as is described in section 4.2. (dark spectrum sub-

traction, spectral response correction, noise reduction). Each page shows the spectra

taken at one value of the input energy and five values of the neon pressure in the fibre. In

the left column the spectral intensity of the 15 pulses saved with each setting is shown.

In the right column the calculated Intensity of the Fourier transform limited pulse of each

spectrum is plotted versus time.
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APPENDIX C

Spectral Response of the Spectrometer

For the measurement of the spectral intensity of self-phase modulated pulses the spec-

tral response of the spectrometer must be known. For correcting the shape of the spectrum

only, and not the absolute intensity, the relative response suffices. This is obtained by

dividing the measured spectral intensity of a light source by the spectral intensity known

from elsewhere, e.g. from a measurement with a calibrated spectrometer.

Here this has been done for the spectrometer USB4000+ using a white light source

HL-2000-CAL from Ocean Optics, of which the relative intensity distribution was provided

by the company. The resulting spectral response function of the spectrometer is shown

in the figure below.

500 600 700 800 900 1,000
0

0.2

0.4

0.6

0.8

1

λ [nm]

R
el
at
iv
e
sp
ec
tr
al

re
sp
on

se
[a
.u
.]

49



Acknowledgements

Expressing this in words, this which I feel the urge to express and am yet not able to

properly, is the most difficult part of this work, which so many have contributed to, that

it would fill a book if I tried to describe how everyone helped me and how thankful I am

for every little gift, be it a helping hand in the lab, an advice regarding the experimental

setup, an encouraging smile at home when I felt that I cannot make it, or an apple thrown

to me out of the window; and the list would go on. I will therefore try to thank everyone

orderly and briefly so I don’t forget anyone and so this part does not destroy our forests

by requiring too much paper.

Foremost I want to thank Prof. Dr. Markus Drescher and Dr. Jens Osterhoff for a

fascinating project, pushing both my imagination limits and my manual skills forwards.

I have learned much about and beside the topic of ultrashort laser pulses and lasers in

general.

Often, when I would not know where to turn I asked my supervisor Dr. Matthew

Streeter for advice. And whenever I did, his answers proved more than helpful. Regarding

practical issues in the lab alone, every single time I asked for help he helped me and it

saved me many an hour of finding things out the hard way.

Of all the people in the work group FLA and some outside this group there are some

I want to thank more particularly. Everyone I would want to list here knows that he or

she has helped me with my project directly in one way or the other. But what I want to

stress is, that the atmosphere, that makes work enjoyable or even possible, does not rely

on the competence, at least not alone. No, what I want to thank the following people

for, is that they helped me by showing that they are willing to help, that there was a

certain warmth they create: I thank Jan-Hendrik Erbe, Jan-Patrick Schwinkendorf, Kai

Ludwig, Frank Marutzky, John Dale, Martin Quast, Charlotte Palmer, Olena Kononenko,

Lars Goldberg, Jan-Niclas Gruse, Lucas Schaper, Timon Mehrling, Simon Bohlen, Sven

Karstensen, Gabriele Tauscher, Alberto Martinez de la Ossa, Vladyslav Libov, Alexander

Aschikhin, Maik Dinter, Ursula Djuanda, Richard D’Arcy, Dennis Borissenko, Eugen

Hass, Zhanghu Hu, Gregor Indorf, Herbert Kapitza, Toke Koevener, Fabian Pannek, Paul

Pourmoussavi, Amir Rahali, Andrej Schleiermacher, Jörn Schaffran, Bernhard Schmidt

and Wolfgang von Schröder.
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